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Abstract

Recently multidisciplinary design optimization (MDO)
has become recognized as a new and important disci-
pline in engineering. We have been conducting research
in this area for a number of years. In doing the research
we have had graduate students working in MDO teams
for a decade. We have also introduced MDO into the
undergraduate curriculum. We started with a pilot
project in MDO in 1990-91, working with one senior
design team. After this experience we started using
smaller, more well defined MDO problems. We formed
a center in 1993: The Multidisciplinary Analysis and
Design Center for Advanced Vehicles (the MAD Cen-
ter). In the fall of 1994 we began offering a senior-grad-
uate level course called Multidisciplinary Design Opti-
mization. We have also started a formal graduate MDO
certificate program This paper discusses our experienc-
es with these efforts.

Introduction

The general state of engineering education has been
criticized in the last several years by industry.1,2 A large
part of the problem was considered to be related to “de-
sign education,” which is the only engineering compo-
nent of most engineering programs. This may be partic-
ularly true in the heavily science-oriented aerospace
curriculum, which was critically examined at about the
same time by McMasters and Ford,3 and Nicolai.4 Si-
multaneously, many engineering educators were also
expressing concern, and the ASEE devoted an entire
issue of their magazine to the problem.5 The aerospace
curriculum was also examined from within, notably by
Covert6 and Roskam.7 NASA had also recognized a
problem and had instituted a program to improve design
education known as the NASA University Advanced
Design Program,8 which was run by the USRA for a
number of years. This is the broad context within which

we are addressing one aspect of the problem. It involves
producing graduates with a knowledge of emerging for-
malized design processes. 

Several recent reports9,10 on US competitiveness and
the role of engineering education have identified the
need to introduce formalized design methodology into
engineering design education. One approach appropri-
ate in aerospace engineering is multidisciplinary design
optimization (MDO). Multidisciplinary design has be-
come an important area for vehicle design. It represents
a formalization of the design process and is becoming
necessary for several reasons: i) new vehicles are being
required to attain performance levels well beyond levels
previously obtained, ii) the traditional aircraft designers
that worked on many projects during World War II and
the early jet era of the 1950s are essentially gone, and
iii) vehicle demands (e.g., the National Aerospace Plane
or NASP, and the High Speed Civil Transport or
HSCT) are so different that the knowledge based ap-
proach that was available to the previous generation is
essentially invalid for many of today’s problems. The
role of the government in promoting multidisciplinary
design as an identifiable research area is new. The prob-
lem of even maintaining existing design capability was
identified as an issue in a recent Rand report.11 They
noted that there was no government advocacy for ad-
vanced design methodology for complete systems. This
is now changing, and the government role was almost
entirely due to the vision of one man, Dr. Jaroslaw
(Jarek) Sobieski.12,13

The basic ideas of multidisciplinary design have
evolved to the point that specific algorithms have been
developed that can be used on actual design projects for
entire vehicle systems. Consistent with the goals of the
studies described in Ref. 9 and 10, one means of getting
these more formal design approaches adopted in
industry is to train engineering students to use the
methods. 
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At Virginia Tech we have been working on
multidisciplinary design with graduate students for
many years. Most of this work has been directed toward
the combination of structural and aerodynamic optimi-
zation,14-17 although the role of control requirements
has been incorporated also.18  The cited references pro-
vide a glimpse into the results of some of our recent
work. A key concept has been the use of the variable-
complexity approach. Using that approach we combine
both detailed, computationally expensive, methods and
simple, computationally inexpensive, methods to make
MDO affordable. In some cases we have also been able
to develop procedures based on the simple methods
alone.19,20 Although this approach can provide rapid in-
sight into the configuration design issues, it must be
used carefully since optimizers exploit the weaknesses
of the analysis methods. The simple methods are partic-
ularly vulnerable in this regard. 

We have started to include multidisciplinary design
and optimization methods in our classroom instruction.
A first step at Virginia Tech toward the introduction of
this methodology was undertaken in 1990-1991 by hav-
ing one group of senior aerospace engineering students
use MDO. This was a special project using one senior
design team to do a design following a more formal
multidisciplinary approach. The project produced an
AIAA Paper.21 It proved to be successful, although we
found that the students needed more background in tra-
ditional design before the formal multidisciplinary de-
sign work could be undertaken effectively. 

More recently (September 1993), we have estab-
lished the Multidisciplinary Analysis and Design Center
for Advanced Vehicles (the MAD Center, see our web
page at http://www.aoe.vt.edu/mads.html). We have
also started a graduate design program, featuring MDO,
and won one of the NASA Multidisciplinary Analysis
and Design Fellowship programs. In the fall of 1994
two of us (Gürdal and Haftka) gave an MDO course,
which was taken by seniors and graduate students.

With all this activity, it appears useful to share our
experiences in a paper. This paper contains the follow-
ing:
1. Experience with the senior design project of 1990-

91 with hindsight.
2. Examples of multidisciplinary aircraft design with

simple examples for use in the classroom based on
previous work.22 

3. Experience from the MDO course of Fall 1994.
Mathematica was heavily used, and the model
problems using Mathematica will be described.

4. A brief description of the role of multidisciplinary
design throughout our curriculum will be present-
ed, including the new graduate design program.

1.  Experience with the 1990-91 senior design project

Background: The Normal Senior Design Approach
The senior aircraft design program at VPI is a two

semester sequence. One of us (Mason) is responsible
for this course. For approximately the first half of the
first semester the students work on individual assign-
ments. Although they may work together collecting in-
formation, each student must submit entirely original
work. There are four individual assignments. The last
three are specific to the aircraft design problem that
they will address in their teams during the rest of the
year. The individual assignments include:

1. Fabrication and flight evaluation of a tissue and
balsa model aircraft.

2. Evaluation of comparator aircraft that currently
exist and may nearly satisfy the design mission.

3. Development of a traditional aircraft sizing pro-
gram and initial estimate of TOGW.

4. Development of an aircraft concept sketch (three-
view drawing) to meet the mission.

After the individual assignments, the students start
working together in teams of 8-10 members. The first
step is to consider each team member’s design concept,
and select three concepts to evaluate in more detail. A
mid-term presentation is then made describing this pro-
cess and the plans and metrics to be used in selecting
one preferred concept for more detailed preliminary de-
sign. The second semester is purely a team effort.* The
objective of the second semester is a complete prelimi-
nary design and a final formal presentation of the de-
sign. The final report is either a proposal responding to
the RFP in the AIAA/Lockheed undergraduate team
aircraft design competition or a report describing the
work done on any other project, as appropriate.

The make-up of the design team is typically:
-Leader -Configuration Designer
-Aerodynamics -Propulsion
-Stability and Control -Structures/Materials
-Systems -Weights
-Performance/Mission Analysis

MDO Pilot Project Design Team 
With support by NASA Langley for a graduate stu-

dent, in the 1990-1991 school year one senior design
team at VPI used the methods of multidisciplinary opti-
mization in their design project. The project title was
“Pilot Project: Multidisciplinary Design Approach to
Aircraft Design Education.”  The students in the special
MDO group did the same individual assignments that
the rest of the class did. Their design was broken up by

* At Virginia Tech we now also have selected freshmen
participate in the senior course during the spring semes-
ter as part of an NSF SUCCEED Coalition Megaproject
on Early Design. This program has proven to be an out-
standing success.
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discipline as described above. However, in addition two
team members worked primarily on optimization.

Several approaches to multidisciplinary optimiza-
tion (MDO) are available. As a basis for this multidisci-
plinary design exercise, the method by Sobieski23 for
global sensitivity evaluation was used, as outlined in his
review of the subject.12 Sensitivity analysis is the term
often used for the process of calculating the derivatives
of the system response or system constraints with
respect to design variables. Such derivatives are
required by most popular optimization algorithms. It is
generally recognized that for most problems involving
complex problems, sensitivity analysis is responsible
for the major computational cost of system optimiza-
tion. In the case of multidisciplinary optimization we
often have several disciplines that are interconnected.
The output of one discipline becomes the input for
another. Usually each discipline has analysis codes that
can furnish derivatives of their output with respect to
their input parameters. These derivatives can be ob-
tained analytically or by finite differences. However,
because of the interdependence, derivatives with
respect to system design variables require taking
account of the interdependence. Sobieski proposed the
general framework for computing system derivatives
from disciplinary derivatives including the interdepen-
dence properly.

The MDO method was applied to the mission de-
fined by Boeing for the 777. The Boeing project was
formally  started shortly after the students started work-
ing on the project, making the project timely and espe-
cially interesting for the students. The team used the
global sensitivity analysis method to determine system
sensitivities and a linear programming code employing
these sensitivities to make four steps in the optimization
process. Takeoff gross weight was selected to be the
figure of merit in the design process, and after four
steps in this process this weight appeared to be con-
verging to a final value. The school year ended before
another iteration could be made. However, after four it-
erations the students had become well acquainted with
the process, and the primary educational objectives had
been accomplished. 

In the case of the MDO group, the configuration
was selected at the mid-term presentation in the first se-
mester. The initial sizing of the concept was then car-
ried out using ACSYNT.24-26 This was done to allow
more time to concentrate on the MDO problem formu-
lation at the end of the first semester and start the de-
tailed process the second semester. The student respon-
sible for each discipline obtained the local sensitivities
for his discipline. These local sensitivities were then
given to the team members doing the optimization. 

First the global sensitivities were obtained, and then
effects on the design from each discipline were exam-
ined collectively. Examination of the global sensitivi-
ties initially led to questions about the formulation of
the sensitivity matrix, and resulted in the reformulation

of the sensitivity matrix several times. After the global
sensitivities were examined, they were used in a linear
programming code (STORM), with design variables
constrained to move a maximum of ten percent. The ex-
ecution of STORM resulted in a new design (actually
new values of the design variables), for which the local
and then global sensitivities were found and the optimi-
zation step repeated. Although optimization was done,
an emphasis was placed on understanding the effects of
the design variables on each discipline and their result-
ing effects on the entire vehicle. Hopefully, all aspects
of the process remained visible to the students. Thus, at
the expense of computational efficiency,  no automation
of the overall process was employed.

Special Aspects of the Project
Seminar on MDO: To give the students a description

of the MDO process, Dr. Sobieski came from NASA
Langley Research Center, and gave a lecture to the en-
tire aircraft design class in September 1990. This talk,
“Everything Influences Everything Else: A Designer’s
Dilemma and a Math That Can Help,”  and the hard-
copy of the viewgraphs, provided the basis for the
MDO group’s work.

Seminar on human factors: To balance the technical
optimization aspects of the course, we invited Paul
Kemmerling, a Virginia Tech faculty member with over
twenty-five years of USAF experience in human fac-
tors, to describe some of the other issues that should be
considered in design.

Software Base: To obtain the system sensitivities, a
computational methodology is required for several dis-
ciplines. Although various computer programs were
available, the MDO project demanded that the codes be
organized into a uniform collection, each working in a
similar fashion, and with a uniform approach to user’s
guides. The primary activity of the graduate student
being supported under NASA funding was to collect the
codes and create a directory on the VPI VAX with the
programs installed. Together with the VAX directory, a
set of user’s manuals was collected and edited into a
package available for student copying at the local copy
center. (This library has since been moved to the de-
partment workstation and PC network)

Although the initial intent was to compile the manu-
als into a single volume, it became apparent that this
manual would be too large to use easily, and too expen-
sive. Thus the manual was divided into volumes by dis-
cipline, and students could select the volume to pur-
chase. This set of programs continue to be used, form-
ing the core of the VPI AeroTools library of codes. The
manuals are under continual revision as students identi-
fy portions that are unclear, as well as typographical er-
rors. The manuals are being converted to html for use in
an entirely electronic environment in the future. 

Results
The results of the effort were documented in the

group’s final design report. A three surface configura-
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tion was selected. One of the main interests in the work
was to see if either the tail or canard would “disappear”
(surface area going to zero) during the optimization
steps. The design progressed through four design itera-
tions, and the weight was decreasing, and appeared to
be approaching a converged value. The aft tail surface
area decreased during the iterations, but did not vanish.
However, further iterations might have resulted in a ca-
nard configuration. 

The group wrote an AIAA paper on their design
project,21 and the details of their work are contained
both in the AIAA paper and the final design report.
Since the students had graduated, the final design report
was not revised after the instructor’s comments were
annotated.

Based on the experience with the design class, the
graduate student that was supported to collect and help
the undergraduates use codes to model the various dis-
ciplines, developed a program to carry out multidisci-
plinary design directly using analytic technology mod-
els as a Master’s Thesis.19,20 Although this code did not
directly influence the 1990-91 MDO design group be-
cause it was not available until the end of the year, it
has become a useful program. In succeeding years sev-
eral design groups have used it, and it formed the basis
for a model problem used in our MDO course described
below. 

The effort resulted in four reports and a collection of
computer programs and manuals. Table 1 lists the pro-
grams that we had available at the end of the pilot
project. An updated list of programs in use at Virginia
Tech is available in a recent software review paper.27

Retrospective, Lessons and Subsequent Development
The use of MDO in a student design environment

presented an interesting challenge. After experience
with these students and the subsequent construction of
an MDO design program using analytic technology
models, we now have some insight into the use of
MDO in design education. Some things have become
apparent. We also learned things which are much
broader, applying to many aspects of engineering edu-
cation.
• The interactions between disciplines continue to ap-

pear complicated to undergraduates, even when ad-
dressing them in the global sensitivity context. In
particular, the use of partial derivatives and the chain
rule confused them. Figuring out what to hold con-
stant, and what to allow to change was difficult
sometimes. An example was the requirement to
maintain a trimmed condition during configuration
perturbations. This can interact with control surfaces
and weight. The requirement we imposed of main-
taining a fixed range also introduced confusion. The
process requires thought. In an educational environ-
ment this is good. It appears however, that great care
must be taken in setting up the contributing analysis,
and understanding the true connections. This experi-

ence led us to conclude that the students needed
more well defined MDO problems to use as building
blocks to the application of MDO to an entire sys-
tem, where they had a lot of freedom.

• The computer codes must be capable of handling the
variety of configurations that the students are inter-
ested in. Although we refuse to let them use analysis
difficulties as an excuse not to pursue various design
concepts, we recognize the difficulty. This challeng-
es the students to be creative in modeling their prob-
lems. Although some students are not entirely
pleased with this approach, this aspect of the MDO
project was probably one of the most important in
trying to illustrate the typical engineering approach
to problems as opposed to pure science. One specific
difficulty, the need for a methodology to trim three
surface configurations for the smallest trimmed drag,
has subsequently been addressed by implementing a
version of the trim scheme described in NASA TP
2907.28

• The students seemed to like working on something
new. However, they expected the instructor to solve
their problems for them, and were quite willing to
“give up,” and wait to be told what to do.* In general
we did not allow the students to do this. They were
urged to identify their problems clearly, propose a
solution, and then try it out. This was usually associ-
ated with problem formulation. Primarily this in-
volved understanding how the variables were relat-
ed, and then figuring out how to compute gradients
with codes not specifically setup to do this. Solu-
tions to these problems frequently required some
extra effort and imagination. During the course of
the project, many of the students demonstrated obvi-
ous growth and increased maturity, especially during
the second semester. The increased focus on prob-
lem solving in this pilot project was probably better
for the students than the focus on final details and
proposal writing required of the teams competing in
the AIAA competition. The best educational pro-
gram is probably a combination of the two approach-
es.

• After the pilot project was finished, we constructed a
PC level program that used analytic models to repre-
sent the various disciplines. This allowed rapid study
of the complete system. This program has been used
in the general design course, as are the computer
tools and manuals. We are also gradually increasing
the use of explicit multidisciplinary design methods
in the second semester of the design course. Here we
are trying to  satisfy one of the key recommendations
of the national design panel (Ref. 10). By having this
work in the beginning of the second semester, many
students will already have taken the new MDO
course.  

* This attitude was recently identified as a major problem
in maintaining corporate competitiveness by a former
chairman of IBM.
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• Another development in our curriculum resulting
from our experience in trying to formalize the design
course to include advanced design techniques was
the introduction of mini-design projects in virtually
every course. One of us (Haftka) initiated this ap-
proach after interviewing a dozen or so of the design
students. It was clear that they needed a bridge be-
tween the open ended engineering work in the de-
sign class and the closed ended well prescribed prob-
lems that they were being assigned in their engineer-
ing science classes. Thus mini-design projects were
introduced into the junior level structures and vibra-
tion and control courses. These mini-design projects
took the form of a series of homeworks that tackled
the same design problem, but showed the student
how he could do a better job as he learned the new
tools. For example, in the first structures course a se-
ries of wing-box design problems were developed.
The wing was designed against strength failure.
When the students came into the course they were
asked to design the box as a tube, because this was
the only structure that they knew how to analyze for
both torsion and bending. As the course progressed
they had assignments based on an I-beam section
and then a closed box, and they saw how the weight
dropped with the more efficient concepts. Mathemat-
ica waso featured in this series of mini-projects. 

2.  Examples of simple multidisciplinary aircraft de-
sign class problems

After the initial experience with a senior design team
working on the entire system design using MDO, we
started to work with smaller, more well defined prob-
lems to illustrate the importance of considering several
disciplines at the same time. Many of these problems
addressed the trade between increasing wing thickness
to reduce wing weight and reducing wing thickness to
reduce drag. These examples used the same simple
technology models22 we had used previously in devel-
oping our model problem MDO code.19  One example
of this class of problems is discussed below in Sec. 3.

In 1994-95, one of our teams worked on the prob-
lem of injecting propane into the antarctic atmosphere
to replenish the ozone hole. This problem led to the use
of supersonic aircraft that had to make numerous passes
over the antarctic, including a 180° turn. The issue of
what g-level was best for the turn needed to be solved.
A low g-level required low levels of additional thrust,
but took a long time, resulting in the use of a lot of fuel.
A high g-level turn took less time, but led to higher
thrust requirements (engine weight), and also used a lot
of fuel. It appeared that there was an optimum g-level,
and the MDO problem became one of finding the best
g-level. This is a problem that can be solved easily, but
some of the seniors still struggled with the formulation. 

Figure 1 shows the result of considering both the
fuel and engine weight. This case corresponds to a
Mach 2.4 turn. The minimum fuel use occurs at a g-lev-

el, n, of 1.7. The engine weight required to make the
turn increases monotonically with increasing g’s. The
minimum total weight occurs at n = 1.25. However, ac-
cording to the student’s analysis, this condition did not
size the engine, and the engine had enough thrust to
make a 1.6 g turn, which only used forty pounds more
fuel than the minimum, while saving several thousand
pounds of engine weight compared to the 1.7g case.

Figure 1. Simple MDO example: Fuel required and en-
gine weight.

3.  Multidisciplinary Design Optimization (MDO)
Course 

Partly in response to our experience with the pilot
project, and as part of the MAD (Multidisciplinary
Analysis and Design) Center activities, we decided to
incorporate concepts, methodologies, and the applica-
tions of multidisciplinary design optimization into the
curriculum. Rather than developing an entirely new
course, we decided to adapt a course which was part of
the current curriculum along the lines of multidisci-
plinary optimization. The senior level course “Engi-
neering Design Optimization” (AOE/ESM 4084),
which is a cross-listed course between the Department
of Aerospace and Ocean Engineering, and the Depart-
ment of Engineering Science and Mechanics at Virginia
Tech was ideally suited for that purpose.

AOE/ESM 4084 was originally designed to intro-
duce the use of the methods of mathematical program-
ming for engineering design optimization. The methods
taught in this course included linear programming, un-
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constrained nonlinear programming such as the steepest
descent, conjugate gradient, and Newton's methods, and
constrained nonlinear programming such as the penalty
function approach, sequential linear programming, and
sequential quadratic programming approaches. Applica-
tions of these methods to minimum weight design of
structures, machine design, and appropriate design
problems from other engineering disciplines were dem-
onstrated. 

Most of the material in the original course was need-
ed for the MDO course. In addition, new material on
MDO specific topics such as the introduction to MDO
formulations and the Global Sensitivity Equation meth-
od, described above, was needed. Also, instead of the
small, mostly textbook examples, typically used in the
course, we needed to have the students solve more com-
plex problems that had enough MDO content. The
problem of squeezing more material and more complex
problems into the same time period was solved by ex-
tensive use of Mathematica. With Mathematica
available to the students, solving complex problems be-
came much easier, and as explained below, Mathemat-
ica also enabled us to present optimization algo-
rithms better and faster to students.

The other major modification of the existing course
to emphasize the multidisciplinary optimization was to
incorporate examples of multidisciplinary optimization
to demonstrate the basic tools. In practice, however, in-
cluding design examples from different disciplines into
a senior level course is difficult. Such examples require
the students to have at least a rudimentary knowledge
of the analysis techniques used in those disciplines. The
difficulty is mostly associated with the complexity of
the analyses needed in realistic multidisciplinary prob-
lems which commonly include aeromechanics, structur-
al mechanics, and sometimes controls and materials.
Additionally, the content of the existing course was al-
ready crammed with too much material. Therefore, the
inclusion of the two items discussed above, the sensitiv-
ity derivatives and the multidisciplinary design prob-
lems, seemed unrealistic. 

A solution to the difficulty described above was ob-
tained based on a two-pronged approach. First, we de-
cided to introduce the use of the PC based package
Mathematica into the course as mentioned above.
Second, rather than introducing multiple examples, we
decided to include a single multidisciplinary design
problem that we introduce early in the semester and
then use it repetitively to teach and demonstrate the dif-
ferent aspects of the different optimization methods.

The use of the Mathematica program, which com-
bines symbolic manipulation, programming, numerical
calculations, and graphics features in a notebook envi-
ronment that can be used to deliver electronic lectures,
was crucial for the success of the course. A number of
Mathematica notebooks were prepared to demon-
strate the steps of various optimization algorithms.
These notebooks were on linear programming, sequen-

tial linear programming, Powell’s conjugate directions,
steepest descent, Fletcher-Reeves conjugate gradients,
Newton’s, sequential simplex, penalty function ap-
proach, method of feasible directions, sequential qua-
dratic programming, and global sensitivity derivatives.
These notebooks were used to present live demonstra-
tions during the lectures via projection panel hooked up
to a laptop computer. The notebooks prepared for the
lectures were also made available to the students as tu-
torials that could be worked out outside the classroom
environment to gain practical experience on the subject
by performing the derivations and solving numerical
examples. The advantage of the Mathematica note-
books over some of the multimedia programs which
allow the students to go through only a fixed number of
preestablished steps is the unlimited number of varia-
tions that the students and instructors can create during
the tutorials.* Another advantage of the use of Mathe-
matica was that it permitted the students to tackle
nontrivial design problems as homework problems and
projects.

One of those nontrivial design problem was the mul-
tidisciplinary design optimization example chosen for
the course. The problem is based on the method devel-
oped by the graduate student who worked on the MDO
Senior Design Pilot Project described above. The paper
written to illustrate the use of simple technology models
investigates the use of various analytical models to pro-
vide insight into the technology integration issues in
multidisciplinary aircraft design.19,20 Simple algebraic
models are used to demonstrate the key interactions be-
tween structures, propulsion, and aerodynamics. De-
spite their simplicity, it was not appropriate to expect
the students in the class to program these into design
codes as their class project during an already loaded
single semester course. 

Instead, we have adapted a strategy to gradually
introduce the students to the problem by first asking
them to write the equations provided into a Mathemati-
ca notebook so that they can literally play with the
equations.

The first homework of the semester was, therefore,
to use Mathematica to make plots of the total cargo
weight of a transport aircraft with given nominal
properties with respect to the wing aspect ratio, wing
area, sweep angle, and Mach number. The problem is
given here as Table 2. After that, depending on the
topic under consideration during the various stages of
the course, the same problem was assigned repetitively.
The next problem was the graphical maximization of
the cargo weight as a function of the Mach number and
the wing area with a constraint on cruise lift coefficient.
Later on the same problem was solved using sequential
linear programming. The number of variables was
increased in the following problem, which posed it as a

* Indeed, several students taking the course used variations
on the MDO class problems in their aircraft design
projects in 1994-95.
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sequential quadratic programming problem with Mach
number, wing area, wing thickness ratio, taper ratio,
aspect ratio, and sweep angle design variables. Finally,
the same problem was used to solve for the derivatives
of the total take-off weight and the lift coefficient with
respect to the Mach number and the wing area by using
the global sensitivity equations. 

To get a feedback from the students on the material
covered during the course and the way the material was
presented to them, a survey was given at the end of the
semester. Fourteen students participated in the survey.
The survey questions are given in Table 3, along with
the number of students (presented in square brackets)
who chose the various answers. Because of the small
number of students in the class, it is probably not
appropriate to make sweeping conclusions about the
results of the survey. However, there are some
indications of the success achieved in using the
approach described above during the semester. 

One of the concerns we had during the semester was
the varied backgrounds of the students. Less than half
of the students in the class were Aerospace majors.
Therefore, the majority of the students did not have any
background in aircraft design. 

Some of the questions in Part B) of the survey were
intended to find the reaction of the students to the use
of an aircraft design in the course. Despite the fact that
half of the students found the problem to be a difficult
one (see Question 9), most of the students found the
problem to be useful and its frequent use to be
appropriate (Questions 10 and 11). We also think that
because of the use of Mathematica to handle the
equations more efficiently and effectively, students felt
that they were provided with enough material to handle
the design problem (Question 13). Overall, multidisci-
plinary design experience was proved to be positive and
worthy. 

The other concern about forcing the students to use
Mathematica was proved to be unfounded. Incoming
Freshman at Virginia Tech are required to purchase a
computer and a software package which includes Math-
ematica. However, most of the students in the 1995
senior class had no access to Mathematica, and some
of them did not even know what Mathematica was in
the beginning of the semester. Therefore, answers to
Questions 4 and 5 were split between difficult and easy.
However, overall the Mathematica experience also
proved to be very positive (Questions 1, 2, 3), with
strong support for its use in the future (Question 7). 

4. Multidisciplinary design  curriculum, including
the new graduate design program

Undergraduate Program: 
Freshman: We have been introducing selected

freshman to the multidisciplinary nature of design by
having them work with seniors. For three years we have
been including two freshmen on each team of seniors in
the second semester. This is an NSF-sponsored SUC-

CEED Project. The freshmen participate fully in the de-
sign process, replacing their normal freshman engineer-
ing design project with their part of the senior team de-
sign project. The freshman instructors usually attend the
year-end team design presentations and the freshman
present their contribution to their freshman class. We
find it works well, although naturally it varies with the
student. 

Sophomores: Based on the enthusiasm of the fresh-
man for design, we introduced a new course,  Introduc-
tion to AOE Design, in the fall of 1994. A one-hour
elective, this course introduced students to a variety of
aspects of design and the aerospace industry. We fea-
tured several team building activities and projects. We
are still developing multidisciplinary problems for them
to tackle. This will be a key element of this class in the
future. We found that having a “single-class” sopho-
more design experience was not nearly as good as hav-
ing students work with students from other classes, e.g.,
we need juniors mentoring sophomores. This turns out
to be a big part of turning students into engineers. The
“cross-class” freshman-senior approach is very effec-
tive. Our problem is creating a way to do this often in a
traditional engineering education environment. 

Juniors: As discussed in Sec. 1, we have started in-
troducing mini-design projects into most of the junior
level courses. We hope to start developing a design
mentality, and prepare them for senior design. Inter-
views with students after the senior design class sug-
gested that a better transition was needed. These mini-
design projects are typically single-discipline oriented,
and we are presently working toward introducing multi-
disciplinary aspects.

Seniors: The multidisciplinary design experiences
available for the seniors have been described above.
They include the MDO course available as an elective
in the fall semester and participation in the senior de-
sign course, where we now use the more focused two-
discipline problems regularly. Although we currently
use aerodynamic-structural problems based on fuel
weight and wing weight, as seen above, we also used
engine sizing for the 1994-95 ozone hole replenishment
project. We are also developing an aerospace manufac-
turing course which will illustrate the tradeoff between
the design for manufacturability and the complex shap-
ing that may be required to achieve optimum vehicle
performance. Another trade will be materials cost com-
pared to weight savings. Taken all together, we believe
this will provide students with the broad understanding
of multidisciplinary issues required to be effective aero-
space engineers in today’s environment.

Graduate Program
Student Research Experience: Research in MDO

requires working in teams. This includes faculty and
students. At least weekly meetings of the entire team
are held to ensure good communication. Each student
and his advisor also meet individually at least once a
week. Faculty have to invest time learning the key is-
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sues of each other’s area of specialty. The payoff is the
development of a broader system design methodology.
Each student still produces an individual thesis, yet
technical papers are authored by the entire group. After
having gone through several generation of students we
are learning some lessons. MDO is harder for a student
than classical single discipline research. The increased
difficulty is almost entirely due to the need to work in
teams and maintain good communications, exactly the
aspects of education that industry is telling us is need-
ed.4 Some of the key practical aspects of MDO educa-
tion are the need to bring new students up to speed on
the previous history of our work and the problem of
using software written by other students. Control of
software versions in a team environment, validation of
individual components, and fixing bugs introduced by
other students makes MDO more demanding. 

The Graduate Design Degree  and the NASA
MAD Fellowship Program: For several years we had
been planning to formalize a graduate program in de-
sign. With emerging interest in government, we went
ahead and formed the MAD Center. This center provid-
ed a focus for identifying and loosely coordinating the
numerous multidisciplinary activities which had
evolved at Virginia Tech. It also developed a program
of study which leads to a certificate in MDO. For more
details see http://www.aoe.vt.edu/mads.html. The
MAD Center won one of the five nationwide Multidis-
ciplinary Design and Analysis Fellowship programs
initiated by NASA. The primary purpose of the NASA
program is to develop technology to reduce the cost and
time of designing and developing an aeronautical sys-
tem while increasing product quality and reliability.
Government studies show that industries need broadly
schooled engineers competent in all aspects of design.
The fellowship program provides financial support for
graduate student fellows for their M.S. and Ph.D.
studies in a variety of departments, offering them a
combination of academic research and industrial
exposure to give them a broad design experience. 

An important part of the MAD Center is the Indus-
trial Advisory Board. The research conducted by the
fellowship students is based on problems suggested by
companies participating in the review board. This is in-
tended to make sure that we are doing research that in-
dustry considers relevant. It also enhances university-
industry communication. The industrial board also in-
cludes representatives from NASA and other govern-
ment agencies.

Industrial Internship and Academic Program: In ad-
dition to performing MAD research, the MAD fellows
are required to satisfy the degree requirements of
his/her major department and complete MAD related
course work which includes optimization, manufactur-
ing and computer aided design courses. A unique fea-
ture of the program is the industrial internship opportu-
nity. MAD fellows will spend at least three months,
preferably six for Ph.D. students, in industry as an inte-

gral part of their graduate program working closely
with an industrial partner on a MAD project. Exposure
to non-academic design issues in an industrial environ-
ment provides an added dimension to the student's
graduate program and emphasizes the interaction with
industry. It is also a positive addition to the student's
record, which will be a valuable asset in the eyes of fu-
ture employers. Table 4 contains the details of the de-
gree requirements and course offerings for this pro-
gram.

Concluding Remarks

We have been working with students in MDO for a
number of years. Initially the effort was associated with
funded research and involved graduate students. Subse-
quently we have included undergraduates. It has
worked out well, and we have developed a number of
MDO problems that students can use in courses. Partly
as a result of our long-standing interest in MDO, and
partly because of increased interest by both govern-
ment, particularly NASA, and industry, we have estab-
lished a graduate program in MDO. We expect this pro-
gram to work well also. Students getting degrees based
on research in MDO are getting good jobs. 
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Table 1.
 Computer Codes Available for use in Senior Design Projects 

Aerodynamics 
* VLM4997 John Lamar’s subsonic vortex lattice program
* LIDRAG Span “e” determination for induced drag
* FRICTION Skin friction calculation 

GRUMFOIL 2D viscous airfoil analysis for subsonic/transonic flow
AWAVE Harris wavedrag program

Structures
 * ELAPS  Equivalent plate analysis of aircraft wing structures

(from NASA Langley)

Flight Controls/Handling Qualities
 * Digital DATCOM Stability derivative estimation

MacHoneyX Control system design
(Honeywell’s public domain control system design software)

Propulsion (version 2 of the AIAA engine programs by Jack Mattingly)
 ONXv2 Engine design for specified conditions 

OFFXv2 Analysis of a designed engine at off design conditions

Mission Performance
 BASIC.PERF Powers’ BASIC Aircraft Performance program (in BASIC)

MISS1 USAF Mission program using OFFX, also by Mattingly
FLOPS can be used for mission analysis 

* ACSYNT  "          "                "            "

Aircraft Sizing
 FLOPS NASA Langley aircraft sizing program
* ACSYNT NASA Ames aircraft sizing program

Design Layout
* ACSYNT/VPI graphics, CAD style geometry development for

conceptual design, including analysis of ACSYNT results 
CADAM standard CAD system available for configuration design 

Optimization
 COPES/CONMIN Vanderplaats’ engineering synthesis control and optimization
* STORM A linear programming code used in VPI optimization classes

* denotes codes actually used by the MDO group
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Table 2
MDO Homework problem

AOE/ESM 4084, Homework Assignment 1
Due 2:00 pm, Thursday, September 8, 1994

PROBLEM
The takeoff gross weight of an aircraft,  Wto, is the sum of the wing weight, Wwing; fuel weight, Wfuel; engine

weight, Weng; a fixed weight, Wfix, which includes structural weight (excluding the wing) and the systems weight;

cargo weight, Wcargo; and the fuel weight used for the climb, Wfclm.

The wing weight may be calculated from

where Sw is the wing area, Scws is the area of the wing mounted control surfaces, AR the aspect ratio, t/c the wing

thickness to chord ratio, N ultimate load factor, λ taper ratio, and Λ sweep angle. The fuel weight for cruise can be
found from the Brequet range equation

where R is the range (in nautical miles), sfc specific fuelconsumption, V cruise speed (in ft/sec), and L/D lift to drag
ratio. The lift coefficient for cruise can be calculated from

The drag coefficient is composed of three components

where E is the Oswald efficiency factor, E = 0.8, and

and
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Table 2 (concluded)

The engine weight, Weng, is typically calculated based on required thrust and the thrust to weight ratio of the

propulsion system chosen for the aircraft. In this problem we will assume the engine weight to be fixed at Weng =

4x7500 lb (four engines). The fixed weight and the fuel weight for climb are typically related to takeoff weight of
the aircraft. For the present problem we have Wfix = 0.2 Wto and Wfclm = 0.02 Wto.

Use Mathematica to plot the variation of the cargo weight Wcargo as a fuction of

i) aspect ratio,  4 < AR < 24 ii) wing area, 3000 < Sw < 10000

iii) Mach number, 0.5 < M < 0.9 iv) sweep angle, 0° < Λ < 40°
(by fixing all other variables to their baseline values) for the following two baseline design configurations.

design-1 design-2
aspect ratio, AR 7.0 22.65
wing area (ft2), Sw 3800 3957

Mach number, M 0.78 0.61
sweep angle (deg), Λ 21.0 1.0
thickness ratio, t/c 0.1 0.18
taper ratio, λ 0.1 0.27
takeoff weight, Wto 449000 423600

For the wing under consideration, Scws = 0.1 Sw, N = 4.5, R = 3000 nm, sfc = 0.640. Also use ρ = 0.0008

slug/ft3, and the speed of sound to be 980 ft/sec.
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Table 3.
Survey of Students in the MDO Course

A) Mathematica Experience

1) Use of Mathematica notebook for delivering lectures was 
a) very useful [9] c) not useful [-]
b) somewhat useful [5] d) did not make a difference [-]

2) Use of Mathematica for demonstrating concepts was 
a) very useful [10] c) not useful [1]
b) somewhat useful [3] d) did not make a difference [-]

3) Use of Mathematica for solving homework problems was 
a) very useful [10] c) not useful [-]
b) somewhat useful [4] d) did not make a difference [-]

4) Having access to Mathematica was
a) very difficult [1] c) somewhat easy [4]
b) somewhat difficult [5] d) easy [4]

5) Learning how to use Mathematica was
a) very difficult [1] c) somewhat easy [5]
b) somewhat difficult [7] d) easy [1]

6) Enough material was provided to enable the students to learn Mathematica
a) agree [5] c) somewhat disagree [3]
b) somewhat agree [6] d) disagree [-]

7) Use of Mathematica in the future should be 
a) increased [5] c) decreased [2] 
b) kept at the same level [7] d) removed [-]

B) Multidisciplinary Design Optimization (MDO) Experience

9) The multidisciplinary wing-design problem made the homework problems
a) too difficult [1] c) no different [4]  e) easy [-]
b) somewhat difficult [7] d) somewhat easy [2]

10) Use of the wing-design problem for homework problems 
a) too frequently [5] b) just about right [9] c) too little [-]

11) Use of the same problem repeatedly for demonstrating different concepts was
a) very useful [2] c) not useful [1]
b) somewhat useful [9] d) did not make a difference [2]

12) You had the background information needed to solve the wing-design problem
a) agree [7] c) somewhat disagree [2]
b) somewhat agree [5] d) disagree [-]

13) Enough material was provided to enable you to solve the wing-design problem
a) agree [9] c) somewhat disagree [-]
b) somewhat agree [5] d) disagree [-]

14) This course introduced you to multidisciplinary design optimization
a) agree [10] c) somewhat disagree [2]
b) somewhat agree [2] d) disagree [-]

15) The topic of Multidisciplinary Design Optimization was important for you
a) agree [9] c) somewhat disagree [-]
b) somewhat agree [4] d) disagree [1]
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Table 4
Requirements for MAD Fellows

MAD fellows are students enrolled in the MAD center certificate program. The student needs to satisfy the
requirements for a degree in one of the disciplinary programs, e.g., AOE or ESM, and the following additional
requirements:

1. Perform MAD research for a thesis or a dissertation.
2. Complete MAD related course work.
3. Spend at least three months (preferably six for Ph.D. students) in industry working on a MAD project.

These three requirements are fulfilled according to the following guidelines: 

1. MAD research:

The student will fill out a form listing the research topic, the disciplines involved, and explaining why the
research is multidisciplinary in nature and why it related to the design of advanced vehicles. The topic will
need to be signed by the student's thesis or dissertation committee and the MAD center director. This form
will be completed at the same time and accompanied by the student's program of study. 

2. MAD course work:

An MS student must complete courses in at least two of the following four categories: Optimization,
manufacturing, systems engineering and economic analysis, and computer aided design. A Ph.D. student
must take at least one course in three of the four categories. The list of currently approved courses for each
category is given below.

3. Industrial internship:

The student's dissertation committee and the MAD center director will need to approve the choice of the
company for industrial internship to insure that the internship is likely to significantly contribute to the stu-
dent's exposure to non-academic design issues. 

COURSE OPTIONS CURRENTLY AVAILABLE

Optimization Courses

AOE 4084 (ESM 4084) ENGINEERING DESIGN OPTIMIZATION

Use of Mathematical programming methods for engineering design optimization including linear programming,
penalty function methods, and gradient projection methods. Applications to minimum weight design, open-loop
optimum control, machine design, and appropriate design  problems from other engineering disciplines. 

AOE 5064 (ESM 5064) STRUCTURAL OPTIMIZATION

Structural optimization via calculus of variations. Application of techniques of Mathematical programming to
optimize trusses, beams, frames, columns, and other structures. Sensitivity calculation of structural response.
Approximation techniques and dual and optimality criteria methods. A background in optimization is necessary. 

AOE 5244 OPTIMIZATION TECHNIQUES

Ordinary minimum problems with constraints. The classical multiplier method, descent methods, and quasi-Newton
methods. Optimal control and the maximum principle. Second-order necessary conditions. Singular control.
Continuous gradient methods, conjugate gradients. 

MSCI 5404 MANAGEMENT SCIENCE

Study of selected topics in management science as they apply to managerial decision making. Topics include
resource allocation using linear programming, transportation and assignment models, network models for planning
and scheduling, queuing models for waiting line analysis, and an introduction to simulation modeling and analysis.
Use of the computer for problem analysis and solution is emphasized. 
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Table 4, Requirements for MAD Fellows (Continued)

ISE 5405 OPTIMIZATION

Linear programming, modeling, assumptions, and structural properties; primal, dual, and primal-dual simplex
algorithms; convergence and implementation issues; duality theory; sensitivity and parametric analysis; linear multi-
objective and goal programming, introduction to integer, dynamic, and nonlinear programming. 

ISE 5406 OPTIMIZATION

Nonlinear programming theory and algorithms: convex sets and functions, generalized convexity; and theorems of
the alternative, constraint qualifications, necessary, and/or sufficient optimality conditions. 

MSCI 5444 ADVANCED MANAGEMENT SCIENCE

Study of advanced topics in management science, with emphasis on topics not covered in MSCI 5404. Topics
presented include advanced topics in linear programming, duality and sensitivity analysis, integer programming,
quadratic programming, goal programming, and dynamic programming, Emphasis is placed on use of the computer
for problem analysis and solution. Term project included. 

Computer Aided Design Courses

ME 5604 COMPUTER-AIDED DESIGN I

Participants will study topics fundamental to the creation of computer-aided design software including CAD
hardware, standard graphics (GKS, PHIGS), mathematics of 3-D modeling, and 3-D CAD support software. Appli-
cations programs will be developed which use graphics support software or interface to a commercial 3-D CAD
system. 

ME 6604 COMPUTER-AIDED DESIGN II

Participants will study topics related to rendering computer images such as shading and lighting models and color
transformations. Methods of geometric modeling for curves, surfaces and solid models will be studied and applied to
computer-aided design problems. 

AOE 5074 COMPUTER-AIDED DESIGN OF VEHICLE STRUCTURES

Methodology of rationally-based, computer-aided optimum structural design, Reliability aspects. Advanced aspects
of finite element analysis for large then wall structures. Modes of failure at member, multi-member and overall level
for large thin wall structures. Other limit states. Optimization methods. Principles of computer-aided design and
sample applications. 

ESM 5984 SCIENTIFIC VISUAL ANALYSIS WITH MULTIMEDIA (special study)

Classical and advanced methods of visual data analysis are studied with  scientific applications and interactive
multimedia presentation of results. Examples of scientific visual insight, are studied and new visual methods are
created with the aid of computer graphics. Visual 
data analysis of numerical, experimental, or analytical results are used to study gradients, function-extraction, chaos,
second and fourth order tensors, and molecular synthesis with applications in solid-fluid mechanics, dynamics, and
material science. Special topics such as data sonification and virtual reality are discussed in context with scientific
applications. The final class project emphasizes how interactive graphical methods can be insightfully used within
the scientific application and for final presentation. 
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Table 4, Requirements for MAD Fellows (Concluded)

Systems Engineering Courses

ENGR 5004 THE SYSTEMS ENGINEERING PROCESS

Development and implementation of the systems engineering process commencing with the identification of
requirements (i.e., a consumer need) and extending through requirements allocation, system and functional analysis,
synthesis and optimization, the identification of a specific system configuration, and system test and evaluation. The
process includes the integration of performance factors, reliability and maintainability, human factors, logistic
support, effectiveness, life cycle, and other factors necessary in systems development. 

ENGR 5104 APPLIED SYSTEMS ENGINEERING

Identification of the role of systems engineering -- solving problems involving technology in the context of the
society and the environment in which they exist using systems methodologies of current and potential usefulness in
public and private decision making. 

ISE 4224 ADVANCED ENGINEERING ECONOMY

Economic models involved in the prediction and control of capital expenditure decisions. This course extends the
basic concepts of engineering economy and industrial cost control and integrated the techniques of classical
economic theory, decision theory, and operations research. 

Manufacturing Courses

ISE 4264 INDUSTRIAL AUTOMATION

A survey of technological and economic factors pertaining to industrial automation. Examination of components
commonly employed in automation systems, their aggregation, and related production process design. 

ISE 5204 MANUFACTURING SYSTEMS ENGINEERING

Conceptual models of manufacturing, process, and service organizations for various operational levels are presented.
Functional activities and interrelationships are defined for each type of manufacturing model. Typical objectives and
operating constraints are identified for functional activities, particularly production planning/control, materials
management, facilities design/material handling. 

ISE 5234 MANUFACTURING COSTS AND PRODUCTION ECONOMICS

Concepts and techniques of analysis for evaluating the life cycle costs and benefits of manufacturing assets and
production systems. International economic competition, design and production economics, strategic implications of
capital investment, investment decision  analysis, economic appraisal and control, and the economic retirement of
manufacturing assets. 

ISE 5304 DIGITAL COMPUTERS IN MANUFACTURING SYSTEMS CONTROL

An introduction to computer software and hardware concepts as applied to manufacturing systems interfacing
control. Includes microprocessor architecture, related hardware devices, software systems concepts in data
acquisition and control. manufacturing applications of computers, and computer integration for manufacturing
systems control. 

ESM 5204 COMPOSITE MANUFACTURING

Fundamentals of polymeric matrix composite manufacturing. Mathematical models of curing, consolidation, and
void formation processes are studied. Prepregging methods and effects of processing on mechanical properties are
discussed. Introduction to commonly used manufacturing processes. Laboratory demonstrations. 

AOE AEROSPACE MANUFACTURING (course being developed)

16


