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ABSTRACT incorporate imprecise information into the engineering design

The Method of Imprecision, or jlI, is a formal method for process. In the summer of 1997, an application of thy td
incorporating imprecise information into a design process. This preliminary vehicle structure design was demonstrated for Volk-
methodology has been exercised on a problem in preliminary ve- swagen Wolfsburg. The application serves both to demonstrate
hicle structure design in collaboration with VW Wolfsburg. Re- the capabilities of the method, and as an introduction to some of
sults show that the method is useful in trading off multiple con- the underlying concepts.
flicting attributes, including styling preferences and engineering A brief introduction to the Method of Imprecision is fol-
requirements. lowed by a description of the demonstration project. The ap-
plication of the Myl to the problem is then described in detail,

Keywords: L .
y and the implications of the results are discussed.
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THE METHOD OF IMPRECISION

This introduction is necessarily brief; the application serves
INTRODUCTION as a further tutorial to explicate the ideas reviewed here.
Preliminary design is inherently imprecise (Becker, 1973; The original work on the I (Wood, 1989; Wood and An-
Blockley, 1980; Gavin, 1994; Yao and Furuta, 1986), and many tonsson, 1989) formulated the design problem as a decision prob-
preliminary design decisions are made informally. Preliminary lem: given a set of candidate designs, identified by vecim®
design has enormous economic importance, as much of the costdesign variablesn a Design Variable Spac®V9S), a set of per-
of a design is determined by these (often informal) preliminary formances, described by vectqiof performance variablem
decisions (Whitney, 1988). A further complication is the diffi- a Performance Variable Spad®\(9, and a mappind : d — P,
culty of communicating imprecise information between different choose the candidate desigh which maps to the “best” pos-
members or groups involved in the design process. Many “inter- sible performances* = f(J*). So stated, there is insufficient
face” decisions are made after design analysis is complete; theseinformation to determine what constitutes a “best” performance,
post hoadecisions can result in costly redesigns. and hence a “best” design. On the one hand, requirements are
The Method of Imprecision, or M (Wood and Antonsson, imprecise, while on the other hand, there is no obvious way to
1989; Antonsson and Otto, 1995) has been developed to formally compare different performance variables which are usually not
expressed in the same units.
The need to include imprecision in engineering design can
*corresponding author
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Hp A 1991), the non-compensatifghin(k1, H2) = min(py, ) for sit-
uations where the overall performance is dictated by the lowest-

performing attribute, and the compensatitig(py, H2) = /a2,

when high performance on one attribute is deemed to partly com-

pensate for lower performance on another. Each candidate design

d thus has an associated overall preference:

141

Ho(d) =P (b () kp(f () )

> (wherepg(d) andyp(P) are themselves aggregations of their con-
500 km range stituent preferences), and candidate designs can be compared on
the basis of this overall preference.

Further research on thejWtleveloped techniques for includ-
ing noise (Otto and Antonsson, 1994) and adjustmentsyior
ing parametergOtto and Antonsson, 1993), in the imprecision
be illustrated by a simple example. Figure 1 shows a specifi- calculations, and placed an axiomatic framework on the calcu-
cation for one performance variablg;], with theperformance  |ations (Otto, 1992). Implementation of thegMontinued with
preference g on the vertical axis. As specifications are com-  the development of a computational tool (Law and Antonsson,
monly written, p; > 500 km would be represented by the dashed 1994). The applicability of the method was seen to be limited by
line (the sharp-edged rectangular step), whgre- 1 in the ac- large computational requirements, so the inclusion of Design of
ceptable region, andy = 0 for unacceptable values. However,  Experiments (DOE) approximations (Law and Antonsson, 1996)
this crisp specification (or requirement) indicates that two differ- and other computational innovations (Law, 1996) followed. The
ent designs, one witth; = 500—e&, and another witd; = 500+, need for more than two aggregation functions to model differ-
would have completely different acceptabilities, no matter how ent trade-off levels was recognized, and a family of aggregations
smalle becomes. Thus two designs, indistinguishably different introduced (Scott and Antonsson, 1995, 1998). The Mre-
in d; (ase — 0), have completely different preferences: one is yiewed in more detail, and compared to other methods, in (An-
completely acceptable and one is unacceptable. This situationtonsson and Otto, 1995).
makes no sense. Other researchers have applied fuzzy methods to design op-

Alternatively, the solid line shown in Figure 1 indicates a timization problems (Diaz, 1988, 1989; Rao and Dhingra, 1991;
smooth transition of acceptability of performances from unac- Rao, Sundararaju, Prakash, and Balakrishna, 1992; Dhingra,
ceptable i, = 0) to acceptablgf = 1), and thus reflectsamore  1996). Related research includes: chemical process synthe-
realistic specification. The range over which the transition from sjs (Djouad, Floquet, Domenech, and Pibouleau, 1996); fuzzy
unacceptable performance to most desired performance takesconstraint propagation applied to manufacturing (Dubois, 1996);
place will depend on the particular design problem, and may be fuzzy scheduling (Fargier, 1996); application of fuzzy methods
more or less steep, and smooth or faceted. to windturbine design (Gerhart, 1997); multiobjective schedul-

Thus the M) introduces the notion gbreferencesdenoted ing (Grabot, Geneste, and Dupeux, 1996); management of un-
by p € [0,1], both to represent the imprecision inherent in the certain knowledge in engineering design (Hamburg and Ham-
preliminary design problem, and to provide a basis for compar- burg, 1993); engineering design optimization (Hsu, Lin, and
ison between different attributes. Performance preferepges  Sun, 1995); imprecise calculations in engineering design (Chen
on thePVSexpress the requirements more completely than crisp and Otto, 1995); evaluation of design alternatives (Knosala
targets. In addition, engineers expregssign preferences;on and Pedrycz, 1992); fuzzy MADM methods in system design
design variables, allowing the incorporation of performance as- (Milller and Tlarigen, 1994); fuzzy evaluations (Posthoff and
pects that are not explicitly calculated By Preferences are  Schlosser, 1994); multiobjective fuzzy optimization (Sakawa and
naturally represented and manipulated using the mathematics ofKato, 1995; Shih and Wangsawidjaja, 1995); fuzzy ratings and

Figure 1. EXAMPLE IMPRECISE SPECIFICATION.

fuzzy sets (Zimmermann, 1985). utility analysis in preliminary design evaluation of multiple at-
The design preferencq@(&), which are specified on the tributes (Thurston and Carnahan, 1992); scheduling system de-
DVS can be mapped onto ti/Sby use of theextension prin- sign (Turksen, 1996); and fuzzy multi-criteria decision mak-
ciple (Zadeh, 1975). The various preferences are then com- ing (Zimmermann and Sebastian, 1993, 1994; Zimmermann,
bined with an aggregation functid®; at first, the Mj made 1996). In addition, there is increasing interest in related work

use of two different aggregation operators (Otto and Antonsson, in evolutionary algorithms (Zimmermann and Sebastian, 1995),
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including the combination of evolutionary algorithms with the The stated design problem was to achieve 10% improvements
Ml (Schleiffer, 1998). over the reference model in the three measured performances.
In addition, it was understood that that the design must not be

difficult to manufacture, and that this year's model should have a
PRELIMINARY VEHICLE STRUCTURE DESIGN somewhat longer and sleeker look.

The general vehicle structure design problem is the engi-
neering of body-in-white which consists of the (usually metal)
frame to which c':ompon.ents and exterior pgnels are faStened'APPLYING THE Mgl TO INCLUDE IMPRECISE INFOR-
While there are interesting alternative solutions such as space \iaT|oN
frames and monocoques, this paper is concerned with the welded
metal structure typical of passenger automobiles of the present
day (see Figures 2 and 3). The vehicle structure engineers
must design a body-in-white that meets certain measurable en-
gineering targets such as stiffnesses, stress levels under load, an
weight. In addition, they must satisfy many performance targets
associated with less easily measured concepts such as style, ma
ufacturability, and requirements of other engineering groups in-
volved in the design process. These unmeasured peformances ar
handled informally, often by negotiation between groups work-
ing on the same vehicle. Thegvwas developed to allow for a
formal approach to the incorporation of this imprecise informa-
tion.

In order to avoid any difficulties involving confidential infor-
mation, it was decided that an older model vehicle would provide
an effective demonstration of the method. To this end a 1980 VW
Rabbit (see Figure 2) was acquired. The vehicle was stripped
to the structural body-in-white, and torsional and bending stiff-
nesses were measured. The intact body-in-white was found to
have a torsional stiffness of approximately 4900 N-m/degree and
a bending stiffness of approximately 2500 N/mm. Tables of data
from some of the load tests are shown in the Appendix. In ad-
dition, geometric data were gathered and used to create a solid
model (Figure 3). The solid model and the structural stiffness
information together were used to create and calibrate a finite
element model (Figure 4).

The finite element model was parameterized with'fige-
sign variables:

While standard optimization methods could be used to deter-
mine the highest achievable bending stiffness, the highest achiev-
able torsional stiffness, or the lowest achievable weight for this

nalysis model, such an optimization would not tell the designer

hich designs are the most promising when other relevant con-
siderations are taken into account. On the one hand, there is a
rFecessary trade-off between the stiffnesses and the weight; it is
impossible to optimize both simultaneously. Additionally, there
% other (imprecise) information to consider when making the de-
cision, such as manufacturing and styling concerns. The applica-
tion of the Myl to this problem involves constructing a different
“optimization” problem that includes the imprecise information
that would be left to the negotiation stage in traditional design.

The calculated performance requirements on bending stiff-
ness, torsional stiffness, and weight were originally expressed
as targets of 10% improvements over the reference model. As
was discussed above, this is unrealistically, and indeed unpro-
ductively, precise. In place of these hard targets, imprecise per-
formance requirements were specified with a linear interpolation
between two points. In the implementation of thgINt is com-
mon to name the customer as the source of the performance pref-
erences; in fact, it is more likely to be a manager, perhaps in-
formed by market research, serving as the customer’s proxy. To
specify these imprecise requirements, the manager must answer
two simple questions: “What is the lowest performance you can
live with (where isp = 0)? What performance would satisfy
you completely (where it = 1)?” These bounds are clearly
dependent on a number of factors, including the target market

1. A-pillar thickness (mm) and the performance of competitors’ products; we have found
2. B-pillar thickness (mm) that engineering managers can answer these two questions with
3. floor pan thickness (mm) little more effort than is needed to settle on the initial crisp tar-
4. floor rail thickness (mm) get. Figure 5 shows the imprecise requirements on stiffnesses
5. B-pillar location (mm aft of a nominal point chosen by and weight.
stylists) To include requirements on manufacturing, availability,
and the performance was assessed with three measures: style, and oth'er things which are not calculateq 'in the finite eI?
) ) ement analysis, designer preferences are specified on the design
1. Bending stifiness (N/mm) variables. As with the imprecise performance requirements, they
2. Torsional stiffness (N-m/deg) range fromy = 0 at the unacceptable limit o= 1 at the most

3. Weight (kg) preferred. A preference is defined on each of the five design vari-

ables, as shown in Figure 6. Each preference is representative of
imprecise information that can be incorporated using te M

1The demonstration here was conducted using a subset of the design vari- . . ) ) ]
ables; the method can be applied directly to a larger set of variables. 1. The sheet steel for stamping the A-pillar is only available in

3 Copyright 0 1998 by ASME



Figure 2. 1980 VW RABBIT IN STIFFNESS TESTING

certain increments, so this plot is discrete rather than contin-
uous. The manufacturing engineer has a higher preference
for thinner sheets, since they are easier to form; this is a de-
sign preference for manufacturability.

. The B-pillar thickness is continuous and more complicated
than the linear performance preferences. This preference
doesnotindicate that the physical B-pillar might be 1.113
or 1.114 mm thick; rather it means that the designer knows
that the finite element model is simplified, and that a high
number for B-pillar thickness means that more reinforcing
features will need to be added to the B-pillar. The designer
would like to keep the B-pillar as simple as possible.

. The floor pan thickness is preferred thicker by the designer
for ease of attachments and for durability.

. The floor rail thickness preference is an example of a sourc-
ing, or availability preference; it states that some thicknesses
are more easily obtained than others.

5. The design preference for B-pillar location comes from the
stylists, and captures the directive for a longer, sleeker look
for this year’s model. It has been specified differently from
the other design preferences, usinguts (Antonsson and
Otto, 1995), so that the stylists have given a range of per-
fectly acceptable values, a range of barely acceptable values,
and a range of values that fall in the middle. This method of
specifying preferences can have computational advantages.

In addition to these preferences, each attribute is assigned a

weight indicating its relative importance, and the way in which
attributes trade-off against each other must also be specified. In
this test example, it was determined that bending and torsional
stiffness traded-off in a non-compensating manner — the lowest
preference is maximized. Together they traded-off with weight
in a compensating manner, so that high performance on stiffness
could partly make up for low performance on weight, and vice
versa. The designer preferences all traded-off in a compensating
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Figure 3. GEOMETRIC MODEL OF BODY-IN-WHITE IN SDRC I-DEAS

manner as well, with the styling preference assigned a relatively by the finite element stiffness calculation, which takes about a
high weight to reflect the importance of styling considerations minute on a Sun Ultral-170MHz workstation; the calculations
in automobile design. The preferences for the computed perfor- of weight and preference aggregation are of negligible cost, re-
mance variables are also weighted heavily. The correct determi- gardless of the trade-off strategies employed. Even in this rela-
nation of weights and trade-off strategies is crucial to the method, tively modest problem, where there are only five design dimen-
and a full range of strategies (Scott and Antonsson, 1998), of sions, an exhaustive calculation of preferences over the design
which the original compensating and non-compensating strate- space is prohibitively expensive. ThegMexploits the structure
gies are only two examples, is available. of the problem to speed the search for preferred solutions: the in-
Through the application of the | the design problem has  ternal calculations linearize where possible, effectively reducing
been reformulated to be the maximization of the overall prefer- the dimension of the search space, and employ Powell’s method

ence: to locate internal extrema (Law and Antonsson, 1995).
Ho(d) = P [ (d) kp( ()]
B . . RESULTS
= Pn [PI'I Hp(f3(d)), Prmin {Hp(fl(d))aup(fz(d))})7 The design problem, including all imprecise information,
Pr (Pr [Ma(dh), Ma (), Ha (dl3), Ma (da)], pa(Cs)) | was solved in two different ways. First, in order to demonstrate

the method, the finite element analysis was run 3:25%) times
. B to provide a coarse but complete check of the entire design space.
The computation ofiy(d) for a single design poird is limited The point of peak overall preference jof = 0.50 was found at
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Figure 4. FINITE ELEMENT MODEL OF BODY-IN-WHITE

-

d=(1.0,0.9,0.9,1.0,50), where the design preferencgs are Approximations

(0.6,1.0,1.0,0.5,1.0); the stiffnesses and weight at this point Naturally, the exhaustive evaluation of points in the design
were p = (2832 5836 147), with preference$0.23,0.14,0.62). space would not be performed on a real design problem. It was
The maximum achievable stiffnesses are 3365 N/mm0.77) performed herenly for comparison purposes. An approach that

in bending and 6029 N-m/degreg,(= 0.25) in torsion, but the utilizes Design of Experiments (DOE) (Barker, 1985) to approx-
corresponding weight of 170 kg is unacceptable. Similarly, a imate the finite element calculations for bending and torsional
weight of 144 kg fip = 0.78) is achievable, but stiffnesses drop stiffnesses reached substantially similar results in only 21 runs

to 2803 N/mm f1p = 0.20) and 5730 N-m/degregy{ = 0.08). (or approximately 20 minutes). The average difference (from the
The combined overall preferenpg also takes into accountthe  exhaustive evaluation) in bending stiffness was approximately
design preferences on style, manufacturability, and the like. 1%, with a maximum difference of less than 4%, while the av-

erage and maximum differences for torsional stiffness were both
less than 1%.

In some cases, the nonlinearities of the analysis fundtion
will defeat a linear or even polynomial approximation, but in

the total combined preferengg varies with each of the design many cases, such as thg example presented _here, these s_|mple
variables. Although it is impossible to display all five dimen- aPme'maF'O”S can drastically redupe the reqm_req Comp“t?‘“o'?-
sions varying at once, a tool was written that uses a commercial slnce Precise answers are not r_equwed for prellmlngry design, it
package (Matlab) to display results interactively. Using the tool, IS senS|bI(_a to exploﬂ_apprpxmanon tools when pos&blg. If more
the designer can see the change in preference that would occur bfomputatmn can be justified, a more thorough calculation can be
varying each design variable independently from a chosen begin- made

ning point. Results can be seen on five simultaneous plots in two

dimensions (see Figure 7), or on a three-dimensional surface plot

(see Figure 8) with the remaining design variables set to nominal DISCUSSION

values. The interpretation of these graphical results is discussed Engineering analysis usually requires some judgement on
in greater detail below. the part of the designer. Unless a full-scale exact prototype is to

The power of the method lies not in an ability to find a sin-
gle overall “best” point, but in the information it contains of how
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Figure 5. IMPRECISE PERFORMANCE REQUIREMENTS

be built and tested, the accuracy of any calculated performancecalculations inspires a change in the preference structure.
measure depends on the fidelity of the model employed. Even In the example shown in this paper, the shape of the func-
when exact data are available for some attributes, final decisionstjon |~lo(5) is sensitive to changes in the styling preferepgels),
about a design incorporate other, unmodelled concerns, such asyhich is not surprising, since this preference is accorded a large

manufacturing and styling. weight. This and other features of the design problem can be seen
The |\/b| constructs a model of the entire decision process, in the advanced interface shown in Figure 7. The vertical dashed
expressing the calculated overall performap@@) as a func- (red) lines indicate the selected values of the design variables. In

tion of the design variables. It depends on many factors: the this figure,d = (0.8,1,0.9,1.2,50), a point which is representa-
function f for calculating measurable performances, the specifi- tive, not optimal. The solid (blue) lines indicate how the over-
cation of design preferencpg and performance preferengas all preferencel, would change by varying that design variable
the weighting of these preferences, and the specification of trade- while holding the other four fixed at their current values. For in-
off aggregations between attributes. A change in any of these will stance, decreasing the floor pan thickreassill result in a more
affect the Shape of the functi% in design space, and thus af- preferred design. The dashed (black) lines show the maximum
fect the decision. The analysfsis here relatively expensive to  achievablgl, for each value of each design variable. Finally, the
compute, and changes in the finite element model are costly to solid (red) lines joining the circles are the specified preferences
propagate to overall preference. Changes in the other factors, onon design variables.

the other hand, are easily incorporated, as finite element results In this example, the desired improvements in performance
f(J) are stored so that the same design point need never be anawere achieved by small changes to the sheet-metal thicknesses
lyzed more than once. This allows thglNb support an iterative and B-pillar location. Visually the improved structure would ap-
decision process, when the information from the first round of pear quite similar to that shown in Figure 3. No change in vehicle
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Figure 6. DESIGNER PREFERENCES

structure configuration was required here. signer preferencgy(ds). This indicatesl, as a likely candidate

for change in a potential redesign. The resolution of the conflict
would be achieved by a choice@f that provides the best overall
trade-off between the competing attributes. Designers can inter-
act with the preference display to examine trends in the structure
of the overall preference.

Figure 7 shows that the overall preferengevaries quali-
tatively, though not quantitatively, with four of the five design
variables; the exception @, floor pan thickness. The variation
of the overall preferencg, with respect tads shows a conflict
between the calculated stiffness and weight requiremgyasid
the provisions for attachment and durability captured by the de-
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Figure 7. GRAPHICAL USER INTERFACE FOR PREFERENCE DISPLAY

CONCLUSIONS sions. The Ml uses approximations, when feasible, to address
In preliminary vehicle structure design, as in preliminary en-  the first difficulty, and an interactive graphical tool for preference

gineering design in general, many important decisions are made display was developed and applied here to address the second.

informally on the basis of imprecise information. Concerns

of styling and manufacturability, for instance, can carry great

weight in the design process although they are not modelled by ACKNOWLEDGEMENTS
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