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1 Introduction into their family of air separation plants that operate on all seven
In this section, the key issues and motivation for this researgﬁmments[s]' NASA strives to design cost effective aircraft and

. . . pace systems that are flexible enough to perform a number of
topic are discussed. They serve to set up the remainder of tf] R .
dties, usually reserved for multiple systejdss|. Researchers at

paper in which the flexible system concept is defined and SOME s Palo Alto Research CentéPARQ) are developing a new
preliminary results from a hypothetical design problem are 98N reed of robots that are flexible enough to adapt to their changin
ated and discussed. . o 9 ptio ther ging
surroundings or application$]. Mayflower Corporation is cur-
1.1 Key Research Issues. Flexible systems, in this work, rently testing a variable motion engine, in which the compression
are defined to be systems designed to maintain a high levelrafio and the stroke of the engine may be varied through alter-
performance when operating conditions or requirements changeations of the lever-arm pivot-point. By modifying these two vari-
a predictable or unpredictable way. A flexible system may hawbles, compression ratio and the capacity, it is possible to optimize
robustness designed into the systgrhand/or it may physically the engine to meet a particular running conditipri.
change in order to adapt to new conditions or requirements. InThese are only a few of the important applications of flexible
order to develop methods to promote flexible systems desigiystems and flexible design processes. The motivation for explor-
there is a need to: ing and handling flexibility in design can be traced back to Henry
. . ) Ford and his assembly line. Figure 1 shows a brief history of the
+ Develop metrics) for flexibility that can be used during a yengs in product design. Although Ford's process brought accu-
design process. _ , racy into manufacturing design it offered no choices to the cus-
+ Distinguish between flexible, adaptive, open, and robust sygner[g]. The next evolution was to improve efficiency, while
tems and the tools necessary to design each. __maintaining accuracy, in order to mass-produce products at lower
+ Develop methods to model flexibility and explore the inherzost Today, manufactured product design is involving the cus-
ent tradeoffs in flexible systems, while maintaining a sense gfmer more. A primary measure of succesgésibility in product

optimality in a multiobjective sense. design to create customized orders while maintaining accuracy

In this paper, a framework for these developments is establishéd efficiency. The internet and information revolution have also
some preliminary results are provided, and insights into futug@ntrl_buted to flexible systems design being an iterative social-
needs are presented. In the next subsection, the importance€§fnical procesgd]. Each new measure of success relies on the

flexible systems as the next revolution in design history is di§ld measures to improve the process. Although the measure is
cussed. unknown, the next logical step is a largely automated process.

While it may be difficult if not impossible to replace the values,
1.2 Flexible Systems in Engineering Design. There are nu- preferences, and judgments of designers, many steps of capturing
merous current applications of flexible systems. Milliken Recustomer preferences and converting them into function and form
search Company, a consultant to automotive racing teams, is dould be automated. Before this can happen, an understanding of
terested in designing flexible cars that are able to adapt to texibility and its impact on product design must be developed and
curves and turns in a Formula One racetrfigk Praxair, a manu- integrated into the design process. Motivation for continuing in
facturer of air separation plants, strives to implement flexibilityhis vein is presented in the next subsection.

. . ) .. 1.3 Motivation for Flexible Systems. The motivation for
Contributed by the Design Theory and Methodology Committee for publication |8 R . .
the JDURNAL OF MECHANICAL DESIGN Manuscript received June 2001; revisedd€Veloping methods to achieve flexible systems has many facets.

September 2003. Associate Editor: J. Cagan. The first stems from the idea that tradeoffs may not always be
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Process Measure of Success equally important factors that cannot be predicted). tempera-
) ture, wind, rain, etg. Such unknown factors are largely the focus
D"::;‘ggfgfe:s of another aspect of flexible desigmbustnesswhich strives to
minimize the effect of unforeseeable changes in the operating en-
) - - - vironment on the performance of the system without eliminating
Mass Production the cause of the changes themselyds The effect is to create a
system that is less sensitive to variation in uncontrollable design
Current I lterative Social Technical , Flexibility ' parameters than the traditional optimal design pplf. Though
Design Processes methods to incorporate robustness into the design process already
Future e_xist[13—23, incorporatio_n of th_e_se methods into a flexible de-
Design Processes? 277 N sign framework may require revision.
Robustness is similar to adaptability, but there is an important
Fig. 1 Trends in product design distinction between these various modes of flexibility. The key
issue is the nature of the changes in operating conditions or re-
quirements Adaptable design parameteese capable of accom-

) . modatingpredictablechanges in operating environment, white
necessary in a well designed system. For example one maygt design parametersare capable of accommodating
able to achieve low cost and high qualfo]. Flexible systems ynforeseeablehanges in the operating environment.
have the ability to limit and potentially eliminate performance A final motivation for examining flexible design methods is the
tradeoffs within systems that are capable of adapting to give Gphprovement of methods already developed. Incorporation of
timal performance in predictable situations. o flexibility and adaptability into the design process has seen some

In the design of a racecar the difference between winning a raggplication more recently, especially in the area of robust design.
and not winning comes down to the ability of a driver to get the;ompining robust design approaches and game theory was used
most out of his or her racecar. The core vehicle desigw itis by Chen and Lewi§14] to provide a range of solutions to design-
set-up and tuned by a race tegisiaimed at an optimal compro- grs; in effect giving more freedom to the designers and harnessing
mise that allows the driver to repeatedly turn fast lap times atfgxipility. Messac provides a Physical Programming based Ro-
particular racetrack. Vehicle simulations are now used not onjyst Design Optimization methdd5] which provides flexibility
prior to and during a race weekend to guide tuning of the racecg{rough incorporation of designer preferences. According to
but also in the design phase where parameters, which are p@Jser, “flexible design has the ability to change performance
the car(e.g., center of gravity, suspension systems, steering stiffarameters’[24]. Flexible design under this context has been
ness, roll stiﬁnes_)sremains constant. Formu!a One racetracks a{gsed to improve product design and reduce the economic cost
not constant radlu_s tracks and do not consist c_>f only a few turngssociated with making changes to design parameters through a
Alayout of the Indianapolis Motor Speedway, site of the 2000 Ufexible design methodology25]. In addition, Parkinson calls for
Grand Prix, is shown in Fig. 2. This course, as typical with Fokhe adoption of adaptive robust design approaches into the con-
mula One racetracks consists of a number of turns, ranging dBptual design stage6]. Adaptive robust design is the addition
radius sizes from 114 ft. to 840 ft. The optimal racecar configif features to a design to “control or absorb variability.” Parkin-
ration for each turn is also differefit1]. However, the team must gon points out that adaptive robust design has been used in an ad
choose one configuration come race day. In addition, it may raiyc manner for some time and that incorporation of this ideology
on race day, it may be humid, or it may be hotter than expectgf|. the conceptual design stage would be beneficial. Finally,
All thesg uncontrollable conditions create a difficult job for raceschievement of “flexible” systems has been proposed via product
car designers. ) ) ) _platforms and product families by Simpsg2i7] and Finch[28].

However, consider #exibleracecar design that is able to opti-Tg this point however, “flexibility” has only been an abstract
mize its performance as a function of the current track conditioggncept in system design. In the research presented here, flexibil-
(ignoring racing restrictions for the time beindVhether on a ity is viewed as a tangible physicality achieved through adaptabil-
straightaway, a big turn, or a small hairpin turn, the car coulﬁe// and robustness.
adjust variables such as the center of gravity, roll stiffness, andintegration of these and other methods first requires that the
aerodynamic downforcévia wings and aerofoils This adjust- - fundamental concepts of the flexible design framework presented
ment could be more automated through an active control systgRithe next section be well established. The development of met-
or less automated and a result of a driver adjustment. The abili¥(s) for and the modeling of flexibility could also lead to im-
of a racecar to dynamically change is a practical illustration of oftovements or new extensions in these and other methods. Ex-
aspec'[ Of ﬂexible SyStemadaptablhty, being presented in thIS tending these approaches under the fundamentaj Concepts
paper. ) ) ) proposed in this paper is viewed as an important step in providing

While the racetrack layout provides a highly predictable aspegynamic design methods for the creation of truly flexible systems.
of a racecar’s operating environment, there is a multitude o

2 Conceptual Understanding of Flexible Systems

In this section, flexible systems are presented as a new type of
open system and formal definitions are presented. These defini-
tions should provide a consistent lexicon from which the design
community can base future research in flexible system design.

2.1 Flexible Systems as Open SystemsSummarizing
these concepts of flexible systems, a hierarchical organization for
the design of flexible systems is proposed and shown in Fig. 3. In
840-foot Radius this organization, flexible systems are actually a subseipain
systemsor systems that are capable of indefinite change, growth,
and development over tim{@9], much like modular systems.

Fig. 2 Indianapolis Motor Speedway configuration Modular architectures are a subset of open systems in much the

114400t Radius

Journal of Mechanical Design MAY 2004, Vol. 126 / 413

Downloaded From: http://mechanicaldesign.asmedigital collection.asme.or g/pdfaccess.ashx?url=/data/j our nals/j mdedb/27786/ on 04/13/2017 Terms of Use: http://www.asme.or g



Open System

1

Flexible |

Robustness | Adaptability I

Fig. 3 Organization of open engineering systems

i

System
Attributes

I

Corporate
Preferences

same vein as the flexible design framework proposed here. A Fig. 4 Framework for flexible systems design
modular architecture, according to Ulrich, has the following two
propertieq 30]:

1. Chunks implement one or a few functional elements in their Clearly, modular and flexible systems have a lot in common.
entirety. _ ) Both system types utilize robustness to deal with unforeseeable
2. The interactions between chunks are well defined and aganges in operating environment. Both systems also offer adapt-
generally fundamental to the primary functions of the prodapility to improve performance in predictable situations. The ma-
uct. jor difference between modular and flexible systems is the type of
« " adaptability utilized. Modular systems would more frequently use
chunk” of the . e - o
passive adaptability to achieve a new set of performance criteria

face between chunks is well defing@D]. The advantage in such while the system is offline. Flexible systems, on the other hand,
an architecture is that a change to 6ne “chunk” can be madiS€ active adaptability in order to enhance performance while the

without requiring a change to the other “chunks,” in effect offerSYSIEM IS in use. It s certainly possible to have a combination of
ing some amount of flexibility to designef81]. However, it active and passive components in a flexible system, similar to the
should be pointed out that if a design is too mbddimeds ’dif_ integrated approaches to active and passive control of structures

ferent chunks for each situatipit may not be flexible enough. , . —
The approach to product family design by Simpg@d], is an . 'Vith @ conceptual understanding and formal definitions of flex-
example of a method based on a modular architecture. ible systems in mind, a framework for achieving flexibility in

The design of modular systems provides an effective way flesign is presented in the next subsection. This framework pro-
design open systems. A modular design can be used to changd!@fS @ starting point for a formal methodology for designing
develop a system over time without having to redesign the entf*iPle systems.

system. Single or multiple modules can be effectively replaced2 3 Framework for Flexible System Design. A design

and updated. A flexible design also supports open systems desigitework for flexible systems is proposed, aimed at providing
in a different manner by allowing a system to adapt or remaigfective decision support. This framework is shown in Fig. 4.
robust over time due to changes in requirements or operating cqthis framework is an adaptation of the decision-based design
ditions. In this paper, the focus is on the flexible portion of Fig. 3ramework given by Hazelrigf83]. The focus in this paper is on
although there are similarities between flexible and modular sygre highlighted boxes where the concepts of flexibility, adaptabil-
tems. To facilitate understanding of what a flexible system truly j§, and robustness have direct impact. The original framework
and to create a consistent |eXiCOﬂ, formal definitions are intrgrovides a Comprehensive approach to designing a System by it-
duced here for flexible systems, robustness and adaptability. eratively changing design variables to maximize the assessed util-

2.2 Formal Definitions for Flexible Systems. From the Y Of the design. This utility is generated using corporate prefer-
motivation and conceptual discussion of flexible systems in prg_nceds,tmarketddenjandt,hand stelllng t‘t)r.'get' The dlerg_andl_?nd prllce
vious sections, one gets a general understanding of the aspectd'gf “€t€Mineéd using the systém attributes, including fite cycle

flexible design. In this research, the following definitions are us Sts. A set of exogenous ve_lriables, e_xyernal v_ariables influencing
to describe flexible systems and its modes: e system, also play a role in determining attributes and demand.

See[33] for a detailed description of the generic framework. In

« Flexible systems—Systems designed to maintain a high levethis discussion, the focus is on the necessary changes in the frame-
of performance through real time adaptations in their configurarork for flexible systems.
tion and/or through robust parameter settings when operating conThe system configuration of interest can now be viewed as an
ditions or requirements change in a predictable or unpredictalzidaptable/robust configuratigBox A), as shown in Fig. 4. The
way. This definition implies that flexibility can be obtainedcosts(Box B) now include the additional costs of flexibilitglis-
through two modes: adaptability and robustness. cussed in Section 3.2The demand functioiBox C) is also of

» Adaptability —Mode of achieving flexible systems whereinterest, as demand for a flexible system would change, if the
system parameter@esign variablesthat can be changed andprice were acceptable. This demand function would be a function
their range of change are identified to enhance performance of tifehow flexible a system is, which creates a need to be able to
system inpredictablechanges in the operating environment; theyneasure and quantify flexibility astly, the design variable values
can be changed when the system is not in (psessive or in real must be chosen to maximize the utility in Box (@hich usually
time (active. reflects profit. With flexible systems, the choice of design vari-

* Robustness—Mode of achieving flexible systems where sysable values also involves determining which variables should be
tem parameter&esign variablgsare set constant to minimize themade changeabl@adaptive modeand which should be made con-
effect of unpredictablechanges in the operating environment orstant(robust modg allowing for flexibility in a system’s opera-
the performance of the system without eliminating the cause tén. The highlighted areas of the framework, A, B, C, and D are
the changes themselvgs|. the focus of discussion in this paper.

Exogenous
variables

A truly modular architecture is one in which each
overall system accomplishes one specific function and the int
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Being flexible enough to accomplish a number of tasks does not Measure of: Measured in:
come without a price. A tradeoff of flexibility versus performance
versus cost versus potential net profit is absolutely necessary. For
instance, in the racecar example, it would cost more to have an
active control system. Is this added cost worth the potentially
valuable few hundredths of a second per lap? This depends upon
the potential future net profit of using the flexible system, which
will dictate the demand for the product. When flexibility is impor-
tant it may be beneficial to actually increase costs in order to
increase tr)lle potential of increasing >[;rofit at a later date. In order Design Space
to make this kind of tradeoffflexibility must be measured and
guantifiedso that designers can make rational tradeoff decisions. Fig. 5 Relation of concepts to design process

While there are a number of metrics for robustness, there are none
for adaptability or flexibility in general. Therefore, the difference

between the terms must be distinguished from a lexicon standss of how and when a flexible system adjusts, in order for this to

point,. and also from an implementation standpoint. For inSta”qfecome a reality, a paramount step is to be able to measure
certain measures of robustness may not work well with Certafl'éxibility.

measures of adaptability.

Therefore, the decision-making environment is one that in- 3.1 Creating Appropriate Metrics for Flexible Systems.
cludes multiple performance measures, which translate into fle®ne of the most important research issues to address in flexible
ibility measures. In a multiattribute design problem there are typsystems design is to establish proper methods of measuring flex-
cally an infinite number of “optimal” solutions, based on theibility under certain conditions and assumptions. This will affect
preferences and risk assessments of the desgném the next boxes C and D in Fig. 4, as the amount of flexibility in a system
section, the issues required to address some of the primary chailt influence the demandby also affecting the prige The
lenges in designing flexible systems are discussed, including #@ount of flexibility will also influence the choice of the design
technical background required for each task. variable values in order to achieve the necessary levels of flexibil-
ity. It is proposed to measure flexibility in theerformance spage
or the space defined Wy, . .. ,f,. The performance space allows
3 in Desianing Flexible S a designer to understand how well a system meets performance

ssues in Designing Flexible Systems requirementgtechnical and economic performance

In this section, a set of fundamental research issues that reprewWhile flexibility can be achieved in the performance space, a
sent the foundation of flexible systems design are presented. Algstem’s ability to adapt or remain robust is achieved indissign
some of the technical background necessary to address the isspese or the space defined by the vector of design variables,
is presented, including some initial studies. Designers must be able to understand how certain performance

The fundamental need for flexible systems stems from the préfexibility translates to adaptability and robustness in system con-
ence of multiple requirements, operating conditions, or customefigurations. Further, robustness will most likely be associated with
These various states of operation for a system are typically repdesign variables that are too expensive or impossible to make
sented by a system objective. For instance, in the racecar examgaaptable.
of Fig. 2, possible objectives would be “to minimize time around Beyond providing measures for flexibility, adaptability, and ro-
the 114/ft radius,” “to minimize time around the 840/ft radius,”bustness, it is necessary to determine the relationship between a
and every turning radius in between. If all these times can Hiexible system and its adaptable and robust modes. This primarily
minimized, and the driver performs well, then potentially manpecomes a cost benefit issue and is presented in the next section.
more races could be won and more profit could be realized. From ) )

a decision making perspective, satisfying all of these objectives3-2 Mapping Between Performance and Design Spaces.
simultaneously becomes a multiobjective decision problem.  Finding a relationship between the concepts of flexibility, robust-

When multiple competing objectives exist, the optimum is nBess, adaptability and openness is dlﬁlc_ult. _Inltlal work ha_s Iez_:ld to
|0nger a Sing|e design point but an entire set of non_dominatgap. deve|0p_ment Of a-h|e.rarchlca| Organlzaﬂon as ShOWn n Flg 5.
design points. This set is commonly referred to as the Pareto 3&s figure is a combination of two branches from Fig. 3. Starting
[34]. The Pareto set is composed of Pareto optimal solutions.fi®m the top, openness is a measure used to predict the system
feasible design variable vectar,, is Pareto optimal if and only if ©YP€ that should be selected for product design, i.e., flexible or
there is no feasible design variable vectarwith the character- modular. Flexibility is a type of measurement related to the per-

i

Flexibility I Performance Space

[

istics, formance of the system being designed while adaptability and
robustness require metrics that are measured in the design space.

f,0<f;(x’) for all i, i=1n Given a measure of flexibility, the relationship to design variables
can be made and lead to robust and/or adaptable designs. Again,

f,(X)<f,(X’) for at least onei, 1<i<n Fig. 5 is merely a possibility. Further research and exploration of

the concepts could lead to a change or additions to the ideas
wheren is the number of objectives. The inherent problem witlcovered in this paper.
multiobjective situations is the lack of a single best, or optimal One of the significant research issues in Fig. 5 is the mapping
point. However, with flexible systems, it may be possible to désetween the conceptual levels. For instance, how does a particular
sign a system that could satisfy optimality conditions for multipleneasure of system opennegspability to change, growth, and
f’s. This implies that some objectives could be unimportant aevelopment over timemap to a choice of flexibility or modular-
one time. Therefore, a system can adjust itself over some measty? Further, how does a measure of flexibility map to a particular
able time frame to concentrate on more important objectives at tineplementation of a robust and/or adaptable system configura-
sacrifice of other, less important objectives. If a flexible systetion? While both issues are significant, the focus is on the latter in
must adjust during its operation it may be important to remaithis section. This issue affects boxes B and D in Fig. 4, as the
Pareto optimalso that the performance follows the Pareto fjontrelationship between flexibility and adaptability, for instance, will
through changes in the system parameters. However, if a flexilidluence what design variables are chosen to change or adapt.
system can adjust instantaneously or off-line, then it may not Béis mapping also affects the costs of system production, through
important or even meaningful to follow the Pareto front. Regaradditional costs to achieve flexibility.

Journal of Mechanical Design MAY 2004, Vol. 126 / 415

Downloaded From: http://mechanicaldesign.asmedigital collection.asme.or g/pdfaccess.ashx?url=/data/j our nals/j mdedb/27786/ on 04/13/2017 Terms of Use: http://www.asme.or g



Point A sumption. Making these types of tradeoff decisions is where map-
Range of ping from flexibility to adaptability becomes critical.
Flexibility Currently, there are three major decisions being addressed:

» How flexible the design can and should be?

* What design variables to make adaptable?

» What range of adaptability is required for each of these vari-
ables to meet the desired level of flexibility?

Objective 2

The method outlined here is built upon the assumptions that there
Point B are several costs associated with making a design flexible and it is

Pareto desirable to minimize these costs.

Frontier

4 Method Discussion

The method presented here addresses to some extent boxes A,
B, and D in Fig. 4. The method attempts to determine an adaptable
system configuratioriBox A) based on a set of costs due to in-
creased flexibility and other operating issiBsx B). The method
involves utilizing optimization to select design variable ranges
that produce flexible performang®ox D). While product de-

) ) ) mand is not being modeled hefBox C), a performance cost

While modeling demand and profit are necessary steps as Qaghalty is being used to penalize poor flexibility performance in
of the framework in Fig. 4, it is believed that before demand angh attempt to model lost profit.
profit can be modeled, the scientific foundations of flexible sys- nitially, a target range of flexibilityis specified by the designer
tems need to be eXplOfed and understood. Current _Work IS beﬁ](jh indicated by the two design points representing its endpoints
done on understanding the dynamics of demand, price, and prifiithe performance space. Figure 6 shows a representative perfor-
Wlthln_ﬂEXIble systems, but this paper focuses on the fOUndathﬁﬁince space p|ot with a target range of f|ex|b|||ty defined by
of flexible systems. _ . _ points A and B. With a target range of flexibility specified, the

As a starting point, consider Fig. 6. In the figure, a generigesigner then must determine the penalty to deviate from this
performance space for a design problem with two objectives figrget range of flexibility. This penalty will reflect “lost profit”
shown. A representative Pareto frontier is also shown. At one ef{dm not being able to achieve the target flexibility range. The
of the Pareto frontier, point A, objective 1 is optimizéahini-  designer must also determine the maximum allowable ranges of
mized, while at the other end, point B, objective 2 is optimizecdaptability for each of the system design variables.

(minimized. All points in between the endpoints represent where The general problem setup for the method is that of a standard
some tradeoff is made between the objectives. The opportungjtimization problem as shown in Fig. 7, with the objective being

with a flexible system is to design the system such that it cag minimize a cost functiomcluding three costs of flexibility that
change its performance between points A and B, depending upfe designer must specify.

the current operating conditions. Therefore, the distance between o

points A and B could represent a region of flexibility for a given * The cost/penalty of deviating from the target range of flex-

system. Of course, for 2 objectives, it is easy to visualize. How- ibility (endpoints for system performance,

ever, parallel work is being done to allow the visualization of * The one-time cost of making a design variable adaptable, and

multidimensional spaces, as a way to understand flexijil§y. * The operating cost of maintaining the required range of
While moving from point A to point B may be feasible from an ~ adaptability for each adaptable design variable.

engineering standpoint, it may be too costly to implement. F&his cost of flexibility function is by no means limited to the costs

example, if a designer determines that it is physically possiblei cluded here, and can easily be expanded to accommodate vari-

design a flexible racecar that is able to change its design variab%% problem specific cost issues. The optimization problem to

(e.g., center of gravity, roI.I stiffness, and aerodynamics dOWI?1r'1inimize costs while achieving desired levels of flexibility is con-
force) by a large amount, it may cost too much to make thessﬁrained by:

variables adaptable. However, if a designer can achieve a certain
level of flexibility by making a small change to the center of < a limit on the deviation from the target range of flexibility,
gravity for example, then this may be an effective decision to ¢ a limit on which design variables can be made adaptéige
make. Another representative example is the Mayflower Corpora- cause of costs limijs and

tion’s flexible engine[7] which uses adaptive configuration e a limit on the feasible range of adaptability of each design
changes to deal with competing objectives of power and fuel con- variable.

Objective 1

Fig. 6 Flexible design in performance space

Find:
Design variables values that achieve the endpoints of the optimal range of flexibility (x;)

Minimize:
F(x) = cost of adaptable variables + cost of deviation
Subject to:

Inequality constraints (gi(x) <0)
(Deviation from target flexibility range < max allowable deviation)

Side constraints (x; < x; < x%)
(Feasible range of adaptability for each design variable)

Fig. 7 General flexibility optimization problem setup
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Find:
Design Variables
e  Center of Gravity distribution (a’)
e Roll Stiffness distribution (K”)
e Aerodynamic Downforce distribution (C’)
Objectives:
e Minimize: Lap time for 114 ft. radius circular track
e  Minimize: Lap time for 840 ft. radius circular track
Constraints:
e 0<a,K,C<l1

Fig. 8 Optimization problem statement for static racecar design

4.1 Case Study: Designing A Flexible Racecar.To illus- tween 0 and L
trate the implementation and utility of this method it is applied to . . . -
the design of a flexible Formula-One racecar. The motivation for 4-2 Discussion of Results. To illustrate some characteristics
implementing flexibility into a racecar stems from the fact thacff the method and_ Its effect_lve_ appllcatlon to the design of erX|b_Ie
every unique turn radius in a road race results in a unique raceéé{ftems' the flexibility optimization problem for the racecar is
setup to achieve optimal performance. By incorporating flexibif0!ved for four different cost scenarigSS1, CS2, CS3, C34in

; : ! : ; ; h of these scenarios, the costs for making the design variables
ity, the vehicle could reconfigure during a race to obtain optlmaac N s
performance at each unique turn. adaptable and the unit costs for the range of adaptability for each

While the full details of the racecar model being used are n8{ the design variables are changed and are hypothetical in nature

discussedsee[2] for model details some background on the 10 investigate the dynamics between system flexibility and costs

model is necessary. When attempting to capture the dynamicso(f)f[his flexibility. The costs for each scenario are shown in Table

an automobile in a computer-based simulation, the amount of d"e-,Thfe r(?sultlng range of adaptability for each design variable
tail available for inclusion is almost limitless. However, the threé ,K',C’) and resulting lap times for each skid pdé,(4, Fsa0
fundamental parameters of racing vehicle design, known as €' found using a fine grid search to ensure optimality and are
“magic numbers” in racing are given to be weight distributionSNOWn in Table 2. In CS1 and CS4, each variable is made adapt-
aerodynamic downforce distribution, and roll stifiness distributiofble. However, in CS2 and CS3, the center of grasty,is kept
[36]. These three “magic numbers” are chosen as our three desfgnstant, indicating that the cost of making the center of gravity
variables, each normalized between the front and rear axle. adaptable was not worth the marginal increase in system flexibil-
Weight distribution is the fore/aft distance of the vehicle’s cerity- The corresponding ranges of flexibility are plotted in the race-
ter of gravity (CG) behind the front axle divided by the vehicle’scar model's performance space in Fig. 9. Also, in Fig. 9, the
wheelbase. The potential exists to make this variable adaptable §ffgctive performance of each flexible racecar is shown for each
movable ballastor some other methoavithin the vehicle. Aero- COst scenario and for the ideal flexible racecar. The ideal racecar is
dynamic down force distribution is the division of aerodynami@ne that achieves performance corresponding to optimal points A
downforce(created by overall vehicle shape and inverted airfoilind B in Fig. 9, or whose effective performance is the utopia point
acting at the front axle and the rear axle. This distribution can i€ point that combines the optimal performance of both objec-
made adaptable by adjusting the front and rear spoilers. Roll stifives). Each of the flexible designs achieves a level of perfor-
ness distribution is the amount of resistance to vehicle roll tHBance that exceeds the Pareto frontier. This is precisely one of the
front axle provides relative to the total resistance provided by tiggnificant results of flexible systems; it is possitded desirable
front and rear axles. Roll stiffness can potentially be made adagif flexible designs to exceed Pareto optimaligxist left and
able through changes in the front and rear suspension. elow of t_he_ Pareto frontigras a resul; of the addeq flexibility.
The sole mechanism connecting racecars to the road surfac&lyvever, it is important to note that simply exceeding the set of
the four tires. The tire model used in conjunction with the vehiclareto optimal designs does not guarantee that the flexible racecar
model is based on empirical data taken on a tire-testing machffiguration will win a race against a single, static, Pareto opti-
over a range of load87]. The detail included in the tire model is Mal racecar design configuration. To illustrate this, a mock race is
essential to the accuracy of the vehicle model. The vehicle mg&hducted in which each of the flexible racecar configurations
be designed to take best advantage of its tires, as they are the &Siipete with several static, Pareto optimal racecar configurations.
means to generate control forces for maneuvering. The three def mock race is conducted in which 11 different racecar con-
sign variables are the principal values influencing tire-operatirftgurations compete. Five of these racers are flexibéeget, CS1,
conditions. Furthermore, the basic design is studied solely in the>2, CS3, and CS4and it is assumed that their configurations
condition of steady state cornering. This is done by considering
the performance of the vehicle on a constant radius circle known
as a “skidpad.” Changing the radius of the circle changes the Table 1 Cost scenarios for racecar design variables
vehicle’s velocity, thereby allowing the entire speed range of the
vehicle to be studied. Constant velocity at peak cornefingxi-

mum lateral acceleratigris sought through iterative solution tech- "(‘:itia' Unit Cost Initial Unit Cost
. : . . ost Cost

nigues. The skidpad and steady-state cornering design concepts

are well founded and widely used in vehicle design and developbV Csl CSs2

ment, - o . . a’ 2000 1000 20000 10000
The two conflicting objectives of interest in the case study are:,, 20000 10000 2000 1000
e Minimize lap time on a 114 ft radius skid pad c’ 20000 cs3 10000 20000 cs4 10000
e Minimize lap time on a 840 ft radius skid pad

L T .a’ 20000 10000 5000 1000

These objectives are indicative of the smallest and largest radlﬁ, 20000 10000 5000 1000

turns at the Indianapolis Motor Speedwdig. 2). The problem . 2000 1000 5000 1000

setup is shown in Fig. 8esign variables are all normalized be-
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Table 2 Results of flexibility optimization for racecar design

Cost Scenario 1

Adaptable Range

a’
K’

’

( F 114,': 840)

0.329-0.350

0.284-0.210

0.508-0.430
(10.075, 16.57Bsec

Cost Scenario 2

Adaptable Range

’

a
K’

’

( F 114,': 84(])

0.350-0.350

0.210-0.250

0.430-0.480
(10.116, 16.57Bsec

Cost Scenario 3

Adaptable Range

a’
K’

’

( F 114,': 840)

0.350-0.350

0.210-0.250

0.430-0.480
(10.116, 16.578sec

Cost Scenario 4

Adaptable Range

’

a
K ’
c’

( F 114,F 840)

0.329-0.520

0.284-0.670

0.310-0.508
(10.075, 16.437sec

Configuration

sugisa(q
A[qIxay

5650

5700

Race Time (sec)

Fig. 10 Race results for various static and flexible racecar de-
sign configurations

ics between the various costs and the capability of a system to be
flexible. An effective flexible configuration for a design problem
may exist, but the “best” flexible configuration for that design
problem may, in fact, not be effectiee. not perform any better
than a non-flexible configuratignlf this is the case the designer
may revert to a static design, or accept a higher cost of flexibility
allowing for an effective flexible design.

In design problems with many more variables and objectives, it

change instantaneously to achieve flexible performance. The otgli pecome necessary to use advanced techniques to map be-
Six racecars are non-flexi.b(etati.c), Pareto optimal configurations yyeen performance and design spaces. This is not a trivial prob-
(R1-R@. The Pareto configurations are chosen evenly from alofgy, “For a given set of design variable values there is one set of
the Pareto set, including the two endpoifigl-endpoint A and yerformance values. However, the converse is not true. For one
R6-endpoint B. The race is composed of 100 laps of the 840 et of performance values, there may be many designs that pro-
radius skid pad, and 400 laps of the 114 ft radius skid pad. Thgye the given performance. This one-to-many mapping problem

mock race is conducted via numerical simulationultiply time o resents a significant challenge. Developments from other work

for one lap on a skid pad by number of lapshe race results are .4,1q pe used to facilitate solving this maopping probl
shown in Fig. 10, where the bars represent each racer’s time, W(i:t?w g pping proble3].

the shorter bars more desirable.
From the results presented in Fig. 10, it is determined that _a )
flexible racecar configuration does exist that has the ability to beat Closing Remarks
any non-flexible competitor. While this may seem an obvious con-The concepts and example presented in this paper, though
clusion, it is important to realize that economic constraints maymple, serve to show the potential benefits that a flexible design
keep flexible car designs from achieving performance superior fiamework can provide. The method used in the case study pro-
static car designs. Such is the case under two of the cost scenayiges the designés) an approach to bring flexibility into the de-
evaluated CS2 and CSB Although CS2 and CS3 are flexible, thesign process while considering the cost of such flexibility. The
nature of the race-100 laps on 840 ft radius skid p&dt00 laps method also gives an indication of the adaptable range of certain
on 114 ft radius skid pad—and the economic constraints of thegesign variables that change over time to provide the system’s
scenarios make these flexible designs inferior to the fastest stgfigformance flexibility.
design. The remaining two cost scenari@S1 and CS¥do result ~ Though the potential benefits are well suited for the future of
in optimally flexible configurations that are effectivee. faster flexible system design, answering the questions presented here
than any of the nonflexible racecargvhile the details of the cost (and those that will inevitably arise in the futiingill prove chal-
scenarios are not critical, it is significant to recognize the dynarenging. The major concerns to be considered in developing the
flexible system framework and answering the questions posed
here are:
17.6

 Profit of being flexible: will the additional cost of flexible
systems be offset by increases in demand and profit? This is an

N
EN

adaptability/robustness?

» Search techniques: how can the best combination of adapt-
able and/or robust variables be found? The cost of making design
variables adaptable may not be worth the added value of flexibil-
ity or the profit generated from the added flexibility. Therefore,
finding the combination of adaptablehanging and robustcon-
stan} variables that gives the desired flexibility for a maximum
profit is the objective in flexible systems design.

>
2

® Pareto Set (set of static desi; ™
igns)
~cs4

g i7s important question that requires a comprehensive decision support
o framework.

g » Applicability of system measures: what measures of flexibil-
£ 168 ity and adaptability can be used for certain types of systems?

3 CB1, 5281 - Interface relationships: what are the relationships between
E * L4 i openness and flexibility/modularity, and flexibility and

-

©

-

Target Range of Flexibility

t\ Flexible Target (Utopia)

101

o
N

16

10.06 10.12 10.14 10.18 10.2

Lap Time 114’ Radius (sec)

10.08 10.16

Fig. 9 Performance space plot for racecar model with ranges
of flexibility
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Finally, this paper is intended to provide both, a starting pointl€l Chen, W., Wiecek, M., and Zhang, J., 1999, *Quality Utility: A Compromise

from which academia and industry can move forward in develop- ~ F7o9"amming Approach to Robust Design,” ASME J. Mech. DE81(2), pp.

ing new decision support tools and as a basis for establishing gy karsi, N., Hacker, K., and Lewis, K., 2001, “A Comprehensive Robust Design
standard lexicon for use when referring to flexible system design. = Approach for Decision Trade-Offs in Complex Systems Design,” ASME J.

It may also be viewed as an invitation to help take flexibility from  Mech. Des.1231), pp. 1-10.
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