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Abstract: A new efficient coupling relationship description method
has been developed to provide an automated and visualized way
to multidisciplinary design optimization (MDO) modeling and solv-
ing. The disciplinary relation matrix (DRM) is proposed to describe
the coupling relationship according to disciplinary input/output vari-
ables, and the MDO definition has been reformulated to adopt the
new interfaces. Based on these, a universal MDO solving pro-
cedure is proposed to establish an automated and efficient way
for MDO modeling and solving. Through a simple and convenient
initial configuration, MDO problems can be solved using any of
available MDO architectures with no further effort. Several exam-
ples are used to verify the proposed MDO modeling and solving
process. Result shows that the DRM method has the ability to
simplify and automate the MDO procedure, and the related MDO
framework can evaluate the MDO problem automatically and effi-
ciently.
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1. Introduction

Multidisciplinary design optimization (MDO) has the abi-
lity for efficiently organizing the design process and ob-
taining the consistent optimal solution. Many research
studies have been carried out on this topic and made great
progress [1,2]. Despite these advances, the design of com-
plex engineering systems remains a challenge [3,4].

Especially in the MDO solving procedure, although
many successful cases have been done in recent years,
solving a real-world engineering system is still a challeng-
ing work. We suffer from the following problems.

(i) There are many different MDO models with vari-
ous defined variables and MDO architectures, an abundant
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of work are needed to transform the engineering problem
to the corresponding MDO solving formulation by taking
manual steps. (ii) An MDO problem defines as a function
of MDO variables, but has no direct relevance with the
discipline model. Adding/removing disciplines and con-
necting/disconnecting interdisciplinary couples require ex-
tensive job, even some subversive rework. (iii) The MDO
definition derived from coupling relationship is a compli-
cated mathematical model. Modification and variation of
this MDO model need designers with specialized knowle-
dge. (iv) For a special MDO problem, it is necessary to
make a comparison and analysis of these MDO architec-
tures to find out a suitable one with efficiency and preci-
sion, so how to switch among these solution architectures
efficiently and automatedly is worth studying. The applica-
tion and promotion of MDO have been hampered by these
fussy MDO problem definition and the complex solving
procedure, until now many MDO researches are confined
to the multidisciplinary integrated simulation with no cou-
ples and the solution with single MDO architectures [3].
Therefore, the purpose of our study is to seek a more flexi-
ble way to describe the MDO problem, reconstruct MDO
architecture and automatic solution.

The structure of this paper is as follows. Section 2 intro-
duces a new MDO coupling information description based
on disciplinary relation matrix (DRM). Section 3 proposes
the MDO mathematical definition with disciplinary in-
put/output variables and establishes the MDO solving pro-
cedure. Section 4 gives a brief description for the software
design, which is detailed in [5]. Section 5 tests three MDO
benchmarks and gives a detailed discussion on this new
MDO environment. Finally, Section 6 gives a conclusion
and prospect of this research.

2. MDO modeling by DRM
2.1 DRM description

An essence of MDO is the interdisciplinary coupling re-
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lationship. The reasonability and conciseness of the MDO
definition determines the complexity of the MDO solution
procedure. The most common way of doing this is to set
up the design structure matrix (DSM) and the functional
dependence table (FDT). They are both based on matrix
description.

DSM is a two-dimensional square with disciplines lay-
ing in the diagonal; other elements of the square represent
the link of related disciplines. Steward first proposed the
DSM method to describe the dataflow of a coupling sys-
tem [6]. Browning reviewed four DSM applications useful
to product developers, project planners, project managers,
system engineers, and organizational designers, also a de-
tail summary had been made for the coupling analysis of
complex systems [7]. Andrew made a useful comparison
of the MDO coupling description methods, and presented
a new diagram for visualizing MDO, the extended design
structure matrix (XDSM), which showed data dependency
and process flow on a single diagram simultaneously based
on the DSM [8]. Other researches of DSM also can be
found in [9-12]. Though DSM offers a clear way to ex-
press the coupling relationship between disciplines, which
provides an explicit dataflow relation and the scales of iter-
ation, the detail relationship between the disciplinary input
variables and output variables cannot be obtained from the
DSM.

FDT [13], also named dependency matrix [14], is a de-
pendency table between design functions and design vari-
ables. It is represented by a Boolean matrix, rows are la-
beled with relation/function names and columns are la-
beled with variable names. The entry in the ith row and jth
column is “true” if the ith function depends on the jth vari-
able; otherwise, it is “false”. Kusia et al. first used it for de-
scribing the relation between functions and variables, and
constructed the disciplines or mission block matrix by link-
ing relation [15]. Numerous studies are carried out to the
MDO problem decomposition and reconstruction based on
the FDT [13,16,17], for reducing the degree of coupling
and the scale of the system. However, there is no univer-
sality on the new discipline models reconstructing from
the FDT, especially for black-box discipline models come
from commercial software and custom codes due to the in-
separability between design variables and functions.

DSM and FDT methods cannot describe the MDO cou-
pling characteristics comprehensively, and it is difficult to
constitute an automatic MDO solving environment based
on those methods. For this reason, our work presented in
this paper focuses on a new MDO problem description
method based on the DRM, which will provide an effi-
cient and automatic way for MDO modeling, solving and
evaluating. This allows the designers to care for the MDO

problem itself and lets the developers to focus on new algo-
rithms or methods they are developing and testing, rather
than on implementation details.

DSM gives no information on the coupling relationship
of the disciplinary input and output variables, and the FDT
structure excludes the original discipline information, both
cannot describe the coupling relationship of the MDO sys-
tem comprehensively. In addition, the designer needs a
deep insight into the MDO problem for a proper selection
of the MDO architectures and has to select the MDO vari-
ables manually, which is easy to cause misunderstanding.
Therefore, we present an efficient and convenient way for
the MDO coupling relationship description based on the
disciplinary input and output variables. It is a format based
on matrix both containing the disciplinary information and
the coupling relationship of the disciplinary input and out-
put variables, so we call it DRM. A three-discipline MDO
problem is utilized to illustrate the DRM.

We suppose the disciplinary input and output variables
of the three-discipline MDO problem are as follows:

[y1,y2,y3,y4] = A(3317l‘2>9€3>

[Ys, Y6, y7] = B(x1, 23, 74,75, T6)
[ys, yo] = C(z1, 24, 7) 1)

A, B, C are the disciplines with input variables and out-
put variables. The DRM of the three-discipline MDO prob-
lem is shown in Fig. 1.

DISP | Name 2 20 25
X1 | X2 | X3 | X1 | X3 | X4 | X5 | X6 | X1 | X4 | X7
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Fig.1 DRM of thethree-discipline MDO problem

X1, X- and X are the vectors of disciplinary input
variables, Y7,Y; and Y3 are the vectors of disciplinary
output variables. The blocks expect main diagonal, such
as ba, ca, ab, cb, ac and be, are the regions of interdis-
ciplinary coupling. For instance, ba is the relation matrix
consisting of the relationship between the discipline A and
discipline B, which means the output variables of the dis-
cipline A connect to the input variables of the discipline
B. The circle mark in ba represents the coupling relation
between the output variable y; of the discipline A and the
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input variable x4 of the discipline B. Blank means no cou-
pling relationship. The definition of others is similar too.
The last row of the DRM is used to define the share design
variables. The input variables in the last row containing the
elements with the same value are identified as the share de-
sign variable, such as x; of the discipline A and z; of the
discipline B, these are marked as “ShareVar 1”. The blocks
aa, bb and cc are the region of discipline-self relationship,
which can be used as the disciplinary Jacobi matrix [18].

The DRM is the fusion and extension of the DSM and
FDT. It includes the coupling relationship of the design
variables and design responses like FDT, and contains
the interdisciplinary information like DSM. The whole
dataflow of the MDO system and the coupling relationship
of disciplinary input and output variables are contained in
DRM, which will give full coupling information for MDO
modeling in the next section. The clarity and standard for-
mation are also useful for the MDO automatic solving pro-
cedure described in Section 4 later.

2.2 MDO problem

The most common MDO problem is described as follows:

min f(z,y(z,y))
w.r.t.x,y
s.t. h(z,y(z,y)) =0
9@, y(z,y)) <0 )
z = [zf,zT,...,z%]T is the design variables groups
including share design variables x o and discipline design
variables z;. y = [y}, ..., yx] " is the coupling variables.
h and g are the equality constraints and nonequality con-
straints of the MDO problem. The above definition pro-
vides a direct recognition to the MDO architecture, but has
no direct relevance with the discipline model. For desig-
ners, sometimes it is difficult to convert a complex MDO
problem into (2), some modification must be done to sim-
plify the MDO modeling process.

The disciplinary input and output variables are the most
intuitive interfaces of the MDO problem, and from Sec-
tion 2 we know, DRM is based on the disciplinary input
and output variables and contains full coupling relationship

of the MDO problem. This information can be utilized to
create a standard process for MDO modeling and formu-
late the MDO architectures. The MDO problem based on
disciplinary input and output variables is defined as in the
following,
min F(X,Y)
wrt. X, Y
st. HX,Y) =0
G(X,Y)<0
Y; = Disp,;(X;), i=1,2,...,N ?3)

where Disp, is the ith discipline model, X; is the vec-
tor containing all the input variables of discipline i, X =
[(XF, XT, ..., X %] is the input vector of all disciplines.
Y; is the vector containing all the output variables of the
discipline 7, Y = [Y,5, {5, ..., YT is the output vec-
tor of all disciplines. F' is the objective function. G is the
inequality constraint and H is the equality constraint. The
interactive relationship of the DRM and the MDO archi-
tecture is indicated in Fig. 2.

min F(X,Y)
wrt. XY
s.t. H(X,Y)=0
MDO G(X,Y)<0
problem  y,=Disp; (X))
i=1,2,...,N

min  f'(x, p(x, y))
w.rt. X,y
s.t. h(x, p(x, ¥)=0
g (x, y(x, y))<0
MDO architecture

¥1=Dispi (X
Xo=Share (X) : . isp1 (X1)

%i =Sub (X) <:> ¥, = Dispi (X))

; =Couple (Y; .
yi=Couple () y _ pyicon(Xn)

{}DRM

Discipline model

Fig. 2 Interactive relationship of DRM and M DO architecture

The lowercase letters represent the MDO variables, the
capital letters represent the disciplinary input/output vari-
ables in Fig. 2. The conversion relation between MDO
variables and disciplinary input/output variables is listed
in Table 1.

Tablel Conversion between MDO variables and disciplinary input/output variables

MDO variables Definition

Relation conversion principle Conversion mark

Discipline
design variable

The one applies only to a certain discipline
as input variables.

The jth column of the region of interdisciplinary cou-
pling is all blank, e.g. z2, =5 in Fig. 3.

@; = Sub(X;)

The one is shared by more than one disci-

Share design .
eslg pline and affects the whole MDO system as

There are multiple disciplinary input variables of the
same definition in the last row “ShareVar”, e.g. x1, x4

xo = Share(X)

variable . . -

input variables. in Fig. 3.
Coupling The one outputs from the discipline analysis ~ The sth row of the region of interdisciplinary coupling .~ Couple(Y;)
variable as the input variables of other disciplines. has at least one circle mark, e.g. y1, ys, ys in Fig. 3. Yi= P ‘
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x; = Sub(Xj;), zo = Share(X) and y; = Couple(Y;)
are the conversion functions between discipline design
variable, share design variable, coupling variable and the
input/output variables of the discipline i. The copies of
the coupling variable are also called target variable when
these copies have been made to allow discipline analyses
to run independently and in parallel. The coupling variable
is unique, but may have multiple target variables. The for-
mula of MDO architectures also needs some modification
to adapt the DRM interface, which will be introduced in
the next section.

DISP| Name |— ! X2 X
x1 (X [x3 [ % [X3] X4 X5 Xe [ %1 [ %4 [X%7
1 (S
Y, Y2
V3 -
V4 Coupling
variable
Vs
2 | s O
Y7
8 © S}
¥ Y9
ShareVar | 1 1 2 12

Discipline design

Share design
variable i

variable

Fig. 3 Principle of the relation conversion for a three discipline
MDO

This improved MDO format simplifies the MDO mo-
deling process by connecting the MDO definition with the
disciplinary input and output variables. Designers do not
need to know the professional knowledge on MDO and
avoid defining MDO variables in user’s code [19,20]. It is
very useful for designers without any MDO knowledge to
optimize a complex MDO problem. Meanwhile, its stan-
dard conversion rule makes it easy to program, which will
be explained in Section 4.

A small problem of the MDO modeling mentioned
above is the variable repeatability due to the interface of
disciplinary input/output variables. It will be confused for
designers at first due to the several copies of share design
variables and behavior variables in the objective function
and constraints. Even these variables could be different
in some MDO iterations for the unconvergence reason. In
practice, these differences will fade away during the con-
vergence procedure. Therefore, we should use one of them
fixedly to avoid conflicts.

3. MDO solving by DRM

A considerable amount of researches have been done dur-
ing the last decade for the MDO framework. There are
so many useful commercial and open source MDO plat-
forms, such as ISight, ModelCenter, VisualDOC, OpenM-

DAO, and CEASIOM. However, these frameworks do not
pay much attention to the automation of MDO modeling
and solving procedure. It is difficult to set up MDO archi-
tectures by these frameworks, and the costing time is also
unacceptable. PyMDO [19-21] is a successful practice for
the automation of MDO solving, but the nonintuitive script
and complex problem definition are daunting for designers.
This section provides a brief introduction of some com-
mon MDO architectures with DRM. Based on these, the
universal MDO organization and solving procedure are
provided to explain the detailed solving approach.

3.1 MDO architecturedefinition

Martins provided a detailed survey of all available MDO
architectures and gave a classification of these architec-
tures into monolithic architecture and distributed architec-
ture based on their problem formulations and decompo-
sition strategies [22]. Following his definition, five MDO
architectures are provided in the section, incuding indi-
vidual discipline feasible (IDF), multidisciplinary feasible
(MDF), concurrent subspace optimization (CSSO), collab-
orative optimization (CO) and analytical target cascading
(ATC). These MDO architectures and MDO variables re-
spected to the MDO definition with input/output variables
are explained in the following.

3.1.1 IDF architecture

IDF is the simplest monolithic architecture. An MDO
problem can be converted to an IDF architecture simply
by defining some coupling variable copies as optimization
variables and adding the related consistent constraints to
the optimization problem. This may result in larger opti-
mization problems to increase solving difficulties. The op-
timization problem with the input/output variables of the
IDF architecture is
min  f(z,y(z,y))
w.rt. @,y
s.t. ho(z,y(x,9)) =0
hi(zo, i, Yi(To, Ti, Yjzi)) = 0
90(m7 'y(.’B7 g)) < 0
9i(To, Ti, Yi(xo, i, Yj2:)) <0
ci =Yi — yz’(mmﬂ?i,ﬁj#i) =0
o = Share(X)
x; = Sub(X;), y; = Couple(Y;)
Y = Disp,(X5)
i=1,2,...,N 4)
where hg and gq are the equality constraints and nonequa-
lity constraints in the system level of the MDO problem,
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h; and g, are the equality constraints and nonequality con-
straints in the discipline level of the MDO problem. v,
the coupling variable copies, sometimes called target vari-
ables, is used to allow discipline analyses to run indepen-
dently and in parallel. The conversion between the MDO
variables and the discipline input/output variables are illus-
trated in Table 1.

3.1.2 MDF architecture

MDF is the smallest monolithic architecture. It satisfies
the consistent constraints by the multidisciplinary analy-
sis (MDA\) process, which may cost extra time for conver-
gence. The MDA process can be solved by fixed point iter-
ation or Newton-based methods. However, the MDA pro-
cess can be time-consuming and hard to parallel. The op-
timization problem with the input/output variables of the
MDF architecture is

min f(z, y(x,y))
w.r.t. ©
s.t. ho(z, y(z,y)) =0
hi(wo, @i, yi(wo, i, Yjzi)) = 0
go(z, y(z,y)) <0
gi(zo, T, Yi(To, @i, Yjzi)) < O
MDA (z) = 0
2o = Share(X)
x; = Sub(Xj;), y; = Couple(Y;)
Y; = Disp,(X;)
i=1,2,...,N. (5)

The conversion between the MDO variables and the dis-
cipline input/output variables are illustrated in Table 1.

3.1.3 CSSO architecture

CSSO is a distributed architecture with a two-level opti-
mization problem. It decomposes the MDO problem into
some independent sub-problems to allow the parallel solu-
tion. CSSO develops a variety of improved forms by ap-
plying the approximation method and sensitivity informa-
tion. The CSSO with the response surface (CSSO-RS) has
fewer computational requirements by introducing the ap-
proximation method, which is more appropriate for com-
plex engineering optimization problems. The couple vari-
ables of the discipline are surrogated to obtain the indepen-
dent execution environment. The system sub-problem with
the input/output variables of the CSSO-RC architecture is

min f(x,y(z,y))

w.r.t. ©
s.t. ho(z,y(z,y)) =0
hi(xo, i, Yi(To, Ti, Yjzi)) =0
go(z,y(z,y)) <0
9i(®o, Ti, Yi(To, Ti, Yjzi)) < 0
xg = Share(X)
x; = Sub(Xj;)
i=1,2,...,N. (6)
The discipline 4 sub-problem with the input/output vari-
ables of the CSSO-RC architecture is
min [ (@, yi(@i, Yjzi), Yjzi)
w.r.t. g, T;
s.t. ho(z,y(z,y)) =0
hi(xo, i, yi(To, Ti, Yjzi)) =0
hj(@o, Yj(w0,y)) =0
go(z,y(z,y)) <0
9i(®o, Ti, Yi(To, Ti, Yjzi)) < 0
9i(®o, Yj(xo,y)) <0,
o = Share(X)
x; = Sub(Xj;), y; = Couple(Y;)
Y: = Disp,(X;)
j=1,...,N, j#i @)

where ¥ is the surrogate model of the coupling variables y.
The conversion between the MDO variables and the disci-
pline input/output variables are illustrated in Table 1.

3.1.4 CO architecture

CO is a popular distributed architecture. CO architecture
decomposes the MDO problem into some discipline op-
timization sub-problems, which is similar to the organi-
zational form of the industrial department. Every disci-
pline is autonomous and can be easily integrated into the
MDO solving procedure. The objective function is mini-
mized at the system level and the consistency is optimized
at the discipline level. The system sub-problem with the
input/output variables of the CO architecture is

min f(xo, Z1,...,ZN,Y)

w.r.t. o, T1,..., TN, Y
s.t. ho(xo, Z1,...,ZN,Y) =0

go(xo, T1, ..., TN, Y) <0
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I = ||Zoi — ol + |2 — zill3+
19s — yi(@oi, i, Yyi) |15 <&,

o = Share(X)

x; = Sub(X;), y; = Couple(Y;)

i=1,2,...,N. (8)

The discipline i sub-problem with the input/output vari-
ables of the CO architecture is
min J;(Zoi, Ti, Yi(Toi, Ti, Yjzi))
w.r.t. C/L'\Oi, x;, :l’jl
s.t. hi(@os, 4, Yi(Toi, i, Yjzi) =0
9i(Zois i, Yi(Toi, Ti, Yjzi)) < 0
z; = Sub(X;), y; = Couple(Y;)

Y; = Disp,(X;) 9
where ¢ is the relaxation tolerance of the consistency. Sim-
ply setting € to 0 may cause that the constraint gradients
of the system problem at an optimal solution are all zero
vectors, which will slow down the convergence for the
gradient-based optimization algorithm. Given a small pos-
itive fixed value to « is the simplest approach to mitigate
this problem, but there are some more efficient ways, such
as dynamic tolerance coefficient [24], which is used in this

paper. The conversion between the MDO variables and the
discipline input/output variables are illustrated in Table 1.

3.1.5 ATC architecture

ATC is a distributed architecture. ATC architecture relaxes
the consistency by penalty relaxation, and decomposes the
MDO problem into the system level sub-problem and dis-
cipline level sub-problem. The system sub-problem with
the input/output variables of the ATC architecture is

N

min f(z,§) + Y Pi(@oi — o, Ui — yi(wo, i, Y))+
i=1

Ppo(ho(z, ) + P40(90(x, Y))

w.r.t. g, Y
2o = Share(X)
x; = Sub(X;), y; = Couple(Y;)
i=1,2,...,N. (10)

The discipline i sub-problem with the input/output vari-
ables of the ATC architecture is

min  f(Zoi, i, Yi(Zoi, Ti, Yj£i ), Yjzi)+

Di(Toi — x0, Yi — Yi(Xoi, Ti, Yjzi))+

Do (ho(Zois iy Yi(Toi, Ti, Yjzi), Yjzi))+
Pgo (9o (Zoi, @i, Yi(Tois Ti, Yjzi ), Yji))
w.r.t. Zo;, T;
s.t. hi(Zos, i, Yi(Zoi, Tiy Yj£i), Yjzi) =0
9i(Zoi, Ti, Yi (Zoi, i, Yjzi), Yjzi) <O
x; = Sub(Xj;), y; = Couple(Y;)
Y; = Disp;(X;) (11)

where @;, @50 and 94 are the penalty function of the con-
sistent constraints, system level equality constraints and
system level nonequality constraints. The augmented La-
grangian function form is used here as follows:

& = v (yi — i) + |we(ys — G013
@), = vp ho + [|wrhol|3
By = 01 g0 + [lwegol3 (12)

where v, v, and v, are the Lagrangian multipliers of the
augmented Lagrangian function. w., wj and w, are the
penalty weights of the augmented Lagrangian function.
When v., v and v, are all set to be 0, (12) is degraded
into the quadratic penalty function. v is updated by the fol-
lowing equation,

v = vk 2wk wh - ¢F (13)
c
q= | ho (14)
go + 13

where ¢ is the consistent constraint. ¢ is the relaxation fac-
tor of the nonequality constraints. The following updated
strategy is used to update ¢,

k

k+1 _ ) Wy,
w; = k
ﬁw7;7

where k is the current iteration step of the outer loop.
6 > 1,0 < v < 1. The conversion between the MDO
variables and the discipline input/output variables are il-
lustrated in Table 1.

2] <lg;” | (15)
laf'| > vlg; ™|

3.2 MDO solving procedure

The detail coupling relationship of an MDO problem can
be represented by the DRM based on the disciplinary in-
put and output variables. Making use of its advantages, the
MDO solving procedure could be decomposed into three
parts: the DRM coupling relationship definition, the MDO
problem description based on disciplinary input/output
variables and the MDO solving process executed automat-
ically based on MDO architectures. The function of each
part is explained as
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(i) DRM coupling relationship definition

By analyzing the DRM, the coupling relationship be-
tween MDO variables and disciplinary input/output vari-
ables can be recognized based on the principle in Table 1.
Also we can find the numbers of the disciplines, the di-
mensions and the sequence of the input/output variables of
each discipline.

(ii) MDO problem description

The system level objective function, system level con-
straints and discipline level constraints are constructed
based on the disciplinary input and output variables.

(iii) MDO solving

The MDO problem is converted into some optimization
problems based on the executive structure of the MDO ar-
chitectures and solved by the optimization algorithm.

The procedure of MDO solving based on the DRM is
shown as Fig. 4. For an MDO problem with N disciplines,
the detail implementation is as follows:

Step 1 Building the DRM

Build the DRM based on the disciplinary input/output
variables, mark the coupling relationship if the output vari-
able of one discipline is connected to the input variable of
another discipline, and then select the share design vari-
able. Then we have the full coupling relationship with the

709

input/output variables based on the rules on Table 1.

Step 2 Reconstructing the MDO problem

Based on (3), the system level objective function, sys-
tem level constraints and discipline level constraints are
defined with disciplinary input and output variables, set
the boundaries of disciplinary input/output variables and
the constraints, and then wrap the discipline models into
standard input/output interfaces [5].

Step 3 Decomposing and reconstructing MDO system

Depending on the coupling relationship defined by the
DRM and the MDO problem description, decompose and
reconstruct the MDO system. Based on the MDO architec-
tures introduced in Section 3.1, convert the MDO problem
into some optimization problems with the help of the sur-
rogate model, optimization algorithm and sensitivity anal-
ysis.

Step 4 Solving MDO problem

Build convergence criterion and solve the above estab-
lished MDO problem according to the process of different
MDO architectures.

The procedure of MDO solving is programed as some
C++ Classes. A brief software design introduction is illus-
trated in Section 4.

—1 1 }
Coupling relation H DRM }
| p— :
7 | # ¢ i
Input variable [— H Share.design Disciplipe design Ul e }
I variable variable \
= |1 | | |
Output variable || | Coupling relationship definition | J
f MDO problem )
reconstruction

—

( 7 I
_Sys_tem leve! ! } Optimization X Surrogate |
objective function — }‘ iab] MDO solution method * model |
and constraint I WA O \
I MDF |
—1 | IDF |
Disciplin.ary ] H Optimization Optimizaiton \
constraint I function CSSO algorithm }

Il
|
— H CcO |
Discipline model |— || ATE |
iscipline model |— i ‘
I Constraint -/ || Sensitivity ‘
1 L J analysis |
MDO description H * # }
77777777777777 ‘
} System level Discipline level I
[ optimization optimization }
| \
[ . \
| Convergence checking \
\ MDO solving }

Fig.4 Procedure of MDO solving based on DRM
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4. Software design

An object-oriented framework is established in C++ en-
vironment to the modularized and automated way for
MDO modeling and solving, which is called as auto-
matic fast solving environment for MDO (AFSEMDO).
The framework is designed as an automatic solving envi-
ronment. Once an MDO problem has been imported into
AFSEMDO with the proper format and some solving pa-
rameters are setup, e.g. the type of MDO architecture, the
type of optimization algorithm, convergence precision, no
additional work is required during the MDO modeling and
solving process. This is achieved by a modularized and
universal implementation procedure which is detailed in-
troduced as follows.

The MDO solving environment includes the follow-
ing modules: MDO solving kernel, decomposition stra-
tegy, optimization algorithm, approximation method, sub-
system, sub-discipline, discipline wrapper, coupling re-
lationship and MDO problem description. The modules
of the optimization algorithm, approximation method and
discipline wrapper are the generic components supported
by the Mcdesign [24] framework, these are designed as
Dynamic Link Library (DLL) which can be easily inte-
grated into ASMEMDO. The sub-discipline module man-
ages the discipline model and the sub-system manages
the converted discipline model. The discipline model here
means the real discipline model containing the complete
disciplinary input and output variables which come from
the discipline wrapper. The converted discipline model
here means the standard discipline model containing the
shared design variables, discipline design variables and
coupling variables. These MDO variables can be directly
used by the MDO architecture. The sub-system is used
as the interfaces between the discipline analysis code and
the MDO solving environment to standardize and simplify
the original discipline model. The decomposition strat-
egy module is designed as the standard execution flow for
the decomposition strategies, for a given MDO problem
with disciplinary input/output interfaces, it will be con-
verted into some optimization problems and be coded into
standard execution process. Coupling relationship module
is responsible for the conversion between disciplinary in-
put/output variables and MDO variables based on the prin-
ciple in Table 1. The MDO solving kernel is the entry of
the MDO modeling and solving, it manages all the mod-
ules mentioned above and executes the solving process au-
tomatically by the given configuration. The MDO prob-
lem description module inputs the basic MDO definition,
the objective function and constraints of the optimization
problem and the DRM matrix information. The relation di-

agram of these modules is listed in Fig. 5.

A base class is defined as follows to give a general defi-
nition of the MDO problem structure to the AFSEMDO
framework.
class BaseMDOProblem
{
public:

BaseMDOProblem(void){ }

virtual ~BaseMDOProblem(void){ }

/I Problem information

virtual bool get_mdo_info(string& mdoname, int& disp-
num)=0;

virtual bool get_drm.info(string & drmname)=0;

virtual bool get_disp.info(int idisp, string& dispname,
vector <Var>& inputvar, vector <Var>& outputvar)=0;

virtual bool get_disp_fun_con_info(int idisp,Var& disp-
fun, vector < Var>& dispcon)=0;

virtual  bool  get_sys fun_con_info(Var&
vector <Var>& syscon)=0;

// Evaluation

virtual bool eval _disp_fun(int idisp, vector <Var > input-
var, vector <Var >& outputvar)=0;

virtual bool eval disp_obj_con(int idisp, vector<Var>
inputvar, vector<Var> outputvar, Var& dispobj,
vector < Var >& dispcon)=0;

virtual bool eval_sys_obj_con(vector <vector <Var>>
inputvars, vector <vector<Var>> outputvars, Var&
sysobj, vector <Var>& syscon)=0;

/l Result

virtual void finalize_solution(int status, MDOlterHistory
last)=0;

virtual bool intermediate_callback(int status, int iter,
MDOlterHistory cur)=0;

private:
BaseMDOProblem(const BaseMDOProblem& );
void operator=(const BaseMDOProblem&);

I8

sysfun,

The definition of the class BaseMDOProblem can be
divided into three types: problem information, evalua-
tion and result. Problem information setups the name of
the MDO problem and the numbers of discipline by the
function get_mdo_info, loads the DRM information by
the function get_drm.info; gets the information of the
input and output variables of disciplines by the func-
tion get disp_info, and also gets the information of the
objective function and constraints of the system level
and discipline level by the functions get _sys fun_con info
and get_disp_fun_con_info. Evaluation defines the execu-
tion functions of the discipline model by the function
eval _disp_fun, and also defines the objective function and
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Fig.5 Relationship of the modulesin AFSEMDO

constraints of the system level and discipline level by the
functions eval _sys_obj_con and eval disp_obj con. The re-
sult gives some interfaces to get the final solution and the
result of every calculation steps by the function of fina-
lize_solution and intermediate_callback. Var is the standard
definition of the variable including the name, initialization,
boundary and current value, which is used as the commu-
nication interfaces among these modules in AFSEMDO.
MDOlterHistory contains the history of the total MDO
iteration. Once an MDO problem is inherited from the
standard BaseMDOProblem class, it can be solved by the
AFSEMDO framework automatically.

5. Examples
5.1 Reusablelaunch vehicle MDO modeling

Reusable launch vehicle (RLV) is one of the development
trends of the future launch vehicle. It is a complex multi-
disciplinary problem, which should make consideration of
the aerodynamic, structure, trajectory, layout, thermal and
control system at the conceptual design phase. A typical

RLV problem is used to show an example about how to
generate an MDO problem by DRM.

Five disciplines are considered in the RLV problem,
including aerodynamic, structure, trajectory, layout and
thermal. The aerodynamic discipline calculates the aero-
dynamic data and geometry measurement, taking geome-
try parameters as input variables; the structure discipline
calculates the structure mass and structural strength, tak-
ing geometry parameters, structure size parameters, aero-
dynamic data from aerodynamic discipline and trajectory
data from trajectory discipline as input variables; thermal
discipline calculates TPS mass and material distribution,
taking geometry parameters, TPS thickness, trajectory data
from trajectory discipline and aerodynamic data from aero-
dynamic discipline as inputs variables; layout discipline
calculates layout configuration and mass distribution, tak-
ing structure mass from structure discipline, TPS mass
from thermal discipline, fuel mass from trajectory disci-
pline as input variables; trajectory discipline calculates fuel
mass and trajectory path data, taking control data, aero-
dynamic data from aerodynamic discipline, and dry mass
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from the layout discipline as input variables. These cou-
plings make a complex RLV MDO problem, which can be
shown by the DRM in Fig. 6. Each variable in the DRM
means a variable set. For example, geometry variables may
include body length, body width, and wing span.

The MDO problem of RLV is generated based on the
DRM modeling method. The following MDO variables
can be extracted from DRM of the RLV problem in Table
2. From Fig. 6 we can find, geometry variables are the only
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one share design variable in ShareVar row. Structure vari-
ables, TPS thickness and control data are with no coupling
from other outputs variables (There are no circle marks
in the crossed element in the DRM), so these variables
are discipline design variables. The other input variables
are connected with output variables from other disciplines
(There are circle marks), so these variables are coupling
variables and the coupling relationship can be easily found
in the corresponding position of DRM.

Aerodynamic | Structure TPS Layout [Trajectory|
7 ©n wn w2
= 2o |8 Z S S
2 |gsfzElggssg, et
EF  |EEgTls T elEEgs e é
DISP Name = >|S|ER|> S| 2Ela|E|E|lSIEIE
S PR o
5 o2 22| noBekc|E-a
g ESlg FlEx FelE S g
8 8 g Q 8 == gl»n 7]
O Ca < |0 < <
Volume
Aerodynamic Surface area
Aerodynamic data 0 @) O
Structure mass @)
Structure Structural strength
TPS TPS mass @)
Dry mass o
Layout Total mass
- Trajactory data @) O
WEEs D5y Fuel mass @)
ShareVar 1 1 1
Fig. 6 DRM of the RLV problem
Table2 MDO variables of RLV problem based on DRM s.t. Dry mass < M,

Definition
Structure variables (structure discipline)
TPS thickness (TPS discipline)
Control data (trajectory discipline)
Geometry variables
Aerodynamic data (from aerodynamic
discipline)

Trajectory data (from trajectory discipline)
Structure mass (from structure discipline)
TPS mass (from thermal discipline)
Fuel mass (from trajectory discipline)
Dry mass (from layout discipline)

MDO variable

Discipline design
variable

Share design variable

Coupling variable

Objective function and constraints can be any combi-
nations of the input/output variables of these disciplines.
Total mass is selected as the objective function. Dry mass
and volume are selected as the constraints. The following
MDO model based on IDF architecture can be generated
using the automatic MDO solving procedure introduced in
Section 3. Other MDO architectures are similar.

min Total mass

w.r.t. Geometry variables, Structure variables,
TPS thickness, Control data, Trajectory data,

Aerodynamic data, Structure mass, TPS mass,

Fuel mass, Dry mass

Volume > V3
Aerodynamic data — Aerodynamic data® = 0
Trajectory data — Trajectory data™ = 0
Structure mass — Structure mass® = 0
TPS mass — TPS mass™ = 0
Fuel mass — Fuel mass™ = 0
Dry mass — Dry mass® = 0
where ()* means the variables form optimizer.

52 MDO benchmarkstesting

SNOPT [25] is used as the system and subsystem’s opti-
mization solver. This is based on the sequential quadratic
programming (SQP) algorithm with many common inter-
faces. The sensitivities of the objective function and con-
straints with respect to the optimization variables are got
from the finite differencing method. Radial basis function
(RBF) is used as the surrogate model. And the Latin hy-
percube method is used as the sampling method in AF-
SEMDO.

5.2.1 Benchmarks

Three benchmarks are used to test the MDO modeling and
solving framework based on the DRM. The first one is an
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analytic example that has been previously solved by Sel-
lar [26] et al. It is a two disciplines MDO problem and has
low dimensionality. The second is adapted from NASA’s
MDO test suite [27] and represents the design of a simple
gearbox. As the problem has originally been solved as a
single discipline optimization problem, the MDO problem
is created by splitting up the single discipline problem into
gear 1, gear 2 and gear shaft three parts with no coupling.
The third example is a complex aircraft problem with aero-
dynamic, mass and performance disciplines. Detail infor-
mation and results can be found in [5]. The three MDO
benchmarks are listed as follows:
(i) Analytic problem

. 2 _
min x5 +x3+y +e

w.r.t. T1,T2,x3
st. 1-91/3.16 <0

Y2/24-1<0
—10< z; <10
0 (16)
Discipline 1,

Given x1, T2, T3, Y2

Yy = 1’% + z9 + 23 — 0.2y2
Return v, @an

Discipline 2,
Given 1, T3, y1

Y2 = \/y1 + 1 + 23
Return yo (18)
The DRM of analytic problem is shown in Fig. 7.

Xi X
DISP | Name
X1 X2 | X3 | )2 | X1 | X3 | )1
Y pA O
Y »2 O
ShareVar 1 2 12

Fig. 7 DRM of analytic problem

(ii) Golinski’s speed reducer
min Clxlxg(ngg + Cszs — Cy) — Cg,xl(xg + x§)+
Co(xg + 23) + Cr(wazg + 527)
w.r.t. T1,%9,x3,Tq4,Ts5,Te,T7 (19)

Discipline 1,

Given zg, x3, 4, Tg

93, 95,910 < 0 (20)
Discipline 2,
Given x2, x3, x5, T7
94, 96,911 < 0 (21)
Discipline 3,

Given x1, T2, T3
91,92, 97,98, 99 < 0 (22)

The DRM of Golinski’s speed reducer is shown in
Fig. 8.

Xi Xz X;
X1 | X2 | X3

DISP | Name

X2 | X3 | X4 | X6 | X2 | X3 | X5 | X7

Y 85

Y> 86
g

g8
2
Share Var 112 12 1|2

Fig. 8 DRM of Golinski’s speed reducer
(iii) Aircraft problem
min W,
s.t. R >901.23 km
Ve < 21.336 m/s (23)
Discipline 1,
Given AR, Sy, Ly, Dy

_AR
Swet/sw

Swet = Stuse + 25, + 3 % 0.25,,

L/D =10.0+ 4.0 (

Stuse = WLy Dy
Return L/D (24)
Discipline 2,
Given Ly, Dy, pe, Vi, L/ D, Wiyel
Wio = 3(Whuse + Wiuel)
quse — 2.862L}.035D}.086p8.241 ‘/;0.482 (L/D)70.072
Return Wi, (25)
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Discipline 3,

Given L/D, Wio, Wruel, pe, Sw

R:nL/Dln<

C

Wto
Wto -0 -85quel

[ 2Wi,
V=4 ——2
pcSwCL max
Return R, V;

(26)

The DRM of the aircraft problem is shown in Fig. 9.

Xi X2 X3
DISPIName e D, [ L, D, e | 7| L/D W [L/D Wi Wil Pe Sn
Y. | L/D @) O
Y> Wio O
R
Y3 Vs
ShareVar 112312 3 14 5 5 4 |1

Fig.9 DRM of aircraft problem

5.2.2 Results

Five MDO architectures are tested in the framework AF-
SEMDO based on the DRM method proposed in this arti-
cle. The results of the above three benchmarks are listed in
Table 3.

Table3 Resultsof thethree benchmarks

Benchmark MDO The number of discipline evaluation Objective function
architecture Discipline 1 Discipline 2 Discipline 3 Optimal value Relative error

MDF 203 203 - 3.18341 5.233 9E-06
IDF 139 139 3.18339 2.480 1E-06

Case 1 CSSO 339 432 3.1834 3.273 1E-06
Cco 6589 2982 3.1835 5.361 5E-05
ATC 10 475 5769 - 3.1833 2.880 2E-05
MDF 73 73 73 2994.351 1.334 9E-06
IDF 73 73 73 2994.351 1.334 9E-06

Case 2 CSSO 773 1021 1071 2994.355 7.709 9E-06
CO 14 467 14 812 11139 2994.547 6.412 7E-05
ATC 3269 3090 1456 2994.361 2.003 8E-06
MDF 638 638 638 875.626 8 3.138 1E-05
IDF 213 213 213 875.653 7 5.949 4E-07

Case 3 CSSO 5667 5401 6815 875.653 5 3.945 5E-06
Cco 15 009 182 326 15 957 875.160 5 0.000 559 07
ATC 2280 7642 4818 955.458 2 0.091 142

All benchmarks have converged except the third case
with ATC. As you can see from Table 3, the monolithic
architectures such as MDF and IDF have a steady con-
vergence procedure and high computation efficiency. Dis-
tributed architectures such as CSSO, ATC and CO, have
to take more time to converge to the optimal solution.
These results obtained are in agreement with the results
in [20,28], which give a good proof that the DRM con-
version has no additional effect on the results of the MDO
modeling and solving.

From the number of discipline evaluation and the ob-
jective function relative error, we come to a conclusion
that the monolithic architectures have a better performance
than the distributed architectures beside the parallel com-
puting environment. Although the process of conversion
could add some additional cost, considering the time-
consuming process of the discipline evaluation, it could be
negligible in the MDO solving procedure.

The results of these three benchmarks show the frame-
work AFSEMDO has well supported for the MDO mod-
eling and solving. The MDO model based on DRM finds

out the relationship between the MDO variables and disci-
plinary input/output variables conveniently, and it empha-
sizes the importance of the discipline model, which is the
basic element of the MDO problem. Especially for black-
box discipline model, the disciplinary input and output in-
terfaces of which are the only information could be got.
The complex original MDO definition has been converted
to the new MDO formation based on DRM, so the MDO
architectures are untied from the MDO model and can be
used with no additional modification to any MDO problem,
which make it possible for the automation and modulariza-
tion.

6. Conclusions and future work

General formulation of the MDO problem is defined based
on the DRM. The MDO modeling and solving methods
according to the new formulation are presented. The RLV
problem is used to illustrate the MDO modeling process
and three benchmarks are tested in the new framework AF-
SEMDO.
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(i) The DRM based on disciplinary input and output
variables offers a simple and visualized interface for MDO
definition, and proposes an automatic and modularized
way of MDO modeling and solving.

(ii) The new MDO solving procedure using the inter-
face of disciplinary input and output variables is discussed
in this paper, and the main idea is to create an automatic
MDO environment for the industrial problems with black-
box disciplines.

(iii) Three benchmarks are tested and compared in the
AFSEMDO. From these results, it can be concluded that
the framework AFSEMDO with the DRM method could
provide a more simplified way to solve MDO problems.

Further studies are needed to extend the DRM method
to support MDO coupling definition considering uncer-
tainty. Applying this DRM method to dynamic decompos-
ing and reconstructing of the MDO problem deserves de-
tailed study. The ability of automatic process also needs
further research to establish a more efficient and conve-
nient MDO framework.
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