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DESIGN OPTIMIZATION SYSTEM AND METHOD

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional
Application No. 60/569,595, filed on May 10, 2004. The disclosure of the above
application is incorporated herein by reference in its entirety for any purpose.

FIELD OF THE INVENTION
[0002] The present invention generally relates to design optimization,
and relates in particular to the solution of optimization problems that are
decomposed to facilitate a multi-level solution process that utilizes selective
update of interactions between subsystems and/or between the system and its
subsystem(s) in a form that is controlled by weight functions whose spatial and
temporal distributions are predetermined and whose magnitudes are varied

stochastically within a selected range.

BACKGROUND OF THE INVENTION

[0003] Optimization is a process that seeks to identify the best design
according to a specified measure, or objective function, while also satisfying
certain restrictions, or constraints. But mathematical methods used for
optimization may not always identify the best design, and in these cases we
seek to find as good a design as possible, or at least a design that is better than
the existing one. Herein, use of the word optimal is intended to mean best, or as
good as possible, or better than before, depending upon what is possible in that
context and application.

[0004] We are concerned here with relatively large optimization
problems, where large may refer to the number of design variables and/or the
CPU time required to evaluate the objective function for a particular design
candidate. In such cases it is common to break the problem into smaller parts,
or subsystems, using decomposition.

[0005] Decomposition may be applied to the optimization problem
itself, to the physical/temporal domain of the system, and/or to the disciplinary
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responses in a multidisciplinary ’problem. When an optimization problem is
decomposed, the design variables are often segregated into sets so that the
variables within each set interact closely, but interact weakly with the remaining
design variables (those in other sets). Both physical and temporal domains can
be decomposed into several smaller domains. In a multidisciplinary problem,
each subsystem may represent a different disciplinary analysis of the same
system. In each of these cases, the large design optimization problem can then
be cast as a series of smaller optimization problems that are coordinated in order
to optimize the entire system.

[0006] After an optimization problem is decomposed, the solution
procedure may take one of several forms. Among the more popular methods is
a multi-level optimization procedure. For example, in a two-level optimization
procedure the optimization of the subsystem variables, X, is nested inside an
upper-level optimization of the global variables, z. It is also possible to define a
third set of variables, y, that are output from one subsystem and input to another
subsystem. An iterative approach can then be used to coordinate the
identification of the subsystem and global variables that jointly optimize the
system. Most such iterative approaches depend upon the calculation of
sensitivity derivatives of the optima of each subsystem with respect to changes
in the global variables, z. Often, the calculation of these derivatives is either very
difficult or computationally very expensive. In some cases, the sensitivity
derivatives are discontinuous. The cost of calculating the sensitivity derivatives
depends in part on the form of interaction between the subsystems and the
number of design variables.

[0007] A solution procedure that does not require the calculation of
sensitivity derivatives would be beneficial in many applications. Such an
approach is often called direct iteration, or fixed-point iteration. This technique,
however, has less than desirable convergence characteristics when applied to
many classes of problems. Namely, problems in which significant changes in the
interaction variables occur during the iteration process may not converge to a
near optimal solution, and may fail to converge at all.
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[0008] Here, a modified fixed-point iteration process is presented
with a significantly enhanced ability to converge when applied to multilevel

optimization of large problems.

SUMMARY OF THE INVENTION

[0009] In accordance with the present invention, a design optimization
system includes an initial design evaluation module evaluating a system model
using initial subsystem designs to extract interactions between subsystem
models and/or between the system and the subsystem models. An updating
module updates the interactions for the subsystem models, and an optimization
module performs subsystem design optimization using the subsystem model and
most recently updated interactions, thereby obtaining an updated subsystem
design.

[0010] The present invention is advantageous over previous design
optimization systems and methods in that potentially thousands of design
iterations can be performed at the subsystem level in about the same amount of
time required to perform 5-15 system level evaluations. Therefore, potentially
hundreds or thousands of design parameters can be considered simultaneously.
With this approach, engineers can achieve designs with significantly higher
performance and robustness, and in less time. Furthermore, engineers can
thoroughly explore new design concepts that were previously ignored due to
their computational complexity.

[0011]  Further areas of applicability of the present invention will
become apparent from the detailed description provided hereinafter. It should be
understood that the detailed description and specific examples, while indicating
the preferred embodiment of the invention, are intended for purposes of
illustration only and are not intended to limit the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] The present invention will become more fully understood from

the detailed description and the accompanying drawings, wherein:
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[0013] Figure 1 is a set of Venn diagrams illustrating system and
subsystems and their interfaces, whereupon interactions are measured between
the system and the subsystems;

[0014] Figure 2 is a simplified flow chart for a sample direct iteration
strategy to solve multi-level optimization problems;

[0015] Figure 3 is a block diagram illustrating hierarchical
decomposition of a system into multiple levels of subsystems; and

[0016] Figure 4 is an updated flow chart for a sample direct iteration

strategy to solve multi-level optimization problems.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0017] The following description of the preferred embodiment(s) is
merely exemplary in nature and is in no way intended to limit the invention, its
application, or uses.

[0018] We will first consider a particular special case of the broad
problem class of interest for the purpose of describing the fundamental aspects
of the new approach. In a subsequent section this approach will be generalized
in several meaningful ways.

[0019] [In large complex engineered systems (including structural,
fluidic, thermal, acoustic, electro-magnetic, etc.), often only a subsystem or a
small part of the system design needs to be modified to adapt or improve
performance in some way. For example, to improve frontal crash safety in an
automobile, an engineer might focus design changes on only the vehicle lower
compartment rails and the bumper. To modify the lift or drag characteristics of
an airplane, an aerospace engineer might focus only on the leading or trailing
edge of a wing.

[0020] Referring to Figure 1A, consider any continuous or discrete
system that exists in the domain Q. The spatial and temporal performance of
the system under a prescribed set of environmental conditions (generalized
loads) can be described mathematically by equations (e.g., differential, integral,
algebraic, etc.) in terms of primary variable(s) and the secondary variable(s).
Domain Q has boundary I".
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[0021] Referring now to Figure 1B, within the system domain Q, one

or more subsystems can be identified having domains according to Q (i=1

subsystem(i)

to N), such as subsystem domain Q and subsystem domain Q

subsystem(i) subsystem(j)*
The only restriction on the definition of the subsystems is that their domains may
not overlap. Referring now To Figure 1C, subsystem i and subsystem j having
the domains described above must not have any common interior points for all
ij=1to N, but subsystems may have common boundary points. The subsystem
boundary [subsystemy represents the boundary between subsystem i and the
remainder of the system. Similarly, subsystem boundary [sussystem represents
the boundary between subsystem j and the remainder of the system. It can be
assumed here without loss of generality that the generalized displacements
(primary variables) and/or generalized forces (secondary variables) at the
boundary of subsystem i can be expressed as:
U= Upssiemy on [ subsystem) (1)
[0022] Referring generally now to Figures 1A-1C, of interest here is the
common situation in which the performance of one or more subsystem designs
is to be optimized by changing one or more characteristics (design variables) of
the subsystem(s). For example, design variables may include shape parameters,
material parameters, or any other feature or parameter in the subsystem(s). The
subsystems do not share any design variables, and the remainder of the system
(that which is not part of any defined subsystem) is fixed so there are no global
design variables. In this context, a subsystem is optimized when a specified
objective function is minimized or maximized, including the special case in which
the subsystem satisfies a particular performance target. The subsystem designs
may also be subject to a set of constraints that must be satisfied. The
optimization is performed by finding the simultaneous values of a set of design
variables that extremize the objective function while satisfying all constraints.
Mathematically, the optimization statement within each subsystem i may take the

form:
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Minimize (or maximize):  Fi(X1,Xz,...,Xn)

such that: Gi(X1,Xz,..., %) <0, J=1,2,....pi
H,-,-(x1,x2,...,x,,)' =0, j=1,2,...,qi
where (X1,Xz,...,X,)" are design variables in subsystem i
(2) Fi(x1,Xz,...,X,) ' is the objective (performance) function in

subsystem i
Gj(X1,Xz,...,Xn) " are inequality constraints in subsystem i
Hi(x1,X2,...,Xn) "are equality constraints in subsystem j

[0023] The problem statement in Equation (2) is intended to include
optimization problem statements in the broadest sense, including but not limited
to multi-disciplinary and multi-objective optimization.

[0024] In some cases, even major changes to a subsystem design do
not strongly affect the interactions between the system and the subsystem(s). In
other words, there are some systems in which the subsystem interactions
Busysiemcsy €XPETIENCE SMaAl OF NO change when the values of design variables in

any subsystem are modified. In these cases, the subsystem j can be redesigned

in isolation using mathematical models involving only the domain Q

subsystem(i) ?
which should be smaller and simpler than models involving the entire system

domain. The system contributions are included through the interactions #

subsystem() *

[0025] On the other hand, there are many cases in which the
subsystem behavior is strongly coupled to that of the overall system in such a
way that even small changes to a subsystem can strongly affect the interactions
between the system and subsystem(s). This category of problem is the main
focus of the present invention. In these cases, design optimization of the
subsystem(s) currently requires that a mathematical model of the complete
system be used so that these interactions can be taken into account directly.
These full system level models are often very large and complicated, and thus a
significant amount of computational time (e.g., 5-50-hours) may be required to
simulate the performance of each new design scenario. Because many (e.g., 50-
50,000) potential design evaluations might be necessary to perform a high

fidelity design optimization involving a large number (e.g., 10-1,000) of design
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variables, it would take many weeks to perform a design optimization study on
even a small subsystem. Thus, this class of problems is currently viewed as
intractable.

[0026] The objective of the present invention is to drastically reduce
the time and effort required to perform design optimization on subsystems whose
performance is strongly coupled to that of the complete system to which they
belong. The goal of the current approach is to reduce the computational time for
such design studies by a factor of 10 — 1,000, depending upon the problem
definition.

[0027] Let us assume that a given design optimization statement as in
Equation (2) requires that a minimum number of design evaluations be
performed, this number of evaluations depending primarily upon the number and
type of design variables, the nature of the design space, and the optimization
search process employed. Then, a reduction in the computational effort required
to optimize a subsystem must be achieved by reducing the computational effort
to evaluate each design scenario. Here, a technique is sought in which most
design evaluations can be performed using the subsystem mathematical models,
which should be much smaller and computationally more efficient than the
complete system level model. But such an approach must also account for the
sometimes strong interactions between the performance of the system and the
subsystem(s).

[0028] In a typical design optimization problem, the goal is to design a
system so that it behaves in a prescribed or optimal manner in a given
environment or under a set of prescribed conditions. The challenge of the current
problem is to simultaneously identify both a subsystem that is optimal according
to a specified criterion and the interactions (acting as subsystem boundary
conditions) under which the subsystem should behave optimally.

[0029] In the general case, the interactions associated with the optimal
design cannot be known until the design approaches its optimal form, and the
final optimal design cannot be identified until the interactions approach a form
associated with the final optimal design. In other words, the optimal design and
the interactions are interdependent, and they must be codetermined. Using the
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previous notation, we may denote the subsystem design variables as x|, and the
interactions represent the global variables, z.

[0030] Turning now to Figure 2, a direct iterative approach can be
devised to solve this problem without the need for calculating sensitivity
derivatives. In a simple form, the process can involve steps 10-50. In particular,
the process begins at step 10 with evaluation of the system model using an initial
subsystem design and extraction of interactions for the subsystem model. Next,
step 20 includes updating the system interactions. Then, subsystem design
optimization is performed in step 30 using the subsystem model and most
recently updated subsystem interactions. In turn, the system model is evaluated
in step 40 using an updated subsystem design and new interactions are
extracted for the subsystem model. Finally, if a maximum number of cycles is
not exceeded at decision step 50, then the process returns to step 20, where the
interactions are updated and processing continues as described above in steps
30 and 40. Otherwise, the process ends. This is only one embodiment of the
process according to the present invention. Several other forms corresponding to
particular multi-level design optimization strategies have been developed, and
many more are envisioned.

[0031] Note that the subsystem optimization in step 30 is typically
terminated prior to full convergence to the optimal solution. There is no point in
expending the extra effort toward finding an exact subsystem optimum prior to
identifying subsystem boundary conditions that are close to their final form.
Hence, the iterative process often proceeds using near optimal subsystem
solutions.

[0032] The simple iterative scheme described above works well in a
limited number of cases wherein the interactions associated with the initial
subsystem design(s) do not differ appreciably from those of the final optimal
design(s). In these cases, the interactions experience only small changes due to
modifications in a subsystem design, because the coupling between the system
performance and the subsystem design is relatively small.

[0033] When the interactions vary moderately or strongly due to
changes in a subsystem design, the process described above often does not
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lead to convergence toward the optimal system or subsystem design(s). The
main reasons for this failure are associated with the form of the interactions and
the associated optimized subsystem design(s) at intermediate iterations. During
the subsystem design optimization process, designs are found that are optimal
or near optimal with respect to intermediate forms of the interactions. An
intermediate near optimal subsystem design found in step 30 may give rise to an
updated set of interactions in step 40 for which subsequent optimization
iterations do not converge toward the desired optimal system solution. In other
words, the subsequent optimal subsystem design(s) are strongly sensitive to the
interactions. This behavior can also be likened to being stuck in a local optimum,
though in the current case the local optimum is an atrtificial one that is not
associated with actual interactions between the system and the subsystem.

[0034] The authors have discovered that convergence difficulties
associated with the scheme described above are largely overcome when the
optimized subsystem design(s) in iteration k

1. have good performance under the K" set of interactions; and
2. exhibit similar performance characteristics under the k" and (k+1)"
interactions (i.e., the system and subsystem responses of interest in steps

30 and 40, respectively, do not have significantly different gradients or

eigenmodes).

[0035] Thus, it is important during intermediate iterations to identify
optimal or near optimal subsystem designs that have similar performance under
small fo moderate variations in the interactions. Optimal subsystem designs that
satisfy the above criteria are said to be robust against stochastic variations in the
interactions.

[0036] Convergence may also be improved by reducing the magnitude
of the change in the interactions from one iteration to the next, or by using a
weighted average of the interactions at two or more consecutive steps.

[0037] In order to satisfy the conditions above, the interactions at
iteration k can be cast in the form:

k

wsus on Fsubsystem(i) (3)

A
usub.\‘yxtem(i )y T
s=1
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where i (x,y,z,t) are the generalized interactions (for example, generalized

displacements and/or forces) on the interface T, at iteration s, and

ubsystem(i)

w,(x,y,z,t) are weight functions whose spatial and temporal distributions are

predetermined and whose magnitudes are varied stochastically within a selected

range during subsystem optimization. A common form of Equation (3) is:

A~

usubsystem(i) = wluk—l + quk on F subsystem(i) (4)

where i, (x,y,z,0),i,(x,y,2,t) are the interactions on T, ..., at iterations k-7

and k, respectively; and W, (x,y,z1),w,(x,y,z,t) are weight functions whose
spatial and temporal distributions are predetermined and whose magnitudes are
varied stochastically. The manner in which the stochastic nature of the
interactions is accommodated depends primarily on the optimization search
process(es) that are used in the subsystem optimization step. Note that the
spatial and temporal variations of w,(x, y,z,1), W,(x, y,z,¢) may be specified in a
number of ways, and may be intentionally formulated so as to guide the solution
in the expected or desired direction.

[0038] It is possible for the interactions between the system and a
subsystem to be specified or constrained along a portion of the boundary
I

wosystemey - WHenever this interaction is either known or desired to be of a
particular form.

[0039] Turning now to Figure 3, the procedure described above can be
generalized to the case in which the system is hierarchically decomposed into N
subsystems, wherein the i subsystem is further decomposed into N;
subsystems, each of which is further decomposed into N; subsystems, and so
on. Denoting the complete system as S and each subsystem as Sjum.., where
the subscripts indicate the hierarchical order of the subsystem, the hierarchical
decomposition of the system is arranged in components 60-140. For example,

component 60 is the S component. Also, components 70-90 are the S, S,, and
S, components, respectively. Further, component 100 is the S; component. Yet
further, component 110 is the S, component. Finally, components 120-140 are

the S, S,,,and S, components, respectively.

10
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[0040] Though the special case and explanations above refer to
subsystems in the spatial domain, it is also possible to .apply this decomposition
approach to the domains of time, design space, and physical discipline. It is
further possible for multiple types of decomposition to exist in the same
decomposed system.

[0041] For an example application to the time domain, consider a case
in which it is desired to optimize a design’s performance during a certain interval
of time (14,t2) that represents a portion of a total event time (to,t;), where to < t1 <
t» < 1. In this case, the solution at t;, which here plays the role of initial
conditions for the solution during the time interval (i4,tz), serves as the
interactions used in the process described above with respect to Figure 2. The
subsystem under consideration is the time interval (t1,t2). Changes to the design
that improve or optimize its performance during (i1,t2) will likely also affect the
design’s behavior prior to t;, and thus the subsystem interactions at t; will be
altered. As before, the interactions (here taking the form of initial conditions)
must now be codetermined along with the design itself using an iterative
approach such as the one described herein. Here, the use of stochastically
perturbed interactions will help to achieve design robustness against small to
moderate changes in the interactions, thereby discouraging the tendency to get
stuck in local optima that are an artifact of intermediate forms of the interactions.

[0042] As an example of design space decomposition, the complete
set of subsystem design variables can be segregated into N subsets X' (i=1 to N)
in such a way that every subsystem variable belongs to one and only one
subset. As part of an optimization strategy, it may be desirable to consider
design changes corresponding to only one set of subsystem design variables at
a time, with all global variables z and subset design variables belonging to the
other sets temporarily assigned fixed values, these values perhaps
corresponding to an initial guess or to the best design found to date. In this case,
the fixed variables play the role of the interactions in the process described
above with reference to Figure 2, and the subsystem under consideration is the
set of subsystem design variables that are allowed to change in order to optimize

or improve performance. When the value of each subsystem design variable in

11
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the set under consideration is modified, it is expected that the values assigned to
the fixed variables will not correspond to the optimal design (until convergence is
reached) due to coupling among the sets of design variables. Thus, as before,
the subsystem design (i.e., the set of design variables being modified) should be
determined so as to be robust against small to moderate changes in the
temporarily fixed design variables (the interactions).

[0043] In multilevel multidisciplinary optimization (MDOQO), each
subsystem may represent a different disciplinary analysis of the same system.
The interactions correspond to the global response quantities z that affect more
than one discipline. During subsystem optimization, these global system
variables are fixed at intermediate values. To improve convergence, the
subsystem designs should be made robust against small to moderate variations
in these fixed quantities.

[0044] Combinations of the above decompositions are readily
accomplished. It is possible to define applications of the current approach to a
particular discipline related to a subset of the design variables in a subregion of
the physical domain and during a portion of the total event time interval.

[0045] Returning to Figure 2, the manner in which robustness is
achieved in step 30 does not seem to be critical to the success of this approach.
In some cases, it is sufficient to evaluate potential design candidates a few times
under interactions that vary stochastically about the mean interactions identified
in step 40. Those subsystem designs whose performance does not degrade
significantly over the range of these varied conditions should have a better
chance of behaving similarly in the system model. in particular, key subsystem
responses such as solution gradients and eigenvectors as well as instabilities
and singularities should not have substantially different characteristics when
evaluated in the system model. it is also possible to achieve a more rigorous
satisfaction of subsystem robustness by performing the subsystem optimization
with a constraint on robustness of the solution under stochastic variations of the
interactions. The manner in which robustness is achieved is not critical to the

performance of this method.

12
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[0046] The size (magnitude) of the stochastic variability on the
interactions is a parameter that must be specified by the user or set by default. In
several previous applications of this method, variations on the order of 5% - 20%
were found to be ideal. Generally, the magnitude of stochastic variation on the
interactions used for subsystem optimization should be less than the actual
variation in interactions between the initial and the final design. This can
sometimes be estimated a priori based on experience or estimated during the
optimization based on the history of changes in the interactions.

~[0047] It is also advantageous to allow adaptable variability on the
interactions according to the solution convergence characteristics. For example,
when a subsystem near optimal design is passed to the system model for a
complete evaluation, the system performance is not always improved. This may
be a sign that either the subsystem design is not near enough to the optimal
solution so that additional subsystem optimization search is needed, or the
subsystem design is not sufficiently robust against changes in the interactions, or
for some reason the change in the interactions is larger than can be properly
handled by the iterative process. In each of these cases, additional subsystem
search with a slightly higher level of stochastic variability on the previous set of
interactions is called for. In the third case, the interactions may also be scaled
back toward those of the previous iteration using Equation (3).

[0048] Maintaining stochasticity of the interactions throughout the
entire optimization procedure will affect the form of the final subsystem design. If
a subsystem design is sought that is optimal with respect to deterministic system
boundary conditions and subsystem interactions, then the level of stochastic
variation in the interactions should be gradually reduced to zero in accordance
with the degree of solution convergence. Alternatively, or when a suitable
convergence criterion is not available, an approximation to the optimal
deterministic solution can be obtained by executing a final cycle of the process
described with respect to Figure 2 during which the interactions are implemented
without stochastic variations.

[0049] In practical applications, it is important to search for design
solutions that are not just optimal but rather are optimal with respect to a

13
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constraint on robustness. The current methodology leads to subsystem designs
that are robust within the system in which they perform. This is a higher level of
robustness that has yet to be explored sufficiently in practice, but which should
provide numerous benefits.

[0050] Turning now to Figure 4, in a more generalized form accounting
for stochastic interactions and control of interactions updating, the process
according to the present invention can include steps 150-200. In particular, the
process starts at step 150 with evaluation of the system model using an initial
subsystem design and extraction of interactions for the subsystem model. Then,
step 160 accomplishes update of subsystem interactions according to Equation
(3). Next, design optimization is performed at step 170 using the subsystem
model and most recent stochastic subsystem interactions. In turn, the system
model is evaluated at step 180 using the updated subsystem design and new
interactions are extracted for the subsystem model. Finally, decision steps 190
and 200 respectively determine whether a maximum number of cycles has been
exceeded and whether subsystem interactions should be updated. If the
maximum number of cycles is determined not to have been exceeded at
decision step 190, but it has been determined at step 200 that updating should
occur, then processing returns to step 160. Otherwise, if the maximum number
of cycles is determined not to have been exceeded at decision step 190, then
processing returns to step 170. However, if the maximum number of cycles is
determined to have been exceeded at decision step 190, then processing ends.

[0051] The decision of whether to update the interactions at decision
step 200 is based primarily on whether the solution is improving according to the
objective function. If improvement is being made, then the interactions can and
in most cases should be updated using those from the most recent system level
evaluation in step 180. If the new solution is worse than previous solutions, then
either additional search at higher variation should be .performed, or the
interactions should be scaled back according to Equation (3). Whether or not the
mean interactions are updated, the level of variability can be modified at this
point based on the solution convergence measure. The current strategy is

independent of the optimization search process used to optimize any subsystem.
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For example, an optimization search process can be employed like the one
disclosed in Jianjun Hu, Erik Goodman, and Ronald Rosenberg, "Robust and
Efficient Genetic Processs with Hierarchical Niching and a Sustainable
Evolutionary Computation Model," Proc. 2004 Genetic and Evolutionary
Computation Conference, Lecture Notes in Computer Science, Springer, June,
2004, Seattle WA, Part I, pp. 1220-1232. The disclosure of the aforementioned
publication is incorporated herein by reference in its entirety for any purpose.
Moreover, it is possible to use an entirely different optimization search process to
optimize different subsystems. The current strategy may utilize parametric
optimization approaches, optimality criterion (OC) approaches, or any other type
of search approach to obtain an optimized subsystem.

[0052] In its current form, this approach is a single point optimization
method with respect to the global system. Thus, it will most often lead to a
system level local optimum or near optimum. It can be employed as a global
optimizer by using multiple starting points (i.e., starting the process with different
initial subsystem designs). At the subsystem level, any global or local
optimization scheme may be used.

[0053] The most important ingredients of some embodiments, namely
the use of stochastic interactions and the controls for step size, can be used
within any multi-level optimization strategy in order to avoid the necessity of
computing sensitivity derivatives.

[0054] The system and subsystem models need not be of the same
type. The only requirement is that the interactions between the system and
subsystem can be identified, with sufficient accuracy to make the subsystem
analyses meaningful, by performing an evaluation of the system model. The use
of different model types for the system and subsystem can be of significant
advantage in some cases. The following list of examples is by no means

exhaustive, but does illustrate this point clearly.
e An explicit dynamic finite element model may be needed for a quasi-static

system level analysis in order to account for very high amounts of

nonlinearities and contact. A corresponding subsystem model may
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experience no contact conditions and only mild nonlinearities, so an
implicit finite element model can be used at the subsystem level. Due to
its larger allowable time step, an implicit subsystem model may be much
more computationally efficient than an explicit subsystem model,
especially for a relatively small sized subsystem finite element model.

e As long as the global model can accurately resolve the primary system
level responses and especially the interactions, the global model may be
as coarse as possible. On the other hand, a more refined model may be
needed to capture the important behaviors of the local model.

e Whereas several sources of nonlinearity may be present at the system
level, a corresponding subsystem may behave linearly. Therefore, a linear
model can be used at the subsystem level while a nonlinear model is
used to resolve the system level response and the interactions.

e In some cases, a subsystem may be of a form that admits a closed-form
solution (e.g., buckling of a rectangular composite panel). In these cases,
an efficient and accurate closed-form solution can be used at the
subsystem level, while a numerical model may be required to account for

geometrical or other complexities at the system level.

[0055] The current approach may use one or multiple agents in its
search. For example, each subsystem level search may use one or more search
agents, each performing independent search but collaborating with other agents,
while the system level evaluations are performed within a separate agent.
Further, the current approach may be used within one or a group of agents as a
component within a broader multi-agent search strategy.

[0056] When applying existing approaches to design problems in
which each evaluation is very expensive, engineers can afford to perform only a
small number of design iterations due to time and resource constraints. Hence,
only a small number (e.g., 2-8) of design parameters can be considered. The
main advantage of the current approach is that potentially thousands of design
iterations can be performed in about the same amount of time required to

perform 5-15 system level evaluations. Therefore, potentially hundreds or
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thousands of design parameters can be considered simultaneously. With this
approach, engineers can achieve designs with significantly higher performance
and robustness, and in less time. Furthermore, engineers can thoroughly explore
new design concepts that were previously ignored due to their computational
complexity.

[0057] The description of the invention is merely exemplary in nature
and, thus, variations that do not depart from the gist of the invention are intended
to be within the scope of the invention. Such variations are not to be regarded

as a departure from the spirit and scope of the invention.
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CLAIMS
What is claimed is:
1. A design optimization system, comprising:
5 (@) an initial design evaluation module evaluating a system

model using initial subsystem designs to extract interactions at least one of: (i)
between subsystem models; or (ii) between the system and the subsystem
models;
(b) an updating module updating the interactions for the
10 subsystem models; and
() an optimization module performing subsystem design
optimization using the subsystem model and most recently updated interactions,

thereby obtaining an updated subsystem design.

15 2. The system of claim 1, wherein said updating module updates the
interactions for the subsystem model j at iteration k according to:

k
usubsyxtem(i) = Z wsus on F.\'ubsystem(i)
s=1

where 74 (x,y,z,¢t) are the interactions on the subsystem boundary T, ..., at

iteration s, and W, (x,y,z,t) are weight functions.

20
3. The system of claim 2, wherein said interactions are primary

variables relating to generalized displacements.

4. The system of claim 2, wherein said interactions are secondary
25 variables relating to generalized forces.

5. The system of claim 2, wherein said interactions are primary
variables relating to generalized displacements and secondary variables relating
to generalized forces.

30
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6. The system of claim 2, wherein the weight functions have

predetermined spatial and temporal distributions.

7. The system of claim 2, wherein the weight functions have
magnitudes that are varied stochastically within a selected range during an
optimization process performed by said optimization module.

8. The system of claim 1, further comprising a conditional optimization
module conditionally performing subsystem design optimization using the
subsystem model and most recently updated stochastic boundary conditions if a

solution is not improving according to an objective function.

9. The system of claim 8, wherein additional search at higher
variation is performed.

10.  The system of claim 8, wherein interactions are scaled back toward
those of previous iterations according to:

k
Wi, on T,

subsystem(i) *

A

usubsystem (@) =

s=1

11.  The system of claim 1, further comprising an updated evaluation
module evaluating one or more system models using one or more updated
subsystem designs to exiract new interactions for one or more subsystem
models.

12.  The system of claim 1, further comprising a termination condition

evaluation module evaluating and selectively obeying a termination condition.
13.  The system of claim 1, further comprising a conditional interactions

update module selectively updating the interactions if a solution is improving

according to an objective function.
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14.  Computer software, comprising:

(@)  first machine instructions operable to evaluate a system
model using initial subsystem designs to extract interactions at least one of: (i)
between subsystem models; or (ii) between the system and the subsystem
models;

(b) second machine instructions operable to update the
interactions for the subsystem models; and

(¢)  third machine instructions operable to perform subsystem
design optimization using the subsystem model and most recently updated

interactions, thereby obtaining an updated subsystem design.

15. The software of claim 14, wherein said second machine
instructions are operable to update the interactions for the subsystem model / at

iteration k according to:

k
Wi, onT

subsystem(i)

A

usubsystem(i ) =

s=1

where i (x,y,z,t) are the interactions on the subsystem boundary T, at

ubsystem(i)

iteration s, and W, (x,y,z,t) are weight functions.

16. The software of claim 15, wherein said interactions are primary

variables relating to generalized displacements.

17.  The software of claim 15, wherein said interactions are secondary

variables relating to generalized forces.
18.  The software of claim 15, wherein said interactions are primary
variables relating to generalized displacements and secondary variables relating

to generalized forces.

19. The software of claim 15, wherein the weight functions have
predetermined spatial and temporal distributions.
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20. The sofiware of claim 15, wherein the weight functions have
magnitudes that are varied stochastically within a selected range during an

optimization process performed by said optimization module.

21. The software of claim 14, further comprising fourth machine
instructions operable to conditionally perform subsystem design optimization
using the subsystem model and most recently updated interactions if a solution

is not improving according to an objective function.

22. The software of claim 21, wherein additional search at higher

variation is performed.

23. The software of claim 21, wherein interactions are scaled back

toward those of previous iterations according to:

k
Wi, on I,

subsystem(i) "

A

u

subsystem(i) =
s=1

24. The software of claim 14, further comprising fourth machine
instructions operable to evaluate one or more system models using one or more
updated subsystem designs to extract new interactions for one or more

subsystem models.

25. The software of claim 14, further comprising fourth machine

instructions operable to evaluate and selectively obeying a termination condition.

26. The software of claim 14, further comprising fourth machine
instructions operable to selectively update the interactions if a solution is
improving according to an objective function.

27. A design optimization method, comprising:
(a) evaluating a system model using initial subsystem designs
to extract interactions at least one of: (i) between subsystem models; or (i)
between the system and the subsystem models;
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(b)  updating the interactions for the subsystem models; and

(c) performing subsystem design optimization using the
subsystem model and most recently updated interactions, thereby obtaining an
updated subsystem design.

28. The method of claim 27, wherein step (b) includes updating the

interactions for the subsystem model / at iteration k according to:

k
Wi, on I,

subsystem(i)

A

u

subsystem(i) =
=1

where i (x,y,z,t) are the interactions on the subsystem boundary T, at

subsystem(i)

iteration s, and w,(x,y,z,t) are weight functions.

29. The method of claim 28, wherein said interactions are primary

variables relating to generalized displacements.

30. The method of claim 28, wherein said interactions are secondary

variables relating to generalized forces.

31. The method of claim 28, wherein said interactions are primary
variables relating to generalized displacements and secondary variables relating
to generalized forces.

32. The method of claim 28, wherein the weight functions have
predetermined spatial and temporal distributions.

33. The method of claim 28, wherein the weight functions have

magnitudes that are varied stochastically within a selected range during the

optimization process.
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34. The method of claim 27, further comprising:
(d)  evaluating one or more system models using one or more
updated subsystem designs o exiract new interactions for one or more
subsystem models;

(e) evaluating and selectively obeying a termination condition.

35.  The method of claim 34, further comprising selectively returning to
step (b) and updating the interactions if a solution is improving according to an

objective function, thereafter proceeding to steps (c), then (d), and then (e).

36. The method of claim 34, further comprising selectively returning to
step (c) if the solution is not improving according to the objective function,
thereafter proceeding to steps (), then (d), and then (e), wherein at least one of
additional search at higher variation is performed, or the interactions are scaled

back toward those of previous iterations according to:

k
Wi, on T,

subsystem(i) °

A

usub.\‘ystem (O] =

s=1

37. The method of claim 27, further comprising selectively returning to

step (c) if a solution is not improving according to an objective function.

38. The method of claim 37, wherein additional search at higher
variation is performed.
39. The method of claim 37, wherein interactions are scaled back

toward those of previous iterations according to:

k
u.rubsystem(i) = zwsus on Fsubsystem(i) :
s=1

40. The method of claim 27, further comprising evaluating one or more
system models using one or more updated subsystem designs to extract new
interactions for one or more subsystem models.
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41. The method of claim 27, further comprising evaluating and

selectively obeying a termination condition.

42. The method of claim 27, further comprising selectively returning to
step (b) and updating the interactions if a solution is improving according to an
objective function.

43. A method of manufacturing a mechanical part, comprising:

(a) constructing a system model for a mechanical system
having the mechanical part based on the mechanical part and at least one other
mechanical part of the mechanical system;

(b)  evaluating the system model using initial subsystem designs
to extract interactions at least one of: (i) between subsystem models; or (ii)
between the system and the subsystem models;

(c) updating the interactions for the subsystem models;

(d)  performing subsystem design optimization using the
subsystem model and most recently updated interactions, thereby obtaining an
updated subsystem design; and

(e)  manufacturing the mechanical part based on the updated
subsystem design.

44. The method of claim 43, wherein step (c) includes updating the
interactions for the subsystem model i at iteration k according to:

k
W, I onT,

subsystem(i)

A

usubsy.\'tem(i) =

s=1

where i .(x,y,z,t) are the interactions on the subsystem boundary T at

ubsystem(i)

iteration s, and w,(x,y,z,t) are weight functions.

45. The method of claim 44, wherein said interactions are primary
variables relating to generalized displacements.

46. The method of claim 44, wherein said interactions are secondary
variables relating to generalized forces.
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47. The method of claim 44, wherein said interactions are primary
variables relating to generalized displacements and secondary variables relating

to generalized forces.

48. The method of claim 44, wherein the weight functions have
predetermined spatial and temporal distributions.

49. The method of claim 44, wherein the weight functions have
magnitudes that are varied stochastically within a selected range during

performance of the subsystem design optimization.

50. The method of claim 43, further comprising:

(f) evaluating one or more system models using one or more
updated subsystem designs to exiract new interactions for one or more
subsystem models; and

(9) evaluating and selectively obeying a termination condition.

51. The method of claim 50, further comprising selectively returning to
step (c) and updating the interactions if a solution is improving according to an
objective function, thereafter proceeding to steps (d), then (e), and then (f).

52. The method of claim 50, further comprising selectively returning to
step (c) if the solution is not improving according to the objective function,
thereafter proceeding to steps (d), then (e), and then (f), wherein at least one of
additional search at higher variation is performed, or the interactions are scaled
back toward those of previous iterations according to:

k
usubsystem(i) = Zwsus on F?ubsystem(i) ’
s=1

53.  The method of claim 43, further comprising selectively returning to

step (d) if a solution is not improving according to an objective function.

54, The method of claim 53, wherein additional search at higher

variation is performed.
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55. The method of claim 53, wherein interactions are scaled back

toward those of previous iterations according to:

k
ﬁsubsystem(i) = Zwsux on Fsubsystern(i) .
s=1
5 56. The method of claim 43, further comprising evaluating one or more

system models using one or more updated subsystem designs to extract new

interactions for one or more subsystem models.

57. The method of claim 43, further comprising evaluating and

10  selectively obeying a termination condition.

58. The method of claim 43, further comprising selectively returning to
step (c) and updating the interactions if a solution is improving according to an
objective function.

15

59. The method of claim 43, wherein the mechanical part is a motor

vehicle part, and the mechanical system is a motor vehicle or part thereof having

multiple, interacting mechanical parts including the mechanical part.
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