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ABSTRACT time frames an order of magnitude (or two) less than the mis-
An analysis tool to aid in preliminary design of re-entry aeroshells for sions of the 1960’s and 1970’s, allowing for less expensive, more
interplanetary exploration is presented. The computational tool ad- frequent launches (see Figure 1). This shift in emphasis high-
dresses a common feature of design analysis, the need to make use ofights the need for design tools to support preliminary design,

results from several analysis regimes and from several sources. This Pa-gince mission designers no longer have the luxury of long times
per formalizes for computation what has historically been a matter of for prototyping, testing, and redesign

informal engineering judgment. The automation of design analysis al-
lows for more extensive search of the design space, and thus supportsa | he need for simulation-based analysis tools is particularly
design process that is at once more thorough and more efficient. clear in the design of spacecraft, as operating environmenys (

The human designer uses experience and intuition to combine re- microgravity) are often difficult orimpossible to reproduce to test
sults from different analyses. Here, this combination is formalized by prototypes. This paper examines some of the issues of the man-
recognizing that each analysis tool is valid in particular regimes of the agement of information in preliminary design using simulation-

design problem; where regimes overlap, a combination based on partici- h55e(d analysis and including uncertainty and data of varying re-
pation factors (and utilizing the mathematics of fuzzy sets) is employed.

) ) g liability.
An aggregated level of confidence for each solution point is also calcu- .
lated. A formal system, known as thilethod of Imprecisioror
Mgl, for the representation of imprecise information in prelim-
Keywords: inary engineering design, as expressed through designer pref-

Design Methods and Models; Design Representations;

, i erences, has been previously developed at Caltech by the au-
Computational Methods of Design

thors (Wood and Antonsson, 1989) and others. Early work on
the method assumed the availability of reliable analysis tools for
the determination of design performance from design variables.
INTRODUCTION Recent work (Law and Antonsson, 1996) has used the statistical
The late 1980's and early 1990’s have seen a change in the methods of Design of Experiments (DOE) (Barker, 1985) to ad-
direction of space research conducted by NASA, with an empha- dress issues of design imprecision using approximations to anal-
sis on smaller, lighter spacecraft and missions with budgets andysis tools, the full use of which would be prohibitively expen-
sive. At the same time, one of the unifying themes of research on
the Mgl has been the aggregation of preferences. The research
IMechanical Systems Engineering and Research Division, Jet Propulsion Presented here continues this earlier work by considering pre-
Laboratory, Pasadena, California 91109 liminary design when the design space is not well modeled by a
2corresponding author
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Figure 1. LAUNCH FREQUENCY AND PAYLOAD SIZE OF NASA SPACE MISSIONS, 19552015 (USED BY PERMISSION, JOHN PETERSON, JPL,
MAY 15, 1997)

single (even a single expensive) design tool, but when significant AEROSHELL DESIGN

irregularities or discontinuities in the mapping between points in

the design space and their corresponding performances call for The example presented here is the design of a re-entry

the application of different analysis tools in different regimes. aeroshell that is to be released from a spacecraft as it enters the

The formal mathematics developed for preference and for aggre- Martian atmosphere. Two devices of this type are expected to

gation are extended to the problem of combining output from be launched with the DS-2 Mars probe in January of 1999. After

several analyses for different (often overlapping) regimes, and descentto the Martian surface, the aeroshell’s payload, a penetra-

the resolution of conflicts where data from multiple sources dis- tor with some instrumentation, will puncture the Martian surface

agree. so that soil experiments can be conducted and the results trans-
mitted by radio. We shall not treat the soil penetration problem
other than considering the orientation of the aeroshell at impact;
the general problem here is the design of an aeroshell that will
reach the surface near a desired velocity and angle of attack.
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There are several sources of significant uncertainty in the
operating conditions of the aeroshell during its descent:

e The shellis released from a tumbling spacecraft, so the angle
of attack upon entering the atmosphere is unknown.

e The shell flies through the Martian atmosphere, the proper-
ties of which are not well characterized.

e The shell encounters unknown winds.

e The shell hits the ground, which is at an uncertain orientation Axisof [ ™~ D
and has uncertain soil properties. Symmetry

These uncertainties are interesting, difficult and worthy of study,
yet there are other issues of uncertainty in the analysis of the
problem that take precedence. An automated or semi-automated
analysis would allow for a computer search of the design space to
(at least) guide preliminary design. Several levels of simulation
are available, and their reliability increases with the computation
time involved. If, for example, an assumption of terminal veloc-
ity could be made, computation time would be milliseconds, but ‘ ‘
the assumption is not correct in general. A single run of a full
CFD model takes on the order of a day to set up and run on a su- ‘ L ‘
percomputer, which is far too computationally intensive for the
project time-frames and costs envisioned. A compromise anal-
ysis program is a numerical integration of forces over the flight
path, with aerodynamic coefficients determined at each time step
as functions of atmospheric conditions and the attitude, velocity,
and geometry of the aeroshell. The computation time required Problem has such a huge set of potential solutions so as to make
makes classical optimization, genetic algorithms, and simulated & search for a globally “optimal” solution to the problem imprac-
annealing procedures realistic. However, the integration routine tical. The present approach to aeroshell analysis is to construct
is not simply an accurate black box: to successfully integrate an aerodynamic database for a single candidate design; the anal-
over the flight path through the Martian atmosphere requires con- Ysis is thus useful to validate a design that has already been se-
siderable engineering judgment in the calculation of the aero- lected, but is not seen as a tool to explore the design space (see,
dynamic coefficients used at each time step of the integration. for example, Mitcheltree et al. (1997)).
Furthermore, the output from the integration program gives no A long-term goal in the field of aeroshell design would be
indication of how accurately the coefficients were determined.  an analysis program that addressed all possible candidate config-
The problem encountered here by the aeroshell designer isurations in all flow regimes. In order to make the problem more
a common one in design analysis, that of how to guarantee good tractable and to address the issues of analysis in the presence of
results when the problem may cover one or more of several “anal- uncertainty, we shall restrict ourselves to the aerodynamic anal-
ysis regimes”. These regimes may be inherent in the physics of ysis of one configuration of the aeroshell. This configuration
the problem, as in the transition between transsonic and super-is a spherical-nosed cone with a spherical aft section, as shown
sonic flow, or they may be determined by the availability of in- schematically in Figure 2. The distance between the centers of
formation, as in the case when experimental results are availablethe two spheres is expected to be quite small. Three nondimen-
for some (but not all) points in a design space. sional parameters completely describe the idealized aeroshell:
the Bluntness Rati® (the ratio of the nose radius to the aft sec-
tion radius), the Fineness Ratio (the ratio of overall lengtiL
PROBLEM SCOPE to maximum diameteD), andd, the cone semiangle. The extra
The problem of aeroshell design involves a number of fields information gained by allowin@, F', andd to vary is useful not
(e.g, aerodynamics, thermodynamics, material science, struc- only for exploration of alternative designs, but also for analysis
tural mechanics). The aerodynamic analysis, even if considered of a single fixed design, as the geometry of the aeroshell may
apart from all other fields, is greatly complicated by the need to change: the heat shield burns during reentry, for example.
treat multiple flow regimes (hypersonic, supersonic, transsonic, The general design problem is to determine valueB,af’,
subsonic, Newtonian, detached shock, free-molecular), and evenandd that will (robustly) deliver the aeroshell to the surface at
if the analysis can be made tractable, the aerodynamic designa given velocity and angle of attack, in the presence of the op-

Figure 2. SCHEMATIC OF AEROSHELL
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erating uncertainty. The more immediate problem is to deliver whered is a vector of design variables describing a point in de-
a reliable integration routine for computer implementation in the sign spacef is a vector of operating conditiong,is a vector
presence of uncertainty in the determination of aerodynamic co- of performances, and is some measure of the reliability of the
efficients. The designer, also referred to here as the analyst oranswery (fi is a vector since the reliability of the componepis
engineer, who is interested in using an integration routine to test of 5 need not be the same for allthough in the example pre-
the performance of a design can draw upon several sources tosented here the; will always agree). We shall also use the more
determine the aerodynamic constants required at each time stepcompact notatiofy to represen(tJ, Z). Inthe example under con-

of the integration: siderationd = (B, F, ) describes the geometry of the aeroshell.
The operating conditions can be described by the attitude of the
aeroshell and the atmospheric conditions, which for the example
here can be described by the angle of attacthe Mach number

M, and the atmospheric density The performances desired
are aerodynamic constants: the normal coefficiént the ax-

ial coefficientC,, the moment coefficien®,,,, and the center of
pressure”,. Thus the example problem is to firfdsuch that:

e Experimental results from the literature. These might be
of varying reliability. Also, the experimental results do not
cover the entire design space, so interpolation between ex-
perimental points and extrapolation to unexplored areas of
the design space is necessary. The reliability of an inter-
polated or extrapolated answer will decrease with distance
from experimental points.

. Simulatio_n data from comp_utational_fluid dynamics (CFI_D) f(B,F,0,a, M, p) = (Cpn,Ca,Cyn, Cp, i)
computations (executed point by point — one computation
for a particular configuration, angle of attack, and Mach The functionf is a combination of various subfunctiofis
number). These are also of imperfect reliability. so that . . .
e Analytical computational models, of which there are at least f(d, %) =P(f1(d, Z),..., fn(d,T))
three in this particular problem: where P represents the combination. The subfunctions
— Newtonian flow fi,-.., fn are the sources of information available, and the set
— free-molecular flow of f; is subject to change. Adding a new souyfg ; to the list
— detached shock flow may make other sources unnecessary. Since a level of confidence

is one of the outputs of the functigh evaluation is possible with
any set off;; indeed, it is because the analysis is uncertain and
imprecise that the combination is necessary. The human designer
making such a judgment in analysis will arrive at an answer and
will also have an idea of how valid that answer is. This paper
presents a formal representation for both.
For the aeroshell re-entry problem, data fors available
The distillation of information from these sources (each of which from experimental sources, CFD computations, and analysis
is imperfect) is a matter of engineering judgment. As designers models. At the highest level,
determine the aerodynamic constants, at the same time they re- 7 o 7 7 7
fine their understand)i/ng of each of the sources (a technical >rlef- 1(d, %) = P(fexp(d: ), forp(d, 7), fanaytie(d; 7))
erence giving experimental data that deviates significantly from and subfunctions can be further refined, as for example,
a number of other experiments may be depreciated or discarded, -
the analytical models may be updated to better fit experimental fanatytic(d; ¥) =
data,etC). P(fNewtonian (Civ f)v ffreefmolecular(dz f)a fdetached_shock(cz f))
Fuzzy aggregation has been applied here to interpolate, ex- ] ]
trapolate, and combine data from different analysis programs that 1€ calculations for Newtonian, free-molecular, and detached
hold in different regimes. Simultaneously, the level of confidence Shock flow regimes are rapidly computable, and the interpola-
in the analysis has been explicitly represented and propagatedt'on of experimental data is a well-understood problem. Each

using a mathematics of fuzzy sets (Zadeh, 1965) similar to that SuPfunction lends itself to simple automation. -
used to combine preferences in thglM A formal solution to the problem of combining the subfunc-

tions f; must fulfill several purposes. Some important features of
a formal solution are as follows:

The aeroshell travels through several flow regimes (and is
often in an indeterminate state between regimes) during the
integration. In addition, most analytic models have been
developed for a particular aeroshell geometry, and must be
modified to provide useful information for other geometries.
e Rules of thumb: experience- and intuition-based knowledge.

FORMAL TREATMENT OF THE PROBLEM e Calculation of each subfunction comes from expertise from
The statement of the general problem is as follows: Hind the particular discipline. The formal solution must allow
such that for calculation modules to be added, removed, updated, ex-
f(d, &) = (p, i) changed.
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e Propagation of confidence is separate from combination of stood, and the analysis tool presented here uses polynomial and
results, but confidence information is necessary for combi- spline fitting in its implementation. The extension of analytic re-
nation of results. The formal solution should propagate and sults to new aeroshell geometries is treated as an interpolation
combine confidences in a justifiable manner. problem in the error.

e Combination of results is easy to do, but easy to get wrong. If we consider the experimental data alone, then the analysis
An arithmetic mean, while computationally tractable, is of- space can be separated into two regimes: one where the exper-
ten not the right choice (Biegel and Pecht, 1991; Vincent, imental data holds, and one where it is not adequate. This dis-
1983). The formal solution should use combination meth- tinction is fuzzy; only at the actual experimental points, and only
ods that are based in domain expertise; the methods of then if the experiment was reliable, can one be certain that the
combination, like the calculation modules, should permit experimental data holds. Anywhere else in the analysis space,
easy maodification. Combination functions such as other the confidence that the designer holds in the data will depend (at
weighted means (those betwestin and maX have been least) on how close it is to actual data points.
used previously in preference aggregation (Otto and Anton- The designer’s confidence is uncertain but not probabilistic;
sson, 1991; Scott and Antonsson, 1995), and the fuzzy sets it is not the case that the analysis has a 70% chance of being right
literature (Zimmermann, 1985) has an extensive treatment and a 30% chance of being wrong. The designer’s uncertainty
of t-norms (less thamin) and t-conorms (greater thamay). about the reliability of the data is naturally modeled as the degree

e One feature of this sort of analysis, when it is handled infor- of membership in a fuzzy set (Zimmermann, 1985). The confi-
mally by a human designer, is that the subfunctions (or cal- dence (or preference, ind{iterminology)uex, (%) for the appli-
culation modules) are updated when analysis by other meanscability of interpolated experimental results to a particular point
indicates shortcomings. The formal solution should allow #is a function of the point’s distance from existing experimental
for such back-propagation of information; while the ultimate  points, taking a value of 1 (perfect confidence) at experimental
goal is to provide a proposed change in a particular submod- points, and tailing off to 0 at some distance. The confidence in
ule, an acceptable intermediate step is to provide feedback interpolation will also depend in general on the particular point;
to the designer, who can modify subfunctions as necessary. the transsonic flow regime, for example, is notoriously ill-suited

) ) ] to interpolation.

The need to mcorporate and mothy rules points to fuzz.y'set The calculation ofiey, (or any othery) is a matter of en-
theory as a c_andldate for the combination model. In addition, gineering judgment. Sometimes it may be possible to express
the comblnat_lon of designer preference has been represented aiexp simply and analytically. For example, one might define the
the aggregation of fuzzy sets (Antonsson and Otto, 1995), and ¢onfidencee,, (7) in the interpolated answer as a function of the
this problem exhibits many S|m_|Iar|t|es to t_he designer preference (Euclidean) distance of the poigifrom the nearest experimental
problem. The aggregation will be best illustrated through the POINt Facarest, and let the confidence tail off as some unaccept-

presentation of the example. able distance,, ., is approached, for example with:

Mexp (?j) = d%(l?j_ gnearest| _drrlax)2(|g_grlearest| +d111ax)2;

APPLICATION TO THE EXAMPLE max

The aeroshell analysis problem presented in this paper hasa plot of which is shown in Figure 3. This quartic confidence
been restricted so that the analysis space is spanned by six varicurve has zero slope atvalues of 0 and 1, and falls off fastest at
ables: three design variables and three variables to describe thehe midway point. However, there is no proof that the nuances of
operating conditions. While experimental data are available for the curve are an accurate model of the engineer’s thinking. The
some regions of the analysis space, there are no experimentabnly truly “fixed” points on the curve are those that reflect the en-
data points for many regions of interest. In addition, analytic gineer’s highest confidence<1, if the experimentis completely
(and thus easily computed) analyses have been previously con-rusted) in those points where experiments were performed, and
structed to cover some of the regions in which the aeroshell will those that show that confidence degrades to zero at some distance
operate, usually with reference to a particular fixed geometry; d...x Which is specified by the engineer. Other researchers have
in this example, the authors had access to a Newtonian analysisargued that the human capacity to distinguish many points on a
code and a free-molecular analysis code. These analytic codespreference curve is limited (Miller, 1965), and so the detailed
can be applied to other aeroshell geometries if they are suitably shape of the curve is unimportant. A linear interpolation is then
modified. The analyst who combines these sources of informa- a priori no worse, and has the advantage of simpler calculation:
tion has tasks of two varieties: to interpolate and extrapolate L
ex : - “ " . . Amax — |y - ynearestl

perimental and analytic results to “new” areas of the design Pexp () =

space, and to determine a level of confidence in the interpolated max
results. The interpolation and extrapolation of data is well under- Other subtleties in the determination of a level of confidence in
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the interpolated data, some of which have been alluded to be-
fore, contribute to the difficulty of representing confidence with

fidence without taking all possibilities into account. Espe-
cially in preliminary design, the engineer may proceed, con-
10 ) sidering only the most important confidence criteria, and re-
fine the calculation for more detailed analysis.

A more flexible approach to confidence specification is re-
quired to capture these nuances. The natural model of mem-

M bership in a fuzzy set for the confidence level of a pajnh

05 . design space indicates the use of a rule set to define designer

confidence. The transformation of a set of IF-THEN rules into

a fuzzy inference matrix is a well-known problem in fuzzy set

theory, and commercial packages such as Matlab’s Fuzzy Logic

Toolbox (Jand and Gulley, 1995) are available to perform this.

A rule set is flexible with respect to the difficulties enumerated

d above, and is easily updated. In some cases the engineer may

max feel more comfortable circumventing the rule set and specifying

confidence functions directly. For instance, for Mach numbers
M between 3 and 8, andclose to that of air (the value ¢fat

Figure 3. EXAMPLE CONFIDENCE CURVE which experiments were made), the engineer may wish to define

a simple rule for each dimension of the design space describ-

ing the loss in confidence as a function of the distance from the

nearest experimental points in that dimension. The confidence

contribution with respect to Mach numbgf is piexp:ar, Say:

0.0
0.0

distance

a single curve: dmax:m — | M — Myearest|

1.

2.

MHexp: M (M) -

. ) Amax:M
Only a few points on a confidence curve such as the one e

shown in Figure 3 will be meaningful to the engineer. Similar functions forB, F, 6, anda are combined, in this case
The specification ofi,ax as a single number assumes that with a multiplication:

Euclidean distance in different dimensions of the design

space are equivalent, or at least comparable. This is plainly Hexp(B, F,0, M, a, p) =

not true in general, for even if all dimensions can be scaled texp:B (B ftexp:F (F) ttexp:6 (0) ttexp: s (M) lexp-o ()

so that units are comparable, it cannot be assumed that the

analyst is equally concerned with “distance” in all direc- Note that since has been assumed to be close to that of air, it
tions. has no contribution. However, whenis different another rule

. The confidence in interpolated data will depend on the op- comes into play and the free-molecular analysis must also be

erating point; in other wordgl,.x, even if well-defined, is considered.

a function ofy. For example, the designer is likely to have Some data, taken from wind tunnel tests for cone angles of
much more confidence in interpolated data for Mach num- 10, 15, and 20 degrees (Peterson, 1962), is shown in Figure 4.
bersM between 3 and 8 than in the transsonic range where The data is shown here as isolated experimental points. A stan-
M =~ 1. dard interpolation scheme will generate a surface over the same

. The confidence in interpolated data will depend on several range, but not all points on the surface will have the same level of

nearest points, not just on the single nearest experimental confidence. The rule set implemented here maintains high confi-
PoINt Fnearest- dence in interpolated data along the dimensieasd) (except

. Confidence may be quite different for extrapolated data than across the transsonic regidd ~ 1, where deviations i/ are

for interpolated data. penalized strictly), but enforces relatively high penalties on de-

. When sufficient experimental data is available, the fidelity viations from experimental points th B, andF'. In particular,

of interpolation can be checked against other experimental with the present data there is sufficient granularitylinand o
points; the analyst fitting a curve by hand typically uses such to check curve fits; as more data becomes available in the other
a check in the informal calculus of confidence. Thg.x dimensions, the confidence calculations can be updated.
approach obscures this. Of the many physical models for fluid flow to handle dif-

. Finally, the engineer may recognize the potentialimportance ferent regimes, two have been implemented to date: a model

of all of these subtleties, and yet arrive at a level of con- for Newtonian flow, and a model for free-molecular flow. Each
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Figure 4.

Empirical data: B=0.00, F=0.75, theta=10 fixed

Mach number ’ 0 angle of attack

Empirical data: B=0.00, F=0.75, theta=15 fixed

Mach number ’ 0 angle of attack
Empirical data: B=0.00, F=0.75, theta=20 fixed

Mach number ’ 0 angle of attack

EMPIRICAL DATA: C'; FOR THREE CONE ANGLES 6

of these models covers an analysis regime likely to be encoun-
tered by the aeroshell in its descent to the surface, and as was
mentioned above, each model was developed for a particular
aeroshell geometry. The analyst has some confidence in the out-
put of these models as long as two conditions are satisfied:

1. The operating point is in the appropriate flow regime. For
free-molecular flow, a high Knudsen number is required,
which translates roughly to a low, and an assumption of
Newtonian flow is used for some supersonic flows when the
entrained boundary layer can be assumed to stay within the
shock cone.

2. The aeroshell geomet@/ must be close to one for which
there are experimental data. The analysis is achieved by cal-
culating the analytic model at a set of experimental points,
and then curve fitting the error between the analytic model
(which was originally developed for a different geometry)
and experiment, and interpolating or extrapolating to the op-
erational point of interest. Thus the machinery of the inter-
polation scheme and its attendant confidence calculation are
both relevant here.

Surface plots of each of the two models are shown in Fig-
ures 5 and 6, with continuous variationdnsince Mach number
isirrelevant for these two particular flow models. For comparison
with Figure 4, a slice of each surfacefat= 15° is also shown.
These analyses are also not accurate over the entire domain; as
with the experimental data, there will be varying degrees of con-
fidence.

Aggregation of Data from Disparate Sources

To determine the output parameters and their confidences
for a point in analysis space, data from three calculation mod-
ules (experimental, Newtonian, and free-molecular) are consid-
ered. The varying confidence in each calculation module over the
space is represented by membership in a fuzzy set. This mem-
bership is determined by the application of a number of fuzzy
rules. Confidence in interpolated experimental data is higher
near explicitly calculated data points, with greater penalties for
deviations in geometry and lesser penalties for deviations in the
operating parameter® andc«. If the density is low then free-
molecular analysis is useful: Figure 7 embodies this fuzzy rule in
a fuzzy set on density expressing the applicability of the free-
molecular flow analysis. The applicability of Newtonian analy-
sis depends on the entrained boundary layer staying within the
calculated shock cone. The rules determining the applicability
of each regime are specified by the designer and encoded with
fuzzy sets, either directly or through the construction of a fuzzy
inference matrix; these sets can be updated as the designer re-
fines the rules. Such modification is inexpensive, as it entails
only a change in the aggregation problem, and does not require
any expensive analysis calculations to be repeated.

Copyright© 1997 by ASME
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Figure 5.  NEWTONIAN FLOW MODEL: C, FOR VARIOUS 6

The results from all analysis modules are combined, with
their participation determined by the confidence in the answer.
This analysis will divide the space into regions in which the dif-
ferent analysis modules predominate. Some regions will have
high levels of confidence for more than one module, as is the
case when experimental data is taken in a regime for which there
is an analytical model. In this case, the overall analysis includes
feedback as to the legitimacy of the modules. Disagreement be-
tween modules may lead to changes in designer confidence or
updated models.

Where a single analysis module has a much higher confi-
dence than the other two, the result from that module is used,
and the confidence is returned with the result. (The analyst using
the tool in an integration scheme can log the confidences, or flag
points where confidence falls below a given level.) If the confi-
dence for the other modules is low but not zero, the answers from

those modules can be compared with the result, and the compar-

sum is acceptable, and the overall confidence will be greater than
either of the single confidences (so that the computation of con-
dences, the results must be combined. The most straightforwardfidence can be effected with a t-conorm (Zimmermann, 1985)).
way to do this is with a weighted sum (the confidence levels can If the results are not in close agreement, it is perhaps better to
provide the weights). A more useful scheme is to compare the use the result with the higher confidence, but return a lower con-

ison can be logged for the analyst’s later use.
When two or more analysis modules return high confi-

drag coeff. Cd
o w

|
N

2
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-

o
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Mach number 1o angle of attack

Figure 6. FREE-MOLECULAR FLOW MODEL: C, FOR TWO 6
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results before combining; when they agree closely, a weighted fidence level.
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Figure 8. INTERPOLATED EXPERIMENTAL RESULTS WITH B = 0, Figure 9. RESULTS FROM FREE MOLECULAR CODE WITH B = 0,
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CONCLUSION
Especially since only three flow regimes have been imple- A method to resolve disagreeing data from multiple sources

mented, there are _regions of_the analysi_s space in which all re- has been applied to the analysis of design information. The
.SUItS have .IOW conf|dence._Th|s shortcoming may be corrected by method uses the mathematics of fuzzy sets to represent levels
mcorpqratmg other analysis models (such as the detached ?hOCKof designer confidence in the data. Resolution, interpolation, and
analy5|s_or a CFD module). N(_avertheless, Justl as the des'gnerextrapolation are accomplished by the use of fuzzy set aggre-
working '”.fO”T‘a"V must work with the tQOIS available, the.for- . gation functions. This approach does not add significantly to the
mal cor_nblnatlon of _results here recognizes t_he Shortcommgs n computation cost, and thus can be refined without repeating anal-
the avallabl_e analysis tools and S|gnals_that W'th low co_nflder_1ce_s. yses, and is therefore particularly useful when computations are
Thg analys_ls program presente_d hereis de5|gned.for inclusion in expensive and must be minimized.

an integration routine; the routine can track confidences to de- o } ] )
termine the overall reliability of the integration and to determine The application of this method to the design analysis of an
which regions of the analysis space need further refinement. It @€roshell re-entry design problem, furnished by the Jet Propul-
would be a poor use of engineering resources to develop a de-Sion Laboratories, has been presented.

tailed model of the analysis space in a region that the aeroshell

never encounters.

Some _aggregated results from the analysis program are ACKNOWLEDGMENTS
shown in Figures 8 and 9. Each plot shows a response surface for

the axial drag coefficier®, over a region of the analysis space; This paper would not have been possible without the signifi-
Figure 8 contains results Whef6ice_molecular = 0 (density is cant contributions of Robert J. Glaser of the Mechanical Systems

high, and the free molecular model does not hold) and Figure 9 Engineering and Research Division of the Jet Propulsion Labo-
results Wher@ugee_molecular = 0.7 (density is low enough that ratorleslln Pasadena, Cahforpla, who first brought the .n.eed for
the free-molecular model has a relatively high confidence level). & Superior method of calculating the aerodynamic coefficients to
In both cases, the empirical data dominates where experimentsthe e_luthors’ attention, .and who provided invaluable expertise in

were performed at points that closely approximate operating con- the field of aerodynamics.

ditions, and the physical flow approximation models are more This material is based upon work supported, in part, by the

important where there is less experimental data. The experimen-National Science Foundation under NSF Grant Number DMI-

tal data are less significant Whef.cc—molecular = 0.7, Since 9523232, and by NASA/JPL under Grant Number PR-475984.

these experiments were made with a density that of air. The dis- Any opinions, findings, conclusions, or recommendations ex-

continuities in the plots indicate incomplete knowledge, and may pressed in this publication are those of the authors and do not
indicate that a model needs to be refined. necessarily reflect the views of the sponsors.
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