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Abstract

This paper presents a data management and visualization tool that was developed in parallel
with a Multidisciplinary Design Optimization (MDO) framework in order to enable a more
effective use of the obtained results within the Product Development Process TBRRE
date, he main problens thatthe majority of MDO case studies conclude by suggesting a small
number ofoptimal configurationswhich do notreally hold any meaningfulzalue for the
decision makers since they represent only a narrow area of the designrspiaisdight, the
proposed tool aims to provide designers with new possibilities in teggaastprocessing of
large data setsand subsequentlyo allow the nortechnical teams to be engaged and benefit
from the use of MDO in the company practics.an example, an Unmanned Aerial Vehicle
(UAV) configuratordeveloped by using the Graphiddser Interface (GUI) of MATLAB is
herein presderd, and it is shown thattool for handlinghe resultcan be the logical next step
towards integrating MDO in thrmanufacturingndustry.Overall, this work aims to demonstrate
the benefits othe presenvisualization and management t@sla complementary additicio

an existing optmization frameworkandalso to determine if this approach can be the right
strategy towards improving the MDO method &oreventual use in the PDP of complexfro
ducts like UAVs.

Keywords Big Data, Digital Design

Introduction

Complex engineering systems arelass of products with many intricate synergies as well as
numerous performance requirements, and as tueyaretypically seen by thenanufacturing

industryas a major economic challende no surprise, igher designquality but also faster
development timebave evolved inttwo key conceptsand it can be observed that those can
oftendetermine the success of the product ancdbtheg ani z at i ovantaggKarniel at e gi ¢
& Reich, 2011) In this increasingly competitive marké@thas become of utmost importance

for companiego enhance thetraditionalProduct Development Process (PP&t)d according



to the current paradignone way of achieving this isitough the use omore efficient
developmeninethods angtateof-the-art desigrtools (Ulrich & Eppinger, 2012)

To this end, dield of engineeringhat has shown many successful results within the &DP
complex productss the use of simulatiehased Multidisciplinary Design Optimization
(MDO). Since the firsapplications oMDO almost 30 years agogsearch has beeonstantly
expanding, and today it is possibleingplementa large number of analysis capabilit{@gte

et al., 2009put also tdake advantage @ven morgowerfulsoftware andhardware solutions
(Simpson & Martins, 2011)Nevertheless, research on MDO has been to thisfdetsing
excessivelyn improvingits technical aspectsyhereasat the saméme, its organizational and
cultural integratiorhave beemften neglected or overlookeBelie, 2002) As an example of
this, there are numerotdDO case studies which conclubg providing optimization results,
but very limited work on how those resuttan be effectively used by the decision makers
how optimization can be used with the rest of the PDP actiyitiemg et al.2014)

In light of the above, this paper presents a holistic approach toingyas/ingthe PDRhrough

the use of MDO, and elaborates on thdevelopment of a data management andalization
tool that is intended to work in parallel with a titaahal optimization framework. The industrial
application that was selected herein was thatrohanned Aerial Vehick(UAV s) for search
and rescu@perationdecause they have arherent system complexity and there is currently
a very high market demand for better performance and more (@atahi, 2016) For this
paper, the MDO framework is only briefly summarized since it is based on a previous work by
the authors(Papageorgiouet al, 2017a Papageorgiou et al.,, 204)7 while the main
contribution and thus the primary focus is on the development pdate of the UAV
ficonfiguratood tool andits potential benefits for achieving organizational integration.

Overall, the papersidividedinto 8 chapters with the introduction being the first and then
followed by a brief literature review on relevant MDO topics that is presented in the frame of
reference. The thirdfourth, and fifth chapterare about the details of the optimization
framework andhe configurator toglwhile the sixthchapter presentgsults froman example
case studyhat aimgo illustrateand evaluatéhe newly added possibilities=inally, this paper
sums up with a discussion section and then some concluding remarks.

Frame of Reference
Product development process

In its most common form, a typical PDP starts with an idea and ends with manufacturing, while
in-betweenthe design goes through many stages of refinementell ascontrol gateshat

check if the desired requirentsrinave been méCooper, 1990)n this procesghe early stages

are haracterized by increased uncertaimtfich means that the design is still not fully defined,

but on the other hand, there is also significant freedom to make changes without rggnerati
additional monetary or time costs for the organizafldinich & Eppinger, 2012)To this end,

two important consideratiorier the preliminary phases the PDPare to be able to evaluate a
large number ofonceptsas quickly as possible, whereatsthe same timehe analysis of the
results should be presentedaim adequatenanner that enables decision makers to make their
own assessments before advancing to the next contralkgatael & Reich, 2011)

Aircraft multidisciplinary optimization

In order to enable a basMDO it is first and foremostrucial to develop the necessary
disciplinary modelghat can capture the physics of the prob{&azaix et al., 2011hile at

a secondary leveil is equally important to align the fidelity of th@plemented tools with the
development stagend the design maturity of the prod(fetperni et al., 2013A typical MDO
framework forconceptuahircraftdesignneeds to be able o throughnumerous designs at



very fast speeds, and thus, the commoutmrais to implemenémpiricalequations that have
very low computational demands but offer sufficiently good predictions for this isttge
(Amadori et al., 2007)

In its most commorform, an MDO framework for conceptual aircraft or UAV sizings
compris@ of severalbasic aeronautical modelke for example aerodynamics, weight,
propulsion, andmission performancgNguyen et al., 2015)whereasdepending on the
requirements additional models like cogiCeruti et al., 2012)and stability (Morrisey &
McDonald, 2009)may also be added to enhance the calculatlarthis respect, aategory of
further framework additionthat can complete the calculations when the design has surveillance
or observability requiremenis to include modelfom the feld of electromagneti¢cend more
specifically,for search and rescue scenarios this can be achieved by taking into account models
for computingthe radar signaturas well aghe sensor system performar(€apageorgiou et

al., 2017a; Papageorgiou et 20178.

Data management and visualization

Visualization of the results and data management have been reported since the earlier days of
MDO as two elements that have bewmrerlookedor entirely omitted fromthe optimization
procesgGiesing & Barthelemyl998) More specificallythere aréncreasd demandby many
expertdn the field to develop framewaoskhat will enable users to access the optimization data

in an efficient and intuitive wafPadula & Gillian, 2006)whereast hasalsobeen stressed that

the results and the framework should also be accompanied by various visualization alternatives
so that they can be used in the decisitakingand controlprocesss of the PDRSalas &
Townsend, 1998)n actualoptimization scenar®where there are numerous parametérs

of utmost importance to be ablepoovidedevelopers with flexible solutionandit has been

shown thatadvancedrisualization techniques and data mining tamds be an essential step
towardsbetter MDO practice and in turn a more professional P@Remer et al.2011)

In view of this considerable efforts have been made by various researchers with the most
notable being the developmentaxpecializedyraphical user environmef@r fAdas hboar d
A ¢ o n fa rgdor the assessmendf the capabilities and decision supporttie PDP of
aerospaceehicletechnologiegArrudaet al., 2014)Further research on the same topic include
the Adesign steeringo t oo lesbutwithithe inainfdifeneacei on s
that they allow designers gieer the results andake decisions before, during, and after the
optimization proces@Niner & Bloebaum, 2002) astly, significant work has also been made

in respect to data mining techniquesdptimization problems, and it has been shown that there

are various methodshich can extract knowledge about the problem or assisfiariuture

design ferations througlanexpert analysigBandaru et aJ.2017)

Development methodology
Programming tools

The three central ideas behind fireposed configuratas to be easy to use and maintain, to

be able to expand and adapt to changes, and lastly, to be based on tools that are readily available
and easily obtainabd by the majority of engineeringpmpaniesAlthough it is not a critical
requirement, it iglsoimportant to have as much compatibility as possidtel in this respect,

it is desirable to use tools that enable a-fisendly connectiorbetween the anfigurator and

the analysisnodulesbut also between theonfigurator and other peprocessing software.

Working principle

The mainprinciple of the proposed configuratmol is to first run numerous muknbjective
optimizations of a given problem, and then collect thedaminated Pato designs in a large



database so that they can be managed and visuaicedF{gure X1 For this purpose, an
automatiaequiremengenerators put incontrol of the overall dateollection process, which
startsevery timeby defining a new set of desigequirements aa fixed input and then
performs a aw optimization in order to identifihe bessolutions ThoseParetodesigns are
subsequently collected into a central databasewihilatater act asthe main poolwhich the
configurator will use in order to enable the various visualization and management alternatives.

Define the Create a
range of factorial For each Perform a Identify the
requirements—» sequence combination multidisciplinary best designs Collect data
(hard of all the optimization (Pareto front)

constraints) combinations

Restart until all requirement combinations have been evaluated

Figure 1. The methodology for generating, sorting, and collecting the optimization results.

Building blocks

For achieving the purpose data visualization anchanagementa number offundamental
elements neexto be taken into accourAs expectedthe number and type of tlenfigurator
elements is in most cases specific to each design applidativeyer, tis researcldentified
thatfive majorcategoriesnust beconsidered in order to provide thasicoperations:

1 Data modularityData modularity is essential in order to safeguard that further cases
can be added without the need to redesign the entire configurator. At a primary level
this can be achieved by using classes of programming objects which are easily
duplicated in the codstructure, while at a secondary level, small changes can be
enabled through the use of loading modules that allow users to include new or expanded
data into the database.

7 Control functionsThe control functions in a configurator tool are a crucial pacause
they give the end user the flexibility to go through the obtained results and select those
designghat are the most fitting for each application. Controlling the configurator should
also be a straigffbrward task that can kbatuitively performedeven bynon-experts,
and therefore, the control functions should ideally be expressed in a graphical way like
for example with a button or a slider.

1 Basic monitors:The basic monitors are an element that increases the speed of the
decisions but also thenderstanding of the design space since they provide simple
numeric and visual representations of each studied configuration. For the monitors to
work, a design must first be chosen through the control functions, while a further useful
feature that can heljpe decision makers is to hold the figures so that different designs
can be simultaneously compared.

1 Visualization featuresThe visualization features are the essence of any configurator
tool, and as such, they should be able to provide the user wehakaiternatives that
can capture the dependencies between the problem objectives as well as the effect of
the design variables. Moreover, they should include additional analysis features that can
help designers understand the objective dependenciethiegnghouldalsoenable users
to manipulate their properties and export the results.

1 Management optiondManagement of large data sets in the design is one of the key
topics that the configurator tool addresses, and thus, adequate functions should also be
included in order to enable users to export the dagearmat that can be easily used
from other progams. First, this guarantees that everyone in andfdbée organization
who is involved in the PDP can receive a copy of the case study results, while secondly,
it allows to save data for archivirmy future continuation purposes.



Configurator Specifications
Overview

For this case study, the proposed UAV configurator tool was developed entirely in MATLAB
by using the irbuilt Graphical User Interface (GUI) and the obtained optimization results from
a MATLAB-based optimization frameworR. general overvievof the UAV configurator tool
showing a division into 10 blocks (A to J) is presenteBligure 2
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Figure 2. Overview of the UAV configurator tool showing the results from case study #5 (see next chapter).

Data modularity

Datamodularity is enabled through the use of an obgeiginted programming script that allew

to reuse pieces of the code, whereas at the same time, the MATLAB GUI allows engineers to
position the new items anywhere on the board by simple moving them akéorghver, small
additions are also permitted by the configurator, and this can be easily done by loading the
appropriate set of data in block (A) which is also the start of the process. This function further
increases the modularity of the configuratod in turn lets users teplace the existing data

if results from higHidelity simulations or entirely new optimizations become available.

Control functions

The desired attributes of the UAV are updated in b{@k while once the new requirements

have leen set, it is possible to navigate within the-dominated Pareto designs through the
sliders in bloci(C). First, it is possible to customize the cruise (altitude, range, speed) but also
the search (altitude, speed) phase; to select the number ofssenddhe sensor aperture type;

and to define the search pattern as well as the size of the search target. Finally, by means of
moving the sliders, a useéefined weight factor is given to each one of the four objectives, and
then the design characteristiare updated accordingly so that they can be monitored or
visualized in the next blocks.

Basic monitors

The basic monitors for this application include blocks D to H. Bl@kprints the values of
the four objectives and plots them in a spider plot a-divnensions; blockKE) prints the



corresponding design variables at the chosen design point;(B)galots a cross section of the
fuselage which shows the surface tensions and the inner space in the avionics bg)block
plots a top, side, and frontew of the aircraft; and lastly, blodl) prints the corresponding
values of the critical case constraints at the chosen design configuration.

Visualization features

For this current version of the configurator, the visualization possibilities can be seen in block
() and include a quick plot function as well as a set of more advanced plot options. The quick
plot is a twedimensional chart that has been directly indepl into the configurator window

and can be used to provide a fast visualization of the Pareto designs for the chosen list of
requirements. It can be used to simultaneously depict up to four variables by using a coordinate
system of two axess well aghe size and colour of the markers, while its additional possibilities

are to show the design point, to enable an interactive selection, and to print messages in cases
of failure. The advanced plots open always in a new window where the user first dedines th
desired typeand then selects the data to be considered. Here, the advanced plots which were
deemed necessary include a 3D scatter as well as a matrix (correlation) graph, whereas a further
option is to generate a sensitivity (multivariate) analysisdha be seen later in the results of

the optimization case studgé¢e Figures 6 angd.9

Management options

In this application, the management of the data is handled in @oekd it is about generating

and then exporting the figures as well as thgew The priority herein was to give full
flexibility to the user in order to enable a seamless incorporation of the optimization data into
the PDP. Upon activation, a new window opens, and then it becomes possible through an
interactive selection to defe the desired figure format to be exporbethe typeandnumber

of variables to be included in the tables

Optimization Framework
Problem formulation

The principle design problem of this research is the development of a UAV platform that will

be usedn search and rescue operations over potentially unfriendly terrisesy Eigure B8

First, the proposed solution should be able to efficiently scan a large area in order to find a
hypot heti cal Ahi ddeno target. &ecabasgagssibtehe ali
in order to reduce its detectability by the observing ground radars. Finally, to achieve a strategic
advantage over the competitiadhe identified configuration should be an affordable market

option in terms of both acquisition busa operating costs.

® Airframe @ Searcharea © Search speed ® Surveillance
configuration ® Search step O Search altitude capabilities
S Undetectabl
2 ?hso.r Multidisciplinary analysis and optimization framework © Undetectable
specifications to radars

£ £

@ Stealth © Sensor number @ Target distance @ Affordable
parameters ©® Sensor type ® Targetsize solution

Figure 3. Overview of the optimization problem showing the unknown inputs (A,B,C), the user-defined
system requirements (1-8), and the desired aircraft characteristics (D,E,F).

The main challenge heretisat surveillance efficiency depends mainly on the sensor system
which in turn creates demands on the aircraft engine but it also has a negative effect on
aerodynamics and radar signature especially if it includes protruding apertures. Furthermore,



acqusition and operating costs depend mostly on the total and fuel weight respectively, and as
a result, they are affected by changes in both the airframe configuration, the chosen sensor
system, the desired payload, the amount of radar absorbing materdhlef aourse, the
required range and endurance of the aircratft.

Objectives and constraints

In total, the present problem takes into account four objectivedwahngcindicative metrics of

the surveillance, stealth,and affordability capabilitiesThe first objective is related to
surveillance and itmeasures thdetectionefficiency E) that the sensor system has over the
search arem terms of percentag@he second objective)(is related to thetealth featuresf

the aircraffand it isexpressed btheradar cross section (RCS) which is measured?riTime

third and fourth objectives aria respect taaffordability, and more specificallygboutthe
acquisitioncost(Ca) and operatingost per fligh{Co) which are measured in Usllars.

In additionto the above, there are several design constraints which express the customer desires
and add fulher complexityas well as realism into the problem by ensuring that the concept is
flyable with adequate airworthiness characterisfitese constraints shiounot be confused

with the design requirements which are mentioned and studied in chapter 3, and for this
application, those include monitors for the stability and balance, the available payload and fuel
space, and finally the minimum radar and sensdopaances.

Design variables

The design variableshich have been considered in this case study are a representative sample
that can explore different airframe configurations but also various alternatives in terms of sensor
system and stealth capabilitieBhe main aim herein was to enable fast and numerous
optimizations which are an essential feature of conceptual design applications, and therefore,
the number and range of the variables was intentionally kept small. A baseline design was
initially defined kased on the General Atomics MIQReaper (Predator B) concept, while the
upper and lower bounds were established by using available data from UAVs with similar
design requirements.

Disciplinary models

A number of disciplinary models were developed and spesgly integrated into a common
analysis framework in order to be able to capture the-chseiplinary couplings and the trade
offs between the four objectives. Since the main focus of this case study is on the early stages
of the design, lowidelity solutions were herein preferred over the complex analysis codes due
to their easef-use and fast analysis times. Although there are several programming
alternatives, the development of the models was performed in MAThgdause of its broad
analysideatuies, uiversal availability, andompatibility withthe configuratortool.
1 Aerodynamic performance: Based on TORNAD®elin, 2000) which is a vortex
lattice method (VLM).
1 Sensor efficiency: Based on analytical electromagnetic formulas that can be found in
therelevant literaturéBalanis, 2005)
1 Propulsion specifications: Based on an interpolation of statistical data that were
retrieved from agines of similar applications.
1 Radar signature: Based on a thdemensional rendering of the aircraft outer mold line
and geometrical computatie of the surface normal lines.
1 Weight estimation: Based on empirical aircraft conceptual sizing equations that can be
found intherelevantliterature(Raymer, 2012)
1 Stability and trim: Based on stability and balance equations with focus only on the
longitudinal forces and moments.



1 Mission simulation: Based on empirical field performance equafibmenbeek, 2013)
which wereapplied at all mission stages.

1 Cost assessment: Based on an interpolation of statistical pricing data from similar
UAVs, available sensor system costs, and current fuel prices.

Optimization architecture

The multidisciplinary analysis and optimization plexh in this work was solved at a single
level, and more specifically, with a variation of the monolithic -a&iOnce (AAO)
decomposition architecture which is further elaboratedMartins & Lambe, 2013)The
motivation behind this choice was that the AA@s a very simple implementation since there

is no need to develop complex iterative loops or include additional decoupling variables. For
this application, the disciplinary modelsagxecuted in sequence, and then the couplings are
solved by means of pplementary consistency constraints which have beeedin the
problem formulation

Results

Theframework and the configurator were used in an example case study for developing a UAV
with search and rescue capabilities. A set of design requirementawtiatly put forward as

fixed constraints which represent the customer prefereseesHigure 3eft). The resulting
Pareto front wasubsequently analysed order to identifythe configurations that show the
bestE, the best, the besiCx, the besCo, and the best overall performansben thefour
objectives are equallyeighted(see Figure Bight).
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Figure 4. The chosen requirements (left) and the objective weights of the studied designs (right).
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A genetic algorithm (GA) that wasiplementedn MATLAB was used for the optimization of

the aforementioned problefhe main reason for this that GAs are able to handle problems
with multiple objectives and constraints, while at the same timed@weglso enable a local
parallelization of the process which can significantly reduce the total computational time. The
settings included a starting population of 136 individuals which were allowed to evolve for 100
generations whereasthe crossover and muian probabilities wereset to 90% and 10%
respectively.

The complete Pareto front for the above set ofireqments is presentdiuist in the bubble chart

of Figure 2andthenin Figure 6by usingtwo advancedD visualization options of the
configuratortool. In addition to this, a collective spider plot of the objectives and their
corresponding numerical values for each one of the five studied designs can be féigndein

7, while an overlapping plot of the aircraft configurations in three viewstanfiiselage layout

is shown inFigure 8 Finally, as a supplementary means towards increasing the understanding



of the design details, a sensitivity analysis gtaiws the effect of the design variables against
the four objectives is given in Figure 9.
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Discussion

A first analysis of the results can easily reveal thate are distinct tradeffs between the four
objectives and thdlhe proposed optimization was ablédocatea set oParetocoptimal solutions
with significantly better performande respect tdhe desired desigrequirementgsee Figure



6). Starting wth the best of each objectiyé can be seen that the proposed use of MDO can
generallylead to considerably betteonfigurationsvhencompared to the baseligee Figure

7). More specifically, it was identified that it is possible to haesigns with81.5% better
surveillance performance (case P0.3 lower radar signatur¢case 2),26.4% lower
acquisition costs (case 3), aB8.3% lower operating costs (case 4). In addition to this, the
evaluation of a compromised solution (case 5) showed that a better design in respect to all four
objectives is also a possibility, and in particular, it was found that the proposed point ilustrate
an improvement 085.3% inE, 13.8% in g, 3.7 in Ca, and1.4% in Co.

The corresponding design variables for each one of the aforementioned five designrpoints a
presentedn Figure 8 whereit can be seen thé#te finaldesigndepend®n the weighg of each
objective. In particular, for high surveillance efficiency the sepswer ismaximum; for low

radar signaturéhe fuselage shape has distinct edgetsweptbackwings for low acquisition

cost the aircraft size hasa compact geometryand fa low operating costhere is agood
aerodynamishape withhigh aspect ratio ings and a smooth fuselag&ccordingly, the same
trends can also be identified through thesgianty analysis §ee Figure P where it can be seen

that most influentiabaramegr forE is the sensor powé,; for U is the fuselage geometrk:(

Fw, Fn, Fi); for Ca is the wing spa Ws and root chordMc; and lastly, forCo is the fuselage

width Fw, thewing root chordWi, thetail spanTs, andthe sensor powes,.

In generalthis case study also identified thhe lowfidelity disciplinarymodels which were
implemented hereican be an efficient but also adequat@oice for this conceptual design
application The suggested computationally inexpensimalytical functionsllowedto capture

the physics of the problerbuttheyalsoenable@ a fast exploration of the design spadeich

is an element of utmost importance when numerous deb&ve to be quickly evaluated.
Furthermore,lte choice to use MATLAB contributed towarde tgoal of faster computatigns
userfriendly interface, andramework modularity, while at the same time&s universal
availability and compatibilityfeaturesmade italso possible tohave direct access t@rious
optimization algorithm, to be easily ofainableas well agnaintainable by the industrgndto

avoid the costly commercial integration software solutions.

As far as the configurator tool is concerned, it can be argued that this addition to MDO can help
nonexperts tacomprehendhe desigrspace before advancing to the next stage of the 2P

this is supported by the uséiendly GUI but also the variouslata management and
visualization alternatives First, the identified numerical values that correspond to each
configuration offer all the necessary information that meeded and then this idurther
complemented by the simple aircraft plots which provide a first but yet sufficient visualization
of the conceptMoreover the quickand advanceglots offer acompleterepresentation of
multi-objective problems in 2Dwhile it is also possible tgenerate further graphs like for
example a sensitivity analysis which is typically an essential addition that can give more
information regarding the disciplinary dependencies.

Compared to the comercially available integration and simulation software, the proposed
configurator solutionmay have shortcomings in terms of functionalities, however, this is
counterweighted by the fact that it is directly compatible with the optimization framework, it is
customized in advance for each application, and lastly, it does not require any additional
moretary cost.In terms of time, the development of the configurator poses an additional
challenge for the PDMowevey it can be argued that its use is much more stréggttard,

and thus it does not require any additiaeaburces to be consideruaringthe postprocessing
processTo this endthe configurator was also designed with modularity in mind, and therefore,

it can be adapted to a wide range of UAV types, mission requirements, and optimization settings
by simply reusing and recycling the exigfifunctions in an appropriate manner.

On the whole, and imiew of the statef-the-art, the research configurator tool lies primarily
within the area of decision support, whereas the topics of steering the design during



optimization and data mining habeen only partially addressed through the implementation
of the quick and advanced visizaition features. fie primarycontribution hereircan be found

in the methodor incorporating data management and visadiin alternatives directly in
MDO, and thiss exemplified by the introduction of a new data generajgoroachbut also

by a set of guidelines for identifying the most suitable functiforssuch applications.
Furthermore, by using the presented UAV case study, thengmato show some basic dat
management and visualization capabilities, but more importantly to argue that enabling a design
space exploration is far more usefaf the PDPthan delivering one or two optimal designs
which in reality have no true value for the decision making te@uerall, the presentigital
designtool shouldhotbe seen ag complete solution in terms le&ndlingbig datan the design

but asa first approachand an example of howthe traditional simulationbasedMDO
frameworkscan be enhancesb that they can beventuallyusedwithin the PDP

Conclusions

This paper presents an approach to conceptual Unmanned Aerial Vehicle (UAV) development
through the parallel use of a Multidisciplinary Design Optimization (MDO) framework and a
data manageant as well as visualization tool. The primary focus hereio &ssess the main
features of thisiybrid methodfor an application ithe early phases of the Product Development
Process (PDRandto show that design space explorattenhniquesan be annstrumental

tool duringdecision makingOverall,the importance of digital design methaawl in particular
simulationbased optimizatioare exemplified through a representative case swdye the

results are subsequently assessed by means aafnfegurator tool that was developed
specifically for handling big data
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