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Abstract

This thesis report presents the work of analysing current challenges in Multi-
disciplinary Analysis systems. Exemplary the system of an aerospace supplier,
GKN Aerospace Sweden AB, is examined and several suggestions for improve-
ment are implemented. The Multidisciplinary Analysis system, with company
internal name Engineering Workbench, employs a set-based approach in ex-
ploring the design-space for jet engine components. A number of design cases
with varied geometrical and environmental parameters is generated using
Design of Experiment sampling methods. Each design case is then subjected
to a set of analyses. Using the analyses results, a surrogate model of the parts
behaviour in relation to the input parameters is created. This enables the
product developer to get a general view of the model’s behaviour and also to
react to changes in product requirements.

Design research methodology is applied to further develop the Engineering
Workbench into a versatile design support system and expand the functionality
to include producibility assessment. In its original state, the execution
of a study requires explicit domain knowledge and programming skills in
several disciplines. The execution of a study is often halted by minor process
errors. Several methods to improve this status are suggested and tested.
Among those are the introduction of an interface to improve the usability
and expand the range of possible users. Further the integration of a four
level system architecture supporting a modular structure. Producibility
assessment is enabled by developing an expert system where geometrical
and simulation results can be caught, analysed and evaluated to produce
producibility metrics. Evaluation of the implemented solutions indicate a
step in the right direction. Further development towards Multidisciplinary
Optimisation, involving experts in information technologies as well as case-
based reasoning techniques is suggested and discussed.
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1 Introduction

Modern day engineering combines several disciplines to create a product that
withstands many criteria and fulfils a wide range of requirements. Among
others, thermo-, aero- and structural disciplines strive to optimise the per-
formance, longevity and effectiveness of the product. One of the challenges
in product development is to find a trade off between the requirements and
benefits of each of those disciplines in order to provide an optimal design that
caters to the customer’s requirements [Feldhusen and Grote, 2013].

All disciplines depend on each other. For example, a change in the environ-
mental temperature can lead to a change in structural behaviour and therefore
make a change of material necessary. This in turn can lead to a change in
producibility, and increase the overall cost. To keep track of those influences
all inter-dependencies have to be analysed and visualised in a systematic way
throughout the entire development process.

A major part of the development process is concerned with the cost of the
product. Since most of the cost is defined at an early stage of the development
process [Phillips and Srivastava, 1993] (see Figure 1.1) it is of great importance
to be aware of as many inter-dependencies as possible. Though at this point
in the development process it is also the most difficult to understand how
different parameters affect each other. This is because of the scarce amount
of knowledge available (see Figure 1.2). Also, the requirements under which
the product is developed are constantly subject to change. Due to the
unknown mesh of interconnections this can lead to expensive re-calculations
and painfully delay the development process.
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Figure 1.1: Committed versus incurred cost in product development, re-
produced from [Phillips and Srivastava, 1993]
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Figure 1.2: Design process paradox, reproduced from [Ullman, 1997]
.

As a result of the increased pressure on subcontractors to reduce lead-time and
at the same time produce high quality as well as high performing products,
the methodological approach of current product development is under rigorous
research. "...it has been estimated that 85% of the problems with new products
not working as they should, taking too long to bring to market, or costing
too much are the result of a poor design process." [Ullman, 1997].

One interesting approach of improvement is the use of computer software
to automatise the repetitive tasks involved which also enables new ways of
exploring the product design space.
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The solution presented in this thesis report is described as a surrogate-based
Multidisciplinary Analysis system enabled by Knowledge Based Engineering
to provide early decision support. Surrogate-models , or approximation
models, are used to get an understanding of a specific part of the design space
and provide a base for decisions in early product development. The large
number of interesting design variables demands a large amount of designs to
be produced and analysed. This is not possible without the use of computer
aided simulation software and automation. Knowledge Based Engineering
systems are used for this exact purpose: capture and formalise engineering
knowledge into software with the intention of re-use.

1.1 Background

Product development can be defined as "the process of creating or improving
a product or service and managing it during all stages from design through
marketing" [Heacock, 2003]. It is a part of the product life cycle and an
organisational unit within companies [Feldhusen and Grote, 2013].

The introduction of computers to the product development process has, among
other things, enabled advanced simulations of behaviour that previously only
could be tested in real (physical) experiments. These have gone from initial
verification of design to the driving force behind [Karlberg et al., 2013].

It has been estimated that up to 80% of the product development process
involves repetitive and tedious tasks [Stokes, 2001]. To improve the efficiency
of the product development process, automation of the simulations and its
related processes have been developed. Successful implementations can be
found in literature, such as [Johansson, 2014] [Soderberg and Lindkvist, 1999]
[Sunnersjö et al., 2006] [Cui and Wang, 2013]. Ranging from automated FEM
model creation, assembly robustness assessments and cost estimations to full
structural optimisation. However, there is no widespread implementation into
industry [Tarkian, 2012]. This is why this thesis work analyses the current
challenges in design automation. With special focus on Multidisciplinary
Analysis systems, where several automation tools are connected, by the
example of Engineering Workbench at GKN.

Design automation has been used since the 1970’s within the aerospace
industries [der Velden, 2008]. Discipline specific applications were developed
by different teams and have gradually been generalised through the years.
At GKN, the Engineering Workbench project was initialised in 2013 with

3
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the purpose to combine different automation tools into one system where
Multidisciplinary Analysis could be run. The Engineering Workbench (EWB)
is constructed to provide engineers with the ability to generate variations
of a design concept and to provide information about their difference in
performance aspects. Examples of which are thermal robustness, structural
stability (e.g. buckling, stiffness, life) and aerodynamic performance (e.g.
pressure loss, swirl reduction). Challenges in the current system involve
robustness and lack of producibility assessments.

1.2 Industrial environment

This thesis was written in cooperation with the R&T department of GKN
Aerospace AB Trollhättan.

GKN is an international developer and supplier of technology for automotive
and aerospace industry. It employs approximately 50 000 people in over 30
different countries. The product portfolio ranges from parts for civil and
military aircraft engines and bodies over metal powder sintering to drive-lines
for cars and products for heavy duty and utility vehicles [GKN, 2015].

GKN Aerospace AB Trollhättan was known as Volvo Aero until 2012 when it
was acquired by GKN and renamed. This plant is specialised in the design of
various aircraft and space engines, among others the Vulcain 2.1 engines for
the Ariane 6 space rocket, the RM12 engine for the Gripen fighter aircraft
and different civil aircraft engines.

Besides common engineering tools, GKN also uses the Design Automation ori-
ented languages Knowledge Fusion and Journal. Due to their lesser familiarity
to the general engineering community they are mentioned here briefly.

Knowledge Fusion

Knowledge Fusion is the Knowledge Based Engineering oriented extension of
Siemens NXTM. "[It] is an interpreted, object-oriented, language that allows
you to add engineering knowledge to a task by creating rules which are the
basic building blocks of the language." [Siemens, 2015a]. Although not visible,
these rules are the same ones that are run in the background while working
interactively. It is very closely integrated to the Siemens NX [Siemens, 2010].
The rules can be used to, for example, as stated in the NX Help [Siemens,
2015a]:
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• Create geometric features such as blocks, cylinder, and so on.

• Carry out feature operations such as blends, hollows, and so on.

• Handle expressions.

• Connect to databases and spreadsheets and thus can generate designs
based on database contents.

• Manipulate User Defined Features (UDFs) thus allowing to generate
and compare complex designs quickly.

These rules can then be used by programmers to perform more complex
automation by creating classes. Classes can be seen as generic scripts altered
by a set of inputs. The language is declarative and there are several system
classes which also can be used.

Journal

"Journaling" is a method to automatise and "record [...] interactive NX
sessions" [Siemens, 2015b]. It provides the user the ability to record their
activity as a macro from NX in either Visual Basic or C++. Journal provides
a new name space only for NX related operations to the respective language.
This macro can then either be replayed in NX to repeat the recorded activity,
or it can be used as basis for entire CAD routines. For the Engineering
Workbench the latter one is used [Siemens, 2010]. The macros were recorded
in VB and then modified and combined to create some of the scripts mentioned
in this thesis.

5
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1.3 Purpose and research questions

In this project the challenges and possibilities of Multidisciplinary Analysis
(MDA) systems are analysed. Engineering Workbench (EWB) is used as the
representation of a MDA system and all research is with and about EWB at
GKN Aerospace Sweden AB. The research questions is phrased as follows:

What are the current challenges of Multidisciplinary Analysis systems by the
example of Engineering Workbench at GKN Aerospace Sweden AB?

The discipline of manufacture has not been represented, in contrast to thermo,
aero and structural, in the Engineering Workbench. It is a major cost driver
and needs to be added. A common approach in product development teams
at GKN is to manually assess a limited number of concepts with domain
experts. The design-space exploration characteristic of EWB studies on the
other hand requires a large amount of designs to qualify statistical significance
and therefore needs an automated process.

To enable automatic design assessment with regards to producibility one must
find the input parameters which have an impact and define how. Those inputs
then need to be retrieved and analysed by a computer software to enable
automation. One part of the thesis will therefore focus on developing such a
system but in the context of EWB at GKN. The research question can be
formalised as follows:

How can producibility be assessed for use in a fully automated
Multidisciplinary Analysis system?

A common concern brought forth when interviewing employees at GKN has
been the robustness of the entire process. Software updates and moving of
personal has cost some major delays in the development of EWB. The second
part of the thesis will focus on improving the current system with emphasis
on robustness. The research question can be formalised as follows:

How can a Multidisciplinary Analysis system be improved towards a more
robust work-flow?

6
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1.4 Delimitations

The entire master thesis work takes place in the R&T (Research and Technol-
ogy) department at GKN Aerospace AB. The work analyses the MDA system
being developed in the R&T department of GKN, and it is evaluated as a
representative model for a modern MDA. Due to budget and time limitations,
other companies’ or academic approaches to MDA can only be analysed
through literature research. The limitation on one company also restricts the
use of tools and resources provided by that company.

The results of this work shall be valid as general as possible, though through
the above mentioned limitations all results shall be treated carefully when
regarded outside the scope of aerospace engineering. Also all part related
details will be focused on the TRS and ICC structures currently handled by
the MDA used and developed by GKN.

It is not the goal of this thesis to create a fully functional CAE software
package. A functional prototype of an automated MDA system is developed
based upon earlier developments at GKN. This prototype is developed for
testing the product development related theories stated in this thesis. Even
though parts of the success criteria are software robustness oriented, the
software development process may not at all times be according to current
software developing practice, since the creators of the software are rooted in
product- and not software development.

1.5 Outline

The thesis starts with an overview of the different theories relating to the
work. Followed by an overview of the systematic method applied to answer
the above mentioned research questions. Then the results are presented and
discussed along with conclusions drawn and suggestions for further work.

7



2 Theoretical background

As introduced above the development of Knowledge Based Engineering sys-
tems have enabled the use of new strategies for finding better designs faster.
One of which is the Engineering Workbench under investigation in this thesis.
EWB is a Knowledge Based Engineering system, that employs a Set-Based
Concurrent Engineering approach. With the use of Design of Experiment, it
generates a surrogate model. The simulations performed in the EWB process
are then used to drive the design process. For a proper generalisation in the
research context the above mentioned theories are addressed below. Finally
the Manufacturability Assessment System technology which is introduced as
an extension of the current EWB is defined.

In our frame of reference, we found the following knowledge gap:

Robustness:

1. Robustness of real-life application of a Multidisciplinary Analysis process

2. Usage of multiple CAE systems and their abilities in the context of an
Multidisciplinary Analysis system architecture

Producibility:

1. How to facilitate geometry analysis based on CAD models for the
analysis of weldability.

2. Analysis of the impact of geometrical variation with respect to sustain-
ability.

3. Multidisciplinary Analysis including both product performance and
producibility.

8
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2.1 Knowledge Based Engineering

Engineering tasks include many repetitive and tedious tasks [Hopgood, 2000]
which reduces the time spent on innovative and original engineering work.
In the aerospace industry Design Automation (DA) has been introduced to
improve the efficiency of the product development process [der Velden, 2008].

With DA the knowledge of engineers is captured and formalised into a
computer language. Knowledge Based Engineering (KBE) is a type of DA
which employs Artificial Intelligence. The development of a KBE system
requires to capture and store the knowledge as well as make it retrievable.
This is why many systematic methods for implementing them have been
established. Much of the work done in this thesis was inspired by the MOKA
methodologies and is therefore presented in more detail below in Chapter
2.1.2.

KBE focuses on reducing the time spent on repetitive tasks. [Rocca, 2012]
defines KBE as:
"[KBE] is a technology based on the use of dedicated software tools called
KBE systems, which are able to capture and systematically reuse product
and process engineering knowledge, with the final goal of reducing time and
costs of product development by means of the following:

• Automation of repetitive and non-creative design tasks

• Support of multidisciplinary design optimisation in all the phases of the
design process."

2.1.1 Artificial Intelligence

Over the course of the last decades, more and more complex algorithms have
been developed to perform a wide load of tasks that seem "intelligent" to
the observer. Each computer is still however "only a complex calculating
machine" [Hopgood, 2000], and the illusion of intelligence is generated by the
speed in which computers are able to process large amounts of numbers.

A Knowledge Based System (KBS) consists of at least two parts, knowledge
base and control structure to process the knowledge (explained further below).
Together they form a system of artificial intelligence, or AI. Incorporation of
this structure to engineering tasks has spawned the KBE systems. [der Velden,

9
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Figure 2.1: Taxonomy of computer based solution principles, adapted from
[Hopgood, 2000]

2008] states “Output applications from KBE processes are intelligent synthetic
Knowledge Based Systems (KBSs) that incorporate process knowledge and
design intent into output product models.”. He continues to say: “KBSs
provide high level solutions to engineering problems that are reconfigurable
to new tasks and incorporate generative principles, preserving the modelling
process such that outputs can automatically update based on changes in
inputs.”

[Hopgood, 2000] defines the control structure of a KBS, as "inference engine".
Inference engines themselves can contain meta-knowledge about how to process
the information. Inference engines act on "rules" or "functions" to process
information to facts. Generally there are two kinds of inference engines,
forward-chaining (or data drive) and backwards-chaining (goal-drive). A
forward-chaining inference engine executes all possible rules and functions
that are enabled by the information available. A backward-chaining inference
engine on the other hand has a rule to solve or is asked for a specific value, and
recursively solves all rules or functions necessary to get this result [Hopgood,
2000].

In a MDA system the stored knowledge consists of the routines how to perform
the respective analysis, and how to handle their results. In the case of a MDA
with integrated DoE such as EWB is, it may also contain knowledge about
how to modify and check CAD geometry and how to mesh it. This knowledge
can be stored in programming scripts or data tables. The inference engine in
such a case organises the execution of process and available information in
such a way that the requested results are generated.

10
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2.1.2 MOKA

Methodology and software tools Oriented to Knowledge based engineering
Applications mainly focuses on reducing the cost for creating and maintaining
KBE applications [Stokes, 2001].

MOKA views the KBE life-cycle as follows:

Figure 2.2: KBE life-cycle

MOKA mainly focuses on the structure of capture and formalise stages
of the KBE life-cycle but emphasises the importance of each. Collect is
the first step behind capture and describes the three main sources of data;
experts, documentation and code. MOKA separates between consciously and
unconsciously competent experts. Documentations need to be checked for
validity, confidentiality and interpretation. Second step is to structure the raw
data collected. Formatting should be done in a way which makes it easy for
the user and KBE platform (ICARE forms, Informal models and Knowledge
book). When this is done the next step is to formalise the knowledge which
means that it needs to be made into computer readable language (Formal
model).

11
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2.2 Set-Based Concurrent Engineering

Set-Based Concurrent Engineering or SBCE is a methodology coined by the
Toyota Motor Corporation and one of the reasons of its major success in the
automotive industry [Sobek I. et al., 1999].

(a) Number of design changes over
time (b) Cost over time

Figure 2.3: Concurrent Engineering process versus "over-the-wall-
approach" according to [Farris, 2015].

Concurrent engineering as opposed to sequential engineering evaluates the
needs of each engineering discipline during the entire development process.
Traditional engineering pursues an "over-the-wall" approach, where each
discipline performs its tasks towards the product realisation and then hands the
design concept on to the next team. This leads often to the need for changes
later in the product development process. If for example the manufacturing
department can not produce the proposed design, it has to redo the entire
design and analysis loop. In concurrent engineering all aspects of the entire
product life-cycle are considered at all times, and those loop-backs can be
avoided. This can be seen in the changes over time graph in Figure 2.3a.
Therefore concurrent engineering provides an initially more complex, but
eventually faster approach. This also affects the cost of the product, that
grows with every necessary design change. That changes in the design become
more expensive the later in the design process they are issued even increases
this effect, as can be seen in Figure 2.3b.

The other main characteristic of SBCE is the set-based approach, in contrast
to point-based, where several designs are developed in parallel each with
parameter ranges instead of set single values.

12
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Figure 2.4: Set based (left) versus point based (right) design approach.
The axes A and B represent parameters, and the grey area the feasible
design space satisfying the constraints a1 < A < a2 and b1 < B < b2.

A set of designs contains several approaches to fulfil the product requirements,
either placed on different positions in the design space or pursuing different
conceptual approaches. In Figure 2.4, the axis A and B represent two
parameters, and the ranges a1 − a2 and b1 − b2 the constraints a1 < A < a2
and b1 < B < b2. All feasible designs have to be in the design space
highlighted in grey. The left hand graph shows a set based approach, where
several solutions inside the design space are developed, whereas the right hand
graph shows the traditional point based approach. Obviously, the initial effort
to develop several design concepts in SBCE is higher than to develop only
one design. But by exploring the design space and analysing several possible
solutions, it is more likely to find a solution superior to others. Also, the
availability of alternative design solutions readies the developers for potential
changes in requirements at a later point in the development process. They do
not have to rewind the entire development, but can fall back to a previously
explored design solution.

In the case of EWB, the exploration of the design space is taken further to
the point where the set of design cases is not build from single points, but an
entire range. Using the results from several design cases, a surrogate model is
constructed that covers an entire range of parameters. With this approach,
the developer keeps track of all possible solutions in the entire parameter
range.

13
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Figure 2.5: Surrogate model of EWB generated by design points in the
design space.

2.3 Design of Experiment

Design of Experiment (DoE) is a statistical method to define the correlations
between the input and the output of a system or process. It models the process
as a "black-box", whose behaviour is not known. It is only known that system
receives an input and produces an output, and operates under the influence
of a factors, controllable as well as uncontrollable ones. Such a system is
displayed schematically in Figure 2.6 Only by varying the input parameters
and observing the respective changes of the output parameters, the behaviour
of the system is determined. Usually the behaviour of the system is then
modelled in a mathematical fashion. This mathematical representation of the
model is called a "Response Surface" or "Surrogate Model".

In a traditional engineering a "One-Variable-at-a-Time" approach is followed.
By only varying one single parameter and observing the changes on the
output, the researcher can be sure to observe only the impact of this one
variable. Obviously, if the number of input- and output variables grows, the
number of tests to analyse the respective correlation grows exponentially. But
"this approach depends upon guesswork, luck, experience and intuition for its
success" [Antony, 2014].

DoE uses statistical methods to generate the relationship between the in-
and output while varying many input variables at the same time. This input
variation can be done randomly or based on specific DoE patterns.

14
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Figure 2.6: General model of a process/system [Antony, 2014].

Design of computer experiments

As in the case for EWB, computer simulations are used to mimic real (physical)
experiments. The deterministic nature of simulations eliminates the modelling
of uncertainty in the output. A specific set of inputs can be re-run with the
same results. It is therefore important to separate the "classical" DoE from
design of computer experiments [Simpson et al., 2004]. In design of computer
experiments the focus is almost exclusively about filling the design space
[Pronzato and Müller, 2012]. Replicates which are used to understand the
random variation is not necessary and the focus becomes spreading the input
parameters evenly across the design space.

There are several ways to distribute, or sample, the parameters with space-
filling as the objective. Latin Hypercube is a sampling method which pur-
posefully precludes the non-existing "noise" or error associated with the
experiments. A Latin Hypercube provides an even distribution over the entire
domain by separating it into n evenly spaced domains and picking one random
member from each domain [McKay et al., 1979]. At GKN, the statistical
evaluation is done using statistical software packages such as ModeFrontier
or JMP1.

1Pronounced "jump".
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2.4 Simulation driven design

In traditional engineering, analysis and simulation is used to verify the
performance of a design concept. After the development phase is finished,
the design becomes subject to tests to prove its performance according to
the requirements specification. The tests are simulations of regular use-cases,
extreme conditions and user-interaction. Those simulations used to happen
as real-world events on a prototype or the finished product, or an a model of
it. With increased precision and reliability of mathematical models as well
as generally available high-performance work stations the virtual analysis of
design behaviour has become standard by now [Makkonen, 1999].

Though most of the time the simulations are only used to prove the design
concepts behaviour. Another approach described by [Sellgren, 1995] shows "a
design process where the major functions and related processes are verified and
optimised with the support of computer based product model simulations".
That means, that the actual design concept is shaped by the results of
simulations.

2.5 Manufacturability Assessment Systems

Manufacturability Assessment Systems (MASs) have been developed to enable
concurrent product development with respect to manufacturing [Shukor and
Axinte, 2009]. [Shukor and Axinte, 2009] says, the general development of
MASs can be divided into three main phases as shown in Figure 2.7.

The first step is about collecting the necessary information. Manufacturing
information which is of interest can be extracted from CAD models, company
documentations and finally the user.

When extracting information from CAD models there are several options
available; exporting software independent files (such as STEP, IGES and
STL), creating algorithms within the CAD software and more. To extract
necessary information from users the software can simply prompt the user
to answer a series of questions, this could be information that usually is not
stored in CAD models such as production volume, expected surface finish and
dimensional tolerance. Company documentations are saved within the MAS
and represent the company specific manufacturing tools and constraints.
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 Extract data from CAD model
 User-system interaction
 Collection of manufacturing information

 Artificial intelligence (AI) technique

o Toll for developing AI technique
o Knowledge base containing data and rules on manufacturing 

process

 Redesign suggestions
 Manufacturing processes sequencing
 Selection of suitable manufacturing processes and materials

Figure 2.7: Basic methodology of MAS development [Shukor and Axinte,
2009]

Secondly this information will be used for analysing the manufacturability
and can be done with or without the use of Artificial Intelligence (AI). AI
techniques such as expert system are however the common approach ( [Shukor
and Axinte, 2009]). The dynamic characteristic of manufacturing constraints
and wishes however makes the construction of rules difficult. For early stages
of product development however the level of detail is less important and
general rules can be used.

Finally, depending on the level of detail in input data and to what extent it
was analysed a number of different outputs could be generated. Examples
of which could be redesign suggestions, selection of processes and materials,
process sequencing setups, estimation of production costs and times as well
as process planning setups [Shukor and Axinte, 2009].

[Venkatachalam et al., 1993] describes an expert system which chose processes
depending on specific design and production parameters. These could then
be used for manufacturing cost estimates.
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3 Methods

The research for this thesis is concerned with the improvement of fully
automated Multidisciplinary Analysis system. A common approach for testing
implementations during run-time of a continuous process is action research
[Williamson et al., 2002]. Action research describes one or several loops of
analysis of a situation, development of an implementation, implementing it
and then evaluating the impact of the implementation. A similar approach
is the Design Research Methodology (DRM) as developed by [Blessing and
Chakrabarti, 2009]. For this study, DRM is chosen as the methodological
research framework, since it extends the scope of action research with a tool
to concretely measuring the studies impact. This chapter explains DRM and
how it is applied in this research.

"Considering that engineering and design are among the fastest growing fields
of sciences, there is surprisingly little methodology to analyse the actual
impact and quality of it" [Blessing and Chakrabarti, 2009]. Putting an end
to this deplorable state of affairs, [Blessing and Chakrabarti, 2009] developed
the Design Research Methodology. The research in this thesis is, with small
deviations, structured after their example.

DRM is sectioned in four phases, that can, if necessary, be repeated. Similar
to the cyclical engineering approach after [Wieringa, 2005] containing the five
optionally repeated phases Problem Analysis, Solution Specification, Solution
Analysis, Solution Implementation and Implementation Analysis, the DRM
cycle is structured in four phases. The engineering cycle is displayed in
Figure 3.2. The four phases of DRM shown in Figure 3.1 are explained in the
following chapters.

Criteria 
Formulation

Descriptive 
Study I

Prescriptive 
Study

Descriptive 
Study II

Figure 3.1: Design research circle, according to [Wieringa, 2005]
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Problem 
analysis

Solution 
specification

Solution 
analysis

Solution 
implementation

Implementation 
analysis

Figure 3.2: Engineering Cycle after [Wieringa, 2005]

3.1 Success criteria

Since the desired improvement is not necessarily explicitly measurable, the
researcher usually has to introduce measurable success criteria. The selection
of criteria should be capable of measuring negative as well as positive impacts
of the implementation. To properly define the criteria is important for the
entire study. As described by [Blessing and Chakrabarti, 2009] they serve to:

• identify the aim that the research is expected to fulfil and the focus of
the research project;

• focus Descriptive Study I on finding the factors that contribute to or
prohibit success;

• focus the Prescriptive Study on developing support that address those
factors that are likely to have most influence;

• enable evaluation of the developed support (Descriptive Study II)

Though the researcher has to be aware that their implementation does not
necessarily directly cause the change in success criteria. Possible side-effects or
other causes have to be evaluated as possible sources for a change in criteria.

The initial overall goal of this study is to find the current challenges and
suggest improvements of Multidisciplinary Analysis (MDA) systems by the
example of Engineering Workbench at GKN. Reasons for using a MDA is to
increase the product development efficiency; create more customer value in
less time. It is not considered measurable and is therefore represented with
other criteria which are identified during the work.
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3.2 First Descriptive Study

After obtaining an understanding of the problem from literature, an image of
the current situation is generated. By combining the results from literature
and observation, the factors that influence the success criteria are identified.

The descriptive study can be found in this thesis in the chapter 4.2. The
information about the current situation is gathered through semi- and unstruc-
tured interviews [Williamson et al., 2002] with employees of GKN relating to
the Engineering Workbench.

For semi-structured interviews a number of questions are prepared and provide
some structure to the interview. Five key employees stretching from developers
to users of the Engineering Workbench are interviewed in this fashion; domain
experts within thermal analysis (developer), parametric CAD development
(developer), design of experiment (user) and computational fluid analysis
(developer).

Unstructured interviews are performed as the opportunities appear at the
coffee machine or while walking in the corridors.

The actual structure of the different software modules is recreated by analysing
and testing the respective scripts and codes as well as reading the related
documentation. Furthermore, literature research is conducted to be able to
formally categorise the findings.

The findings are mapped in a standardised modelling language to be able to
communicate the results.

Possible faults and/or lack in functionality are noted. The choice of which
challenge to address is based on the different success criteria and the delimi-
tations at present (e.g. time, available software and personal, see Chapter
1.4).

3.3 Prescriptive Study

The prescriptive study describes the desired status. One or several methods are
developed to improve the status found in the descriptive study. Those methods
are then implemented and tested. This is, in a research project, usually done
via a demonstrator prototype or proof of concept. A demonstrator contains
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all implementations necessary to evaluate the impact of the method. A well
developed prototype can be used as a basis for future implementation.

This is also the case here; a desired state of the suggested improvements are
presented (Figures 4.3 and 4.4) and a prototype developed to evaluate its
effectiveness in succeeding to positively affect the associate success criteria.

Improved robustness

The prescriptive study for the improved system robustness of EWB is based on
literature research for each single problem as identified in the first descriptive
study as mentioned in Chapter 4.2.1. Finding the opportunity for improvement
is dependant on the nature of each single issue. Among those is the logical
deconstruction and rebuilding of the existing code, literature research to
already known issues on this topic and producing new program elements.
Those code elements were developed and tested for functionality in a separated
loop before applying them as part of the prescriptive study.

Producibility assessment

The method used for the development of a fully automated producibility as-
sessment within the Engineering Workbench is to collect information through
unstructured interviews. With this information find the functional require-
ments of the system and describe a viable process. Finally testing the process
by developing and running a prototype system.

Literature research is a continuous process providing valuable insight in
prior work within affected fields. Semi- and unstructured interviews are also
continuously performed as the need arises. Once every week the progress is
evaluated together with the supervisor at GKN.

3.4 Second Descriptive study

"Evaluation of design support is a complex, challenging task" [Blessing and
Chakrabarti, 2009].

The second descriptive study is in its nature similar to the first descriptive
study. It has to be performed with the same rigour and methods.
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The goal of the second descriptive study is to evaluate the effect of the
implementations of the prescriptive study. Therefore two main questions have
to be answered:

• Did the implementation of the proposed method into the current working
environment succeed?

• Did the application/use of the implemented method improve the situa-
tion according the the success criteria?

While evaluating the situation, caution is taken with respect to uncontrolled
influences. Examples of which are company politics, software updates or other
side effects.

The evaluation of EWB after the implementations of methods suggested in
the prescriptive study is done as described in the following sections. The
second descriptive study of this thesis can be found in Chapter ??.

Improved robustness

Most implementations were assessed in their individual impact first, and only
later the entire package is evaluated as a whole. The evaluation itself is first
done in via test runs with a limited number or only one single design-case.
The interaction of the engineers working with EWB is observed, and their
feedback is captured in interviews. As the final and most crucial element of
testing, one study with 128 design-cases is run on a new TRS design. The
study is used in a business case at GKN, and therefore provided suitable
feedback.

Producibility assessment

The final evaluation of the suggested producibility assessment is made by
measuring the identified success criteria variables as well as presenting it to
affected employees and listening to their feedback.
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4 Results

This chapter combines the description of the original Engineering Workbench
(EWB) with the suggestions for improvement. The improvements are mea-
sured by the success criteria stated in the first section. Furthermore it explains
the implementations of those improvements in detail.

4.1 Success criteria

With the implementation of new methods, the performance of EWB should
improve in the following points:

Increased Usability The setup of a study shall be simpler and faster. The
user should be able to customise the extend of the study to their
needs. Users without extensive knowledge in programming or the
software packages involved should be able to setup and perform a study.
Nonetheless, a certain amount of the involved disciplines will always
be necessary to achieve a useful result and interpret it. The goal is to
increase the:

• Number of potential users

Analysis lead time The time between the setup and the first results. Also
the overall time of one whole study should be reduced. The quantity to
be limited is the:

• Set up time for an entirely new study

• Time to set up a re-run of a study with changed parameters

Increased Process Reliability Once a study is started, it should continue
until all requested activities have been performed. The failure of single
design cases should not jeopardise the entire study. Expressed in a
quantifiable way, this results in a reduction of the:

• Number of unwanted process terminations
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Expanded Functionality Assessment of producibility shall be possible.
The number of "loop-backs" between design and production should be
decreased. The success is measured by an increase of the:

• Number of manufacturing constraints caught.
• Number of producibility metrics caught.

4.2 Initial state

As an initial step, the original EWB is mapped in UML and represented in
use-case and activity diagrams. The use-case diagrams illustrate the setup
process of EWB, whereas the activity diagrams describe the process of one
EWB study. The entire EWB process is shown in Figure 4.1 as a UML
activity diagram.

Process

Geometry variation

The baseline geometry is varied with the help of Knowledge Fusion (KF, 1.2)
classes. What they do is change NX expressions and attributes according to a
Design of Experiment (DoE, 2.3) sampling method. NX expressions are used
to control a portion of the geometry such as a specific length. NX attributes
represent everything which is not related to the shape of the geometry, such
as material specifiers or thicknesses of shell-model faces.

As a part of the geometry variation, the wet-surfaces can be varied to study
different aerodynamic performances. Wet-surfaces are all surfaces in direct
contact to the gas flow. This is done using an Excel Macro document, called
"Volvane". Volvane is a GKN-internal script that generates vane geometries
based on boundary conditions. These are directly used for the Computational
Fluid Dynamics (CFD) meshing and analysis. For use in the geometry
variation process however they need to be translated to the right format and
then read into NX with the help of KF classes.

Meshing

To proceed with thermal and mechanical analyses on those models, the model
has to be meshed. The meshing is a two step process, where first a wire-frame
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Figure 4.1: UML Activity Diagram of original EWB.
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model is created in Hypermesh. The wire-frame model is then converted into
a mesh file and tagged as requested for the finite element method (FEM)
solver used in the analysis part. In most cases, this is Ansys, so the model
becomes a CDB file. This process is detailed in the "Meshing Loop" in Figure
4.1.

RDnT

Requirement, Dimensioning and Tolerance (RD&T) [Soderberg and Lindkvist,
1999] is another independent analysis used to evaluate the assembly robustness.
It is a Windows-based software application that imports IGES formatted
representations of the CAD geometry. After setting up an initial assembly
sequence the system analyses the variations of the individual part-positions
for propagation in relation to other parts. It can be used to understand where
tolerance constraints are better kept free or where they are less sensitive to
changes. For the purpose of Engineering Workbench studies the geometrical
robustness can give an indication of potential manufacturing issues caused by
highly coupled and sensitive assembly structures. This was unfortunately not
used at the time and is therefore not assessed further.

Analysis

The thermal and mechanical analysis part in the original state consists of
twelve Ansys scripts and one Python script that manages their execution in
the right order. The Python script is called "the Master-Script" internally,
and will be referred to here by the same name. The Master-Script also called
a Matlab script that generates boundary tables based on copy of the original
DoE-file. See the "Analysis loop" in Figure 4.2.

Initially, the analysis "Master-Script" written in Python is intended to perform
several scripts depending on or independent from each other. Though so far
only one analysis sequence has been executed:

1. Thermal Analysis

2. Crack propagation Analysis

3. Stiffness OTM Analysis

4. Stiffness Analysis

5. FBO5 Analysis
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Figure 4.2: Activity diagram of analysis process in the original EWB, as
performed by the "Master-Script".
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6. FBO6 Analysis

This routine consists of the six analyses above, each including a post process
to generate images of the results and to save the results into a TXT file. The
entire process is detailed in Figure 4.2. The "Master-Script" works based
on input directories for the analysis files and mesh files. Each directory
gets scanned, and from there the script generates its process routine. The
analysis files are named with a prefix of five number blocks in the pattern
11_22_33_44_55. Each block describes the level, and the number in the
block the order of execution. Files of lower levels require data from the
analysis with the next higher level of the same number. So the analysis file
02_03_01_00_00 requires input from the file 02_03_00_00_00. The first file
is of level three (third block numbered), and requires input from the file on
level two (only second block numbered) with the number 02, same as level
two of the first file. This system allows for analysis in up to five levels of
analysis in up to 99 cases. The Master-Script includes a short Matlab script
that reads the initial flight cycle data and generates varied thermal boundary
conditions based on that original input. It ends with calling another Python
script that organises and assembles all the data generated during the entire
analysis process. This results in the fact that the results of the analysis are
only available after the last analysis and post process have finished.

Setup

Before the above mentioned process can be started, it requires a setup process
by the user. This setup process can usually not be done by a single person,
since it requires explicit domain knowledge. The setup process is illustrated
as a UML use-case diagram in Figure 4.3. It shows the user who wants to
execute a study on the left hand side, and on the right hand side the assisting
CAD-engineer and another Domain Specialist, who can represent more than
one person depending on the depth of the study.

To setup an EWB study the input parameters need to be defined. They are
stored in an Excel sheet and varied with a DoE sampling method, usually
Latin Hypercube, to define the design matrix. The design matrix represents
all the design-cases, or set of parameters values, which will be investigated.
A Latin Hypercube provides an even distribution over the entire domain by
separating it into n evenly spaced domains and picking one random member
from each domain [McKay et al., 1979]. Latin Hypercube is used in the EWB
studies because of its exploratory nature and the unknown outcome of the
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Generate Analyis Templates
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Adjust CAD Variation Script

Domain Specialist

Generate meshing input files

Generate Thermal Boundary Tables

Figure 4.3: Use-case: Preparing a design study in the original EWB.

studies. In most cases at least some design-cases fail and the impact of these
random failures are not as severe compared to other sampling methods.

The CAD model that has to be analysed in the study is in most cases at GKN
available as NX part file, since Siemens NX is the corporate CAD system.
For use in EWB, the CAD model has to be converted into a shell model.
The shell model then has to be parametrised. This describes the process of
defining the geometry not in absolute measurements, but the position and
dimensions of the geometry features relative to each other. The process of
parametrisation requires, depending on the complexity of the part, several
hours to several days of work from a CAD specialist. Usually several of the
first approaches of the parametrisation reveal weaknesses once the geometry
variation algorithm is applied, so it is a recursive process that can span far
into the first test runs of the study.

For the EWB system to recognise functional features in the model, such as
weld seams, load points or thermal zones the model has to be tagged with
the respective names. Commonly every surface is also named to check the
model for consistency during the geometry variation process.
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To execute the geometry variation process the user has to create a specifically
adapted Journal-script. In this Journal script the user assembles several
KF-rules that read and apply the parameters from the DoE table, perform
several consistency checks and import the respective vane geometry. On top
of that, other Journal functions have to be implemented. They are discussed
in further detail in Challenges addressed in this thesis on page 32. Even
though this process is mostly the adaption of an already existing template, it
still requires a certain skill in Journal, NX and VB.

Furthermore, a Tool Command Language (Tcl) script has to be modified
by the user as an input file for the meshing process. In it the user states
the number of models, their location on the file server and several meshing
options. In some cases the meshing script itself has to be adapted. Since this
requires a certain level of proficiency in Hypermesh, it is usually done by a
domain expert.

At least two more domain expert are usually required to adapt the individual
analysis scripts to the current model and analysis requests of the study.
Usually within thermal and structural engineering.

4.2.1 Challenges addressed in this thesis

As a result of studying and mapping the original EWB system, several
challenges for current MDA systems have been found. Some of those challenges
have then been addressed in an attempt to generate a functioning MDA system
integrated in a product development process. Among the challenges that have
been found are:

Computational Resources For the execution of multiple analyses certain
computational resources have to be available. Especially if the results
shall be available in a short time.

Adaption of the system Many of the participating developers prefer to
work in the discipline native environment than using the interface and
system of EWB. It is also difficult to introduce system level standardisa-
tion over several CAE systems and have them adapted by the respective
discipline experts. This work also showed the already known issues with
extracting knowledge from engineers for the purpose of setting up a
KBE system.
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Process robustness Connecting multiple CAE systems to perform an au-
tonomous routine with varying input parameters poses several challenges
on a programming and system level. This is detailed further in the
paragraph Robustness below.

Lack of producibility assessment Even thought it is of importance in
judging the feasibility of a design, the aspect of producibility and
manufacturability has been neglected, at least in the system under
investigation. This point is detailed below in the paragraph Producibility
assessment.

Visualisation of results Due to the complexity and number of results,
the visualisation of the inter-dependencies is difficult. Displaying the
relationship between up to three parameters is possible in a 3D-response
surface, but for more parameters new methods have to be found.

Choosing which challenge to take on is based on which would impact the
success criteria the most. A number of variables are taken into consideration,
such as; prior knowledge, available personal and interest. The decision is to
develop a way of conducting producibility assessments as well as improving
the overall robustness. A short explanation of the chosen challenges are
presented below.

Producibility

All disciplines taken into account addressed different performance aspects of
the product. The analysis and understanding of producibility metrics such
as manufacturing cost and sustainability is less developed. Only the RD&T
software gives an indication of manufacturability. However as mentioned in
the developers article [Soderberg and Lindkvist, 1999] an increased assembly
robustness does not always indicate an improvement of manufacture. Even
less so giving an indication of sustainability, which might become a great deal
breaker in the future [Hallstedt et al., 2010].

Robustness

The analysis of the original EWB structure has revealed some points in
the used scripts and processes that can be improved to achieve a greater
robustness, usability and reproducibility of the results.

Many of the scripts used are written for a single use with one specific CAD
model. Therefore they have to be adapted or even recreated to a wide degree
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for a rerun in a different design study with a different model. This is mostly
due to "hard-coded" names and values. "Hard-coded" can be understood
as such that instead of introducing a variable and a mechanism to read the
respective value procedurally, the author of the script simply read the value
and typed the number in the script. Whereas this method is usually faster
and produces initially the same results, as soon as the script has to be used in
a different environment the hard-coded value might not be correct anymore.
The script has to be adapted manually by the user to avoid wrong values.
In addition to that, when writing code hastily, those hard-coded values can
occur at any point in the script, and as such are sometimes very hard to find.

One of those recorded-and-modified scripts is the Journal-script used to
generate geometry variations from a parametrised baseline model. It performs
the activities in the "Geometry Loop" in Figure 4.1. The script is written
in Visual Basic (VB) , and consists in large parts of recorded macros. To
explain one of the possible problems with the method of simply using recorded
macros, the following scenario is explained:
This script at one point opens up each component in the assembly, to trigger
the update function of the geometry for each part. This happens by addressing
each of those components by its respective name. This procedure, and hence
the names, are gathered through a recording on the actual CAD model. So if
in a new CAD assembly is used for a study, and any of the names change,
the script had to be re-recorded in NX and adapted to the batch process.

Furthermore the application of geometry variation is done by several Knowl-
edge Fusion (KF) rules that are governed by the above mentioned VB script.
The rules are responsible for fetching the varied parameters from the Excel
sheet that holds the DoE. Those KF rules are also in charge of checking the
geometry for failures in recreating the modified geometry. The KF rules are
not bound to a single geometry though, since they receive their required part
names directly from the DoE table.

Before the geometry can get meshed, it has to be transformed from a surface
model to a wireframe. This is done by the pre-meshing script. The pre-
meshing script performs a conversion of the NX assembly file to a Hypermesh
wireframe file. A TCL file is created for each design-case with respectively
adapted input parameters and then executed by a batch script. The actual
meshing process is governed by a TCL parameter file that, again, is created
specifically for each design-case and then starts a TCL script creating a CDB
file. The meshing script is extremely sensitive to misalignment between the
model tags and the settings in the parameter file, and often leads to a failure
of the entire batch meshing process.
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A change in what kind of analysis are performed always required the work of
specialists in the respective fields.

The input for a new study was either done by changing the values of variables
directly in the code and then saving and running a copy of the template script.
In the case of the analysis scripts this was done in a loop for each design
case. For those input parameters not value checks were implemented, so if
a script for example could not find a file, the exception caused the script to
halt. Since the scripts processed all the design-cases consecutively, an error
in any design case led to the following cases not being processed at all. In no
case a error message was created to tell the user where and why the script
halted and the progress could only be estimated by the already processed
files. In general, none of the scripts mentioned above created any kind of
log-file to allow the user to reproduce the process or find failures.

4.2.2 Active use-cases

There are two active use-cases, both of which evaluate geometrical and
requirements changes with respect to aerodynamic, thermodynamic and
structural performance. One use-case is looking at the Turbine Rear Structure
(TRS) and the other at the Intermediate Compressor Case (ICC) (see Figure
4.4).

The main functions of the TRS include carrying the turbine shaft bearing
through the turbine rear mounts, fixing the turbine to the wing. It also plays
a role in the aerodynamic performance of the turbine jet, since it releases the
gas stream out of the engine. Though this aerodynamic impact is only minor
compared to the rotating parts of the turbine. The ICC is located between
the high and low pressure compressors and deals with carrying loads as well
as providing space for cables and pipes.

1by Chris Shakal from https://grabcad.com/
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Figure 4.4: Rendering of a Rolls-Royce Trent 900 Turbofan1. The ICC is
highlighted in blue, the TRS is highlighted in red.

4.3 Process robustness

The development of EWB to a system that can be employed in the every-day
product development process requires the work of a team including software
developers and discipline specialists over a lengthy amount of time. Therefore,
this can not be realised to the full extent in the course of this master thesis
which is limited to a working period of 20 weeks and two people. To illustrate
the potential of these suggestions, after each description of the ideal process,
the actually implemented changes are described. This is done in accordance
to DRM by [Blessing and Chakrabarti, 2009], where a "demonstrator or [...]
proof of concept" can be used to verify the effect of the prescriptive study.

4.3.1 Control frame and structure

Considering all the possibilities for improvement mentioned in Chapter 4.2.1,
a complete overhaul of the system would be recommended. After careful
consideration of several potential solutions, a structure as in Figure 4.5 would
be suited for a future EWB implementation. It is based on a four-layers
pattern service providing architecture. The layers are sorted according to
their level of abstraction and the services on each layer are of the same level
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of abstraction. The development of this system has been done following
the guidelines of [Balzert et al., 2010]. It combines all the existing and
potential new modules under a control frame, that governs the process- and
data-management.

Control frame Process controller

Volvane
Vane Geometry creation

Executive Function

Hypermesh
Meshing for Analysis

Distribution of 
parameters 
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Figure 4.5: Schematic illustration of the ideal EWB processes.

This control frame manages the data flow between the different modules such
as geometry generation or meshing, and starts the different processes when
new information is needed, acting as a backwards-chaining inference engine as
defined by [Hopgood, 2000]. The user states their goals for a study, together
with the available input parameters. The inference engine checks for the
input required to perform the selected study. It then enquires which of those
values can be provided by which process, and what input that requires in
turn. After evaluating all the available input, the system is left with a list of
required parameters to run this specific study. If any parameter is neither

35



RESULTS

User Process AMainFrame Process B

Request of Analysis

Evaluate Required Parameters

Offer of Results

Offer of Results

Request of Results

Request for Input

Request of Results

Request for Input

Reevaluate Parameter Requirements

Reevaluate Parameter Requirements

Request of Input

Input Parameters
Commision Process

Output Parameters

Commision Process

Output Parameters

Return Study Results

Input Parameters

Input Parameters

Figure 4.6: UML Sequence diagram illustrating the communication be-
tween the Main Frame as backwards-chaining inference engine and the
process controllers.
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Figure 4.7: Use-case: Generating and retrieving analysis results from the
EWB.

covered by any of the available processes nor the initial user input, the main
frame enquires again at the user. This whole process is illustrated in Figure
4.6, where "Process A" and "Process B" are exemplary placeholders for any
kind of EWB module. Of course all those actions are done in real-time, so
there would be no actual waiting time for the user.

With the above mentioned structure, the number and complexity of the
use-cases reduces drastically. This would result in a faster, simpler and less
error-prone way of setting up a new study.

The process would be faster, since the user would not have to switch between
different interfaces or scripts for the input of the study parameters. Also
parameters shared by different processes would have to entered only once, and
resulting parameters would not have to be "carried over" by hand from one
process the other. This also nullifies the risk of user errors. The simplification
for the user applies also for the reasons mentioned above. Since most of
the original and ideal EWB activities can be executed on their own, as long
as they receive the correct input parameters, a module-based architecture
was chosen to be optimal. Each module would carry out its dedicated task,
and communicate results and inquiries to the mainframe. This architecture
provides the opportunity to use each module on its own, to perform only this
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singular task. This is of great use for development reasons but also provides
those tools to other teams that are not using EWB. The modular architecture
also provides an almost limitless expansion of the functionality of EWB, so
that any new kind of analysis can easily be implemented. The system is
also flexible to technology- or version changes in the involved processes, for
example a change in corporate meshing software would only result in a new
module, and no major system changes would have to be done.

Implemented modular architecture

Control frame Process controller Executive Function

MS Excel

Input Interface

Interface

Ansys
Structural Analysis

Structural Analysis

Ansys
Structural Analysis Post 

Process

NX
Geometry Analysis

Producibility Analysis

MS Excel 
Process Plan

Geometry variation
And

Meshing

NX
Designcase Image creation

Result files

Hypermesh
Meshing for Analysis

MS Excel

Analysis interface

NX
CAD Geometry creation

MS Excel

DoE Interface

Log file

Error file

Figure 4.8: Schematic illustration of the implemented EWB processes

The architecture of the actually implemented EWB is as shown in Figure
4.8. The originally intended four layer architecture was reduced to only three

38



RESULTS

layers, for the interface got implemented into the main control structure. It
also does not provide a clear separation between the different modules, since
the geometry variation and the meshing process join one module together.
Anyhow, the modular structure is still realised in its initial idea. The workflow
of the execution of a study with this structure is illustrated in Figure 4.9.

Implemented modules

Usually in every study the first module to be executed is the geometry
variation and meshing module. A VB script initially based on a NX Journal
recording and executed by the NX Journal interpreter manages the consecutive
generation of any amount of new geometries.

Due to being the first fully functional module, it also incorporates some
mainframe features. Among those are the setup of the directory structure in
the work directory and several consistency checks for the input parameters.
The mixing of module and control frame in this module happened due to
historic reasons, since initially it was intended to act as the mainframe. The
Geometry Variation and Meshing module reads the baseline CAD-file and
initialises several KF-rules that read the above mentioned DoE table in Excel
format. After applying the respective parameter values to the geometry, the
KF rules execute a series of checking functions for the consistency of the
surfaces and edges. This is necessary since due to the geometrical changes
in the model in some cases the surfaces start to overlap and create new,
unlabelled surfaces and edges. The script is also capable to optionally create
images of the varied geometry in PDF format. The viewport for those image
is chosen in the interface.

The same script also provides the option to mesh the CAD model instantly for
the following analysis process. Therefore the VB code starts an Hypermesh
process via a batch script. Due to it’s time consumption the meshing process
posed a bottleneck to the whole process. The parallelization of meshing
and geometry creation is achieved so that the module creates the geometry
variations consecutively, and then waits for a free slot in the Hypermesh queue.
The queue consists of up to 10 processes performed in parallel. The number
of processes depends on the choice of the user in the interface The batch
script starts the Hypermesh batch processes via a Tcl file created specifically
for each design case. The mesh settings file contains the information from
the interface, together with design case specific information from the control
frame operations done by the Geometry Variation and Meshing Script. The
last line of the design-case specific Tcl script starts the master meshing script.
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Figure 4.9: Activity Diagram of the new EWB process.
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The Analysis process controller consists of a Python script that scans the
directory containing the mesh files given in the interface from Figure 4.14e.
The process is shown in Figure 4.10. The script operates with an input file
similar to the other modules. The input file carries information about the
thermal analysis template and up to four further analysis processes that rely
upon information from the thermal analysis. It also provides the directory
for the boundary condition tables, which in this implementation of EWB are
created in a separate, manual process. All (up to) five analysis process are
handled via a class AnsysFile that provides all the functions necessary to
modify and send the modified analysis together with post- and cleanup-script
to the queueing system. It creates a specified APDL script file and sends it
to the queueing system on a dedicated Unix server. The execution on the
server requires the user’s password input during runtime. Due to security
reasons the password could not be asked in the interface and then stored in a
settings file. The analysis script could only monitor errors in the execution of
the Python script creating the APDL input files, and not the actual analysis
process.

The implementation of the Producibility Analysis module is explained in
detail in Chapter 4.4.
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Figure 4.10: UML activity diagram of the analysis process in the new
EWB.
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4.3.2 Inter-modular communication protocol

To ensure the success of the communication between the different modules,
and to ensure the possibility to exchange and introduce new modules, a
standardised way of inter-modular communication has to be introduced. This
communication protocol has to manage the flow of information in both ways,
from the modules to the mainframe, and the design-case specific parameters
from the main-frame to the modules. To apply with already existing industry-
and research standards, XML would be optimal. For most programming
languages there exist serialisation libraries, making a fast and uncomplicated
implementation possible independent of the programming language used
[Python, 2015] [Oracle, 2015b] [Microsoft, 2015] [Quin, 2015]. Serialisation
here describes the process of converting a programming-language native
object into an XML structure, and vice-versa. XML would also provide the
possibility to serialise entire parameter objects, not only transporting the
parameter value but also information such as variable type (Boolean, String,
Numerical...) but also context and potentially even information on how to
check the parameter value for consistency.

Implemented communication protocol

The intended XML structure was simplified to a string based indicator, in
the following occasionaly referred to as "shorthand". The format was based
on command-line parameter input, where each parameter is introduces by
a hyphen and identified by the following character combination. After the
identifier and a space the value is listed. The syntax of one parameter would
look as in

-i value

whereas -i serves as the identifier and value is the respective value, its
form depending on the variable either a string, integer or Boolean. Boolean
variables are stored as 1 for True and 0 for False respectively. An example
of a parameter settings file for a study can be found in Appendix A.

The intended communication loop could not be implemented, and even in the
final version of the prototype the communication was only one-directional
from the control frame towards the modules and from there to the results.
To improve organisation and retrieval of the files generated during one study,
a standardized directory structure has been implemented, as shown in Figure
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4.11. Each process generates result files based on the input, and stores the
process information together with potential errors in a text file. All files
generated by the EWB process are stored in a module-specific directory in
parent directory referred "Work-Directory". The Work-Directory is study
specific and is meant to accumulate all information about one EWB run,
including setting files.

Work Directory

ANA_RESULTS

ANA_SCRIPTS

CAD

CDB

HM

SCRIPTS

Settings

Mesh Settings

Images_Analysis_1

Images_Analysis_2

Analysis Results

LOGFILES

IMAGES

Figure 4.11: Structure of the Work-Directory of one EWB study.

4.3.3 Error Management

A reduction of errors can be achieved partly by the above mentioned reduction
of user-errors, but also due to the assurance of the main-frame that all
necessary parameters are already available before the study sets off. Should
at an error occur while processing a design case, for example because the
modified geometry can not be meshed, this should not fail the entire EWB
process, but merely stop the execution of this single design-case and store an
error message in the logging files. An optimal interface would contain a display
of the current stage of the EWB process, allowing the user to monitor the
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progress and also to interact if any unforeseen situation appears. Any error
occurring during run-time would be displayed immediately in this interface.

The development of the main frame as shown in Figure 4.5 was done in
parallel to the different modules. This results in several problems when trying
to debug either of them, due to problems in tracing back the errors. Over the
course of development several error reporting mechanism have been developed
and tested. The occurrence of a malfunction on any level produces a message
that gets handed out to the user, providing them with information about the
cause. This is mainly done via try-blocks that test the execution of the sub
function and if that fails, the upcoming error is handed to the logging function
and written to the respective output. An example of this is documented in
Appendix D.

This approach helps separating the sources for errors between the mainframe
and the single modules. It supports the initial approach to develop a detailed
error handling system. Though the work in this direction has to be continued,
potentially with a more detailed debugging level to further support the
domain experts in testing modules. It might even be useful to consider the
development of a smaller framework specifically for testing the implementation
of said modules.

4.3.4 Interface

The interface provides the ability to choose between different extends of the
study, for example the range of analysis performed. It should also help the
user to set up the DoE of the Study, and the general information such as
work-directory and study name. An mock-up of a possible interface what
would fulfil those criteria is shown in Figure 4.12. On the left side, the general
study relevant data is collected. In the centre, all processes that are available
to EWB right now are presented in their respective order. The user can select
any module they want to have executed, and in the blue marked area on the
right side enter the module respective information the main-frame requires for
execution of the selected modules. The interface elements in the mock-up are
labelled with letters for different modules. The elements with dashed borders
are un-selected and would not be executed in this run. After the input, the
interface tests all the data for consistency before the study is started.

As soon as the process is started by the user, the process display interface
as shown in a mock-up in Figure 4.13. Each of the letters A−D represents
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Figure 4.12: Layout of a potential EWB setup interface, showing general
study settings in purple, the process flow in green and the process specific
settings in blue.

the respective process as in Figure 4.12. This permits the user to follow the
progress of each design case, and to monitor potential errors or misbehaviour.
It also provides a preview of all or partial results of a selected design case
as far as they are already available. This is necessary, since the studies can
easily take up to an entire week in their entirety.

The files generated by EWB are named clearly and stored assorted to their
respective applications, but still in the same work directory to ensure the
possibility to reproduce the study. They would be accessible through the
progress interface if available.

All settings, files and associated software information is stored with the study
data to enable the user at a later time to understand how the results were
created. In addition to that, a detailed logging file is created during the
process, gathering information about potential causes for errors and to make
the results reproducible.
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Figure 4.13: Layout of a potential EWB process display interface, display-
ing the status of all current design cases and granting access to all the
already available data.

Actual implemented interface

The interface is a VBA add-in in MS Excel. It provides an interface for each
process mentioned in the schema in Figure 4.8, as shown in Figure 4.14. It
runs on a MS Excel worksheet that also acts as the DoE table, which provides
the interface for the DoE setup via the Excel native table interface. The
interface is structured similar to the ideal vision of the EWB interface as
shown in Figure 4.12. It provides input fields for each parameter necessary
for the respective module, and one tab for the study wide settings, Figure
4.14a. The general settings tab asks for the work directory, baseline CAD-part
and number of design cases. The start button that can be seen on every tab
in Figure 4.14 launches a Microsoft Shell Process that starts the Geometry
variation and Meshing script.

The analysis tab also helps facilitating an input file. The respective input
fields gather information for the directory of model files, the analysis file and
the post-processing file. The user can also choose the number of Ansys-licences
that are going to be checked out. The analysis tab provides it’s own start
button, that starts the above mentioned Python script via a Microsoft Shell
command.
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(a) General study settings (b) KF rules settings

(c) Imaging settings (d) Meshing process settings

(e) Analysis settings

Figure 4.14: Implemented interface for EWB
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Figure 4.15: Scatter plot of the results of the 128 design cases study 1.

Figure 4.16: Parallel graph of the results of the 128 design cases study 1.
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Figure 4.17: 3D graph of the results of the 128 design cases study 1.

For the studies performed in the context of TOICA a small demonstration
interface has been created. It enables the user to compare large sets of results
towards several input parameters. It consists of three parts, a scatter plot
(Figure 4.15), parallel diagram (Figure 4.16) and a 3D response surface (Figure
4.17). The scatter plot and parallel diagram work on the direct data from the
study results, whereas the 3D plot receives its data from a response surface
exported from ModeFrontier.

The analysis script is optimised for large amounts of input- and output
variables and to view the inter-dependencies between them. Since the process
of new EWB only contains two analysis, the testing of the interface was done
on a 128 design-cases study done with the old setup.

1To protect sensitive data all values have been altered with a randomizing function.
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4.4 Producibility assessment

As mentioned in Section 3.1, the decrease in number of "loop-backs" re-
quired between design and production is considered the main objective here.
Evaluation of which is measured upon the number of possible manufactur-
ing constraints and producibility metrics that can be caught within a fully
automated system.

A complete assessment of producibility requires detailed information about
manufacturing processes, production volume, geographic locations and more
[Shukor and Axinte, 2009]. The current studies performed within the En-
gineering Workbench however all focus on the very early phases of product
development where such knowledge is not available. For this reason the quan-
tities alone are not the focus, the difference between them is. It is all about
capturing the effects of design changes on manufacturing and producibility as
a whole.

Quantities which can be used for describing producibility are already being
developed by a research project from Blekinge Tekniska Högskola (BTH)
[Hallstedt et al., 2010] . They focus on assessing the cost and sustainability
aspects by looking at manufacturing processes. Instead of doing the same
work twice a collaboration is established. The main focus of the producibility
assessment therefore becomes producing a list of operations. These can then
be used by BTH to give an indication of manufacturing cost and a degree of
sustainability.

The long-term goal is to produce a system which can analyse a design-case
and automatically give an indicator of producibility. However the amount of
formalised knowledge required for such a generic system is immense and might
not even be possible. As a start we therefore presume the user provides one
or several study specific lists of operations along with its related constraints.
What the system then enables is an automatic assessment of these constraints,
a decision process to find the optimum one and evaluation of its producibility
metrics. It is called a Producibility Assessment System or PAS.

4.4.1 Process description

The system process and objects required are presented and visualised (see
Figure 4.18) below.
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Setup

Manufacturing objects need to be referenced to a geometric feature. A geo-
metric feature can be for example an edge, face or body. Each manufacturing
object is associated with information, in the form of properties, related to
the analysis such as constraining object for reachability analysis. See Figure
4.18a.

Study specific lists of operations and constraints should be entered either
directly into the system or translated from company documentation. General
guidelines and rules of thumbs should be stored in the system and chosen at
any time. This is the type of information which hopefully grows with time
and finally enables the long-term goal; where no more than a geometry and
its requirements are required as input.

A list of operations contains manufacturing methods. A manufacturing
method can be associated with pre- and post-processes, each with its own
constraints (see Figure 4.18b). The geometric features under investigation
can be associated with several manufacturing methods. Methods can vary all
the way from forming (casted, molded) to shaping (machined) and joining
(welded, fastened, assembled).

Analyse

After establishing the lists of operations and constraints the system checks their
compatibility for each design case. Each geometric feature, such as an edge
representing a weld, can be associated with a list of possible manufacturing
methods. From these lists of possible manufacturing methods, the system
then chooses an optimum one. Such a decision might be clear, in which case
a simple list of preference can be used (see Figure 4.18c).

A list of preference has each manufacturing method associated with an index.
The index describes the order of preference and can also be used to quantify
how much better the methods are with respect to each other. Giving one
indicator of how "manufacturable" a design is. Such an index can be based
on cost and sustainability assessments but also through user input (discussed
further in Section 5.2.2). If for some reason the choice between two methods
cannot be made, several "concepts" can be chosen. A "concept" in the PAS
implies one instance of evaluation. Each "concept" is defined by its own lists
of preference (as in the example below, Section 4.4.3).

Finally once the manufacturing method has been chosen the list of operations
needs to be made. The order in which features are to be processed play a
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critical part for the producibility metrics. Every time a new manufacturing
method is used this can imply disassembling, transporting and re-assembling
the component in new fixtures (more on this in Section 5.2.2). This should
therefore be possible to formalise, see Figure 4.18d. The process sequence is
a list of the manufacturing objects along with a process sequence identifier.

Assess

With the lists of operations, an assessment is then possible to get an indication
of producibility. Metrics such as manufacturing preferred, production cost
and sustainability. The methodology for doing so is as mentioned partly
developed by BTH. However, it should be possible to incorporate in the same
system.

(a) Manufacturing object (b) Manufacturing method

(c) Preference list (d) Process sequence

Figure 4.18: PAS Objects

4.4.2 Prototype

The following sections will present a description of the system developed and
an example of when it is used (Section 4.4.3). In short it is a Manufacturability
Assessment System as described in Section 2.5 which analyses the geometry
and results from other disciplines to provide a list of operations. This list
is then transformed into producibility metrics. A Siemens NX Knowledge
Fusion application exports the geometry specific data. Excel imports analysis
results, stores the data and analyses as well as evaluates it with the use
of Visual Basic for Applications (VBA). An object-oriented programming
approach is used and will be presented with UML maps.
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It is situated in two locations of the EWB process (see Figure 4.9). Geometry
data is captured as a part of the geometry generation process in EWB. As
mentioned in Section 4.2 this is a process run by an NX Journal which varies
the baseline geometry and exports it. The Journal is also used here for
instantiating and execution of the created application. Other disciplinary
results, such as temperatures and stresses, are captured as they are made
available. An Excel sub-routine is executed, using the same python script
which processes the results, and reads the generated results file to extracts
the wanted information. Once the data is extracted either an NX Journal,
python script or the user himself executes the analysis process, depending on
the specifics of the study.

A full UML process description is located at the end of this Chapter, see
Figure 4.26.

Manufacturability Assessment System

As mentioned in Section 2.5 Manufacturability Assessment Systems (MAS)
have three main mechanisms; capture, analyse and evaluate [Shukor and
Axinte, 2009]. Each of which can be made in many different ways. In the
context of EWB however the geometry is presented as a shell-model made in
Siemens NX. There is also already a lot of previous knowledge in extracting
geometrical information with the help of Knowledge Fusion. This plays a
major role in which tools to use.

Capture

For extracting geometric data a Siemens NX Knowledge Fusion (KF) applica-
tion is created. The purpose of the application is to enable automatic export
of geometry specific data (see Figure 4.19). Some data is always extracted;
manufacturing type, length, thickness, material ID, curvature, reachability
angle as well as reachability distance 1 and 2 (explained further below). How-
ever the user also has the possibility of retrieving any measurement they make
themselves. These are created on the baseline geometry as NX expressions
and noted in the application.
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Figure 4.19: Prototype: Geometric data extraction with Knowledge fusion
application

To ensure a user-friendly system an Excel interface is created. Here the user
is able to communicate which geometric features one is interested in analysing
as well as which measurements they have made. All without handling any
programming code. Each feature can be tagged with information relating
to the data collection. Examples of which can be manufacturing type (weld,
casting, machining etc.) and constraining objects for reachability assessments,
see Figure 4.20.
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Figure 4.20: Prototype: Communication interface between KF and NX

The KF application works by first reading the Excel file. It knows which
cells to read with a user-defined Excel named range. Then because of the
standardised naming conventions the features and tagging information can
be gathered. Tagging information is stored in the features as NX attributes.
Reachability assessments are conducted by first projecting lines in the direction
of the normal of the corresponding face (see Figure 4.21). Secondly checking
for collision with user specified "Constraining object(s)" as attributes of the
feature. Finally if the line does not collide, the maximum allowed angle of
the line to the object(s) is saved for export. However if it collided only the
distance to the object is withdrawn.

Figure 4.21: Prototype: Projected lines used for reachability assessments
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Results from the different simulations (thermal, mechanical and aero) are
potentially withdrawn from the resulting CSV file. Although it requires some
programming work.

Analyse

To analyse and store the manufacturing methods and constraints, Excel VBA
is used. The objective is to first of all enable formalisation of manufacturing
methods and their constraints. Secondly an assessment of which methods are
feasible for which features is developed. A method is considered feasible as
long as non of its constraints are violated.

Figure 4.22: Prototype: Manufacturing methods and constraints

To formalise the manufacturing methods a standardised table is presented.
One row is used to find the method type. The row below this one represents
the method name. Everything under that is collected as a constraint or sub-
process. Naming is very important since that is used to identify sub-processes
(see Figure 4.28).

Manufacturing methods and constraints are located on a worksheet named
"Analysis", see Figure 4.22. In the background a class library has been
developed. It is made up of eight different classes and can be seen in Figure
4.23. A VBA sub-routine locates the user-defined manufacturing methods
and constraints by checking for a named range. The named range has to be
called "Methods" but is set anywhere by the user. From there it reads and
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collects them. Each manufacturing method is stored as an instance of the class
ManufacturingMethod and stored in the AllManufacturingMethods property;
Method List. In the same way each CAD feature which has been exported
is stored as an instance of the ManufacturingObject class and stored in the
AllManufacturingObjects property; Object List. Both the manufacturing
objects properties (length, thickness, curvature etc.) and manufacturing
methods constraints are stored as instances of the Property Class. They have
a name and a value. The constraints also have a sign used to identify the
direction.

AllManufacturingMethods

Method list
Concept list

AllManufacturingObjects

Object list

Concept

Sequence list
Preference list

AllPreferenceLists

Preference list collection

ManufacturingMethod

Constraint list

Name

Method lenths list
Method no. of operations list

Name

Total lengths
Total no. of operations

Manufacturing preference index

Sub process list

Type
Sequence
Concept reference

ManufacturingObject

Prefered methods list

Name

Property list
Type

Possible methods list

Preference list

Name
Property list

PropertClass

Name
Value
Sign

Get method

Get object

Get preference list

Get preference list

Get constraint value
Check method feasability
Clone

Get property value
Get preferred method by concept name
Get method feasability results

Get property value

Figure 4.23: Prototype: Class library

Each manufacturing method and manufacturing object with the same type is
then checked for feasibility. If there is no violation of constraints the method
is stored in the manufacturing objects method list. Once all the possible
manufacturing methods have been established it is time to evaluate them and
choose the most promising one.
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Evaluate

The evaluation is also performed within Excel, using VBA. The evaluation
is as mentioned based on a list of preference. It is located on a worksheet
called "Evaluation", see Figure 4.24. To collect the list(s) a sub-routine is
created. It locates the list of preference by using a named range. As with
the manufacturing methods it has a set name ("Preference") but can be
referencing any location on the worksheet. Each preference list is then stored
as an instance of the class Preference List and stored in the AllPreferenceLists
property; AllPreferenceLists.

Figure 4.24: Prototype: List of preference

The process sequence can also be formalised in the Excel interface, individually
for each evaluation concept (see Figure 4.25). In the same fashion as with
methods and lists of preferences a sub-routine reads a given named range (in
this case called "Sequence"). Each evaluation concept is then an instance of
the class ConceceptClass and stored in the system.

Figure 4.25: Prototype: Process sequence

If all is as it should another sub-routine loops through the possible manufac-
turing methods of each manufacturing object and saves the one which is most
preferred. Finally another sub-routine uses the process sequence and creates
the list of operations.

All the decisions are written on a design-case specific Excel worksheet which
is also exported to enable back-tracking.
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Producibility metrics

The evaluation of the list of operations is enabled by creating sub-routines
which gather the necessary data and writes them on a separate summary
sheet. This is where all design-case results can be seen and compared.
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Figure 4.26: Prototype: Process description
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4.4.3 Use-case

As mentioned in Section 4.2.2 two use-cases of the Engineering Workbench
are active. At the same time as they were being set-up and run for different
performance analyses, the PAS was being tested.

One use-case component is the ICC by Rolls-Royce. To get an understanding
of how different geometrical arrangements would affect stiffness aspects the
EWB system is being used. If the new geometrical arrangements had little
affect on stiffness the possibility of using Electron beam welding (EBW),
instead of a combination of laser beam (LBW) and tungsten inert was (TIG)
welding, had improved.

The main objective of the PAS became capturing reachability issues for
the tools involved in the welding operations. Together with weld experts
connected to the study a case-specific list of operations is established along
with some rules.

Other preparations for the study involve choosing which features to study,
formalising the manufacturing methods (EBW, LBW and TIG) and its specific
constraints as well as ranking the methods against each other.

There is five welds of interest in this study, each of which is represented by
edges in the CAD model. These edges were tagged by adding attribute data.
"Manufacturing object" is used to identify the type of process (all welds in
this case). "Constraining object" told the algorithm which object(s) to assess
for reachability constraint violations (see Figure 4.27).

Figure 4.27: Tagging geometry
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Figure 4.28: Manufacturing methods and constraints

There is no prior way of knowing how much better a method is compared
to the others. The index in the list of preference is therefore only used to
put them in order. No emphasis is put on quantifying how much better one
method is compared to the others (see Figure 4.29.

Figure 4.29: Preference lists and process sequence

Once the preparations were done a NX journal is used to initiate the KF
export to the Excel file. Followed by an Excel macro commencement for
feasibility assessment, evaluation and export. With the following results:
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Figure 4.30: Results: One design-case summary
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Figure 4.31: Results: One design-case list of operations
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Production cost is calculated by multiplying the weld lengths with a random
number. Sustainability is dependant on the number of operations. Manufac-
turing preferred index is a sum of the index values associated with the method
chosen and preference list. All of which are far from any representative value.
They are only as proof of proposal.

Figure 4.32: Results: All design-cases for Concept 2

Figure 4.33: Results: Folder with design-case results for easy back-tracking
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4.5 Evaluation

After the implementation of the above mentioned methods, they are evaluated
using the success criteria stated in Chapter 3.1.

Robustness

The implementation of a user interface, which made it possible for users
without domain knowledge or programming skills to operate EWB, increased
the number of potential users. Using the interface, two engineers outside the
core team of EWB development successfully created geometry variations and
ran batch analysis. This expands the range from the five engineers in the
EWB development team to the R&T department.

The setup time of a new study could not be evaluated in its entirety. Though
there has been a speed up in single loops of debugging the parameterisation
of the CAD model. Whereas the setup of the Journal- and TCL-scripts to
run one set of CAD test models took up to an hour and the aid of a domain
specialist for Hypermesh, with the new interface this work was done in less
than five minutes.

The setup of a re-run of a study with the old EWB system would take about
the same time as setting up the original run. This could be up to several days.
The user has to collect all data again and potentially even modify scripts
again. Actually, there hasn’t been a rerun of the only 128 design cases study
performed before the above mentioned improvements had been implemented.
With the introduction of saved settings files for every run, the re-run could
be administered in several minutes. This has been done several times during
the development and testing the CAD model for a final run.

The original EWB system often halted unexpectedly due to a failure in the
CAD model or any of the employed software. As mentioned above, there
has been only one study spanning 128 design cases and one study with
24 design cases that actually succeeded to finish the entire run. With the
new implementations, the number of unexpected halts could be reduced to
approximately one in ten, and those happened mainly due to the software
elements being still under development.
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Producibility assessment

The purposed producibility assessment system increased the number of possi-
ble manufacturing constraints that can be caught by two. They are maximum
curvature and reachability. It also increased the number of caught producibil-
ity assessment metrics by three. They are manufacturing preferred index,
manufacturing cost and sustainability.

Several presentations are conducted and directed toward developers as well
as users of the Engineering Workbench as well as experts within producibility
assessments. The feedback is positive but sceptical. Nobody questions the
importance of enabling producibility assessments. However, especially the
experts, wondered about the list of preference and how it could be realised.
Others gave examples of what the system did not catch; such as if several
fixtures are necessary or how material deformations due to localised heat
(such as in welding) is affected.
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5 Discussion and conclusions

This chapter discusses the application of Design Research Methodology as a
research method in this study. Furthermore, it analyses the findings presented
in Chapter 4.5 in relevance to the design research method explained in Chapter
3.

5.1 Discussion of method

The use of DRM as proposed by [Blessing and Chakrabarti, 2009] is a suitable
choice for this kind of research. The structure (Success Criteria, 1st Descriptive
Study, Prescriptive Study, 2nd Descriptive Study) helps to focus and clearly
identify the nature of the proposed implementations.

The 1st Descriptive Study extended the initially planned time frame, since the
complexity of the EWB system and all included sub-categories and disciplines
were more extensive than expected. The descriptive study neither covers the
entire EWB system in its entirety. Some parts such as CFD analysis are
documented only on a macro level. This restriction towards the content had
to be done due to time and resource limitations.

Using semi- and unstructured interviews as information collection technique
allowed for the gathering of information about an unknown system such as
the Engineering Workbench. For capturing knowledge for the use of the
Producibility Assessment System however well prepared questions might have
been better. Time should have been spent formalising the knowledge at the
meeting, together with the experts, instead of planning to delegate the work,
as the unstructured interviews led to.

Due to company internal scheduling and a too short allocation of time for
testing the second descriptive study could not be performed to a generous
extent. However, just enough information to study the effects on system
robustness could be gathered. Further analysis of the user behaviour and the
actual implementation in the companies work flow is however encouraged.
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Robustness

The choice of success criteria was appropriate. However, the criteria "Set
up time for an entirely new study" as mentioned in Chapter 3.1 is more
difficult to evaluate than expected. There are no records of the setup times
for a study with the original EWB available, only rough estimations. So an
improvement in this criteria is not measurable, since the initial value cannot
be determined. Though even some setups of studies during the development
time of the new implementations have been done in the traditional way, while
the new interface and system were unavailable for maintenance. By this at
least parts of the setup process in the traditional could be observed. Even
though a measurement of an entire setup process would have been favourable,
settling to the comparison of only minor parts of the process was seen as a
fair compromise. The results of this comparison are mentioned in Chapter
4.5.

Producibility assessment

Before developing the KF application an exploration of already existing tools
should have been performed. Half way through the work a couple of new
tools presented themselves while looking for other things (discussed further
in Chapter 5.2.2). The tight schedule and already present experience in the
KF programming is thought to be the reason.

Evaluating the success of the producibility assessment by measuring the
number of caught manufacturing constraints and producibility metrics is
questionable. The quality and importance of the manufacturing constraints
established is not illustrated. Although the importance is assured in this work
by developing them together with experts no quality checks were performed.
Reachability for instance is a very complex characteristic and is not fully
satisfactory. Concerning the producibility metrics, quality is an issue here as
well. Especially for sustainability. The development of the prototype system
took up most of the time. Using it and evaluating its effectiveness is left short.
A simpler system would leave more time for testing but could also undermine
the potential.

5.2 Discussion of findings

As one result of this work, challenges of a Multidisciplinary Analysis systems
by the example of Engineering Workbench at GKN Aerospace Sweden AB
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have been identified. They are listed and discussed below. The suggested
improvements are also discussed below.

• Availability of computational resources

• Adaption of the system

• Process robustness

• Visualisation of results

• Lack of producibility analysis

Availability of computational resources

One of the test runs of the implemented solutions for EWB in the TRS use-
case included the process steps geometry variation, meshing and structural as
well as weld life analysis. The test run went on for 24 design cases and took 5
days to finish. Now also including thermal and further analysis and expanding
to 128 design cases, the user would have to wait for over two weeks to get all
the results. To reduce this lead time a parallel execution of design cases was
suggested in this thesis work. Whereas this would reduce the execution time
in the best case, if all design cases as well as all non-related analysis process
are executed at the same time, to around 10 hours. Though it would require
the number of design cases in licences for each software used in the EWB
process. Since CAE software licences are often already a bottleneck in the
industrial engineering process, this approach is barely feasible. Another way
to improve the lead time could be an improved computational infra structure.
Anyway, both approaches can only be solved if the company employing the
MDA system realises is willing to invest into the computational infrastructure,
either in licences or in hardware.

Adaption of the system

The main focus of the research team was all set on the development and
implementation of new and improved software solutions. Only when those
were about to be implemented into the actual engineering process in the
example of the analysis of the TRS structure, it became obvious that the
tools alone were not capable to improve the situation. Additional education
and information of the potential users of the EWB system is necessary to
bring all the developed tools to an actual use. This shows for example in the
fact that during the launch of the TRS study the meshing process was often
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done manually by the Hypermesh domain expert, instead of the interface.
After interrogating the cause for this behaviour, the users stated the following
reasons:

Sceptics The domain experts were sceptical towards the fully automated
process that was hidden behind a user interface. They preferred the
direct interaction with their own code.

Complicated debugging Since the domain experts did not have direct
access to the code acting in the module, it was difficult for them to
trace back malfunctioning the the actual cause.

Lack of information The users were simply not aware of the ability and
availability of the automatised EWB process, and therefore resorted to
the old and familiar processes.

Since the latter was the most often encountered reason, an improved informa-
tion and education campaign about the newly implemented modules could
improve the use of EWB. It should also be mentioned that the number of
engineers using EWB so far is reduced to only little more then the devel-
opment team. Should this range of users increase, further and much more
detailed education about the chances and possibilities of including EWB in
the development process has to be done.

It also raises the question whether the implementation of a sophisticated
interface and process management system does not decrease system robustness.
Does the introduction of another complicated system element raise the number
of potential errors or does the system and therefore the actual product
development process benefit from it? Obviously, every element added to the
system represents another source of errors. But since the main frame and
interface are operating always on the same space of parameters and processes,
their behaviour can be modelled pretty well in advance. This makes it possible
to create a robust environment with well defined borders and interfaces for
the implementation of the modules actually interfering with the subjects of
the study. The benefits of an interface however outweigh the backdrops of a
complex system, especially if the system has been developed with a focus on
robustness.
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5.2.1 Process robustness

The storage of result-, input- and process data is done via text and excel
files. This scatters the information over several files, and sometimes even over
several directories. Even though the data structure introduced in Figure 4.11
leads to all information being stored in close proximity, assembling a holistic
data image to draw conclusions and cross references requires laborious effort.
The introduction of a database system would definitely improve upon this
situation.

The creation of logfiles is already a progress for the usability of the MDA
system under research, since it allows the user to trace the actual state of the
performed process as well as the analysis of errors and failures.

The approaches in implementation of an error reporting mechanism done in
this thesis were very unstructured. Almost every module has its own error or
logging function, writing into their own log files. Also, since every module
started a new batch-process, the current status was displayed in different shell
windows. Nonetheless, the improvement towards the initial EWB was palpable.
Especially during the parameterisation of the CAD model it provided valuable
feedback, even though it was noticeable that the error reporting system itself
was still in development. For a serious approach towards a fully automated
MDA system, a proper error handling and logging system is crucial. From the
experiences gained in this study, it should be one of the first elements to be
developed. It is also highly recommendable to develop one single channel to
collect all error messages and logging data. Theoretically the implementation
in a web-framework for process control would have already been feasible with
minor changes to the logging-algorithms. The text output would only have to
be modified to be in HTML, and a respective CSS or JavaScript framework
would have to be provided. The implementation of this should be done in
future iterations of EWB due to the positive effects of a live process overview
as mentioned in Chapter 4.3.4.

The suggested modular structure as shown in Figure 4.5 has proven that
modularisation, even though realised only as in Figure 4.8, improves the
handling of a multi-functional system such as EWB. It enables the user
to select individual routines customised to their needs, but also enables the
developers to deliver parts of a system sooner. It also provides the opportunity
to perform the entire analysis loop step-wise, which can be necessary while
debugging the CAD model or fine-tuning the DoE. This leads to the idea for
the future EWB to be split in as small modules possible, to hand as much
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control over the workflow as possible to the user. After each step preliminary
result files would be produced, that enable the user to continue the process
from this point. It would also enable the user to fork the process into two
different DoE or analysis routines with for example only one meshing process.
Especially when the time-consuming solid meshing will be implemented, this
process is preferably not repeated without concrete need for it.

The communication between modules and interface was only one-sided, leading
to the user having to start the consecutive modules by hand. This can be seen
as a major flaw of the current system. To ensure a smooth workflow and as
little inconvenience for the user as possible,it is recommended to implement
a communication structure similar to the one in Figure 4.5. The make-
shift communication established in EWB as explained on page 43 served it’s
purpose well, especially in combination with the dedicated parameter function
as shown in Appendix C. The only issue was that only scalar parameters could
be handled by the implemented protocol. To improve this, the introduction
of XML parameter files as means of communication and settings protocol is
recommended to be implemented from the start in any further iterations of
EWB.

Visualisation of results

The implemented interface for the analysis of the results of the study consists
of three functions: a scatter and a parallel plot wit a filter function, and
a 3D response surface. Even simple commercial statistical analysis tools
provide a higher functionality when it comes to filtering and response surfaces.
Especially since the response surface data of the interface was based on a
ModeFrontier export. The idea behind recreating an analysis interface is the
usability without expensive licences in an environment familiar and available
to almost every employee. It has to be considered if it is worth if to invest the
large amount of time and resources necessary to continue the development
for such a home-made interface. Because not only does it come with limited
functionality, since it is written in VBA it is also very difficult to develop. For
the use of the result data professional statistical software such as ModeFrontier
or JMP are recommended. Both provide a wide array of statistical tools to
analyse and compare the results of several different analysis. It should also
be remarked that the proper visualisation of result data can be crucial to the
evaluation of the outcome of a study. This has been discussed in detail in the
panel discussion at [Simpson et al., 2004], where the panellists also discussed
that visualisation interface do not have to be sophisticated, but a 3D graph
still provides the best overview over a study.
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5.2.2 Producibility

The suggested Producibility Assessment System (PAS) improved the measur-
able success criteria. These are however not regarded as fully representative
of the main goal (see Section 5.1). From a systems and methodological point
of view there are some aspects worth expanding upon and will be presented
further in Section 5.2.2. As for the use-case example, it showed many difficul-
ties in retrieving the necessary information required to conduct producibility
assessment studies in the current system. Alternative methods for retrieving
the information as well as discussions regarding the results are presented in
Section 5.2.2.

System and method

The index used in lists of preferences can be generalised through different
cost and sustainability assessments. However it is important to also let
the user alter these values. Parameters used in those assessments change
constantly. One way to address that issue would be to automatically update
them. Regardless of how complex the system is made however, all aspects
will never be caught. Anything from recent logistical problems, material
cost changes, technical advances and more can affect the index. All of which
cannot be caught and analysed by the system.

Process sequence is important especially when it comes to determining man-
ufacturing cost. Every time a new manufacturing method is used this can
imply disassembling, transporting and re-assembling the component in new
fixtures. In the current PAS the process list is given. It is possible to compare
different process lists by creating new "concepts" but it might be better to
enable the formalisation of rules here as well. Further research is required to
understand how a change in manufacturing methods affects the producibility.

In the context of EWB the geometry is presented in Siemens NX. There is
already a lot of previous knowledge in extracting geometrical information
with the help of Knowledge Fusion (KF). This is why KF is used to capture
geometric data also for the PAS. However two other tools which were not
properly assessed could have helped. One is the check-mate functionality
[Anderson, 2009] which could help with assuring the capture of geometry
specific manufacturing constraint violations. The other is Siemens NX CMM
Inspection Programming [Siemens, 2014] which could be used to get more
advanced reachability assessments.
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Efficiency can be improved in the prototype PAS. For example in the KF
application the first step is to tag the CAD model with attribute information
related to the data extraction. This process is unnecessary since this informa-
tion is not used anywhere else. The application could therefore simply read
the Excel file and go from there. The inference engine in Excel has several
possible integrations of code. When the results are written in the different
worksheets some calculations for summing up results is done more than ones.
The efficiency is however not an issue at this stage but might become in the
future as the knowledge base grows.

It is believed that the number of manufacturing constraints and producibility
metrics caught decreases the number of "loop-backs" between manufacturing.
However, a rich knowledge base is required to assess manufacturing constraints
caught and estimate producibility metrics. In the prototype presented the
knowledge base is saved in two Excel worksheets. Development of proper
data storing and retrieval is encouraged.

Use-case

In the use-case dealing with an intermediate compressor case the stiffness
aspects were analysed. Since the PAS was not developed yet, many manu-
facturing aspects could have been missed and the results might have been
misleading. They could be based on specific arrangements which were costly,
bad from a sustainability point of view or otherwise far from optimal.

The conducted analysis revealed that reachability aspects of the different welds
were being affected as the geometrical changes were made. Fully perpendicular
tool arrangement to the welds is not always possible. This could lead to
requiring expensive new tooling or unwanted design adjustments in other
parts. Since no tool dimensions or other specific tool requirements were
present any conclusions are hard to make.

A big flaw in the current use-case examples is the capture of how the data
changes between operations. Right now the final assessments for each op-
eration is based on the final form of the geometry, taken from the CAD
software.

Much of the use-cases (as with the ICC example presented here) focused
on retrieving lists of operations through interviews with experts within the
specific studies. This is based on the thought that generalising lists of
operations for an entire jet engine component is unreasonable. However
some features, such as flanges, are pretty much standard parts and follow a
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known manufacturing process with well defined deviations. Generalising the
operations and constraints associated within some parts of the components
could therefore be possible.

To enable a computer to catch and assess any manufacturing constraint the
constraint itself needs to be fully understood. While working to develop the
use-case, catching these constraints from experts showed very difficult. The
experts were not used to providing constraints, rather they liked assessing
proposed designs. This reasoning technique is emulated in case-based Knowl-
edge Based Systems. An interesting approach for retrieving the constraints
could therefore be developing such a system. The constraints could then
be created by scanning through the history books, finding each instance of
the product property. Results of such a search is however questionable since
production capabilities change. Only because something has not been done
in the past does not mean that it can not be done in the future. It would
however give an interesting indication. This reasoning technique could also
be used for the entire producibility metric estimation where design properties
could be scanned for similar cases and any producibility metric calculated for
that be retrieved. Examples of case-based reasoning within cold forging is
presented by [Lei et al., 2001].
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5.3 Conclusions

As a result of the conducted work a number of conclusions can be drawn. To
answer the first research questions, current challenges in Multidisciplinary
Analysis systems by the example of the Engineering Workbench at GKN
are: producibility assessments, robustness, adaptation of the system, com-
putational resources and results visualisation. Each of which have their own
challenges and restrictions.

Lack of producibility analysis Producibility- and manufacturability anal-
ysis provides valuable information about the cost and sustainability
of the part under investigation, but also the feasibility of realising it.
A lack thereof increases the chance of expensive or even impractical
concepts to be chosen for further development.

Process robustness The system analysed in this work is in a not robust
enough state to be used in the common product development process
by a variety of users. This is due to the expertise needed to use it, as
well as the uncertainty whether the process would perform all requested
activities.

Adaption of the system Many of the participating developers prefer to
work in the discipline native environment than using the interface and
system of EWB. It is also difficult to introduce system level standardisa-
tion over several CAE systems and have them adapted by the respective
discipline experts. This work also showed the already known issues with
extracting knowledge from engineers for the purpose of setting up a
KBE system.

Availability of computational resources The MDA system analysed in
this work as well as most other KBE systems are based on computational
analysis. Therefore an increased number of design cases and analysis
types requires an increased amount of computational power to be
executed in a reasonable time. Not all companies are willing to reserve
these amounts of computational power for a design automation tool in
the early phases of product development. This problem can be addressed
by increased parallelisms, which requires more software licences, or
improved computational hardware. Both solutions are expensive for the
company employing the MDA system.
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Visualisation of results The results of a MDA are difficult to present,
especially if the correlations between several parameters is to be shown.
The interfaces created for and used in the use-cases of this work were
only temporary solutions enabling a first impression, but not for a
thorough analysis. This problem is currently discussed in the literature,
for example at [Simpson et al., 2004].

The other two research questions are concluded below.

Producibility assessment

Producibility in a fully automated Multidisciplinary Analysis system can be
assessed with the implementation of a manufacturability assessment system
as described in this report. The prototype, Producibility Assessment System
(PAS), suggested enables the formalisation of manufacturing methods and
constraints, capturing of interesting data as well as analysis and evaluation
towards several producibility metrics. The described PAS use-case showed
promising results. Several challenges in capturing knowledge and connecting
the results towards producibility metrics are however identified.

Process robustness

This report suggests several improvements towards a more robust work-
flow in a Multidisciplinary Analysis system: The introduction of a modular
structure with independent execution for each design case reduced the issue
of unexpected halts of the analysis process. Though a finer modularisation
with a module for each function is recommended, since it makes it easier to
develop specialised functions and also improves maintenance. The mainframe
developed in this thesis is insufficient, and has to be clearly split from the
interface and modular structure. To have a functioning modular structure,
the standardised communication protocol between the modules as introduced
here works as a proof of concept, but has to be refined for actual use. XML
is recommended as a data format.

Also the implemented error management system and logging function which
writes the current process status into dedicated log-files helps tracing back
any irregular behaviour to its source. A centralised data storage in the form
of a directory structure eases the access to the files, but provides problems
for concurrent read/write processes. A database is recommended here.

Finally the user-system interaction could be improved with the implemented
user interface. It increased the number of potential users. On the other hand,
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it raised some more issues due to hiding the functionality of the system behind
a input/output interface, which complicated development for some modules.
A more rigorous software development process can help to avoid this problem
in future iterations.
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5.4 Further work

The surrogate-based Multidisciplinary Analysis system presented can be used
for Multidisciplinary Optimisation (MDO) . A survey of architectures was
presented in [Martins and Lambe., 2013]. Several of which use surrogate
models to improve efficiency. In [Han and Zhang, 2012] a description of how
surrogate-based optimisation differs from conventional MDO is presented.
It specifically emphasises the potential benefit for studies where analysis
is expensive, as is the case in the Engineering Workbench analysed in this
master thesis study.

To address the identified challenges mentioned in Chapter 5.3, the following
improvements might be considered when developing or researching automated
MDA. Most of them concern advanced version of the suggested implementa-
tions from Chapter 4.3 The reasons for their implementation are mentioned
in Chapter 5.2.1.

Figure 5.1: Roles and tasks in the development of a product configuration
system according to [Hvam et al., 2008]

Data storage To be able to access and assess the data produced during a
study, it is crucial to have a clean and easily accessible data management
system. Databases such as MySQL [Oracle, 2015a] provide the ability
to write and read data at the same time, and to retrieve data filtered
and sorted after almost any criteria.
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XML communication Though the communication tool presented in this
report in Chapter 4.3.2 provided a great step ahead, it could be greatly
improved by using the standardised XML protocol.

Advanced interface A display showing the status of each design case in real
time, preferably executed on a server and presented in a web-framework
for easy access from any workstation. Furthermore, with the aid of the
above mentioned database implementation, the display can already in
real time show the relations between in- and output variables.

Visualisation of result data As mentioned in the discussion and conclu-
sion chapter of this report, the visualisation of data is of out most
importance for a DoE based system. Also, the interface used here for
the TOICA presentation is limited in its functionality and can greatly
be improved upon.

Potential of commercial software The entire MDA system might be fea-
sible using a commercial integration platform software such as Mode-
Frontier

Many of what has been mentioned as a potential problem in EWB in Chapter
4.2.1 can be traced back to an underdeveloped software development process
for the implemented solutions. By applying rigorous software development
methodology the error handling could have been approached in a holistic
fashion. Also the problematic of defining error sources would have been less
of a problem if each system was tested on its own first before merging an
immature mainframe with not fully developed modules. A way to improve
on that problem could be the employment of dedicated software developers,
who are solely responsible for the programming side of the project, as well as
slower development cycles and increased testing. Since EWB can be seen as
an expert system in the product development process, we suggest to employ
a role structure similar to Figure 5.1 as suggested by [Hvam et al., 2008] for
the development of product configuration systems.

For the Producibility Assessment System (Section 4.4):

Case-based reasoning Assess the potential use of case-based reasoning for
product property constraints and producibility metrics estimation.

Database integration Develop proper data storage and retrieval.
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Generic lists of operations Assess the possibility of general lists of opera-
tions for the most common and standardised parts.

Explore available software Explore existing CAE tools such as the Siemens
NX check-mate functionality [Anderson, 2009] and CMM Inspection
Programming [Siemens, 2014].

Expand functionality Enable formalisation of rules for the chosen sequence
of manufacturing processes.
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7 Appendices

A Process settings file in the new EWB

1 # Se t t i n g s f o r EWB geometry gene ra t i on #
2 # f o r TRF_TRF_20150429
3 # created 2015−05−04 15 : 01 : 19
4
5 − f i l e Settings_2015−04−30_14−12
6 −NXexe C:\EWB\CODE_DEVELOPMENT\PROCESS_CONTROL\

Geometry_Meshing_Master . vb
7 −J C:\EWB\CODE_DEVELOPMENT\PROCESS_CONTROL\ run_journal . bat
8 −debug 1
9 −dc0 1

10 −dcn 4
11 −N TRF_20150429
12 −w W:\TRF\WorkDir\BatchTest5
13 −t C: \EWB\STUDY\TRF\DOE\CAD_ASSY\ITE_002 . prt
14 −po DA011976_0001
15 −x C:\EWB\STUDY\TRF\DOE\ITE_study1 . x l sx
16 −ps 0
17 −img 1
18 −imgV Top
19 −imgS 1
20 −msh 1
21 −hmT W:\TRF\WorkDir\MeshSettings2015−05−04_13−29. t c l
22 −KFdoSSF 1
23 −KFssf1 1
24 −KFssf2 1
25 −KFssf3 1
26 −KFssf4 0
27 −mshPara 2

code/EWB_Settings.txt

d



APPENDICES

B Analysis settings file in the new EWB

1 # prototype input f i l e f o r Mul i tAnalys i sMaster
2
3 # d i r e c t o r y conta in ing the model f i l e s ( cdb )
4 −md W:\KBEIMP\ITE\AnaTest2\CDB
5
6 # d i r e c t o r y conta in ing the boundary cond i t i on t ab l e s ( dat )
7 −bc W:\KBEIMP\ITE\AnaTest2\BCtables
8
9 # workd i rec tory

10 −wd W:\KBEIMP\ITE\AnaTest2
11
12 # ana l y s i s f i l e and d i r e c t o r y
13 −th Thermal . ans
14 −a1 Stiffness_OTM . ans
15 −a2 LCFM. ans
16 −a3
17 −a4
18
19 −aDir C: \ CVS_projects\EWB\CODE_DEVELOPMENT\ANALYSIS\ Ana l y s i sF i l e s
20
21 # post p ro c e s s i ng f i l e
22 −p Post . ans
23 −pDir C: \ CVS_projects\EWB\CODE_DEVELOPMENT\ANALYSIS\ Pos tF i l e s
24
25 # number o f p r o c e s s e s
26 −np 1
27
28 # overwr i t e e x i s t i n g f i l e s ?
29 −ow 1

code/InputPrototypeAnalysis.txt

e
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C Python function for reading parameter files

1 #! / usr / bin /env python3
2 # support f unc t i on s f o r a l l EWB re l a t e d python s c r i p t s
3
4 import os
5 import sys
6 import l ogg ing
7 from time import gmtime , s t r f t ime
8
9 c l a s s ewbParameter :

10 ’ Class to s tandard i z e a l l the parameter handl ing over the
e n t i r e EWB in−out p r o c e s s e s ’

11 # fu tu r e ve r s i on should handle XML data
12 a l l = [ ]
13 de f __init__( s e l f , short , type=" d i r " ) :
14 s e l f . a l l . append ( s e l f )
15 # type de f i n e what the " check" func t i on l ooks f o r ; i f not

d i r i t assumes i t ’ s a f i l e t y p e
16 # type "none" f o r no checkup ( probably cause i t ’ s too

compl icated )
17 s e l f . type = type
18 s e l f . shorthand = shor t
19 s e l f . va lue = ’ ’
20
21 de f read ( s e l f , i n s t r i n g ) :
22 # get va lue from i n p u t f i l e s t r i n g
23 words = i n s t r i n g . s p l i t ( ’ ’ )
24 i f words [ 0 ] == s e l f . shorthand :
25 s e l f . va lue = words [ 1 ] . r ep l a c e ( ’ \n ’ , ’ ’ )

code/PythonParamReader.py

f
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D VB function for the exection of KF rules

1 Option S t r i c t Off
2 Imports System
3 Imports NXOpen
4 Imports System . IO
5 Imports NXOpen .UF
6 Imports System . Co l l e c t i o n s . Generic
7 Imports System . Windows . Forms
8 Imports System . Text
9

10 Function ExecuteKFrule (ByVal rulename As Str ing , ByVal r u l e s t r i n g
As Str ing , ByVal r u l e f un c t i o n As Str ing , Optional ByVal

parent As St r ing = " root " )
11 ’ rulename could be ob s o l e t e and a random name
12 Dim eva l S t r i n g As St r ing
13 Dim va lueSt r As Object
14 Dim retVal As Boolean
15
16 I f parent = " root " Then
17 eva l S t r i n g = ""
18 Else
19 eva l S t r i n g = " root : "
20 End I f
21
22 eva l S t r i n g = eva l S t r i n g + parent + " : " + rulename + " : " +

ru l e f un c t i o n + " : "
23
24 Try
25 workPart . RuleManager . CreateDynamicRule ( parent + " : " ,

rulename , "Child " , r u l e s t r i n g , "" )
26
27 va lueSt r = workPart . RuleManager . EvaluateAsStr ing (

eva l S t r i n g )
28 log ( "Executed KF ru l e " + rulename + " s u c c e s f u l l y : " &

valueStr , "debug" )
29 retVal = True
30 Catch ex As NXexception
31 log ( ex . message , " ex t e rna l " , "NX with KF" )
32 ’ l og ( r u l e s t r i n g , " ex t e rna l " , "KF")
33 retVal = False
34 End Try
35 Return retVal
36 End Function

code/KFrulExecution.vb

g
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