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Abstract

This paper presents semidefinite programming approaches for computing confidential
bounds for the dynamic steady-state responses of a damped structure subjected to un-
certain driving loads. We assume that amplitudes of harmonic driving loads obey a
non-probabilistic uncertainty model. The semidefinite programming problems are for-
mulated for finding confidential bounds for various characteristic amounts of dynamic
steady-state response, including the modulus and phase angle of the complex amplitude
of the displacement and stress. Numerical examples demonstrate that sufficiently tight

bounds can be obtained by solving the presented semidefinite programming problems.
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1 Introduction

Methodologies as well as numerical techniques for robustness and uncertainty analyses have received
increasing attention in structural and mechanical design. Since structures built in the real-world
always have various uncertainties caused by manufacture errors, limitation of knowledge of input
disturbance, observation errors, etc., various approaches have been developed to estimate responses
of structures including uncertainties [5, 16, 27-29, 31, 35].

In this paper, we propose a numerical approach to estimate the dynamic structural response

under uncertain harmonic loads. There exist two different frameworks with which we treat the
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uncertain property of a structural system. The one is probabilistic uncertainty modeling and the
other non-probabilistic uncertainty modeling. By using probabilistic uncertainty models, various
uncertainty analysis methods have been developed; see, e.g., [35, 39], and the references therein.
However, it is often difficult to accurately estimate stochastic parameters which are used in prob-
abilistic structural analyses, especially when the number of samples of the uncertain parameters is
limited.

In contrast to probabilistic approaches, the non-probabilistic uncertainty framework treats the
uncertain parameters as the so-called unknown-but-bounded parameters, which does not require to
estimate the probability distribution of the uncertain parameters. One of well-known approaches
with a non-probabilistic uncertainty model is the so-called convexr model approach [3, 5, 31]. Note
that the conventional convex model approaches are valid only if the magnitude of uncertainty is small
enough, because it is essentially based on the first-order approximation of the structural response
with respect to the uncertain parameters.

As a non-probabilistic decision theory applicable to uncertainties with arbitrary large magnitude,
Ben-Haim [4] proposed the info-gap decision theory, and its applications have been found in various
fields. In the info-gap decision theory, the robustness function plays a key role which represents the
greatest level of uncertainty at which any failure cannot occur. The authors proposed numerical
methods for computing the robustness function of structures considering the static response [19] and
plastic limit-load factor [24].

For computing the exact bounds of structural responses of a truss including unknown-but-
bounded uncertainties, mixed integer programming approaches have been developed for the member
stress [16] and for the plastic limit-load factor [20].

Concerning uncertainty analysis in structural dynamics, the fuzzy theory has been applied to
uncertainty analysis [12, 26], which are also regarded as a non-probabilistic approach. For uncertain
linear equations (ULE) the interval linear algebra has been well developed [1], which gives a conserva-
tive bound for the solution set of the given ULE. The interval algebra has been applied to structural
analyses considering uncertainties [28, 29]. Particularly, there have been numerous studies of interval
analysis for eigenvalue problems including uncertain parameters [10, 11, 13-15, 23, 25, 32, 33, 36].
These studies are aimed at finding bounds for eigenvalues of structures [10, 11, 13, 15, 23, 25, 32, 33],
for eigenmodes [14], modal parameters including the frequency response function [36]. A compari-
son between the interval analysis and a probabilistic approach for dynamic uncertainty analysis was
performed by Qiu and Wang [34].

For convex optimization problems, including the linear program, semidefinite program (SDP) [17],
and second-order cone program (SOCP) [2], etc., a unified methodology of robust optimization was
established by Ben-Tal and Nemirovski [7], in which given data in optimization problems are as-
sumed to have non-probabilistic uncertainties. Calafiore and El Ghaoui [9] proposed a method for
finding an ellipsoidal bound for the solution set of ULE by using the SDP relaxation. The authors
formulated an SDP problem which provides a confidential ellipsoidal bound for static response of
uncertain structural systems, particularly of a truss [18] and a braced frame [21].

In this paper we consider the dynamic responses of a damped structure under uncertain driving
load. We are particularly interested in the steady state of a forced oscillation induced by harmonic

driving loads, where the amplitudes of driving loads have non-probabilistic uncertainties. We at-



tempt to find various bounds for characteristic parameters, e.g. lower and upper bounds for the
modulus and phase angle of the complex amplitude of nodal displacements. It is shown that each
of these bound detection problems is formulated as an optimization problem with infinitely many
constraints, or as the form of robust optimization. We next present a sufficient condition, with
which the (infinitely many) constraints in the optimization problem stated above are satisfied, by
embedding the governing equations with uncertain parameters into quadratic inequalities and by
applying the so-called S-lemma [8, section 2.6.3]. Based on the sufficient condition presented, we
construct an approximation problem which is guaranteed to provide a conservative approximation
of the exact optimal solution to the bound detection problem. It should be emphasized that our
goal formulations for conservative bounds are either an SDP [17] or an SOCP [2] problem, both
of which are convex optimization problems and can be solved efficiently by using the primal-dual
interior-point method.

It is known that SDP and SOCP problems can be solved by using the primal-dual interior-point
method in polynomial time [2, 17]. Hence, our method can find a bound for the structural response
in polynomial time, in contrast to the fact that most of numerical methods based on the interval
algebra have in general exponential complexity [6, section 6.5.3].

This paper is organized as follows. Section 2 introduces the governing equation of our prob-
lem, as well as a non-stochastic uncertainty model of the dynamic load. In section 3, we formulate
SDP problems which give conservative bounds for the modulus and phase angle of the displacement
amplitude. In section 4, we particularly consider a nodal displacement vector, and propose further
bounds for the norm and ratio of the moduli of the nodal displacement amplitudes. Numerical
examples are presented in section 5 for the bound detection problems investigated in the two pre-
vious sections. In section 6, we consider a slightly generalized case of our uncertainty model, and
demonstrate numerical experiments. Some conclusions are drawn in section 7. For readability, all
proofs of the technical results are collected in appendix A.

We present a few words regarding our notation at first. All vectors are assumed to be column
vectors. For X C R™ and Y C R™, their Cartesian product is defined by X x Y = {(zT,yT)T €
R™™ | £ € X, y € Y}, where T denotes the transpose of a vector or a matrix. Particularly, we
write R = R"™ x R™. The (n + m)-dimensional column vector (xT,yT)T consisting of & € R"
and y € R™ is often written simply as (x,y). We denote by R’} the non-negative orthant defined by
R? ={x=(z;) eR"|2; >0 (i=1,...,n)}. We write x > 0 if x € R}. We denote by S™ C R"*"
the set of all n x n real symmetric matrices. We write A = O if A € S™ is positive semidefinite. It
should be clear that * > y and A = B mean x —y > 0 and A — B > O, respectively. For a vector
x € R” we denote by ||z|| the standard Euclidean norm, i.e. ||lz|| = (zTx)'/2. We denote by I,, the
n X n identity matrix. We also write I instead of I, unless its size is not clear from the context.
Let Re z and Im z denote the real and imaginary parts of z € C, respectively. We denote by |z| the
modulus, or the absolute value, of z € C, i.e. |z| = [(Rez)? + (Im 2)?]'/2. We denote by Arg z the

principal value of the argument of z € C, which satisfies —7m < Argz < 7.



2 Uncertain equations for steady state

Consider a finite-dimensional linear elastic structure. Small displacements and small strains are

assumed.

2.1 Governing equations

Let d denote the number of degrees of freedom of displacements. In this paper we consider the
harmonic driving load defined by fe'*, where f € R? and w € R. We denote by K € S¢, M € S¢,
and C' € 8% the stiffness, mass and damping matrices, respectively. The d’Alembert principle yields

Ma+ Cu+ Ka = fe*', (1)

where @ € C? is the displacement vector. By substituting 4 = we? into (1), we find the steady

state oscillation, u € C¢, driven by fel“! as the solution to

(—w?M +iwC + K)u = f. (2)

2.2 Uncertainty model

In this section we define a non-probabilistic uncertainty model of the harmonic driving load.
Suppose that the amplitude vector of the load, f, in (2) is not known precisely, or is uncertain.
Throughout the paper we assume that the uncertainty exists only in f, and that K, M, C, and w
in (2) are known precisely.
Let }' € R? denote the nominal value, or the best estimate, of f. We describe the uncertainty

of f by using an unknown vector ¢. Assume that f depends on ¢ € R¥ affinely as

f=F+Fg, (3)

where Fy € R¥* is a constant matrix. Note that the matrix F represents the relative magnitude of
the uncertainty of f; (j =1,...,d) and the relationship of the uncertainties among fi,..., fq. See,
for an illustrative example, Example 2.1.

Suppose that ¢ satisfies

where Tj € R™i*k (j = 1,...,/) are constant matrices, and o € R, is constant. Throughout the
paper we assume that the set {¢ | o > ||T5¢|| (j =1,...,¢)} is bounded for any given o € R;.. This

assumption is satisfied if 71, ..., Ty satisfy

Ty
rank | | = k.
1y

We call ¢ the vector of uncertain parameters, or unknown-but-bounded parameters.
It follows (3) and (4) that the amplitude of driving load, f, is running through the set

Flo)={F+F¢a>IT¢l G =1,...0}. (5)
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Figure 1: A 29-bar truss.

We call F(a) the uncertainty set of f. Recall (2), and then the uncertain linear equations (ULE)

that we are interested in are written as
(—w’M +iwC + K)u = f, feF(a). (6)

Throughout the paper we assume that the equations in (6) have a solution for any f € F.

In the uncertainty model defined by (5), we see that the greater the value of «, the greater the
range of possible variation of f, and hence we call a the uncertainty parameter. More precisely,
0 < ag < ag implies F(ay) C F(az2), which meats the nesting axiom in the info-gap theory [4].
As another important property it should be mentioned that our model in (5) satisfies F(0) = {f},
which implies that the estimate f is correct at aw = 0. This property is called the contraction axiom
in the info-gap theory [4]. In the remainder of the paper we often write F instead of F(«), unless
the meaning is not clear from the context.

For simple presentation we assume that Fp in (5) is nonsingular in sections 3-5. This assumption
implies that all elements, fi,..., fg, of f have uncertainties, and that d = k. See section 6 for the

case in which Fy is singular.

Example 2.1. Consider a plane truss shown in Figure 1, where d = 20. As the nominal load
f, relatively large forces are applied at the nodes (a) and (b). Suppose that uncertain loads may
possibly exist at all free nodes, and then the external forces are independently running through the
circles depicted with the dotted lines in Figure 1. Such an uncertainty model can be represented by
(5) as follows.

Note that k = 20, because Fy is assumed to be regular. Suppose that all circles in Figure 1 have

common range. Then we may put Fy = folag. Since we consider 10 independent circles in Figure 1,



put ¢ = 10 and define Tj € R?*? (j =1,...,/) as

1000 ---0 0010 -0
TF[ ] TF[ ]T:

010¢0 ---0 o001 --0 O --- 001

o---010]

Consequently, (5) with these T} represents the uncertainty model illustrated in Figure 1, where the

nodal force at each node may perturb in the circle with the radius afo. [

Example 2.2. Consider the uncertainty model investigated in Example 2.1. Now we suppose that
the uncertain forces are running through squares instead of circles illustrated in Figure 1. Such an
uncertainty model is called the interval uncertainty model and widely used in uncertainty analysis
of structures [10, 11, 28, 29]. Let Fp in (5) be a diagonal matrix, where d = k = 20. Since we
consider 20 independent intervals, put £ = 20 and define Ty,...,T, € R*20 by T; = ejT, where e’
denote the jth column vector of the 20 x 20 identity matrix. Thus (5) includes the conventional

interval uncertainty model as a particular case. [

Note again that uncertain forces can exist at all free nodes in the uncertainty models studied in
Example 2.1 and Example 2.2, because Fj is nonsingular. In section 6 we suppose that uncertain

forces can exist only at specified nodes, in which Fj is singular.

3 Bounds for complex amplitude

For the given f € F, let u(f) € C? denote a solution (complex number) to (2). We denote by u,(f)
the ¢th element of w(f). In this section, we attempt to find the bounds for |u,| and Argu, when
f € F. More precisely, the problem in this study is stated as follows: given the ULE (6), find 7, r,
A, and 0 € R satisfying

r<lu () <7, VfeF(a),

0 < Arguy(f) <0,  Vf e F(a)
Such a set of bounds is not unique in general. Naturally we are interested in a set of bounds which
is as tight as possible.

In this section we assume that Fp in (5) is regular, and hance k = d. A formulation that works

without this assumption will be given in section 6.

3.1 Upper bound for modulus of displacement amplitude
The maximum value, rmax, of |u,| is defined by
e = max {[ug ()] : f € F}. (7)

In this section we formulate an optimization problem in order to obtain an upper bound of ry.x,

i.e. T € R satisfying 7 > rpax. Certainly we are interested in finding a small upper bound 7 as far

S

as possible.
Observe that (2) is rewritten as
—wM + K —wC
wC —w?M + K

Reu

Imu




For u € C%, define v € R? by

R
L (9)
Imu
Then (8) is rewritten simply as
Slv = .f) (10)
Sov =0, (11)

where 51, Sy € R¥24 are defined by

Si = [K QM —25K} ,

Sy = [2,3}( K—QeM].
Define the set V C R?? by
V={v|Siv=f, Sv=0, feF}, (12)

i.e. V is the set of all possible solutions to the system of equations, (10) and (11), when f is running
through the uncertainty set F. Note that V is related to the solution set to ULE (6) as

o

Let G € R?*%4 denote a constant matrix satisfying

Reu

Imu

| (—w?’M +iwC + K)u = f, fef}.

R
Go=| ", (13)
Im u,
which yields
|ugl = [|G]|.

It should be clear that ||Gv|| denotes the standard Euclidean norm of the real vector Gv € R2.
We first reformulate the optimization problem (7) into the form similar to the robust optimiza-
tion [7]. Our reformulation is based on the following idea. Assume that g : R” — R is bounded

above on X C R™. Then we can show the relation
max {g(x) :x € X} = mtin{t t>g(x) (Ve e X)),
T

because t is regarded as an upper bound of g(x) if ¢ satisfies t > g(x) (V& € X). By applying this

idea to (7) we obtain the following proposition.

Proposition 3.1. ryax defined in (7) satisfies
Tmax = min{r : r > [|Go|| (Vv € V)}. (14)

Note that all proofs in this section appear in appendix A.1l.



Figure 2: A circle providing an upper bound of |u,|.

Remark 3.2. The assertion of Proposition 3.1 is interpreted geometrically as follows. In Figure 2, we
define the set Vg C R? by Vg = {Gv | v € V} for exposition. In the problem (14), we attempt to
find a point vg € Vg which attains the maximum Euclidean distance from the origin. In contrast, in
the problem (14), we consider a circle which includes Vg and is centered at the origin, and attempt

to minimize the radius of such a circle. Then the minimum radius becomes equivalent to rp.x. ™

In this paper we are particularly interested in dealing with the optimization problem in the form
of (14). It is difficult to solve the problem (14) directly, since it has an infinite number of constraint
conditions. Hence, we attempt to replace such an intractable constraint condition with a tractable
one which is guaranteed to be conservative. The basic idea with which we can address our tractable

and conservative reformulation is stated in the following proposition.

Proposition 3.3. Consider two conditions:

T T
T T T T
a): i >0@=1,...,m), P; =00(=1,...,k);
@ JQH_( N W )
T
T T
b): > 0.
(b) [1] Qo L] >
The implication
(a) = (b)
holds if there exist T1,...,Tm and o1,...,0 satisfying
m k
Qo= > 7Qi+ > 0P
i=1 j=1
TlyeeoyTm = 0.

Observe that the conditions (a) and (b) in Proposition 3.3 are represented by some quadratic
inequalities. In the following proposition, we eliminate the uncertain parameters ¢ from the condition

v € V which appears in (14), and obtain a finite number of quadratic inequalities.



Proposition 3.4. The set V defined in (12) can be represented by some quadratic inequalities of v.
That is, v € V if and only if v satisfies

T
v v
@ >0, i=1,...,¢, 15
1 ilql = J ( )
T
v v
© =0, 16
) . (16)

where U; (j =1,...,¢) and © are constant matrices defined by

) ST _ _ ~ .

U; = Diag(0, a?) — [_}T (T3 F YT, [51 —f} . =1,
Sy

0=-|7 [52 O].

Proposition 3.4 implies that the condition v € V can be rewritten as a finite number of quadratic
inequalities in terms of v. By applying Proposition 3.3, we construct a sufficient condition for the

constraint condition of the problem (14) in the following proposition.
Proposition 3.5. r € R, satisfies the condition

YoeV: r>|Gu (17)
if there exists a vector (w, s) € RY x R satisfying

-GTG o
OT ’1”2

l
i U)j‘l’j +8@. (18)
j=1

Proposition 3.5 presents a sufficient condition for the constraint condition of the problem (14).

This naturally leads us to construct the following problem which yields a conservative bound for
Tmax-
Proposition 3.6. Define p* by

J4
—ijlllj—s@tO, 'sz . (19)
7=1

-GTG 0

— min :
p P 0T p

Then 2, < p* holds for rmax defined in (7), i.e. \/p* corresponds to an upper bound of |u,|.

Since (19) is an SDP problem [17] in the variables p € R, w € R, and s € R, we can obtain p*
efficiently by using the primal-dual interior-point method.
3.2 Lower bound for modulus of displacement amplitude
In a manner similar to (7), the minimum value, 7yin, of |u4| is defined by
rmin = min {Jug(f)] : f € Fla)}. (20)

Figure 3 depicts the definition of 7. In contrast to the case of ry.x investigated in section 3.1,
the following proposition shows that we can reformulate the problem (20) directly as a convex

optimization problem.



Figure 3: A circle providing the minimum value of |ug].

Proposition 3.7. Define t* by

t* :mm{t:rz 1G]], S1v = F + Fol, Sev =0, o> | TiC| (j:1,...,z)}. (21)

t7v7C

Then t* = rmin holds for rmin defined in (20), i.e. t* corresponds to the exact minimum value of

|tug]-

The proof appears in appendix A.2 in order to improve the readability.
It should be emphasized that the problem (21) is an SOCP problem [2] in the variables ¢ € R,
v € R?? and ¢ € R*. Hence, we can compute the global optimal solution of (21) easily by using the

primal-dual interior-point method.

Remark 3.8. In a manner similar to Proposition 3.7, we can show that ry.x is equal to the optimal

value of the following problem:

!

st.  t<||Gol,
Siv = f 4+ FyC, (22)
Sov =0,
az|T¢l,  j=1,....L

In contrast to (21), the problem (22) is a nonconvex optimization because the constraint condition
t < ||Gv]| is nonconvex. Consequently, standard nonlinear programming approaches are likely to
fail for finding the global optimal solution of (22): they converge to a local solution in general.
At least, standard nonlinear programming approaches cannot give a proof of the global optimality
if they are applied to (22). Certainly the objective value of (22) at a local solution, that is not
globally optimal, is smaller than 7. It should be emphasized that, for the purpose of robustness
analysis, the proof of global optimality is strongly desired, because it guarantees that the modulus
of amplitude cannot be larger than the computed value. This motivates us to solve the convex
optimization problem (19): its global optimal solution can be computed easily by using an existing
algorithm, i.e. the primal-dual interior-point method, and it is guaranteed that |u,| cannot be larger
than the computed value of \/p*. ]

3.3 Bounds for phase angle

In this section, we consider the distribution of the phase angle of u, (¢ =1,...,d).

10



Figure 4: A bounding line which provides an upper bound of Argu,.

In a manner similar to |uy|, we define the maximum value, fpax, and the minimum value, Opin,

of the phase angle of u, by
HHMX:=I§?X{AIgquf)iJ’E-F}, (23)

Omin = m}n {Arguq(f): feF}. (24)

Throughout this section we assume that —7m < Oy < Opax < 7.

Remark 3.9. The conditions —m < Oy, and 0. < 7 are not always satisfied. For example, if
Tmin = 0, then 0. = 7, inf p{Arguy(f) : f € F(a)} = —m, and Oy is not defined consistently in
(24). Such a case can be detected by solving (21), because it provides the exact value of ryi,; see,

e.g., Figure 18 (i) in section 5.2 for an example of ryi, = 0. [ |

We first consider the case in which 0 < Opin < Omax < 7 is satisfied. The results for the other
cases are summarized in Propositions 3.15 and 3.16 below.
In a manner similar to section 3.1, we reformulate the optimization problem (23) into a form of

the robust optimization [7]. A key observation is stated as follows: if u, € C and a = (a;) € R?

satisfy

Reu

[m GQ] =0, (25)

Im u,
then we obtain

Imu ai

tan A = 1-_—,
an Argug Reu, .

Here, we assume Reuy, # 0 and as # 0 for simplicity. Consequently, it is sufficient to find a bound
for a satisfying (25), instead of a bound for Argu,.

In order to simplify the notation, let e;, es € R? denote

ol -l



Proposition 3.10. Assume 0 < Opax < 7. Then Onax defined in (23) satisfies
1

*m :m;n{e;faaTG’vZO (\V/'UGV), e'lI‘azl} (26)

Note that all proofs in this section are collected in appendix A.3 for readability.

A geometrical interpretation of the problem (26) is given in Figure 4. Recall that Vg = {Gv | v €
V} and Gv = (Rewug, Imug)T. It is observed from Figure 4 that any vg € Vg satisfies aTvg > 0, or,
equivalently, v € V satisfies aTGv > 0. Thus, the normal vector, a, of the line in Figure 4 satisfies
the constraint condition of the problem (26). It is also observed from Figure 4 that —aj/ag, the
incline of the line, satisfies —aj/as > tan Oyax, and hence it gives an upper bound of fyax. Since the
normal vector a is normalized by efa = a; = 1 in the problem (26), the upper bound mentioned
above becomes more tight by minimizing as.

The following proposition gives a sufficient condition for the constraint condition of (26).
Proposition 3.11. The condition
YoeV: aTGv>0 (27)
holds if there exists a vector (w,s) € Rﬂ x R satisfying

O GTa
atG 0

l
=) w; T, + 50. (28)
j=1

Based on the sufficient condition provided by Proposition 3.11, we formulate the following prob-

lem, which is a robust counterpart of (26), and gives a conservative bound for fax.

Proposition 3.12. Assume 0 < Opax < 7. Define ¢* by

. O GTa|l < o

ay = min q e;a e g —g wj¥; —s0 =0, w>0, eja=1,, (29)
sW, a j:l
Arctan(—1/ad), as <0),

o (1@, (@<0) 0

Arctan(—1/a3) +m, (ab > 0).
Then Omax < @* holds for Omax defined in (23), i.e. ©* corresponds to an upper bound for Argu,.

The proof appears in appendix A.3.3.

Note that (29) is an SDP problem in the variables @ € R?, w € R, and s € R, and hence it can
be solved easily.

We next consider a lower bound for 6,,;,. Analogous to Proposition 3.10, the definition, (24), of

Omin is rewritten into the form of robust optimization as

1

—m :mgx{egaaTGvg() (\VI'UEV), erlrazl} (31)

Figure 5 shows an example of a satisfying the constraint condition aTGv < 0 (Vv € V) in (31). A

sufficient condition for this constraint condition is given in the following proposition.

12



Imu g,

Figure 5: A bounding line which provides a lower bound of Argu,.

Proposition 3.13. The condition
YVoeV: atGuv<0

holds if there exists a vector (w,s) € RS x R satisfying

—aTl@ 0

_QT ¢
O G a] E Z’LU]'\I/J' +$@.
7=1

The proof is analogous to Proposition 3.11, and hence is omitted.
We construct a robust counterpart to the problem (31) by replacing the constraint condition
a™Gv <0 (Vv € V) with its sufficient condition provided by Proposition 3.13. Thus we obtain an

SDP problem which gives a lower bound of Argu, as follows.

Proposition 3.14. Assume 0 < Opin < 7. Put a3 as

0] —GTa

4
o 0 —ij\llj—s@tO, w>0, efla=1,, (32)
—a

j=1

and define ©* by (30). Then ¢* < Onin holds for Onin defined in (24), i.e. ©* corresponds to a lower
bound for Argu,.

The proof is analogous to Proposition 3.12, and hence is omitted.
For the cases of —m < Oppax < 0 and —7 < Oy < 0, we show only results in the following two

propositions.

Proposition 3.15. Assume —m < Opax < 0. Define ©* by

—mindefa:| O 7O S 020, cTaz1, w30, Taz
R S I P R
]:
Arctan(—1/ab), as <0),

Arctan(—1/a%) —m, (ab > 0).

Then Omax < ¢* holds for Omax defined in (23), i.e. ©* corresponds to an upper bound for Argu,.

13



Proposition 3.16. Assume —m < Opin < 0. Put a5 as

O GTa
atG 0

T .
@

¢
—ijqu—s@zo, efla=1, w>0, efla=1,, (35)
j=1

and define * (34). Then ¢* < Opin holds for O defined in (24), i.e. p* corresponds to a lower
bound for Arguy,.

Consequently, an upper bound for Argu, can be obtained by solving either (29) or (33); a lower
bound for Argu, can be obtained by solving either (32) or (35).

Remark 3.17. In this section 3 we have investigated the distribution of the amplitude of the displace-
ment, u,. For this purpose we define the constant matrix G by (13). Certainly the SDP and SOCP
formulations presented are irrespective to the definition of GG, which implies that those formulations
are valid for computing bounds for any linear function of the displacement vector. For example,
the member stress of a truss is written as a linear function of the displacement vector, and hence
we can compute bounds for the amplitude of member stress by using the formulations presented in

section 3; see section 5.1.3 for numerical examples of bounds for member stresses. [

4 Bounds for nodal oscillation

Consider a structure in the two-dimensional space. For the pth node we denote by u,, € C and u,, €
C the nodal displacement in the z- and y-th directions, respectively. We have investigated bounds

for |up,| and Arguy, in section 3. In this section we consider the distribution of vy, = (Vpy, vp,) € R?

defined by
P ‘“p:c‘
p = .
|Upy|

More precisely, we propose optimization problems in order to find bounds for ||v,|| and v, /vp,.

Remark 4.1. In this section we consider bounds for /[ups[? + [upy[? and |upy|/|tups| in order to
estimate the distribution of v, = (|upz|, |upy|). Note that further information of the distribution
has been obtained from the results in sections 3.1 and 3.2, where we have investigated upper and
lower bounds for |ug|. Consequently, we can compute upper and lower bounds for \/m ,
[Uupy/|tpa|; [tupz|, and |upy|. The vector (|upe|, |upy|) can exist in the intersection of those bounds;

see Figure 11 in section 5.1.2 for illustrative examples. [

4.1 Bounds for norm of moduli

In this section we consider bounds for |v,||. Recall that v, depends on f. We denote by 7%, and
r¥ . the maximum and minimum values of ||v,||, which are defined by
i = max (1) £ € ). (30
Tmin = Wi {{lvp(Fl: F € 7} (37)

14



We can obtain bounds for ||v,|| in similar manners to sections 3.1 and 3.2. From the definition

of v, we obtain

Re up,
el [ ]| [ Tm e
lvpll = = :
|upy| Reupy
Im
Let G € R¥2d denote a constant matrix satisfying
Re up,
A Imu
Gv = b
Reuy,y
Im wpy

Then the problem (36) is reduced to

max

Ty = mgx{”év” NS V},

which is mathematically equivalent to the problem investigated in section 3.1. Consequently, we

v
max

obtain an SDP problem giving an upper bound for r¥ .. from (19) in Proposition 3.6, by replacing G

with G. Similarly, an SOCP problem for computing rr ., can be obtained from (21) in Proposition 3.7

by replacing G with G. These observations are summarized in the following two propositions.

Proposition 4.2. Define p* by

. ~GTG 0] &
p :;,nul)g p: [ oT p]—z;wj\llj—s@tO,wZO . (38)
]:

Then (1%,,,)* < p* holds for %, defined in (36), i.e. \/p* corresponds to an upper bound of |v,||.

max
Proposition 4.3. 1. defined in (37) satisfies
= min {t r > [|Goll, S1v=F+Fol, Sov=0, a>||Tic| (G=1,... ,z)} , (39)
71]7

i.e. the minimum value of ||vp| can be obtained by solving the problem (39).

4.2 Bounds for ratio of moduli

We consider bounds for ratio v, /vp,. For this purpose, we attempt to compute bounds for ng / sz
instead of vy /vpy. Introduce auxiliary variables p, = (Reup;)? + (Imuy,)? = I/gm and 1, =
(Retpy)? + (Imuy,)* = v2,, and we consider bounds for j, /.. Note that 1, > 0 and p, > 0. We
assume fi; # 0.

The maximum value, tmax, Of [tupy|/|ups| is defined by
tmax = m;}X Wy /Vpz + Vpe = |pa(F)s Vpy = lupy(F)I, f € F}. (40)
We attempt to find an upper bound for ¢,,.x.

15



Define Gz, Gpy € R2%24 a5 constant matrices satisfying

Gov = Re up, . Gu— Reuy,
Im Im uy,
By using V defined in (12), (40) is reduced to
tmax = max {vy/ve s vp = |G|, vy = ||Gyo||, v € V). (41)
However, instead of solving this problem directly, we treat
(tmax)® = max {uy /0 : po = | Gool*, 1y = |Gyl v €V} (42)

In a manner similar to Proposition 3.10, we reformulate the problem (42) into the form of
robust optimization [7] as follows. Notice here that p; > 0 and p, > 0 are satisfied in (42), which

corresponds to the assumption in Proposition 3.10.

Proposition 4.4. ty,.x defined in (40) satisfies

1

2 = main {eFa:aTu>0 (Vue {(|Gv|? |Gyol*)T |veV)), efa=1}. (43)

The proof is analogous to Proposition 3.10, and hence is omitted.
Let él, ég € 82d+3 be

0 0 1/2 0 0 0
& — 0 6. _ 1/2
' 0 GG 0 |7 TP @) ~GpGE 0 |7

pT Py~ py
/2 o) o7 0 o 1/2] 0" 0

By using ¥; (j = 1,...,¢) and © defined in Proposition 3.4, define Uq,..., Uy € 82443 and O3 €
S2d+3 by

0, = 0 0 . =11,
O v,

o,— |9 9.
0O 6

As a conservative approximation of the problem (43), we obtain the following SDP problem which

provides an upper bound for ¢,,y.
Proposition 4.5. Define ©* by

O 0] a ¢ 3
a; = glz};{{e ega : OT OT o — Z;wj‘lfj — zgsi@i =0, w>0, e;fa =1 (44)
a 0 0 J= i=

and ¢* = \/—1/a%. Then tmax < ¢* holds for tmax defined in (40), i.e. ¢* corresponds to an upper
bound for pu,/ iz

16



The proof appears in appendix A.4.

We next consider the minimum value, tmin, of |upy|/|upz| which is defined by

tmin = mfin {pr/Vpac P Vpx = ‘Upac(f)’v Vpy = ‘upy(.f)‘a fer}. (45)
A robust optimization reformulation of (45) is obtained as
1
" (i )? = mgx{eQTa 1aTpn <0 (Y € {(|Gpav|? ||Gpyo| )T v € VY), efa=1}. (46)

In a manner similar to Proposition 4.5, we can show that a lower bound for ¢y, is obtained by

solving the following SDP problem.
Proposition 4.6. Define ©* by

0] O -a Vi 3
max ela:| O O o0|- ij‘lfj - Zsi(%i =0, w>0, efa=1 (47)
_aT OT 0 7j=1 =1

and ¢* = \/—1/a%. Then ¢* < tmin holds for tmin defined in (45), i.e. ¢* corresponds to a lower
bound for fu,/ i

5 Numerical experiments

Conservative bounds for dynamic responses under the load uncertainties are found for various struc-
tures by solving SDP problems and SOCP problems. Computation has been carried out on Core 2
Duo (1.2 GHz with 2.0 GB memory) with MATLAB Ver. 7.5.0 [40]. We solve the SDP and SOCP
problems by using SeDuMi Ver. 1.05 [37], which implements the primal-dual interior-point method
for the linear programming problems over symmetric cones.

In the following examples, the elastic modulus is 200 GPa, and the mass density of members is
7.86 x 103 kg/m3. In (8), we assume the complex damping, or the linear hysteretic damping, i.e.

the damping matrix C' is given as
wC = 20K,

where we put 0 = 0.02 in the following examples.

5.1 2-bar truss

Consider a two-bar truss illustrated in Figure 6. The nodes (b) and (c) are pin-supported at
(z,y) = (0,100) and (0,0) in cm, respectively, while the node (a) is free, i.e. d = 2. The initial
lengths of members (1) and (2) are 100 cm and 100y/2 cm, respectively.

As the nominal load, }, the external force 10 kN is applied in the positive direction of the xraxis

at the node (a). In accordance with (5), the uncertainty model of the load is defined as

G

2

f=Ff+ . oa> ¢, j=12, (48)

where we put F* = 1.0 (kN) x I, £ = 1, and T} = I,. Consequently, the uncertain load f is running
through the circle depicted with the dashed lines in Figure 6.

17



Figure 6: A 2-bar truss.

5.1.1 Bounds for complex amplitude

The bounds obtained are illustrated in Figure 7. The complex amplitude corresponding to the

- Uy 0.141 .| —1.158
u —= = —|— 1 9
Uy 0.033 4.877

which is depicted in Figure 7 with .

nominal load, f, is

We first choose w = w?, where w{ is the undamped fundamental natural circular frequency, and
put a = 1. For the displacement in the z-direction illustrated in Figure 7 (i), the upper bound of the
modulus of the complex amplitude is 1.665 cm, which is obtained by solving the SDP problem (19);
the minimum modulus is 0.672 cm, which is obtained by solving the SOCP problem (21); the upper
and lower bounds for the argument are —1.358 rad and —1.488 rad, respectively, which are obtained
by solving the SDP problems (33) and (35). Note that we solve (33) and (35) because 4, exists in
the forth quadrant. For the displacement in the y-direction (Figure 7 (ii)), upper and lower bounds
for the argument are 1.566 rad and 1.559 rad, respectively, which are obtained by solving the SDP

problems (29) and (32). In summary, we obtain the bounds for u = (ugz,u,)T as

0.672 cm < |u,| < 1.665 cm, — 1.488 rad < Argu, < —1.358 rad,
2.754 cm < |u,| < 7.000 cm, 1.559 rad < Argu, < 1.566 rad.

The system is almost in the quadrature with the driving load, but u, and u, are in anti-phase with
each other, because Argu, ~ —7/2 and Argu, ~ 7/2.

In order to verify these results, we randomly generate a number of loads, f, satisfying (48), and
compute the corresponding amplitudes. The obtained displacements are shown by a lot of points
in Figure 8 with the bounds obtained. It is observed in Figure 8 that all generated amplitudes
are included in the bounds, which confirms that the obtained bounds correspond to confidential,
or outer, approximations of the sets of complex amplitudes. In addition, we can also see that all
bounds are sufficiently tight.

We next investigate the dependence of the distribution of w on the system parameters. Figure 9
depicts the variation of |u,| and Argu, with respect to the magnitude of uncertainty, c. In Figure 10,

we illustrate the bounds of u, and u, for various w, as well as the samples generated randomly. From

18
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Figure 8: Bounds and randomly generated samples for the member stresses of the 2-bar truss

)

(w=w?). “—: bounds found in Figure 7; ‘= —: nominal values.

Figure 10 we can observe the resonant behavior at w = wg , where u, and u, are in the same phase.
In Figure 10 (iii) and Figure 10 (iv) we see that the system is in phase with the driving load, i.e.
Argu, ~ 0 and Argu, ~ 0.

5.1.2 Bounds for nodal oscillation

We next consider the distribution of the vector v = (Jug|, |uy|)T, as is investigated in section 4. Upper
and lower bounds for /|uz|? + |uy|? are obtained by solving (38) and (39), respectively; upper and
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of the 2-bar truss with respect to the magnitude of uncertainty a. (i) modulus of the amplitude;
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(ii) phase angle. - --’: nominal value; ‘“—": lower bounds; ‘-~ —’: upper bounds.
lower bounds for |u,|/|u,| are obtained by solving (44) and (47), respectively. The obtained bounds
are shown in Figure 11 for various w. Here, the vector (Jug|,|u,|) exists in the intersection of the
two sets shown with the solid and dashed lines, as discussed in Remark 4.1. Note that we plot —|uy|
and |uy| in Figures 11 (i) and (ii), because we can see from Figure 7 and Figure 10 that u, is in
anti-phase with wu,. In contrast, we plot |u;| and |u,| in Figures 11 (iii) and (iv).

The directions of two eigenmodes are also depicted in Figure 11. We can see the resonances in
Figure 11 (i) and (iv). From Figure 12 we can confirm that the bounds shown in Figure 11 are

confidential and sufficiently tight.

5.1.3 Bounds for member stress

As discussed in Remark 3.17, the distribution of (the complex amplitudes of) the member stresses
is investigated in Figure 13 and Figure 14 by using the SDP and SOCP formulations presented in
section 3. It is observed in Figure 13 that the stresses of both members are in anti-phase with the
driving load of w = w{. From Figure 14 we see that the stress of the member (2) is in phase with
the driving load of w = 1.1w?, while there exists a case in which the stress of the member (1) is in

anti-phase with the driving load, i.e. the phase angle of the member (1) has very large uncertainty.

5.2 29-bar truss

Next we consider a 29-bar truss shown in Figure 1. The lengths of members in the directions of the
x- and y-axes are 50 cm and 100 cm, respectively.

As the nominal load, f, the external forces 12 kN and 8 kN are applied at the nodes (a) and (b),
respectively, in the negative direction of y-axis. The driving frequency is w = w?. The uncertainty
model of f, (5), is defined as discussed in Example 2.1 with fy = 1 kN. Consequently, the external
forces are running through the circles depicted with the dotted lines in Figure 1. Note that uncertain

forces may possibly exist at all free nodes, and any two sets of the uncertain loads have no relation.
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Figure 11: Bounds for the nodal oscillation of the 2-bar truss. *: nominal values; ‘—’: bounds
obtained by solving (38), (39), (44), and (47); ‘~— —": bounds obtained by solving (19) and (21); ‘- -

directions of eigenmodes without damping.

We investigate the displacement of the node (a), which is denoted by (uy,u,). We put a = 1.0
in (5). For the amplitudes in the z- and y-th directions, we obtain the bounds of the moduli and
phase angles, which are shown in Figure 15. The obtained bounds are confirmed in Figure 16 to be
conservative and sufficiently tight. Variations of |us|, |uy|, Argu,, and Argu, with respect to the
magnitude of uncertainty, a, are depicted in Figure 17. Figure 18 illustrates the variations of |u,|
and |u,| with respect to the frequency of the driving load, w, in the range of w € [w?, wI], where
w{ = 1.248 rad/s and w9 = 1.872 rad/s. It is observed from Figure 18 (i) that the minimum value,
Tmin, Of |Uz| 18 rmin = 0 for w € [1.76,wJ] as discussed in Remark 3.9.

For the node (a), Figure 19 depicts the bounds for the distribution of the vector (|ug|, |uy|), which
are confirmed in Figure 20. It is observed from Figure 19 (i) that the driving force with w = w?

yields the resonance, where the oscillation is in the direction of the first eigenmode. In contrast,
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Figure 12: Bounds and randomly generated samples for the nodal oscillation of the 2-bar truss.

in Figure 19 (iv) with w = wY, the uncertainty of the oscillation direction, |uy|/|u|, is very large,
although there exists a case in which the oscillation is approximately in the direction of the second
eigenmode. It should be emphasized that in such a case the obtained bounds are very tight, which
can be seen in Figure 20 (iv). Figure 21 illustrates the variations of \/|uz|? + |uy|? with respect to

o and w.
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Figure 22: 29-bar truss under the uncertain load defined with a singular Fj in (5).

6 Further generalization of uncertainty model

6.1 Formulations for generalized uncertainty model

Recall that we have assumed in sections 3 and 4 that the matrix Fy € R¥* defining the uncertainty
set, (5), is nonsingular. In this section we consider formulations for confidence bounds without
this assumption. Note that the matrices Uy,..., ¥, defined in Proposition 3.4 includes F|; ! hence
formulations presented in sections 3.1, 3.3, 4.1, and 4.2 are not valid for a singular Fy. In contrast,
the SOCP formulation in section 3.2 can be applied to a singular Fj in order to find a lower bound
for the modulus of the displacement amplitude.

As investigated in Example 2.1 and Example 2.2, if Fj is nonsingular, then uncertain forces can
exist at all free nodes. By using a singular Fyp, it is possible to consider the uncertainty model where

uncertain forces can exist only at specified nodes.

Example 6.1. Consider a plane truss illustrated in Figure 22. The nominal harmonic forces are
applied at the nodes (a)—(c). In contrast to Figure 1, suppose that uncertain forces can exist only

at the nodes (a)—(c). Such an uncertainty model can be represented as (5) by putting
A

=
0o=Jo ! O

le[fg O o}, ng[o I o], ng[O 0 Iz}eR”‘%

20x6
€ RP*0

where £ = 6 and £ = 3. Thus we see that Fj is singular. ]
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Proposition 6.2. Suppose that Fy in (5) is singular. ForV defined in (12), v € V if and only if v

satisfies
T
v| . |v
U, >0, =1,...,4 49
1 il J (49)
T
v| - |v
) =0, (50)
1 1

where U; (j =1,...,£) and © are constant matrices defined by

T

s . S - .
\I/j:Dlag(O,OéQ)—[ Lol (T FDTT ) [51 —f}, j=1,...,¢,

(F )81 —(Fg )" f
S 0

(F)Ts)T SF

o= T 0

)

where Fg € R¥*d s the Moore-Penrose pseudoinverse of Fy, FOJ- e Réx(d—rank Fo) the pasis for the

left null space of Fy, and rank Fy the row rank of Fy.
The proof appears in appendix A.5.

Example 6.3. In the case of Example 6.1, the matrices in Proposition 6.2 are obtained as

Fg _ |:I6 O} e RO pil— c R20x14.

Iy
where rank Fy = 6. [ |

It follows from Proposition 6.2 that the SDP formulations presented in sections 3.1, 3.3, 4.1,
and 4.2 are generalized for a singular F by replacing U1,..., ¥, and © with ¥y,..., ¥, and O,

respectively.

6.2 Numerical example for generalized uncertainty model

Consider a 29-bar truss shown in Figure 22. As the nominal load, }', the external forces 7.5 kN,
5 kN and 2.5 kN are applied at the nodes (a), (b), and (c), respectively, in the negative direction
of y-axis. The uncertainty model of f, (5), is defined as discussed in Example 6.3 with fo = 1 kN.
Consequently, the external forces are running through the circles depicted with the dotted lines in
Figure 22. Note that uncertain forces may possibly exist only at the nodes (a)—(c), and any two sets
of the uncertain loads have no relation.

We investigate the displacement of the node (a), which is denoted by (ug,uy). We put o = 1.0
in (5). For the amplitudes in the x- and y-th directions, we obtain the bounds of the moduli and
phase angles, which are shown in Figure 23 for various frequency of the driving load. Figure 24
depicts the bounds for the distribution of the vector (|ugl,|uy|). It is observed from Figure 23 and

Figure 25 that the obtained bounds are confirmed to be conservative and very tight.
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Figure 23: Bounds and random samples for the complex amplitudes of the displacements at the
node (a) of the model defined in Figure 22.

7 Conclusions

We have proposed tractable formulations for computing confidential bounds for the dynamic steady-
state behaviors of a structure subjected to uncertain driving loads. We considered non-stochastic
uncertainties of amplitudes of harmonic driving loads, and estimate conservative bounds for struc-
tural responses at the steady-state.

We have formulated the bound detection problems as optimization problems for finding the
minimal bounds of various characteristic amounts of dynamic response, including the modulus and
phase angle of the complex amplitude of the displacement and stress. By using the quadratic-
embedding of the uncertain parameters, and applying the S-lemma, we constructed a numerically
tractable problem which approximates the bound detection problem, and provides a conservative
bound for the dynamic response. The obtained conservative problems are shown to be either an

SDP (semidefinite programming) problem or an SOCP (second-order cone programming) problem,
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Figure 25: Random samples for the oscillation of the node (a) of the 29-bar truss defined in Figure 22.

both of which are convex optimization problems, and can be solved very effectively by using existing
well-developed software based on the primal-dual interior-point method.

In the numerical examples, it has been shown that confidence bounds for dynamic responses
can be obtained effectively by using the primal-dual interior-point method. We have also illustrated
through numerical examples that the bounds provided by the proposed SDP and SOCP problems

are sufficiently tight even for a moderately large magnitude of uncertainty.

32



Appendix A. Proofs of technical results

A.1 For section 3.1
A.1.1 Proof of Proposition 3.1
By using G defined in (13), the problem (7) is equivalently rewritten as
Tmax = mgx{HGUH tv eV}, (51)

Since we assume that F defined in (5) is bounded, V is also bounded. Hence, |Gv|| is bounded
above, which implies that there exists an r’ € R satisfying 7’ > ||Gv|| (Vv € V). Here, ' is regarded
as an upper bound of 7,y in (51), and hence 7’ > r.x. Moreover, it is easy to see that ry.y satisfies
Tmax > ||GV| (Vv € V), i.e. rmax is a feasible solution of (14). Consequently, ryax is the minimum

value of 7/ when 7’ is an upper bound of ||Gv|| over V. This is (14). O

A.1.2 Proof of Proposition 3.3
The following two lemmas are used for the proof of Proposition 3.3.

Lemma A.1. Let Q € S, p € R, v € R, and © € R". Then the following two conditions are

equivalent:
T
(a): Ve eR": * [Q pQ[mIZO;
pt oy |1
(b) : % Pl o.
2.

Proof. The implication from (b) to (a) is trivial. We show that (a) implies (b) by the contradiction.
Suppose that (b) does not holds, i.e. we assume that there exist ' € R" and ¢ € R satisfying

!/

T
' Q p| |z
0. 02
[5 L,T V| le] T (52
If € # 0, then (52) is reduced to
v/l [Q p|[o/e] _,
1 pl ~ 1 ’

which contradicts the condition (a). Alternatively, if £ = 0, then (52) is reduced to
T Qx' < 0. (53)
Put = nz’, and the left-hand side of (a) is reduced to
(" Qx")n? + 2(p"a")n + 7, (54)

which is regarded as a function of . The condition (53) implies that (54) is not bounded below, from
which it follows that there exists 1 such that (54) becomes negative. Thus, we see the contradiction
to (a). O
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Lemma A.2 (S-lemma). Let fy, fi1,

, fm : R®™ = R be quadratic functions. The implication
file)>0,...,fm(x) >0 = fo(x) >0
holds if there exist a vector T = (1;) € R™ satisfying

Ve e R":  fo(x) > Zn‘fi(m),
i=1
Tl,...,TmZO.

Proof. See Boyd et al. [8, section 2.6.3] and the references therein

]
Proof of Proposition 3.3 For simplicity we write
T
T T .
Ql(:c) [1] Ql !1] ) 1 0717"')m7
T
T T
i(x) = P; , =1,...,k.
o [T o]
Observe that the quadratic equation p;(x) = 0 in (a) is equivalent to quadratic inequalities
pj(x) 20, —pj(x) = 0.
It follows from Lemma A.2 that the implication (a) = (b) holds if there exist 71, ..., T, o IRPR o ks
and p,, ;... Py, Satistying

m k k
Vo eR": qo(w) > Y mai(®) + Y pfpi(@) + > p; (—pj(@),
i=1 j=1 j=1

7—17-'-77—m207 piﬂap; 207 pl_avp]; > 0.
By putting o; = pj —p; (j =1,...,k), this condition is equivalently rewritten as
m k
Ve eR": qo(x) > Y migi(x) + ) opi(x), (55)
i=1 j=1
TlyesTm = 0.

The assertion of this proposition is obtained by applying Lemma A.1 to (55)

O
A.1.3 Proof of Proposition 3.4
It follows from (5) and (12) that v € V if and only if
Siww=Ff+F¢ a>|T¢l,  j=1,....4 (56)
Syv = 0. (57)
Since Fp is regular, (56) is rewritten as
TC=TF " (Sio—F). az|T¢l,  j=1...L (58)
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For each j =1,...,/, we see that
a> Tl & o =Tl >0
holds. From this observation it follows that (58) is equivalent to the quadratic inequalities
2 1 o2
o _HEFJ (Slv_f)H 207 jzla"wga
which corresponds to (15). The equation (57) is equivalent to the quadratic equality
1S20]* = 0,

which corresponds to (16). O

A.1.4 Proof of Proposition 3.5

We start with observing that the condition (17) is equivalent to the implication
veV = r>|Gv|. (59)

Here, the inequality on the right-hand side of (59) is reduced to

e

1
Note that the right-hand side of (59) is equivalent to (60) and r > 0.
Recall that, in Proposition 3.4, the left-hand side of (59) is reduced to quadratic inequalities.

-GTG o
OT 7‘2

Consequently, the implication (59) can be rewritten equivalently as the following implication:

o]’ v o] o
W z06=10, el =0
N [v] "T-aTaq o [v] -0
1 oT 2| 1| 7
where r > 0. Then the assertion of Proposition 3.5 follows from Proposition 3.3. O

A.1.5 Proof of Proposition 3.6

Recall Proposition 3.1, i.e. 7yax is equivalent to the optimal value of the problem (14). Now we
observe that the problem (19) is obtained by replacing the constraint condition, (17), of the prob-
lem (14) with (18). Hence, the assertion of Proposition 3.6 follows immediately from Proposition 3.5.
L]

A.2 For section 3.2

A.2.1 Proof of Proposition 3.7

By using G defined by (13), we see that (20) is equivalently rewritten as

Tmin = min {||Go|| : v € V}. (61)
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By introducing an auxiliary variable ¢ which is equivalent to ||Gv||, and by substituting the definition
(12) of V, the problem (61) is reduced to

11;1}171{1 t

st.  t=|Gul,
Siv = }—i—F[)C, (62)
SQ’U = 0,
a > ||T5¢|, j=1,...,4

without changing the optimal value. Since the problem (62) is the minimization of ¢, we can replace
the constraint condition r = |Gv|| with r > ||Gv||, which results in (21). O
A.3 For section 3.3

A.3.1 Proof of Proposition 3.10

Since 0 < Oax < T, we may restrict ourselves to u, satisfying Imu, # 0 without loss of generality.

It is easy to see that if ax € R and u, € C satisfy

R
[1 ag} ¢t = 0,
Im ug
then the relation
Rewuyq 1
a = — = —
2 Im u, tan Argu,
holds. Hence, (23) is reduced to
1
—m:méxx{ega:aTGv:O, vEeY, elTa:I}, (63)
Moreover, if as and u, satisfy
R
1w [ M) 20, (64)
Im u,
then the inequality
1
a - -
2= " tan Argu,

holds. Hence, (64) implies that ay is an upper bound for —1/tan Argu,. From this observation it

follows that if ao satisfies
1 a]Gv=0, wev,

then ag corresponds to an upper bound for —1/tan Argu,(f) when f is running through . Con-
sequently, in a manner similar to Proposition 3.1, the maximization problem (63) of —1/tan Argu,
is equivalently rewritten as the minimization problem of the upper bound for —1/ tan Argu,, which

concludes the proof. O
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A.3.2 Proof of Proposition 3.11

We first observe that the condition (27) is equivalent to the following implication:
veV = a'Gv>0.

Recall that the condition v € V has been embedded into some quadratic inequalities in Proposi-
tion 3.4. We easily see that

atGv >0
is equivalent to
T
v O GTa| |v
> 0.
1 atG 0 1
Then the assertion follows from Proposition 3.3. ]

A.3.3 Proof of Proposition 3.12

Recall Proposition 3.10, i.e. .y is equivalent to the optimal value of the problem (26). Observe
that the problem (29) is constructed from the problem (26) by replacing the constraint condition
(27) with its sufficient condition (28) provided by Proposition 3.11. Let (a’,w’, s’) denote a feasible
solution of the problem (29). From the construction of (29) it follows that a’ satisfies (27). Hence,
by using Proposition 3.10, we obtain the inequality

1

T < gF
tan Omax @2
which concludes the proof. ]
A.4 For section 4.2
A.4.1 Proof of Proposition 4.5
We investigate the constraint condition
Ve e (1G], |Gyl [veVy: aTu20 (65)

in the problem (43). It follows from Proposition 3.4 that the condition g € {(||Gyv|?, ||Gyv|*)T |

v € V} in (65) can be reduced to quadratic inequalities in terms of w and p as

T
v v
W | | >0, i=1,...,¢,

T
)

v
1

v

:07
1

pa = |Govl? =0, 2 — |Gyl =0.
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which are rewritten as

oo T _
2 2
vl ¥;|v| >0, j=1,...,¢, (66)
- - T -
2 Y
v| O; |v| =0, 1=1,2,3. (67)

The condition aTp > 0 in (65) is equivalently rewritten as

n * O O al| |p
v O O 0f|v| =0 (68)
1 a 0T 0] |1

Consequently, the condition (65) is equivalent to the implication
(66) & (67) = (68). (69)

By applying Proposition 3.3 to (69), we see that the implication (69) holds if there exist w € Rﬂ
and s € R3 satisfying

O O a Y 3
O O 0| = wj\i/j + Z Széz (70)
al oT 0o j=1 i=1

Note that the problem (44) is obtained from the problem (43) by replacing the constraint condition
(65) with its sufficient condition (70). Hence, a} defined in (44) satisfies ab > —1/(tmax)?, from
which we obtain Proposition 4.5. O
A.5 For section 6.1

A.5.1 Proof of Proposition 6.2

From (5) and (12), and the definitions of Fg and Fy-, we see that v € V if and only if v satisfies

Fi(Sio—F)=¢, a>|T¢ll,  j=1,....¢ (71)
(FH)™(S1v— f) =0, (72)
SQ’U =0. (73)

The condition (71) is reduced to

S

)

oz ||[LESw-P,  J=1..,

which is rewritten equivalently as (49). Moreover, the linear equations (72) and (73) are equivalently

rewritten as (50), which concludes the proof. O
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