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Abstract: One opportunity in product development is tdead to a high number of necessary model changes and
customize the product depending on the customer usgralysis routines. The actual transition of changes and
case scenarios rather than using static produgtodel information into simulation tools for system design
requirements. This is facilitated by the increasingurrently still relies on laborious manual transfer. The user
capabilities of computer-aided design. However, thgimself has to perform model changes or analytical
necessary formalization of the early design staggyiculations, pass the models to Computer-Aided
analysis-synthesis routines for an automated optimizatiqfgineering (CAE) tools like 3D modeling environments
to the use-case emerges as a challenging problem. #0q cap) Finite Element Analysis (FEA), or functional

address this problem, an approach is presented Whi‘é’érformance analysis. Therefore, the need for a new

gmj?gtli%?\ agongl'm;ﬁ%“o; frsrr]‘ré(:;vtic\)/rg \(Ijv(latgi a:] fl;nct:ggc ariant or changes to a product also leads to a high variety
9 9 bp f these CAD and analysis models. A possibility to

(GDA) model. The GDA is based on the combination of Q. rcome this is the use of desian automation. e.a. in the
parametric geometry model and the generative exchan g IS 1S the U 'gn au lon, €.9. 1
of parts of the model. While the functional mode rm of parameterized models. The reason why these tasks

evaluates the objective function at hand, the GDA mod@i® ,Sti” typically performed manuglly is the effort
ensures the physical feasibility. required to plan the parameters, their dependencies and

Key Words design automation, optimization, the correspor)ding model strycture in a parameteri;ed
gener ative design appr oach model. Especially the connection of functional properties
to geometric characteristics and the imposed restrictions
1. INTRODUCTION results in a high managing effort without proper planning.
) _ Therefore, the more complex the geometry and the larger
Product developments are driven by the fulfillment of,,¢ 5ssemplies, the more important it is to constrain model
a set of requirements, either strictly specified by 8, ameters and reference individual features to build
customer or through market analysis and the anticipatiofp <t CAD and analysis models [5-7].
of the customer’'s needs. Specified requirements often Modeling languages like UML or SysML aim to give
restrict the development and do not represent the optimgl, ,ser the possibility to model functions and their
solution. A customization (_)f a prod_uct _to the customer’§0|uti0ns [8]. Approaches like graph-based languages [9]
needs upon a user-scenario analysis gives the developg(a, gq as far as to implement geometric properties into
h|ghe_r_ degree_ of freedom in th_e reallza_lt|0n ofa scenarigia formalized modeling language and build-up a complex
specific solution. However, it also imposes a MOrGayyork of dependencies. However, these modeling

dynamical and flexible necessary reaction to e.g. markgh,q, ages either mainly focus on the product structure and
situation changes or new customer needs [1, 2]. This Ieaéjrﬁy abstractly link sub

to a high spectrum of possible solutions to user-scenarmctional outcome

w the geometric model and the associated dependencies

defined way [3]. o have to be built and connected to support an increasing
Typically, in product development, this is performeddesign automation

in an iterative process, where a set of characteristics of the The aim of the research in this paper is to present a

potential solution is analyzed and the properties affethog for the build-up of a robust geometry model,
cor_rllpareq tbol the rer(]]:curerrr:ents. This proc_esfs |sdrepea able of adapting to necessary product variants in the
until a suitable match for the requirements is found [4]. Agerative development cycles. Furthermore, the transfer of

even small geometric or functional changes can have,g,e| harameters to a functional simulation environment
strong influence on these properties this design task can
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inside an automatic product optimization is giv@ihe to iterative jumps between adjacent domains until a
proposed method is based on the generative desigmiution can be assigned exactly to a requirenddsit [
approach (GDA) as a means of a model-based integrat  In contrast to solution spaces, Gero [16] describes
of constraints and dependencies. This approach aisesariation spaces in which known constructions can b
parametric geometry model as a template and ghwes tadapted to new or changed requirements. Routingbes
possibility to insert specific elements, adaptiogustly to is used to describe activities in which parametaes
the template characteristics. The method is shosimgu adapted. Variation and adaptation constructions are
an example of a business-to-business developmeat ofiescribed with Innovative (retaining material, ftion
coffee machine for high throughput. This coffee hiae and essential form) and Creative Design (retairthmy

is specifically designed for the user-scenario bbeel. solution principle) [16]. Thus, Gero already poatatl the
use of parametrics and templates in the early 1p90s
2. THEORETICAL BACKGROUND System Dynamics (SD) is a tool to capture feedback

In the product development the search for a salutioProcesses, inventories and flows, time delays ahdro
matching the requirements is a search in a dissiviction ~ SOUrces of dynamic complexity in systems. It sufptire
space. Whereas, a solution space describes dgsign and evaluation of new system structurestiaeid
theoretically possible solutions for a task or sft consequences [17]. For this purpose, an SD model
requirements [10]. The beforehand described iteati consists of in- and outflows that_are controlledvbjyes
process of analyzing characteristics and compaifi and _connect stocks. Stocks out_5|de the system lacumgd
properties to the requirements is an exploratiorthif '€ integrated as sources or sinks. Further eabemtil

solution space. Several established approachesttike iNking elements of the model are control loops and
development process of the German VD2221 [11]hise t Parameters [18].

idea throughout the stages of the development.gUain [N the approach of Kloock-Schreiber et al. [19) f
functional structure, the overall problem is subided the modeling of PSS solution spaces with SD, thexma

into smaller parts and related to sub-functionse THUNction of the PSS with the corresponding flowsl an
solution finding consists of defining single artifa contr(_)l loops is flrst_descrlbed. Th_|s is foIIowpy_ the
fulfilling the sub-functions and combining them. detailing, for the entire system, or in sub-modetsted

Those typical approaches can be described as grocd8 individual system areas. _
oriented, giving a processual way of the developmenWh'le these approaches desqube mainly a processyal
without a detailed description of the actual maufglivork OT the exploration of-th-e solution space, otherrepphes
[12]. Another approach, which reverts this undersiag give a clearer description of the actual modeliroggkw A
is .presented by Weber [5] consisting of thebasic way for the automatic creation of varianthesuse
Characteristics-Property Modeling, which describies of the parametric design, where the ability of alLA

duct model + and ¢ el program to define parameters and combine them via
product modeting part and a separate process Moeel, ., nqtraints is used [20]. A parametric CAD modeh ca
Property-Driven Development. This distinction igdsn

. _ ) represent different variants and is, thereforeg ablspan
the analysis-synthesis routines used to updaterhotiels ;"¢ jution space [21]. To build a solution space th

to the given design problem. Gradually, througitbese nowledge must be explicitly implemented in digital
routines properties of a certain set of charadtesisare prototypes. Besides the parameters of the models,
adapted. By explicitly addressing the use of comput mathematical and logical boundary conditions and
aided engineering tools and by defining the produ@onstraints can be defined between them. Thuduticso
development as a mathematical optimization problem,space is described by the designer by definingnlytthe
certain stage of automation is supported [12, 13]. product shape but also the variant design and the
A more functionally centered approach is given bywssociated control and configuration concept fog th
Gero [14] with the Function-Behavior-Structure (FSBcomponents [20, 21]
modeling. This starts with the requirements (R)icvtare The defined parametric model requires the logical
transformed in a first process into a functionestsppace understanding of the geometry or assembly at hadd a
(F) and further into a behaviour state space (Ba3ed on the transfer of this understanding into the paramnsetnd
this, a structure (S) is synthesized, which isyed and constraints. While this does relieve the designér o
a behaviour (Bs) is derived. In an evaluation @gJ (Be) repetitive tasks, it also means a high amount ofleho
are compared and the structure is documented {[3), i preparation and adjustment to the own problem [22].
reformulation is necessary, the structure, the ieba, or This is taken from the designer in the knowledge-
the functional state space is modified [14]. based approaches, where the product knowledgerisdst
The Axiomatic Design method is based on a domaipeforehand and then generically used afterward42B—
concept in which a distinction is made between th& common way of automating the CAD model build-up
customer domain (attributes the customer is lookimyy  and change is the definition of subparts of a gépmea
functional domain (functional requirements andRocca and van Tooren [26] propose the use of fdagatl
constraints), physical domain (design parameteggimitives inside a knowledge-based system. These
representing a design solution) and process domaginimitives are highly adaptable to the adjacentngetoy
(parameters and tolerances of the manufacturingess). of other primitives when completing the model. The
The domains structure the development processeatt | proposed framework is based on an object-oriented

242



approach with a code-based integration of thes®t only of importance regarding an error-free dhuip

primitives. but also for the logical connection of subparts #mel
Amadori et al. [27] use a similar approach, calledesolution of dependencies between these components
“High-Level CAD templates” with the distinction diie For a better understanding of the proposed methed,

creation and utilization inside a CAD environmefihe example of a coffee machine for high throughpuyfiven
method is shown in different use cases, ranginmfeo throughout this chapter. The internal componentd an
robot model to airp|ane design_ Another approa(qi]vien their functional behavior are modeled and later on
by Schmidt and Rudolph [9] where a graph-basedydesioptimized fo_r ause-case ofacusto_mer. The basictare
language is used to automatically initiate modedsich ~ Of the machine consists of a brewing unit from wtice
are usable in a high number of analysis programsidea Ccoffée is pumped to a buffer tank. This minimizesting
is the abstraction of model parts and dependericigs M€ as the disposal of coffee and the brewingiek
generic level, using e.g. UML as a modeling languadia coffee_ can take place at the same time. A f“r_mmaf'c
a compiler, these graphs are then translated battkthe d_escrlptlon of the components of the machine igmyiv
possibility of generating a high number of variairs Fig.2.
different respective model environments. 3.1 Framework for the automated Optimization
Another approach based on the subdivision of the
geometric entity is the generative design apprd¢&thA)
[28] which uses high fidelity model parts to comthese
in an assembly model. These parts are adaptahieeto
surrounding via the information and dependenciesest
internally in the parts and in interfaces connegtinese
parts. The advantage is the separation of loce
dependencies into the respective submodels and tl
limitation of global dependencies.
What all of these approaches have in common is thi
the geometry model and its underlying propertiesoarilt
to fulfill an objective function, mainly dependeon the [get property values]wt parameter values]
geometry like the weight, mechanical stresses fiova '
optimization. Although functional characteristicés@a
may be an obijective, this is only expressed throtingh

In this paper the underlying optimization process a
presented in Fig. 1 is used.

[set parameter values]
[transfer feasibility]

geometric continuity of the model. The advantagéhisf Functional Geolnmttresll¢del
continuity is the possibility of clearly defininghe Analysis Model

interfaces between the subparts and therefore eother

transferring information upon model build-up. These Fig. 1: Framework for the optimization

nevertheless the lack of a clear description of how

model a functional assembly, where the geometric For a comprehensive concept evaluation, the change

continuity between subparts of the model is NOBBIV j, dimensional sizes of the product and its comptskas
Besides, the use of a defined constraint netwonles  , 16 jinked with the resulting functional outcome.

as a basis for the implementation of constrairfects the Therefore, a functional model is used, which sittesa

model preparation, as every possible combination %e time-dependent behavior of the product. The

par?';‘;t:ffr:r}?] Lﬁ;ugcoer:]?hzaéé%?sSézgnaesdéI is geometric changes are formalized in a geometric CAD
f bap Qwodel. To interlink these models and ensure a cbrre

adapted to the modeling requirements of a function S . :
assembly. The model-based approach gives thgrametertransferan optimization algorithm igusethe

advantage, of implementing every constraint in On-lga_dlng mstance: This angnthm changes the paensie
subpart. The overall constraint network is builtdan/nSide the restricted design space. The sequence of
checked automatically upon the merger in the produBarameter changes, as well as the model update, is

is suitable for use in a numerical optimization. synthesizing and simulation step is within the tiowal
analysis model and the geometric model and thus
3. METHOD completely separated from the optimization procébs

This chapter introduces the method for the buildip ?gnapnr?r?:nslizIeasczlrjtri](?r?iirr?gitngm()delmg process and a

a robust geometric model for the use in the desigh
automation and especially in a numerical optimaati 3.2 Method for the build-up of arobust geometric
routine. Typically, this poses a major challenge in assembly model

parametric C'A_‘D, mode_lmg When used throughput One approach to establish a robust parametric CAD-
parameter variations with a high range of possibig,,qe| is the clear definition of constraints withine

pomblnatlons. If a certain parameter combinatisults  ,odel. Especially by using geometric constraintaplex
in a crashed CAD-model, no property values of teleh  constraint equations can be built inside the mod¢he
can be used for the objective function of the oftation.  constraint solver is not able to solve the equatifam a
The whole process is stopped. However, this rolesstis  defined set of parameter values or if there arersév
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solutions, where some of them result in a non-logithis is represented by the water flow, from thetamer
geometric output, the model can’t be regenerated. to the brewing unit and the tap element, as wedlsha
For the coffee machine and the framework presentedffee flow from the dosing unit to the brewing tuni
in this paper, the clear definition of constrairiss Therefore an interface is given, where on a logizais
established using a GDA model. This is based on tlilew from one design section to another is provided
definition of so-called design sections as a ldgkaleton This approach allows defining in which way the
for the parametric model. These design sections awederlying components should interact with eacheioth
derived from the functional structure of the anslysodel without adding constraints directly to every entire
and describe the related geometric entities indégetrof component. Also for the definition of parameterueal
the product components. Instead of defining asadtr limits, this approach provides a framework: There a
every component or coherent assembly itself, th®ome absolute lead parameters for the global paeasne
definition of a design section may also virtuallytc of the model like height, length or width, for whi@an
through a component. This approach is visualizelgign absolute limit can be specified. All other parameter
2, where the design sections for the coffee machiee the size of the inner design sections are defisaélative
shown. An example of this virtual cut is the wateparameters (value range 0...1) in reference to thd le
container section, which consists mainly of the ewat parameters. Every design section as placeholderahas
container and the interlinking pipes from the pumpsepresenting geometric entity. These geometrictiesti
Therefore, the overall height of this design sectis are so-called design elements, which are paran@#ia-
dependent on the height of the water containerthad parts. As described before, these CAD-parts areoutd
space necessary to store the pipes segment. to represent a complete product component, butatsay
The positioning of these design sections and thaclude virtually cut parts of other components.eTh
logical structure of the skeleton is used to repmes parameters and constraints from the design section
different product structures. However, it has tonbéed, definition are used in these design elements amalate
that the change of a product structure inside amgles for parameter referencing. The design element teder
optimization routine raises the model complexityedo into the design section, therefore, inherits theapeeter
a higher number of dependencies. Additionally, theefinition of the design section. All parameteraafesign
change of the product structure in the form of eleton element are relative parameters that are (direotly
modification imposes a set of further optimizatiorindirectly) linked to the parameters of a desigttise. By
parameters and therefore also increases the coitypdéx this, a defined constraint definition is also gudead for
the solution space. Thus, the approach in thismpiap®e the underlying geometric entities.
perform several parallel optimization routines with Furthermore, there can be provided more than one
varying structures. This brings the advantage piainer design element for every design section as shovifign
solution space and the absolute comparison of tlewith the two different design elements for theteva
respective best solution value. container. These design elements have to be dekigne
The consistent merging of the design sections én ttbeforehand and stored in a design library. Thimtjpcan
skeleton is mainly driven by the interface defmiti The later be used to insert a variety of different dasi
idea of this interface definition can be seen i Riwith  elements and therefore alter the actual concegeggn.
the description of the functional interface opesing Hereby, conceptual changes of the model are sughort
represented by the light squares or circles andldek too.
arrows, schematically describing the functionalwflo In a first step, this model can be used as a mebas

through the assembly. preliminary design, where the design elements i th
design sections are represented as simple basic
funnel element coffee buffer tank geometries, like cuboids or cylinders, constitutiting
g / . necessary building room. In the further development
tap element ~ water container process, when constantly adding design elemenistigt

actual design, a more detailed model of the prodactbe
built automatically from the design section temesat

brewing unit "8 , 3.3 Design section and interface definition
drainer residual water
\ K y T container The following section gives an overview of the
A - i e o] methodical derivation of the parameters and thégdes

sections leading to the assembly model. Fig. 3 shibe

basic methodical process. The first step is tongethe

functional structure of the product at hand. Usthip
functional structure as well as the energy and rizte

Vehxaxb flow a defined dependency structure of all compsien
the assembly is given. In addition, the functicstalicture
gives a formalized and comprehensible way of defjni
Lo, ; ; ; those components, which have properties that affect

Fig. 2: Design Section approach for the geometric mOdeonjective function (step two). These componentsthail
Jrarameters are later on used as the main drivetiseof
optimization. As the objective function and its @unhe
for a specified parameter variation is computedthoy

design elements for
design section
"'water container"

= functional interface - opening <> functional interface - pipe

This flow again is derived from the energy an
material flow through the product. In this exemplease,
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functional analysis model, the third step is toateethis (e.g. the brewing unit which is manufactured inian
model. Depending on the objectives of the develoimehouse sheet-metal deep-drawing process) and dilcret
and the product at hand, this model must be abiefiect changeable components (mainly commercial off-thedfsh
these objectives. parts, like pumps or motors) is made. Thus, thendaties

In this exemplary case of the coffee machine, threzman either be chosen according to the manufacturing
main objectives that define the development areseho possibilities or via assigning a value range aedefore a
The first objective is the working time efficienof the discrete variation of a specific component.
machine, regarding the serving of cups of coffeeke T  Regarding the geometric model, the main activitpis
second objective is water consumption and therefftge define how many design sections are necessary,ewher
efficiency of the brewing and buffering processeThird these design sections are placed and which partiseof
objective is the costs of the overall coffee maehas this actual geometry are inside every section. A prejaréor
is a key measure for the profit of the producingipany. this is the fifth step, where an analysis is dasrevihich
Therefore, a time-dependent discrete event model wariation in the functional analysis model resutsa
Matlab/Simulink is used to analyze the completeMimg, fundamentally different constraint in the geometric
pumping, buffering and serving process [29]. For anodel. This analysis is necessary to lower the sstyeof
parameter variation the main parameters, like themdter implementing value-dependent constraints, whicrlah
of the brewing unit and the buffer tank, the punzesor have to be managed externally. After this, in siepthe
the pipe sizes are chosen. As these parametersahaveéesign sections, the components inside these sedaitd
direct impact on the volumetric flow, they affedtet the interfaces between the sections are define@ Th
objectives one and two, and because of the compon@utcome for the exemplary case can be seen irRFagd

changes also objective three. is derived as already described in 3.2.
After defining the design sections and the optitiiza
parameters the basic structure of the model isngiVae
’ following step is the integration of the designts®ts in
. ] a global model which is defined by the design dkele
@{ Define functional structure ] For this integration the definition of the interfsc
7 becomes crucial. As described in 3.2, the functiona
[ Define components including J structure is used to determine the flow throughdiesign
@ properties for the objective function sections. When combining the sections, the questisas
which design sections have to be combined stafieald
Build the functional analysis model which design sections may change independently.
including optimization parameter, In a static combination, the geometric change of a
definition ) design section is transferred directly to anothesigh
v section by adjusting its position in the assemblyis is
@ Define the boundaries for the shown schematically in Fig. 4, where mainly theigtes
solution space ) sections of the brewing unit, the motor for theviirg

Tdentify which variations in the ) unit and the coffee disposing unit are in the focus

functional analysis model result if
fundamentally different constraints

\_ in the qeoinetric model Y,

motor

coffee disposer

Define the design sections of th
model and their interfaces based pn
|_the constraint analysis from befo

Parameterize skeleton of the model ]
& define interface parameters aii] |

Moqlel deS|gn elements for ever Fig. 4: Overview of design sections dependencies
G design section. One new element

5
6

brewing unit

for every fundamentally different - .
constraint situation As indicated by the black arrows and the functional

interface openings between the design sections, a

functional connection is given between the desagiisn
of the brewing unit and the motor design secti@wvall
Fig. 3:Method for the geometric design section modelas, between the design section of the brewingamitthe
disposing design section. The connection between th
In the following step, the boundaries for the solut motor and the brewing unit is given because ogthergy
space of the model are defined. This is mainly doye flow of the motor torque to the brewing screen wia
giving an upper and lower boundary for the paramsetetoothed rack. The connection between the coffegodiar
from step three. In this example, the boundaries agnd the brewing unit is given by a material flowtbé
defined by the manufacturing restrictions. A distion coffee from the disposer to the brewing screen. Naw
between components which are continuously changeallarameter change, like the height of the brewing un
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requjres a _static connection to the other two desig LT = (p,* (L —2%R)) + R Q)
sections. This preserves a coherent global model.

Therefore, a change in height of the brewing unit WT = (p,(W —2xR))+R (2)
requires a change in the vertical position of tlleeo _ _ ) _ 3
design sections. On the other hand, a change in the PD = p3* (R =2 % Lnin) + bnin ©
brewing unit may functionally also lead to the resity of
a more or less powerful and therefore larger orllsma ] X )
motor. This functional change may also imply chanige 2ndp2 in the equations (1) and (2). Due to the relative
the size of the motor design section, due to tithaxge '€Presentation regarding the parametgrsepresenting
to a new motor version. In this scenario, while twe  the length of the design section, dfdrepresenting the
design sections of the motor and the brewing wjitst width .of the design section, an overlap is avqlded.
their position interdependently, the design sectibthe Eduation (3) controls the position of the functibna
coffee disposer only adjusts its position accordimghe interface opening and therefore the position of the
interface with the brewing unit. As there is nowilo diSPosing component in the disposing design secBgn
between the motor and the coffee disposer, thesigrde adding the cc_)nstari;nin a suf_ﬁuent clearance between
sections do not have to adjust accordingly. the center point of the disposing component andtter

Changing the size of the motor design section ma?,nd inner bar_rler of the brewmg_unlt is glven.@»(trg_me
therefore, lead to a gap between the design secfitre  vValue analysis shows, that no inference of theadisy
motor and the coffee disposer. This still defindsasible Unit opening and the tank radius is possible:
solution, because no functional or dependent iattien PD(p; =0) = Ly (4)

The position of the center of the brewing unit le t
design section is controlled by the relative parame,

is given. The contrary case of a greater desigtioseof PD(p; =1) = R — I (5)

the motor unit may lead to an intersection. Sirus t Ps =1 = min

implies that there is not enough space for the corapts The same applies to the positioning parameterkeof t
in the selected combination, this solution is cdeed center point of the tank. Additionally, the paraemedf the
infeasible and is returned as such to the optimizer anglep is used to vary the position of the center pofnt o

After defining the design sections and their bebiavi the disposer component. The last step is to defiee
in the global model, the seventh step is to parerizetthe design elements that are inside the design sectiwesy
skeleton and define the interface parameters. dwstin ~ design element interprets the interface parameters
Fig. 4, the transparent passages and their pogitioime ~differently. The interface parameterization carsben as
interfaces of the design sections play a vital .rolé template that the design elements adjust to.€fdwerin
Therefore the interface between two or more desighis step a design element library is created, e/lesery
sections is parameterized. Fig. 5 gives an exemplafeéw instance of the design element can be storthter
overview of the interface parameterization betwéen On reused. A new instance of the design elementireay

design sections of the motor, the coffee dispdserand €.9- a component manufactured using different
brewing unit. manufacturing processes. In this example, the faater

parameter from Fig. 5 defines the Radius of the brewing
chamber in the brewing unit. The actual form of the
chamber is defined in the design element itself.

4. CASE STUDY

The case study is referring to the example of tffee
machine concept, as shown schematically in FigA 2.
functional model describing the brewing process tued
transfer of the coffee from a brewing unit to afbutank
and finally to a tap element is used for the fuori
analysis. Inside this functional model, every comgrd
and its parameters (functional and geometric) are
implemented and therefore define the outcome. These
parameters range from the geometric sizes of thwihg
unit and the buffer tank to functional parametés the

Fig. 5:Design section interface parameterization  volumetric flow of the pumps or the power outputioé

flow heater. As the aim is to show the impact of th

The parameter of the tank radius in the brewingisni presented method on the geometric model and its
used as an optimization parameter, as it mainkcésfall robustness throughout the optimization, this casaysis
three objective functions. Therefore this parameser performed using only one skeleton and therefore one
integrated as a leading parameter into the interfaproduct structure. Additional product structurese ar
parameterization. The functional interface openiags modeled later and can then be used to compareatespe
used for the positioning of the adjacent componentise optima.
other design sections. To prevent a collapsinghaf t  The metrics to quantify the coffee machine in tase
design section because of an intersection of thleudy are the objective functions of the workingitsoand
component and the design section the following Bgus  water consumption. Two cases are displayed: Fjrstly
are used: single objective optimization of the performancetio¢
machine, measured with the working hours. This
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optimization gives a good representation of theoue different power outputs. For the discrete power psia

of changes in the objective function and the cogerece value range is chosen. The boundaries are defioed @

of the design parameters. Secondly, a multi-ohjecti to 1. If the optimizer chooses a value betweend®83
optimization with the performance of the machine anthe low power pump is chosen and so on. As carebe, s
water consumption to display a realistic considenabf the optimization algorithm converges with definedues
the functionalities and properties in the productegarding the parameters after about 1000 evahstio
development. The upper graph in Fig. 8 shows the value of the
objective function of the working hours over themher

of evaluations. Additionally, every unfeasible paeder

The single objective optimization is performed gsin combination, due to intersecting design sectiorss, i

the Particle Swarm optimization algorithm [30]. Figg marked with a cross at the top in this graph. These

gives an overview of the user-scenario used toperthe  intersecting combinations are flagged by the geomet
optimization. model and passed to the optimization algorithm.

4.1 Single-obj ective optimization

2 Scenario Hotel o
Obj ective value progress

w

230 =71
S - b
> 20 24t
S 10 FA: o
0 . ! ! I | 1 el R e i S T
6:00 6:30 7:00 7:30 8:00 8:30 9:00 = | - - -
Time (h] 0 200 400 600 800 1000
Fig. 6:User-scenario of a hotel in the period of three o Evaluation
hours S350
The chosen scenario is a period of three houreént = |
morning in a hotel, where at several peak timessigue a5t
have to be served. The metric of the optimizatiothis Bt : s :
example is the working hours of the machine untirg 0 200 O i 800 1000
customer is served. Fig. 7 depicts the optimization . S .
Fig. 8:Change of the Objective Function over the
process. .
evaluations
= Design par ameteiconvef gence Due to the violation of the restriction as a pdrtao
£ E 150~ R death penalty, these solutions are not consideratie
§ Z 140 solution-finding. As can be seen, the number ofses is
g 2 50k declining towards the end of the optimization. Tdwer
B £ E graph in Fig. 8Change of the Objective Function over the
£ gk evaluation&ig. 8 depicts the change in the best objective
Y 2oy, function value over the number of iterations. Afadaout
5 00 e e e 2 g bR R 200 evaluations the best objective function valeelides
4] 0 200 400 600 800 1000 0 200 400 600 800 1000

rapidly. In the following 300 evaluations, this valstays

w
=3
S

Evaluation Evaluation

E e g steady, followed by several minor changes at aboGt
5 Fa¥ T Sosol evaluations.
£ : c This second change correlates with parameter clsange
g0 eEls of the brewing chamber in the brewing unit in Fig.
= 50 Accordingly, at about 500 evaluations the diameied
'i; ok 2 | & wolwe o heig_ht of the b(ewing chamb_er are significgntl)_fims_ed,
T e e e s leading to the improvement in the best objectivection
Evaluation Evaluation value. Another point to be marked in this evaluatmthe

convergence of the pump type to the middle powenpu

, High Power As this is a single objective optimization, thege rio

5 ac il conflicting objective function, as e.g. the coshene a

g *+ | Middle Power higher power pump alters the outcome with a higihiee.

& ) Therefore a higher power pump leads to a lower imgrk

: Low Power hour and a better objective function. The fact ttie

O e 1ovo optimization algorithm converged to _th_e middle powe
Evaluation pump comes from the geometric restriction of therai
Fig. 7:Optimization parameters convergence ~ height of the machine. Fig. 9 gives an overviewtiaf

geometric model used for the optimization, displayi
The five graphs show the values of the parameters @y the design sections without the design element
the brewing chamber diameter and height and thieibuf inside.
tank diameter and height according to the number of A transparent enclosure marks the overall machine
evaluations, as well as three discrete pump tym Wgeometry restrictions for the helght, width andtdeﬂfhe
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figure depicts the status of a geometric violatadrthe 4.2 Multi-objective optimization

:ﬁissmfggnfv'a;r;e féﬁgﬂgerung}:ugigéan:cggfd%dttg t The multi-objective optimization is performed using
converged parameter vaIL;es from Fig. 7. The ddited r}he Non-dominated Sorting Genetic Algorithm 1l [31]
in the lower-left corner marks the difference ireth Qgﬁ;‘iztgﬁoiceggnoﬁs dzrp()aiztesmtii Igblj:é%ti\?elsvgletgi
ggg&?”?ﬁg?ﬂ%ﬂg@?'idndl\?oﬁjnrgeh{'r?: ﬁ(c))vv\\llerrepl;rr?ﬁe after 2500 iterations. The water consumption of the
. ' 9 ® machine throughout the iterations is marked orythgis,
high power pump does not compensate for the lower

. . .~ While the performance quantified by the working sis
necessary tank volumes to fit the high power pumihé .
overall concept. marked on the x-axis.

-~ Water container Objective Value Space

overall machine

_ geometry restrictions 34r R Sample Points
T H ®  Pareto Front
32+
=30+
=
g
g28¢
2
=
Sa6t
5
<
=24+
pump design section— Pox
; e
(middle power) pump design section 1~
(high power) 20+
Fig. 9:Restrictions in the geometric model 2‘5 3 3'5 A't
. . . . . . . Working Hours (h
This can also be visualized in the objective functi . Obiecti | & (_) h lti-obiecti
values. A three-dimensional view of the parametéthe Fig. 11:Objective value space in the multi-objective
buffer tank and the objective function value (Fid) optimization

shows that there is a hard restriction in the smiutpace, ) S
marked with a vertical dotted line. For a better 1he bigger dots mark the Pareto-front indicating th
understanding, the objective function values whigte ~Parameter combinations where any further change
determined geometrically unfeasible have beengthg automatically leads to a higher value of one of the
top of the diagram. An accumulation of solution isi respective objective funcpo_ns. Although the fr«ml_not
around the objective function value of 2.5 worktmgurs  [Ully formed, the result still is a coherent refgegation.
and the design parameter values of 140 mm in dame{COMParing this to the result from the single-ohjext
and 250 mm in height can be seen around the fouR@timization, the optimum from the first optimizati can
optimum. A further increase in the height or tharéter P€ found on the far left side of Fig. 11. As cansken,

of the buffer tank, although leading to a bettejeotive  Starting from the value of 2.5 working hours to ta#
function value, is discarded. The geometric model€re is @ steep increase of the second objeativetion.
therefore, prevents the optimization algorithm frond® Slight improvement of the performance comes at th

stepping out of the restricted boundaries. cost of exponentially hi_gher water consumption. In
product development, this outcome can be used for
Solution space for the buffer tank decision making by weighting the objective funcion

This can be done according to the customer and thei
preferences regarding performance or efficiency.

h
wn
L

5. CONCLUSION AND FUTURE WORK

This paper proposes a method based on the gereerativ
design approach (GDA) for the build-up of a georoetr
CAD model, capable of robustly representing the
geometric solution space inside a numerical opaton
. routine. By using design sections and their mafimiey

S TN . parameters instead of the fully detailed componedels

Design Points with valid function val the modeling effort is reduced, while maintainirige t
M 30% necessary extent to give a precise outline of #wergtric

i 140 @ hili i

lameter 160 200 \J\é\‘?;“\ feasibility. The advantage of the proposed mettod i

_ ™) o ~ structured procedure for creating a robust geometri

F|g. 10:Influence of restrICtlonS from the geomet”c model. By using the functional structure as a'mtgrpoint
model on the solution space the geometric changes are directly linked to thpliid

~

Working Hours (h
(%)
(98] N

N~
W
L

®
(=38}
)
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functional changes, making it directly usable in #4]
functional analysis as described in the presentesk c
study. Additionally, by implementing all geometiica
constraints and restrictions into the geometricade,

and furthermore into every single design sectide t [5]
complexity of the constraint handling is reduced.

In the presented case study of the optimizatiom of
coffee machine the use of the geometric feasibikty
shown, by effectively restricting the solution spad/hile
a single-objective optimization of the performande¢he
coffee machine shows the properties and the outayme
the objective function, a multi-objective optimizat
additionally gives insight into a realistic transf& the ]
approach into the product development. The foun[g
optimal solutions are used as a starting pointiémision
making. The geometric model with the respectivagies
sections gives a template for the more detailedatsoolf
the internal product components. Using a desigmeie
library the time for modeling a detailed versiontbé
coffee machine is reduced.

Itis however to be noted, that the outcoming geome
model of the found optimum still has to be postegssed,
according to the grade of detail chosen in theriggg to
match the actual components to the found main
parameters. Also, while most of the necessary imépion
is given through the initial development in the ceptual
phase, the derivation of the design sections,rtexface
definition and the parameterization needs preparatnd
adaptation to the problem at hand. Furthermore, the
initiation of the necessary design elements and the
consistency of the design element library are atspec[ll]
which need preparation and work throughout thle]
development. Future work lays in the detailing loé t
design element library and the integration of dethi
models into the optimization routine to lower thesp
processing time.

(6]
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(10]
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