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Advanced multidisciplinary analysis and optimization methods; namely, system sensitivity analysis and non-
hierarchical system decomposition, are applied to reduce the cost and improve the visibility of an automated
vehicle design synthesis process. This process is inherently complex due to the large number of functional
disciplines and associated interdisciplinary couplings. Recent developments in system sensitivity analysis as
applied to complex nonhierarchic multidisciplinary design optimization problems enable the decomposition of
these complex interactions into subprocesses that can be evaluated in parallel. The application of these techniques
may result in very significant computational and calendar time savings, furthermore they may result in significant
cost, accuracy, and visibility benefits for the entire design synthesis process.

Introduction

A S in any engineering design, the vehicle design process
has a qualitative side that depends on human intuition,

creativity, judgment, and a quantitative side that must be
supported by analysis being performed by computers. The
entire vehicle design process is a very large undertaking, in-
volving many engineers who tend to group according to their
specialties. This grouping provides a natural basis for devel-
oping a broad framework to bring as much concurrent man-
power as possible to bear on the project for compression of
calendar time. On the quantitative side of the process, that
mode of operation calls for decomposition of the entire prob-
lem into smaller subproblems that can be identified with the
specialty groups. Numerous decomposition schemes have been
proposed in the field of operations research, as surveyed in
Ref. 1, and in the field of engineering applications, e.g., Ref.
2. In the latter reference, a distinction is drawn between a
hierarchic decomposition in which there are several levels of
subproblems, each depending on the input from a level above,
and a nonhierarchic decomposition in which the subproblems
are all interconnected at the same level.

In the hierarchic decomposition, each subproblem contains
its own optimization. An example of an application to a large
problem is detailed in Ref. 3. In the nonhierarchic decom-
position, the optimization is performed at the system level for
the entire vehicle. However, the sensitivity analysis that gen-
erates the derivatives needed for that optimization is based
on many sensitivity analyses, each executed concurrently within
specialty groups. Because in large system application, the
sensitivity analysis may account for more than 90% of the
time needed for the overall optimization, the concurrency of
the discipline sensitivity analysis has a potential for compres-
sion of the overall time schedule. An even more important
benefit of this approach is that it channels the quantitative
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information exchange among the specialists into the format
of the derivatives, providing visibility of the mutual influences
among the engineering groups. Experience with this approach
has been accumulating recently as evidenced in Refs. 4 and 5.

The purpose of this paper is to show that system sensitivity
analysis and nonhierarchical system decomposition can be an
effective tool for configuration optimization when applied to
an automated vehicle design synthesis process. To this end,
the paper defines the need for a multidisciplinary approach
to vehicle design synthesis, describes such an approach that
has been adopted in industry, examines the role of sensitivity
information in the design process, outlines an algorithm for
system sensitivity analysis, and describes how a particular
vehicle configuration optimization problem may be formu-
lated on the basis of the system sensitivity data. The report
concludes with a discussion of the numerical results of an
example application.

Need for a Multidisciplinary Approach
Recent developments in the quantitative aspects of design;

namely, advancements in both computer technology and the
availability of sophisticated analysis and optimization meth-
odologies, have resulted in quantum improvements in the
computational environment that supports the design process.
These developments have also served to improve the accuracy
of the results obtained from this process by increasing both
the number of participating functional disciplines and their
contributing levels of detail. However, the increased number
of functional disciplines involved in today's vehicle design
trade studies has placed an even greater burden on the design
process simply because of the increased number of interdis-
ciplinary couplings that must be resolved.

A recent example of this complexity can be found in today's
hypersonic vehicle design trade studies. In the case of hy-
personic vehicle design and analysis, attempts to reduce the
aerodynamic drag on the vehicle by elongating the forebody
to a more slender shape also has an impact on the position
of the nose shock relative to the inlet, which strongly influ-
ences the propulsive efficiency. Although this lengthening of
the forebody is favorable in terms of reducing the aerody-
namic drag on the vehicle, it may also reduce the vehicle's
propulsive efficiency through the nose shock position effect.
The net result may be an increase in the mission-sized takeoff
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Fig. 1 Functional discipline interactions in design trade studies.

gross weight of the vehicle, which is in opposition to the result
intended. Such aerodynamic-propulsion interaction is but one
example of numerous complex functional discipline interac-
tions commonly found in today's design trade studies. This is
depicted by the arrows connecting the functional disciplines
in Fig. 1.

Conventional approaches to resolving these interdisciplin-
ary interactions usually involve performing parametric or one-
factor-at-a-time analysis of the design variables of interest.
This approach may also be prohibitively expensive and time
consuming when applied to complex and computationally in-
tensive design trade studies as detailed in Ref. 6. Often the
result is to reduce the number of design variables of interest
and to simplify or omit many of these interactions. Auto-
mating this process helps to bring the collective functional
disciplines together by provides little benefit in reducing the
computational time required to perform the trade study. For-
tunately, the union and application of advanced multidisci-
plinary analysis and optimization methods to such a program
can provide a viable and cost effective alternative to conven-
tional approach.

Vehicle Design Synthesis Process—Description
Traditional vehicle design synthesis programs consist of, as

a minimum, functional modules for geometry, aerodynamics,
propulsion, mass properties, and performance. Depending on
the level of detail required, functional discipline modules for
economic analysis, structures, thermodynamics, stability and
control, reliability/maintainability/supportability (RM&S), and
avionics may also be available. In a multidisciplinary envi-
ronment, each module is developed and maintained by its
respective functional discipline and is updated accordingly, as
new technology becomes available.

Such programs are usually self-contained and provide the
capability to perform vehicle design trade studies rapidly. A
typical organization of primary functional discipline modules
and overall description of the design synthesis process is il-
lustrated in Fig. 2. The design synthesis process begins with
the definition of the baseline vehicle concept and the baseline
mission profile from which the baseline vehicle derives. The
baseline mission profile provides the information needed by
the performance module to compute the fuel required for the
mission. Once the baseline information has been loaded into
the synthesis program, each functional discipline module is
called in a sequential manner. This process begins with the
geometry module, which computes the geometric character-
istics of the vehicle in addition to the fuel available for the
mission. The mass properties module is then called to compute
the scaled and unsealed component weights for the vehicle.
Next, the aerodynamic and propulsion modules are called to
generate tabular data for use in the mission calculations. Fi-
nally, detailed mission performance data are computed, which
results in the fuel required.

Next, a comparison is made of the fuel available and the
fuel required. If there is an excess amount of fuel available,
the vehicle is sized down (according to a variety of vehicle

Automated Design Synthesis Process

Fig. 2 Automated design synthesis functional module organization
and process description.

scaling methods, dependent on the configuration type). If
there is a fuel deficit, the vehicle is sized up to accommodate
the required amount of fuel. This iterative process, which
typically converges in three to four iterations, results in a
mission-sized takeoff gross weight for the input set of design
variables. In the case of design variable optimization, the fuel
balance needed to size the vehicle is formulated as a design
constraint and added to any user-specified performance re-
quirements. The optimization algorithm then predicts new
values for the design variables that improve the objective
function and promote constraint satisfaction.

The optimization process requires information from the
design synthesis process in order to minimize the user-spec-
ified objective function, which is mission-sized takeoff gross
weight or total life cycle cost. Typically, this information is
provided in the form of total derivatives for the objective
function with respect to each of the specified design variables.
The next section of this paper describes how system sensitivity
analysis can be used to provide the necessary design infor-
mation to the optimizer.

System Sensitivity Analysis—An Outline
The numerical side of design process depends on the anal-

ysis of a mathematical model of the design artifact, in this
case an aircraft or vehicle. Analysis of the mathematical model
accepts an input that describes the environment within which
the vehicle operates and the stimuli to which it responds. This
yields an output vector of the data on the ensuing behavior
(response) of the vehicle. These data are valid for a particular
set of values of the design variables. It is essential for the
designer to know how that behavior will change if any of the
design variables are altered. Under the prevailing practice,
answering such "what if" questions requires the perturbation
of one variable at a time and the repetition of the analysis in
order to generate information for a finite differencing or for
a parametric study. In other words, one needs to test the effect
of a particular change under consideration in order to deter-
mine whether that change is going to have the desired effect.

This trial-and-error approach is a consequence of working
with zero-order information; that is, the function values for
the given arguments. If we also had the first-order information
and the values of the derivatives of those values with respect
to design variables, the effect of any comtemplated change
of the variables could be evaluated before committing to fur-
ther implementation and reanalysis. The purpose of the sys-
tem sensitivity analysis is to produce such first-order infor-
mation more efficiently and accurately than can be obtained
by finite differencing. Mathematical means of producing first-
order information are tantamount to giving the designers a
mathematical model of the design for quick answers to "what
if" questions, as is often the case in conceptual design.
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For large and complex systems, the perturb-and-reanalyze
approach to generating data for finite differences that ap-
proximate the derivatives may be impractical, as well as in-
accurate and too costly. However, an algorithm for the system
sensitivity analysis was introduced in Ref. 7 as an alternative
to finite differencing in the generation of first order deriva-
tives. This algorithm was extended to include higher order
derivatives in Ref. 8. An example of the algorithm's appli-
cation, including the use of the first-and-second order deriv-
atives in optimization, is given in Ref. 9. Although the ref-
erences provide a comprehensive description of the algorithm,
its outline is given herein to make this paper self-contained.

System Sensitivity Approach
The system sensitivity algorithm, developed in Ref. 7, treats

the system as an assemblage of black boxes, with each box
containing a mathematical model to represent a particular
aspect of the system behavior or a physical subsystem. It is
not important to describe the contents of each black box as
long as the inputs and outputs for each block of boxes are
defined. Each of the black boxes is coupled because output
from one blapk box may be transmitted as input to another.
An ith black box is viewed as a converter that transforms the
design variables, denoted by input vector X, and the outputs
from the other boxes, denoted by input vectors YJ9 to an output
vector Yi9 assuming that j ± i. Of course, it is recognized
that not every element of X and Yj is actually used. The usage
is selective because not all output variables from each black
box are inputs into the other black boxes.

If the input-to-output conversion for each black box pro-
duces Yf = f(X9 Yj) as a continuous function of the arguments
X and Y/9 the partial derivatives BYJdX and dYJSYj exist. They
represent the direct influence of these arguments on the out-
put as opposed to an indirect influence. For example, the
sweep angle affects the pressure distribution on the wing di-
rectly through aerodynamic predictions and indirectly through
its influence on the structural analysis output of displace-
ments.

The partial derivatives may be computed by finite differ-
encing or by a quasianalytical technique. The former is the
simplest to implement without accessing the inner workings
of a black box; the latter is inherently more efficient and more
accurate but requires modifications to the black box analysis.
Quasianalytical methods for sensitivity analysis have been well
established in some disciplines, notably in structures (a survey
was given in Ref. 10). Initiation of similar developments in
CFD is discussed in Ref. 11 and in its corresponding refer-
ences.

Regardless of the method used, a black box sensitivity anal-
ysis is a local operation applied to a black box isolated from
all others. Therefore, all such analyses may be executed con-
currently—an attractive feature considering the availability
of distributed computing. Other important features not to be
overlooked are the visibility into the functional discipline in-
teractions that are provided by the partial derivatives and the
design sensitivity information provided by the total deriva-
tives. This information, which is not traditionally available
using a one-factor-a-time approach to vehicle design synthe-
sis, can be useful in determining what impact a proposed
design change will have on the output from each black box
as well as for the overall system objective.

The system sensitivity approach seems ideally suited for
implementation into an automated vehicle design synthesis
program because the functional modules required to compute
the partial derivatives are readily available. The benefits of
this approach are the reduction in the time and cost associated
with performing design trade studies and the improved visi-
bility provided by the derivatives. This is particularly true
when utilizing a design synthesis program in an optimization
mode because the total derivatives obtained by solving the
Global Sensitivity Equations (GSE) developed in Ref. 4, can
also be used to drive the optimization.

Define Design Trade Study Objective, Constraints, and Variables
Develop System Model
Identify Functional Discipline Interactions
Assign Partial Derivative Responsibility
Start
Initialize Design Variables and Termination Criteria

Solve System Sensitivity Equatioi
Identify Violated Constraints
Update Design Variables and Objective Function

I Parallel
I Processing

Fig. 3 Chapin-format of optimization procedure using the GSE.

Mach, Alt, a/ ?~ pss."*-™*
Aerodynamics I Propulsion

Fig. 4 System model for example application.

Figure 3 contains a flowchart (Chapin format) that sum-
marizes the sequence of steps that should be taken in for-
mulating and solving the GSE. As indicated in Fig. 3, the
steps required to formulate and solve the GSE can be sepa-
rated into four categories. These categories are preprocessing,
initialization, iteration, and parallel processing. The first four
steps are included in the preprocessing category because they
involve the basic formulation of the problem. Step 5 is in-
cluded as part of the intialization process. Steps 6-8 involve
computation of the partial derivatives, the solution of the
GSE, and the overall optimization of the problem, which is
inherently an iterative process. The final category, parallel
processing, is unique to step 6 and involves the concurrent
computation of the partial derivatives, which reduces the overall
computation time for this process considerably.

Thus far, this paper has defined the need for a multidis-
ciplinary approach to vehicle design synthesis, described au-
tomated vehicle design synthesis in generic terms, introduced
the system sensitivity approach, and summarized the steps
required to formulate and solve the GSE. The next section
of the paper describes in detail the application and imple-
mentation of the system sensitivity approach to an automated
design synthesis program.

GSE Application to Design Synthesis Process
Using the procedure outlined in Fig. 3, a system model for

the primary functional discipline modules was developed. This
system model, displayed in Fig. 4, identifies the relevant func-
tional disciplines and associated interactions included in this
application.

The primary functional disciplines of interest for this study
are geometry, mass properties, performance, aerodynamics,
and propulsion. Each of the disciplines is represented in Fig.
4 by black boxes (i.e., shadowed boxes in the fig.). Experience
and familiarity have shown that the calculations for the per-
formance module are the most computationally intensive. The
aerodynamic module and the propulsion module calculations
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Table 1 Functional module description for example application

Module Inputs Outputs Design variables Constants
Geometry

Mass properties

Performance

Aerodynamics

Propulsion

None

Fuel available vehicle
wetted areas

Takeoff gross weight
empty weight

Mach number altitude
angle of attack

Mach number altitude
angle-of-attack
power setting
thrust vector angle

Fuel available vehicle
wetted areas

Takeoff gross weight
empty weight

Fuel required performance
constraints

Lift coefficient drag
coefficient

Net thrust fuel flow

All

All

All

All aerodynamic related

All propulsion related

Baseline geometry
information

Mass properties
calibration
factors

Baseline mission
rules

Aerodynamics
calibration
factors

Propulsion
calibration
factors

are less intensive primarily because of the calibration process
employed in the program and because they are at a level of
analysis characteristic of the conceptual design stage. The
geometry module and the mass properties module calculations
are the least intensive. The optimization module checks whether
the convergence criteria, which includes the fuel balance and
performance constraints, have been satisfied. If not, the mod-
ule predicts new values for the design variables that improve
the objective function and continues sequentially through the
system again.

Table 1 contains a brief description of the inputs (including
the design variables), outputs, and constants for each of the
functional module included in this example. Using the num-
bering scheme provided in Table 1 and the system model
displayed in Figure 4, the corresponding GSE for this system
in Jacobian matrix form is represented by Eq. (1):

7 0 0 0 0

-J21 7 0 0 0

0 ~«'32 ' ~<*34 ^3

~J41 0 ~/43 7 0

0 0 -/53 0 7

dY,
dX
dYz
dX
dY,
dX
dY.
dX
dY,
dX

BY,
dX
dY,
dX
dY,
dX
dY,
dX
dys
dX

(1)

The actual implementation of the GSE in this application
differed slightly from that of Fig. 4 primarily due to the fol-
lowing considerations of computational efficiency. As ex-
plained in Ref. 7, the computational cost of the system sen-
sitivity analysis critically depends on the number of elements
in the vectors Fy (called the interaction band width) trans-
mitted from one black box to another. This is especially true
when the partial derivatives are computed by finite differ-
encing, as is the case in the problem at hand, because the
number of executions of the analysis in the /th black box
depends on the number of partial derivatives that need to be
calculated for that black box.

In the system depicted in Fig. 4 and defined in Table 1, the
interaction band width is particularly wide between the per-
formance, aerodynamics, and propulsion black boxes owing
to the large Mach number and altitude coordinates that define
a given mission profile. On the other hand, the band width
between performance, geometry, and mass properties black
boxes is very narrow. Taking advantage of that narrow band-
width, the number of executions of the performance, aero-
dynamics, and propulsion modules were drastically reduced
by merging aerodynamics and propulsion black boxes into the
performance black box, as shown in Fig. 5.

Using the notation established in Table 1 and considering
that the performance black box actually represents the com-

Vehicle
Wetted Areas -

Geometry \ Fuel 1 CONTINUE
\Available ' —— -^ ————

\ Performance

i. Aerodynamics 1

!/

\ Propulsion |

Fig. 5 Revised system model for example application.

bined effect of performance, aerodynamics, and propulsion,
the resulting GSE for this system is given by Eq. (2)

7

dMass
dGeom
dPerf

_ dGeom

0 0

7 0

dPerf
dMass

dGeom
dX

dMass
dX

dPerf
dX

dGeom
dX

dMass
dX

dPerf
dX

(2)

Note that the system is still nonhierarchical due to the lat-
eral linking between the mass properties and performance
black boxes. The number of partial derivative calculations has
been reduced from approximately several thousand to less
than one hundred. The system model and associated func-
tional module interactions, as displayed in Fig. 4, were in-
corporated into the example vehicle design synthesis program.
The next section describes the results obtained for an example
application using this system model and associated GSE.

Example Application
The synthesis of a hypersonic interceptor vehicle was ac-

complished using the system sensitivity information provided
by the GSE's formulated previously. The example of config-
uration is a Mach 5.5 vehicle capable of intercepting adversary
aircraft at high speeds in minimum time. The baseline mission
profile for this application is displayed in Fig. 6.

The explicit mission rules that define the policy, propulsion
power-setting, and termination criteria for each mission seg-
ment are presented in Table 2. The mission rules that are
required inputs for the performance module are presented
here to illustrate the complexity of this application's mission
profile and to demonstrate the versatility of this module.

The mission rules do not fully define the mission profile
because the resulting segment time, fuel-used, and range are
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Table 2 Baseline mission rules for example application

Segment
Takeoff

Climb

Policy
Fixed power

Min time

Power setting
Max power turbojet

Max power:

Termination
Alt - 100
Mach = 0.5
Cruise altitude

turbojet to 0.8M
turboramjet to 3.25M
ramjet to 5.5M

Cruise

Descent

Turn
Climb
Cruise

Descent
Landing

Optimum altitude
Constant mach = 5.5

L/D max

Sustained structural load factor = 2.5
Constant mach = 3.25
Optimum altitude
Constant mach = 3.25
L/D max
Fixed power

Ramjet power as required

Idle power ramjet

Ramjet power as required
Max power ramjet
Ramjet power as required

Idle power turboramjet
Idle power turbojet

Search for cruise distance

Alt = 50000
Mach 3.25
180 degree turn
Cruise altitude
Search for cruise distance

Mach = 0.8
Alt = 0.0
Mach = 0.0

Mission Range
OUTBOUND |_____ INBOUND

2000 NM 2000 NM

Fig. 6 Baseline mission profile for example application.

a direct function of the vehicle's design variables and will
change with each iteration of the optimizer. For instance, the
minimum time trajectory for the climb segment is a function
of the wing area and engine size of the vehicle. A change in
either of these design variables directly influences the com-
puted trajectory, affecting the final vehicle weight for the
segment, which, in turn, affects the optimum cruise altitude.
However, the baseline mission profile stipulates that the out-
bound and inbound range for this mission profile must be
2000 nautical miles. This distance defines the adversary in-
terception point for this application and also indirectly defines
the termination range for each cruise segment.

The design variables were limited to wing area, turbojet
size, and ramjet size. The engine-scale factors were of sig-
nificant interest because the powerplant is a methylcyclo-
hexane (MCH)-fueled turbo-ramjet and the engine cycles op-
erate independently or in unison depending on the particular
Mach regime. When the turbojet operates independently, the
ramjet airflow is ducted. Similarly, when the ramjet operates
independently, the turbojet inlet is closed. Due to structural
and thermodynamic considerations, it was assumed that the
fuerl required to perform the specified mission was stored in
the fuselage. These considerations made it necessary to in-
clude another design variable, fuselage length, in the for-
mulation of this problem. Variation of the fuselage length
served to define the amount of fuel available to perform the
specified mission.

Optimization Procedure
The objective of the example design synthesis trade study

was to reduce the mission-sized takeoff gross weight by ma-
nipulating the design variables (wing area, turbojet size, ramjet
size, and fuselage length), subject to the following constraints:

2) Time-to-Station < 55 min

3) Takeoff Velocity < 195 kt

(4)

(5)

|FuelREQUIRED (3)

It should be emphasized that by including the fuel available
vs fuel required as a constraint, the optimization procedure
in Fig. 5 is employed in a dual role. It synthesizes a flyable
vehicle and simultaneously configures that vehicle toward an
optimum. This eliminated the need to achieve a fuel balance
prior to performing the optimization and reduced the com-
putational time required to locate the optimum design vari-
ables significantly. In conventional practice, these two func-
tions would be performed separately and consecutively.

The usual practice of applying optimization methods to
large-scale problems involves coupling the optimizer with ap-
proximate analysis; for example, a linear extrapolation based
on the sensitivity derivatives instead of the full analysis.12 This
approach has been widely accepted in industry primarily be-
cause of the computational time savings that result when com-
pared to coupling the optimizer directly with the full analysis.
In formulating a general scheme for the incorporation of op-
timization methods for this application, it was determined that
use of approximate analysis was not necessary. This deter-
mination was based on the relatively small number of design
variables common in conceptual design trade studies and the
fact that the time required for a function evaluation is not
computationally prohibitive. For this reason, the optimizer
was coupled directly with the full analysis methods as indi-
cated in Fig. 5.

This optimization problem was solved using the aforemen-
tioned system model in conjunction with the ADS optimi-
zation program, described in detail in Ref. 13. ADS is a
general purpose numerical optimizaton program, which con-
tains a variety of algorithms. The algorithm selected for this
particular problem was sequential linear programming (SLP)
using the modified method of feasible directions optimization
strategy. ADS is well suited for solving problems formulated
using the GSE approach because the program can accept user-
supplied gradient information readily.

Application Results
The optimum design variables were obtained by solving the

GSE simultaneously for the total derivatives of the objective
function and constraints with respect to each of the design
variables for each optimization iteration and by providing this
information to the ADS optimizer. Table 3 displays the op-
timum values for the design variables (normalized with respect
to baseline values), constraints, and objective function for
this example application. In this table, results obtained par-
ametrically using traditional methods are contrasted with re-
sults obtained from using the GSE approach with the results
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Table 3 Optimization results for example application Table 4 Baseline partial derivatives for example application

Optimization parameter
Wing areaa

Turbojet sizea

Ramjet sizea

Fuselage lengtha

Baseline
value

(initial)

1.0000
1.0000
1.0000
1.0000

Traditional GSE
method method
results results

0.7905 0.7898
1.2342 1.2346
0.8001 0.8014
0.9587 0.9585

Objective function
Takeoff gross weight3 1.0000

Constraint functions
|Fuel balance|a <0.1 1.0000
Intercept time <55 min 62.345
Takeoff velocity <195 knots 216.74

0.8786 0.8734

0.0325 0.0058
52.691 52.345

191.32 191.06

formalized with respect to baseline value.
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Fig. 7 Sizing history plots for example application.

obtained from applying the ADS optimizer. Note that the
results obtained from using the optimizer are in complete
agreement with the traditional approach.

In performing the optimization, the overall mission-sized
takeoff gross weight of the vehicle was reduced approximately
13%, which included the satisfaction of the fuel balance and
performance constraints. This was accomplished by reducing
the wing area by 21%, reducing the ramjet size by 20%,
increasing the turbojet size by 23%, and reducing the fuselage
length by approximately 4%. Initially, the fuel balance and
performance constraints, represented by Eqs. (3), (4), and
(5), were violated. However, for the optimized vehicle, all
the specified constraints were sufficiently satisfied. Figure 7
displays a sizing history plot for the objective function and
fuel balance constraint. The figure displays takeoff gross weight
and fuel balance (fuel available minus fuel required) fractions
for each iteration.

Selection of the SQP optimization strategy for ADS seemed
to converge quickly. Primarily, this is because gradient in-
formation for all the design variables was supplied simulta-
neously once the GSE were solved for the total derivatives.
Normally, optimization algorithms calculate gradients inter-
nally one design variable at a time, which considerably in-
creases the number of iterations required to locate the opti-
mum design. An obvious benefit of this approach is the visibility
provided by the partial and total derivatives. Table 4 displays
a sampling of some of the partial derivatives obtained from
this application.

The partial derivatives shown in the table are normalized
with respect to baseline values and are expressed as a percent-
to-percent basis. Partials such as these indicate the relative
influence of each input variable to the output variables of
interest, which can be of significant interest to the design
team. If a partial derivative is negative, it means that a 1%
increase in the input variable Yj results in a corresponding
decrease (measured in percent) in the output variable Yf. Those

Partial Derivative3

Baseline
Xl - Wing area
X2 = Turbojet size
X3 = Ramjet size
X4 ~ Fuselage length

Optimum
Xl = Wing area
X2 = Turbojet size
X3 = Ramjet size
X4 = Fuselage length

d(Yl) d(Y2)
BXt dXt

0.0000 0.2040
0.0000 0.1044
0.0000 0.3215
3.0301 0.0012

0.0000 0.1871
0.0000 0.1197
0.0000 0.3213
3.0301 0.0010

3(Y3) d(Y4)
dXt dX,

0.0676 -0.0644
0.0346 -0.0241
0.1065 -0.0462
0.0054 1.5604

0.0606 -0.0534
0.0387 -0.1317
0.1040 -0.0313
0.0049 0.9514

aY! = Fuel available; Y2 = Empty weight; Y3 = Takeoff gross weight; Y4 =
Fuel required.

Table 5 Baseline total derivatives for example application

Total derivative3

Baseline
Xl = Wing area
X2 = Turbojet size
X3 = Ramjet size
X4 = Fuselage length

Optimum
Xl = Wing area
X2 = Turbojet size
X3 = Ramjet size
X4 = Fuselage length

ayi = Fuel available; Y2 =
Fuel required.

d(YO d(Y2)
dXt dXl

0.0000 0.2040
0.0000 0.1044
0.0000 0.3571
3.0301 1.3411

0.0000 0.1871
0.0000 0.1197
0.0000 0.3584
3.0301 1.2978

d(Y3) d(Y4)
dXt dXt

0.0676 0.9557
0.0346 0.1618
0.1183 1.7760
2.4280 11.863

0.0606 -0.0432
0.0387 -0.1482
0.1160 -0.3147
2.4206 -0.7166

Empty weight; Y3 = Takeoff gross weight; Y4 =

partials specified as zero are simply not a function of the input
variable Yt. For this application, the assumption was made
that the fuel required to perform the mission is stored in the
fuselage. For this reason the patial derivative for fuel available
as a function of wing area is zero, as are similar partial de-
rivatives for turboject size and ramjet size.

It is also interesting to compare the partial derivatives com-
puted for the baseline vehicle to those computed for the op-
timized configuration in order to measure the change in one
of the parameters from the baseline to the sized vehicle. The
relative magnitudes of each of the partial derivatives also
provide information on how much influence each partial has
on the overall objective function for each iteration. Based on
the information provided in Table 4, fuselage length has the
largest impact on fuel available, ramjet size has the largest
impact on empty and takeoff gross weight, and fuselage length
has the greatest impact on the fuel required on a percent-to-
percent basis. Similar information is available for the total
derivatives for which a sampling is displayed in Table 5.

The total derivatives are fundamentally different from the
partial derivatives because they measure the influence of the
design variables while fully accounting for the mutual cou-
plings in the system. Similar to Table 4, the total derivatives
in Table 5 show the infuence that a 1% increase in each of
the design variables has on the output variable in the nu-
merator, also expressed in percent. For those cases in which
the total derivatives and partial derivatives are equal (as is
the case for the fuel available partials in Tables 4 and 5), the
output variables from the particular black box are uncoupled
with inputs from the other black boxes. In particular, notice
the relatively small change between the baseline total deriv-
atives for takeoff gross weight with respect to a 1% change
in fuselage length when compared to values at the optimum.
In contrast, note the large reduction in the influence of a 1%
change in fuselage length to fuel required for the baseline
total derivatives when compared to values at the optimum.
The changes in these total derivatives can be explained by
evaluating the convergence criteria and associated constraints
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for the example application, which involved sizing the vehicle
by varying the fuselage length until fuel available equaled fuel
required.

The total derivatives for the objective and constraint func-
tions provided the information required by the ADS opti-
mization program to determine the proper search direction.
The total derivatives of mission-sized takeoff gross weight
with respect to each design variable provided the gradient
information for the objective function. There seems to be
very little change in this total derivative for the optimized
vehicle when compared to the baseline vehicle. This is prob-
ably due to the relatively strong impact of the fuel balance
constraints on the mission-sized takeoff gross weight for this
problem.

A comment regarding the accuracy of the derivatives ob-
tained from the GSE approach is in order. In general, the
accuracy of the derivatives is a direct function of the incre-
mental step size used when computing the partial derivatives
by finite differencing. The accuracy may be increased by ex-
perimenting with the step size and by employing a multipoint
difference scheme. However, this increased accuracy comes
at a price of increased computational time. Throughout this
paper, the incremental step size used to compute all the de-
rivatives was 1%. This particular step size was selected based
on experimentation that revealed that this increment would
yield accurate results without a large penalty in computational
time.

Application Cost and Benefits
Due to the development status of the example program, it

was not possible to perform this particular application in a
parallel processing environment. However, because the com-
putational time required to execute each functional module
is readily available, the resulting time savings for performing
this design trade study in a parallel processing environment
can be estimated using an approach discussed in Ref. 14. The
time savings can be estimated by comparing the time required
to perform the trade study using the GSE-based method in
both a sequential and parallel processing environment to that
required by the conventional approach.

However, this comparison would not be justifiable without
considering the fact that the traditional method did not involve
the application of optimization methods. Obviously, a per-
centage of the time savings that may be realized using the
GSE approach is directly attributable to the application of an
optimizer to the problem. For this reason, the computational
time required to locate the optimum design variables for the
example hypersonic application will be tabulated and con-
trasted for the folowing approaches: 1) traditional method
consisting of a parametric surveying of the design space, fol-
lowed by a one-factor-at-a-time variation of the design vari-
ables within the subspace of interest, without the use of formal
optimization; 2) optimization method, which involved com-
puting the total derivatives by finite differencing on the full
analysis (Fig. 5), without the use of the GSE; 3a) using the
GSE instead of the above finite differencing, executed on a
single processor computer; and 3b) using the same approach
described in 3a but employing a parallel processing computer.

Figure 8 displays a comparison of the CPU elapsed time
for methods 1, 2, 3a, and 3b, normalized by the time required
by method 1. For a single processor computer, the CPU elapsed
time is equal to the CPU time, but for an "N" processor
computer, the CPU elapsed time is compressed by using all
the processors simultaneously to the largest extent possible
(in the case at hand, N = 12). Application of method 2
reduces the time to 23%. Replacing method 2 with method
3a brings in the penalty for computing partial derivatives with-
out, as yet, taking advantage of the parallelism intrinsic in
the GSE method. Consequently, the time increases to 69%.
However, employing method 3b, which takes advantage of
such parallelism1 fully reduces the time to 4%—nearly one-
sixth of the time required for method 2. The relative time
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Fig. 8 Elapsed CPU time comparison for methods 1, 2, 3a, and 3b.

advantage of method 3b over method 2 depends on the size
of the problem and the number of modules in the system
whose partials may be computed concurrently. Therefore,
that advantage is expected to increase with the size of the
problem.

Nevertheless, the benefits of applying the GSE approach
extend beyond the computational time savings that result in
a parallel processing environment, because the GSE also pro-
vides the partial and total derivative visibility that methods 1
and 2 distinctly lack. Results from these comparisons reem-
phasize the need to consider the availability of parallel pro-
cessing when applying the GSE approach to vehicle design
synthesis trade studies. Even if concurrent computation of the
partial derivatives is not feasible, benefits still accrue from
the functional advantages associated with decomposing a com-
plex system and assigning responsibility to the functional dis-
ciplines involved. In many cases, these benefits simply out-
weigh any computational disadvantages associated with the
sequential processing of the partial derivatives. However, if
parallel processing is available, then the visibility and com-
putational benefits of the GSE approach can be directly re-
alized.

Conclusions
The application of system sensitivity analysis and nonhier-

archical system decomposition methods to an automated ve-
hicle design synthesis program seems to be highly beneficial,
particularly when parallel processng becomes an everyday
reality. An example served to quantify several important fea-
tures and benefits resulting from the union of these techniques
applied to a vehicle design synthesis program. These features
and benefits include the ability to: 1) respond directly to the
ever-increasing complexity of the vehicle design synthesis
process by realizing the interdisciplinary synergism; 2) en-
courage and support the use of concurrent engineering prin-
cipals; 3) take advantage of technological advancements made
in the areas of distributed and parallel processing; 4) address
the qualitative aspects of the design process by supportig hu-
man judgment decisions and providing for a means of com-
munication betwee disciplines; and 5) quantify the direct and
indirect impact on system performance of a proposed design
change accounting for all disciplines involved in the design
synthesis process.
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