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1. Introduction

Conscious shaping of the dynamic characteristics of a structure is an essential duty of the
designer, especially for structures where the dynamic phenomena require non-standard calcula-
tions and not just the use of dynamic coefficients as static load multipliers. Knowledge of the
properties of the eigenproblem and its importance in the dynamics of the whole system is funda-
mental in such cases. Determining the sensitivity of the eigenvalues and eigenvectors can be
helpful in structural optimization or identification. On the basis of the presented formulas,
an original programme was developed that enables the calculation of the directional derivatives
of eigenvalues and eigenvectors.

Sensitivity analysis related to the eigenproblem has been intensively developed for at least
80 years. On both the mathematical and numerical side, it is still a research problem — espe-
cially in terms of the numerical efficiency of the algorithms developed (Lasecka-Plura, 2023;
2024; Phuor & Yoon, 2023; Martinez-Agirre & Elejabarrieta, 2011; Wang & Dai, 2015). Indeed,
the mathematical foundations and basic physical interpretations of the problems of sensitivity
analysis of multiple eigenvalues and eigenvectors have been well known since the 1990s. In gen-
eral, the majority of papers deals with a symmetric problem, i.e., when the matrices of a system
of equations of motion in the configuration space are symmetric.

The linear eigenproblem (LEP) (A —I)I = 0, is extensively discussed in abundant math-
ematical literature, as well as in the literature on dynamical systems (Horn & Johnson, 2013;
Garcia & Horn, 2017). The quadratic eigenproblem (QEP) is less frequently discussed due to
the computational practice of reducing a QEP to a LEP via an isospectral transformation (Xu
& Wu, 2008). It should be noted that QEPs and LEPs are nevertheless different because of the
different spaces of the eigenvectors and their properties (Tisseur & Meerbergen, 2001; Lancaster
& Zaballa, 2009; Lancaster, 2013).

"The content of this article was presented during the 31st Conference Vibrations in Physical and Technical
Systems — VIBSYS, Poznan, Poland, October 16-18, 2024.
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The method for deriving the derivatives presented in this paper combines and extends vari-
ous concepts presented in (Seyranian et al., 1994; Krog & Olhoff, 1995; Lee et al., 1999b) — the
combining element is the way in which the eigenvalues are numbered and ordered, and the ex-
tension pertains to the non-symmetry of matrices in the system of the equations of motion in
configuration space.

It will be assumed in the rest of the text that h = [hl, e h N,,] denotes a parameter vector in
the design parameter space, h € RVr, N, — dimension of the space. In that space, the directional
versor e € RV», (||le|| = 1) is also defined. All quantities appearing in the QEP, therefore, remain
dependent on the vector h.

For convenience, let us introduce, according to (Andrew et al., 1993; Lancaster, 2013; Lan-
caster & Zaballa, 2009), the operator L defined as follows:

L (A(h),h) = A*(h)M(h) + A(h)C(h) + K(h), (1.1)

where the dependence on the parameter vector is explicitly indicated. Then the QEP can be
written in abbreviated form:

L(A(h),h)®(h)=0, @7 (h)L(\(h),h)=0. (1.2)

It follows that both eigenvalues and eigenvectors are mappings of the vector h, i.e., A = A(h),
W = W(h), and ® = ®(h) — in the general case, these mappings for multiple eigenvalues are no
longer differentiable in the Fréchet sense, but only in the Gateaux one.

It is assumed that the matrices occurring in the eigenproblem are dependent on the vec-
tor h, i.e.:

M=M(), C=C(), K=K(h), (1.3)

and it is assumed also that these matrices are differentiable in the Fréchet sense, so it implies
the existence of partial derivatives and the Taylor series expansion in the form:

Np
K(h+ee) =K(h)+e¢ 8K(h)ep,
Ohy,
p=1
Np
C(h+ece)=C(h) +¢ 8C(h)ep, (1.4)
Ohy,
p=1
Np
M(h + ee) = M(h) + ¢ OM(h) ep,
= Ohy,

where € € R.

The article is focused on the sensitivity of eigenvalues and eigenvectors in a QEP with
real matrices defining the problem under consideration and under the strong assumption that
these matrices form the non-defective operator L (i.e., the operator L is diagonalizable). The
QEP is defined in classical form by the equation:

(MM+AC+K)¥ =0, &7 (NM+AC+K)=0. (1.5)

In Egs. (1.5): MT # M, CT # C, KT # K, M,C,K € RV and \; € C (\; = 03 + wii,
N = 0y — wii, i? = —1, 0;,w; € R), while for eigenvectors: ¥;, ®; € €V with i = 1,...,2N.

As can be seen, an asymmetry of the matrices M, C, K is assumed here — such cases are
unusual and rare in the practice of computation and analysis of various technical problems. The
asymmetry of the K matrix appears in the presence of follower forces, the asymmetry of the M
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matrix appears in the presence of hydrodynamic forces (i.e., in the flow of fluid around bodies),
while the asymmetry of the C matrix arises in the presence of gyroscopic and/or Coriolis forces.

In the eigenproblem given by Eqs. (1.5), left and right eigenvectors are considered — both
the eigenvalues and the corresponding eigenvectors are either complex or real, and, further-
more, the left eigenvector @ and the right eigenvector ¥ are different. An overview of the
formulation QEP with a discussion of its properties can be found in (Tisseur & Meerbergen,
2001; Day & Walsh, 2007). It should be emphasised that Eqs. (1.5) do not represent a classically
understood eigenproblem in the sense that the eigenvectors are complex — which causes the
vector components to differ in phase with respect to each other. From a physical point of view,
this means that standing waves will not appear in the system (as for a classically understood
system without damping or with proportional damping), but travelling waves will, because the
nodes and antinodes of the vibrational modes do not have a fixed position — they are variable
in space and time.

In general, the issue presented in the paper with the non-symmetry of all matrices simulta-
neously is rarely encountered in engineering practices. In civil engineering problems, asymme-
try mainly occurs with follower loads. However, even with symmetric matrices, the sensitivity
analysis of multiple eigenvalues presents difficulties because the multiple eigenvalue is always
differentiable in the Gateaux sense, but is not always differentiable in the Fréchet sense.

2. Basic properties of QEP

Equations (1.5) have the so-called trivial (obvious) solutions at ¥ = 0 and ® = 0. On the
other hand, non-trivial solutions called eigenvectors are obtained when one puts into the A
the solutions of the characteristic equation W (\), i.e., the roots of the polynomial resulting
from the expansion of the determinant:

W (A(h), h) = det (L (A(h), h)) = 0. (2.1)

These solutions (roots) of Eq. (2.1) are called eigenvalues, which can be single (simple) or
multiple.

An important property of the characteristic polynomial (Eq. (2.1)) is its differentiability in
the sense of Gateaux at every point h and in every direction e, while in the Fréchet sense —
only beyond the multiple eigenvalues (Balakrishnan, 1976; Tisseur & Meerbergen, 2001; Gekeler,
2008; Seyranian et al., 1994).

The Gateaux differential of the mapping g (h) : R¥» — R™ at the point h and in the direction
e is called the mapping d§ (h; ee) such that:
g(h+ce) —g(h) = ig(h + ee) (2.2)

de =0
under the condition that this limit exists (Gekeler, 2008). If this limit exists, then it (thus
the differential d§) is determined uniquely. The mapping d§ is an element of the space R".
Equation (2.2) gives a way of calculating the Gateaux differential — either directly from the
limit definition or as the derivative of a function of one variable e. The Gateaux derivative is
always homogeneous

Veex, dG(h;e) = lim

e—0t €

Vaer, d§(h;ae) = ad§(h;e), (2.3)
but not always additive, so in general
dG(h; e; + e2) # d§(h;e1) + d§(h; es). (2.4)

The lack of additivity means that the Gateaux directional derivative is not always a linear
operator as the Fréchet operator is.
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If the inertia matrix is non-singular det (M) # 0, then the operator L is regular and the
characteristic polynomial has 2NN finite solutions (Tisseur & Meerbergen, 2001). The set of
different roots of the polynomial W () is called the spectrum 8y, of the operator L:

SL={Am €C : W (Ay) =0}, m=1,..Q, (2.5)

where Q is the number of different roots in the spectrum. Let us mark an important feature
of the spectrum 8r,: when the matrices M, C, K are arbitrary, but real, or are complex, but
Hermitian, the spectrum gL is symmetric against the real axis in the complex plane, i.e., the
elements of the spectrum appear as real numbers A € R or as coupled roots (A, A*).

The concept of the spectrum gL, in particular the position of the eigenvalues on the complex
plane, plays a fundamental role in the study of mechanical systems, due to the fact that the
solution of the eigenproblem is the basis for determining the motion of the system without
external forces and excited only by the initial conditions. Such a motion of a mechanical system
reveals its inherent properties depending only on the boundary conditions, the distribution of
stiffness, the distribution of masses and damping, the susceptibility of the connections, the
materials used, the dissipative properties, etc.

In general, among the solutions of Eq. (2.1), there may be real elements A\; = o; +i0 and
purely imaginary elements \; = 0 &+ iw; and complex elements \; = 0; & iw;. For the assumption
of real matrices, the complex elements, if present, are always paired with their conjugate (there
is therefore always an even number of them). It is therefore possible (under the assumptions
made), without loss of generality, to consider narrowing the spectrum gL to a subset 81, C gL
containing all real eigenvalues (if existent) and only complex eigenvalues (if existent) with, e.g.,
negative imaginary parts:

SL:{)\egL D AeER V. (Ael A %mk<0)}. (2.6)

The number of elements in the spectrum 8y, is denoted by 2. An additional benefit of the
above definition is that a relatively simple way of ordering and numbering the eigenvalues in
the spectrum Sy, can be introduced — as will be shown later.

The roots of the characteristic polynomial W(A) can be multiple — the multiplicity of
the i-th root )\; is called its algebraic multiplicity and denoted by n,(A;), whereby relation
1 <ng(N) < 2N is true.

Analysing the eigenvectors associated with the eigenvalues, let us point out that Eqs. (1.5)
are two different eigenproblems (left and right, respectively) with the same eigenvalues and their
algebraic multiplicities (identical spectrum), but in general different complex eigenvectors, each
of which has dimensions [N x 1]. The corresponding equations resulting from the conjugations of
Egs. (1.5) are also true:

(A "M+ X C+K)¥* =0, (MM’ +1C"+K")®* =0. (2.7)

A comparison of Eqgs. (1.5) and (2.7) shows that if the eigenvectors ¥ and ®* are associated
with the eigenvalue A, then the eigenvectors ¥* and ® are always associated with the conju-
gate \*; the complex eigenvalue A and its conjugate A\* may correspond to real eigenvectors,
then ¥ = ¥* € RVX! and & = &* € RV*! — thus, in this case, a complex pair of eigenvalues
corresponds in fact to one right real eigenvector and one left real eigenvector. In contrast, a real
eigenvalue always corresponds to real eigenvectors, and it may happen that different real eigen-
values correspond to the same eigenvector. For every eigenvalue, there corresponds at least one
left and one right eigenvector; for every left eigenvector, there corresponds a right eigenvector
and vice versa. Thus, eigenvectors create separate left and right bases in the eigenspaces.

In the general case, the numbers of eigenvectors resulting from the solution of the eigen-
problem (Eqs. (1.5)) may be less than the numbers of eigenvalues together with their multi-
plicities, i.e., less than 2N — in which case we will say that the operator L is defective, i.e.,
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not diagonalizable. The number of linearly independent eigenvectors associated with a given
eigenvalue )., in the spectrum is called its geometric multiplicity ng(\,,), the number ng(Ay,)
is the same for the left and right eigenvectors. So, there is a fundamental relationship:

1 <ng(Am) < ng(Am) < 2N, m=1,..,0. (2.8)

So in particular, it may happen that the number of eigenvectors ny(\,,) associated with a given
eigenvalue \,, may be less than the algebraic multiplicity nq(Ap,) of this eigenvalue — if ng () <
Na(Am), then the eigenvalue A, will be said to be defective; if ng(Am) = nq(Am), then A, is non-
defective. In general, the relations between algebraic and geometric multiplicities of eigenvalues
are shown in Fig. 1 (Leung, 1993).

Algebraic multiplicity

Na
Distinct eigenvalue Multiple eigenvalue
na=1 = ng=1 ng>1
simple eigenvalue l l

Semisimple eigenvalue | nq=n4 Ng<Ng

Number of eigenvectors less

Non-defective eigenvalue than algebraic multiplicity
one eigenvector corresponds to
one eigenvalue; Defective eigenvalue
eigenvectors span eigenspace degree of defectiveness: ng— ny

Fig. 1. Relationships between algebraic n, and geometric n, multiplicities of eigenvalues and resulting
classification (Leung, 1993).

For further analysis, let us write more precisely the eigenproblem corresponding to Eqs. (1.5)
with real, non-symmetric matrices M, C, K, which can be represented in two ways. As an
eigenproblem with a right eigenvector:

(MM +X\C+K) ¥, =0, i=1,...,2N, (2.9)
or with a left eigenvector:
&7 (MM +NC+K)=0, i=1,.,2N. (2.10)

One way to sort the eigenvalues A; is the order according to non-decreasing real values. The
order introduced here is taken from (Krog & Olhoff, 1995; Olhoff et al., 1995; Seyranian et al.,
1994):

Ei+1 <o, §R2X=E<0 Ei§8i+la %2/)\\2320
NSy s ASotd Ay S e SA AL S et S Ay Alotds ooy AU (2.11)
Smi < 0 SmA==0 SmA=5=0 SmA < 0
> [x
SmA* > 0 ImA* > 0

The specification of the number of solutions is as follows:
2N = 5o+ Uy + 2(S — Sp) +2(U — Up). (2.12)
In addition, let

L=S+U, (2.13)
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then it can be written:

A = { As—i+1 when i <5, i=1,..L. (2.14)
Ai—sS when S <i <L,

In particular, it follows from Eq. (2.14) that: A\ = As, Agp1 = M, AL = v

As mentioned, the essence of the ordering thus introduced in Eq. (2.11) is to sort and num-
ber all eigenvalues with non-positive imaginary parts (eigenfrequencies) according to the non-
decreasing real parts; in addition, the eigenvalues with negative and non-negative real parts e\
have been distinguished — & for Jte\ < 0 and & for ReA > 0, respectively. Complex eigenvalues
with positive imaginary parts were ordered analogously to their conjugations. The presented
ordering of eigenvalues with non-positive imaginary parts refers to the already introduced no-
tion of a spectrum 8y,. The elements of this spectrum are the different roots from among those
covered by the two upper brackets in Eq. (2.11).

Suppose that there are Q of different eigenvalues (2 < L) in the spectrum of 8y,. Taking into
account Eq. (2.14), it is convenient to number them as follows:

Am =Xy, i=Tm.Tm+ L, 7m+2, s Rm, m=1,..0Q, (2.15)
where r1 = 1, rppe1 = Ry + 1, Rg = L, and na(5\m) = R,, — rm + 1 is algebraic multiplicity
of m-th eigenvalues. Note that with r,, = Ry, ng(An) = 1, e, Ay = N, © = 7y, is a single
eigenvalue.

An important issue that is considered in terms of eigenvectors is their scaling formula. In
eigenvector sensitivity analysis, the formula also plays an important role. The following scaling
formula is used in this study:

T 2AM+C)¥; =1, & 2AM" +CT) @, =1. (2.16)

In the above formulas, the dependence of the vectors, matrices, and eigenvalues on the parame-
ter h is not shown for clarity of notation. Let us note here, however, that the proposed method
of scaling captures a certain relation of the vector with its transpose, leading to unity, i.e., to
a scalar, which is no longer a function of the h, and therefore, its derivative is zero. We will
use this scaling property written by Eq. (2.16) as an additional condition in determining the
derivatives of the eigenvectors — the derivatives of the mentioned formula will combine the scaled
eigenvectors and their derivatives.

For any multiple eigenvalue of \,,, Eqs. (2.9) and (2.10) are true, but they are also true for
any linear combinations of eigenvectors corresponding to A,,. This fact can be put as follows
for a right eigenvector:

R
=" 0nwp, 0 EC j=rpm,. Ry om=1,.,Q (2.17)

k=rm

and for a left eigenvector:

Rm
"= ol @y, €€, j=Tm, s Rmy, m=1,..,Q, (2.18)
k=rm

where the coefficients Hkmj and o form matrices 8", @™, respectively. The above two formulas
reveal the assumption that the considered multiple eigenvalue 92} is non-defective, because there
exist for them ng(0}7) = n.(0}};) linearly independent eigenvectors. But, as pointed out earlier,
determining the basis of the eigenvectors corresponding to a multiple eigenvalue is not even
unambiguous as to direction.
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Both Egs. (2.17) and (2.18) can be written for convenience in the respective matrix forms:

. Jk=rmyen Rn, m=1..Q, 2.19
(Dm:q)mam’ a™ = [O[Z;']? m m ( )
where the matrices of the complex coefficients ™ and a™ are quadratic and have the dimension
of the algebraic eigenvalue times [14(Am) X nq(Am)]; moreover, these matrices are orthogonal,
ie., 0™ =0"" o™ =a™" In contrast, the other matrices

U=, .. U ], $ = [@m P,
Tr, Ry ) [fm ) i m=1,..Q, (2.20)
" =[P, .., Pr |, " = [®] .., DF ],

have dimensions [N X na(j\m)]. The columns of the matrix W™ are right eigenvectors, and the
columns of the matrix ®" are left eigenvectors — these correspond to the multiple eigenvalue A,
and are the result of solving the eigenproblems (Eqgs. (2.9) and (2.10)).

It follows from the assumption that A, is a non-defective eigenvalue that the coefficient
matrices of 0™ and a™ are of full rank, i.e:

rank (™) = rank (@) = n, (Xm), m=1,...,%. (2.21)
In the remaining part of the text, it will be assumed that the right eigenvectors \ilgn of
Eq. (2.17) and the left eigenvectors <i>}” of Eq. (2.18), calculated as linear combinations of the
corresponding eigenvectors W7, @7 obtained directly from Eqgs. (2.9) and (2.10), were scaled
according to Eq. (2.16).
The following equations also remain true for the adopted ordering and designations:

MM+ A, C+K) P =0,  j=rm,...Rm, m=1,..,Q, (2.22)
MM+ NC+K)U =0,  j=rp,...Rm, m=1,.0Q, (2.23)
&7 (A2 M+ A\,C +K) =0, S=Tmyey R, m=1,...,Q, (2.24)
I (MM +AC+K) =0,  s=rp, ... Ry, m=1,.,Q. (2.25)

3. Directional derivatives of eigenvalues

To compute the directional derivative in the Gateaux sense, one has to perturb a mapping
along the e direction. In order to find the value of the function at the point h + ee, the Taylor
expansion around the point h restricted to the linear part with respect to € is used. Thus, for
m=1,...,Q and j =, ..., Ry, the following expansions exists:

A (bt c) = dn () 4oy, XS (B ee) = X, () + eu, (3.1)
\il;” (h+ee) = \il§” (h) + €I, @;” (h+ee) = i)gn (h) + €I1;, (3.2)

where p; € €, IT'; = [I'y;] and I, € €, IT; = [II,;] and II,; € €, r =1, ..., N are the sought direc-
tional derivatives of the j-th eigenvalue and the associated right and left directional derivatives
of the eigenvector, respectively; it follows from the above notations that the derivatives men-
tioned here are complex, so they consist of derivatives of real parts and derivatives of imaginary
parts.

The basis for the derivation of directional derivatives in the Gateaux sense of the eigenvalues
of Eq. (2.23) and (2.22) is to write them at the point h + ee for j =7y, ..., Ry, m = 1,...,

[X%L(h +ee)M(h + ee) + 5\m(h +ee)C(h+ee) + K(h + ee)} ‘ilgn(h +ee) = 0. (3.3)
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By substituting Eqs. (3.1), (3.2), (1.4) into Eq. (3.3) one obtains for j = ry,..., Rm,
m=1,...,:

oM
(5‘7271 + 265\m,uj + 62/,6?) M—+e Z ﬁep
p=1 P

% ac K
+ (A +eny) | C+ +€ZaTLp€p +K+€Zan€p (¢T+€Fj) =0. (34)
p=1 p=1

Further transformations of Eq. (3.4) take into account that it is true for any € > 0, non-linear
terms relative to e are omitted, and that Eq. (3.2) is true, and also Eq. (2.23) is substituted.
After simplifying, the sums give the following equations:

NP NP

. 3 . oM . oC OK B

MM+ A CHK)T + [ A2 e+ A Y e+ > oy | U7
£ ohy, £ 0hy " = Oy

+p; (2AM + C) ¥ =0,  j=rp, ... Ry, m=1,..,Q (35

Before discussing further, let us introduce for convenience the following designations for m =
1,...,Q:

E" =X M+ X, C+K, G™ = 2\,,M + C,

N, (3.6)
_ LM . 9C 0K
m o 2
F =2, <Am T ahp> °
p=1

Taking into account the above, Eq. (3.5) can be written in the form:
E"D; + FMO" + G™¥Tu; =0,  j =7y, Ry m=1,..,0 (3.7)

Multiplying Eq. (3.7) left-hand by ®X/, we notice that the first component of & E™ disap-
pears, because there is Eq. (2.24), and Eq. (2.17) should also be considered here. Introducing
the simplified notations A™ = [aZ;], B™ = [b7}] where

al = ®UF™ W, b =BG, (3.8)

finally, Eq. (3.5) is obtained in the form:

R,
D (al A bR 0 =0, Gis=Tm, . Ry m=1,..,Q (3.9)
k=rm

The following additional eigenproblem arises from Eq. (3.9):

(A™ + p;B™) 07" = 0, j=Tmy e By, m=1,....Q. (3.10)

The matrices A™ and B™ are, in general, asymmetric and complex, and 0;” = [62}} From

Eq. (3.10), one computes ng(Ay,) of the eigenvalues, i.e., derivatives of uy, , ..., g, , which are
being sought. An important observation is that if the matrices A™ and B™ are both diagonal
(off-diagonal terms are equal to zero), the eigenvalues p;, i.e., Gatéaux directional derivatives of
multiple eigenvalues \,, are the same as the traditional Fréchet derivatives. The diagonal form
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of matrices A™ and B™ occurs when matrices F™ and G™ from Eq. (3.6) are simultaneously
diagonalizable by transformations (Eq. (3.8)). Of course, for a single eigenvalue n,(A\y) = 1
(scalar equation), these derivatives are also the same.

Equation (3.10) has, in practice, a low dimension associated with the algebraic multiplicities
of the multiple eigenvalue \,,. However, for a single (simple) eigenvalue, when, for a given m,
the algebraic multiplicity nq(A\n) = 1 (then j = k = s = r,,), Eq. (3.10) turns into a scalar
equation from which the directional derivative p; of the simple eigenvalue \; is calculated.
Thus, the derived relations leading to (Eq. (3.10)) constitute an algorithm for calculating the
directional derivatives of the eigenvalues of the eigenproblem (Eq. (2.22)) regardless of their

multiplicity.

4. Directional derivatives of eigenvectors

The derivation of the derivative of the right eigenvector is shown here — this may be done
analogously for the left eigenvector. The source is Eq. (3.7), because in it the derivative of
the eigenvector I'; appears in the process of differentiation. Let us rewrite Eq. (3.7) in a more
convenient form:

Emrj = —ﬁmli’;” — ém\il;»"uj, i=7Tmy., Ry, m=1,..Q. (4.1)

If the derivatives of the eigenvalues 11, are already known, as they are calculated from Eq. (3.10),
the right-hand side of Eq. (4.1) is different from zero and it is theoretically possible to deter-
mine I';, i.e., the derivatives of the right eigenvector.

However, the fundamental difficulty in Eq. (4.1) relates to the fact that, since \,, is an

eigenvalue with multiplicity ng(An,), so the matrix E™ is singular (rank E™ is reduced by
na(Am)) — it is therefore not possible to simply compute T';. Overcoming this difficulty has
been the subject of numerous research papers and related computational algorithms of varying
complexity and difficulty of application, both in configuration space and state space. An extensive
review of the papers in this area is given in (Choi et al., 2004).

The algorithms presented in (Kim et al., 1999a; 1999b; Choi et al., 2004; Lee et al., 1999a;
1999b) are used in the paper but extended to non-symmetric matrices in QEP. The idea is to use
the eigenvector scaling Eq. (2.16) for the right eigenvector as a constraint condition — because,
as mentioned, this equation, when differentiated, ties the vector W itself to its derivative I';.

The scaling condition is written here in the formula for multiple eigenvalues:
O (h) 2An ()M (h) + C(h)| ¥ (h) =1,  j=7m, s Rpn, m=1..9  (42)

Thus, let us expand the scaling condition (Eq. (4.2)) at the point h and in the direction e
(analogous to Eq. (3.3)), however, under the assumption that the vectors \il;” are already scaled
according to Eq. (4.2), (the scaling should therefore be done after solving Eq. (3.10) and per-
forming a linear combination defined in Eq. (2.19)), so for j = rp, ..., Ry, m=1,...,

\il;-”T (h+ce) [2Ay, (h+ ce) M (h + ce) + C (h + ce)] ¥ (h + ce) = 1. (4.3)

Substituting Eqgs. (3.1), (3.2), (1.4) to Eq. (4.3), the following is obtained:
N, N,
S - L 81\/_[ z 80 T m
(BT + 07 )| 2 (A + ept) [M €Y o)t Cte) T (BT +€Tj)=1. (4.4)
p=1 p=1

Further transformations of Eq. (4.4) take into account that it is true for any ¢ > 0, nonlinear
members with respect to € are omitted, and that Eq. (3.2) is considered, also Eqs. (2.23), (2.16)
are substituted. The final expression after ordering the sums is obtained in the form:
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O 20, (M 4+ M) + C+ CT| T + 287 TMET 5

N, N,
= —\il;,nT ZXmZp: ZTMSP + - chep o (4.5)
p=1 P p=1 P
For clarity let us introduce the notations:
L om A OMOC
" — GmT+Gm, X :pZ:l <2)\m8hp—|—ahp> ep, M= 1,..., Q. (46)

Finally, Eq. (4.5) takes a simpler form:
GPTH™T; + 297 TMET 1y = —B7TX™ET, =1 Ry, om=1,.,Q.  (4.7)

Note that Eqs. (4.1) and (4.7) tie the derivatives of the eigenvalue of ;1; and the derivatives
of the eigenvectors of I'; — so let us write the two equations together, finally for j = rp,, ..., Ry,
m=1,..., we have

f}mI‘j + ém‘i’}n,uj = _f\m‘i,;n7 (4 8)
GTHTT 4+ 29T TME Ty = — 9T X

The above system of equations is still unsolvable for a multiple eigenvalue, i.e., with n, (Xm) >1

A~

— the second equation is a scalar equation and, as noted earlier, the rank of the matrix E™ is
equal:

rank (Em> =N —n, (Xm) .

Let us introduce the following diagonal auxiliary matrices:

(r, 0 oo 0] Zp}n 0O -~ 0

= 0 fy,41 -+ O S— 0 Zm, - 0

0 0 - pug, 0 0 .- zZm

" : fin (4.9)
v 0 e 0

V™ — 0 ‘/rt?l-i-l e 0 : Z\]m . ‘i’gnTM‘i’;n, ‘/}jm _ \i’TTXm\I’;n,
L0 0o .- 17]7{?:”_

and the derivative matrix:
=1, Tr.41 - Tg,] (4.10)

The dimensions of the predefined matrices are as follows:
E™ —s [N x N, GmI™ — [N xng (An)],
TH™ — [ng (Am) x NJ, zm
I — [N x ng (Am
[

Fdm 5 [N x Ng (Xm
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Note that the rank of the individual submatrices in Eq. (4.11) are as follows:
rank (li!m) = rank (‘i’mT) =N, (Xm),
rank (Z™) = rank (ém\ilm> = rank (\ilmTﬁm) =ng (Xm)

Using these definitions, the following matrix equation can be written in the form:

Br Gren| om] [ .
\i,mTI/_\Im zm ll‘m - vm : ( . )
— —_——  —.——

Taking into account the previously listed dimensions of the component matrices in Eq. (4.11),
the following relations occur:

™ s [(N 410 (o)) % (N + 710 ()]s Y R™ —5 [(N + 10 (M) % 720 (n)].

The key observation here is that the quadratic and complex coefficient matrix S™ is not
singular (the method of proof is shown in (Kim et al., 1999b)), i.e., it is invertible and thus, there
is an unambiguous solution to the system (Eq. (4.11)) — in this equation, the unknown is the
matrix Y ; moreover, the system of algebraic Eq. (4.11) is well-conditioned. The algorithm
presented here leads to the simultaneous determination of the directional derivatives of the
right eigenvectors I'; and the redetermination of the directional derivative yu; associated with
the eigenvalue of \; by solving a linear algebraic non-symmetric system of complex Eq. (4.11).
For a single eigenvalue, when for a given m the algebraic multiplicity na(jxm) = 1, the system
of Eq. (4.11) also allows us to calculate the desired quantities. Thus, the derived relations
constitute an algorithm for computing the directional derivatives of the eigenvectors of Eq. (2.22),
irrespective of the eigenvalue multiplicity.

The structure of Eq. (4.11) also indicates that the vector of the directional derivative of the
eigenvector I'; is determined for the same multiplier as the corresponding eigenvector of \il;”

5. Additional requirements

It is important to pick up the significant practical problems associated with the determination
and recognition of multiple eigenvalues of \,, (see, e.g., (Seyranian et al., 1994)). Numerical
procedures iterate over the eigenvalues of \; and the corresponding eigenvectors ¥;, ®; with
some accuracy. Most often, only the tolerance of the 6&01 =1x10"° +1 x 1073 eigenvalue
determination is established. Structural models, created at the design stage and characterized by
symmetries, may exhibit the presence of multiple eigenvalues, or there may be very closely lying
single eigenvalues. This raises the problem of identifying multiple eigenvalues in the spectrum.
Thus, an additional algorithm for the recognition of multiple eigenvalues after ordering and
renumbering the eigenvalues according to Eq. (2.11) must be applied to the derivation formulas
presented.

The simplest way to do this is to take the number €' such that €' < e!o! < 1 as the
tolerance for recognising multiple eigenvalues. Thus, referring to the numbering of Eq. (2.14) we
will say that two eigenvalues are multiple when:

|>\z - >\z’+1| < EtOI (5.1)

m

which implies that they are at a distance less than €!°! on the complex plane ¢ — w. Another

proposal is to adopt separate distance conditions for eigendamping and eigenfrequency:

|Red; — Redipq| < ele and ISmA; — SmAiq| < e, (5.2)
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1

. . . . . . lO’ w
which means that two eigenvalues are multiple if they lie in the rectangle €'l x €'« on the

complex plane o — w.

It should be noted that, in general cases, the definitions given above do not allow explicit
grouping of multiple eigenvalues, but they do allow such grouping in many analyses of typical
structures with clearly separated multiple eigenvalues in the spectrum. Unfortunately, the values
of tolerances e°!, el ¢tolv may be problem dependent.

m’em m

6. Numerical examples

6.1. Introduction

As an example of a system with multiple eigenvalues, we will present the planar frame shown
in Fig. 2. The geometric dimensions are as follows: beam span L = 16.16855 m, height of columns
H = 5m. All cross-sections are square in shape. The following parameters were distinguished for
further analysis: width of cross-sections b = 0.4 m, height of column cross-sections hs = 0.4m,
height of beam cross-sections h, = 0.4m. In addition, two local zones were distinguished: 1) the
right frame node — the cross-section height of these elements h,, = 0.4 m, and 2) the right column
fixed — the cross-section height hy = 0.4m. All mentioned zones span over along one finite beam

element.
Columns Beam

yA Y

Y
h, > hy >
Beam Node ’ # ' #

! Z : b b
g =
E Node Fixed end
5]
2_ Fixed on_(ﬂ_ YA YA
|[‘ L ;l\ hnI - h{ >
<i> <i>

Fig. 2. Flat symmetric frame with fixed columns — geometric and cross-section dimensions.

It was assumed that the frame was made of reinforced concrete: Young’s modulus of the
material equal to E = 30 GPa, Poisson’s ratio v = 0.2 and a density p = 2400 kg/m3. In addition,
for simplicity, a damping matrix according to Rayleigh was assumed, i.e., C = aM + K, where
a=2x10"3, 8=5.2x 10"

The geometric dimensions and cross-sections are set so that the first eigenvalue of A; corre-
sponding to the antisymmetric mode shape is equal to \e corresponding to the symmetric mode
shape, i.e., A\ = Ay — Fig. 3. Finally, the symmetric mode shapes correspond to Ay and A4, while
the antisymmetric mode shapes correspond to A1 and As.

In the analysed frame, the matrices of the system M, C, K are symmetric and the eigenmodes
are real (classical) — which makes them easier to visualize and in this case the right and left
eigenvectors are equal ® = ¥ € RY. The assumptions made do not change the fact that the
multiple eigenvalue \; = Ay (i.e., ng(A1) = 2) is differentiable in the Géateaux sense but is not
always differentiable in the Fréchet sense. The tolerance for recognizing multiple eigenvalues in
Eq. (5.1) is set to el =1 x 1075,

To solve the derivatives shown, a programme in MATLAB was developed to calculate the
directional derivatives of the eigenvalues and eigenvectors. The procedure for calculating eigen-
values and eigenvectors for QEP shown in (Hammarling et al., 2013) was used.
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Fig. 3. Eigenmode shapes for consecutive eigenvalues.

6.2. Numerical example 1: symmetric changes of the frame

Let the vector of parameters against which the derivatives are calculated be equal:
h=[L,H,bhsh], heR. (6.1)

Thus, the dimension of parameter space is equal to N, = 5. Table 1 shows directional derivatives
with respect to canonical basis vectors (for example, the basis vector es = [0,0,1,0,0]). It is
noteworthy that a change in any component of the vector h results in a symmetric change in
the geometry and cross sections of the frame members. In such a case, the Gateaux directional
derivatives are the same as the Fréchet derivatives even for multiple eigenvalues, i.e.:

O\ .
o, = ui(h,ep), i=1,...,4, p=1,..,5.

The reason for this property is that the matrices A™ and B" are both diagonal in Eq. (3.10). The
diagonal form of matrices A™ and B™ occurs because matrices F™™ and G™ from Eq. (3.6) are

Table 1. Eigenvalues and their directional derivatives along the vectors of canonical basis e,
of the parameter space h = [L, H, b, hg, h,].

N O\ o\; O\ O\

Deflected — — — - :

Ai th;ee o +wi oL 0H b Ohs oh,
=pi(h,er) | =pi(her) | =pi(hes) | =pi(h,es) | =pi(h, es)
A\ antisym —0.20516 +0.01665 +0.10935 —1.01922 —0.26076 +0.26076
! frame +28.0212i —1.14285i —7.50359i +69.9413i +17.8940i —17.8940i
A sym —0.20516 +0.04644 +0.01275 —1.01598 —0.15744 +0.15744
2 beam +28.0212i —3.18711i —0.87524i +69.7185i +10.8039i —10.8039i
A\ antisym —1.69186 +0.37242 +0.14323 —8.38976 —0.97417 +0.97417
3 beam +80.6252i —8.87510i —3.41343i +199.937i +23.2155i —23.2155i
A sym —6.37071 +1.41240 +0.49267 —31.4011 —2.37618 +2.37618
4 beam +156.392i —17.3101i —6.03818i +384.846i +29.1220i —29.1220i
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simultaneously diagonalizable by transformations (Eq. (3.8)), and to explain it deeply, this is
because Fréchet derivatives of system matrices (0M/0h,,, 0C/0h,, 0K /0h, — see Eq. (3.6)) are
simultaneously diagonalizable.

6.3. Numerical example 2: asymmetrical changes of the frame
In contrast to the previous example, let the vector of parameters against which the derivatives
are calculated be equal:

h = (A, by, (6.2)

h € R2.

Thus, the dimension of parameter space is equal to N, = 2. The canonical basis vectors are
equal to e; = [1,0] and ex = [0,1]. It is worth noting that, in this example, a change in any
component of the vector h results in an asymmetric change in the height of the cross-sections
of the frame bars. In such a case, the directional derivatives of Gateaux are not the same as the
Fréchet derivatives for a multiple eigenvalue, i.e., there is

O\
8hp # /’Ll(h7 ep)a

On the other hand, for the simple eigenvalues, the Gateaux directional derivatives are equal to
the Fréchet derivatives, i.e.:

O\

= u;(h,ep,),

ahp /’LZ( p)
Table 2 shows the directional derivatives with respect to the canonical basis vectors of the double
eigenvalue of A\ = Ay. The third column of Table 2 shows that in this case the additivity condition
for the directional derivative of Gateaux does not hold — which excludes the existence of Fréchet
derivative at the point h. The derivative matrix F™ is not diagonalizable by transformation
WIF™W,  although matrix G™ is diagonalizable by transformation T G™®¥;, — see Eqs. (3.6)
and (3.8).

i=1,2 p=12.

i=34, p=12.

Table 2. Eigenvalues A\ = Ay and their directional derivatives along the vectors of canonical basis e,
of the parameter space h = [y, hy].

Deflected
A :hZ;ee o; + w; pi(h,er) pi(h, ez) pi(h, e +es) # pi(h,er) + pi(h, es)
A\ antisym —0.20516 +0.01177 —0.02963 +0.00007
1 frame +28.0212i —0.80738i +2.03316i —0.00474i
A\ sym —0.20516 —0.04451 —0.00002 —0.06246
2 beam +28.0212i +3.05466i +0.00124i +4.28642i

Table 3 shows the directional derivatives with respect to the canonical basis vectors of the
simple eigenvalues A3 and A4. In this case, the derivative along an arbitrary direction can be cal-
culated from the scalar product of the gradient vector and the direction vector — as for the
traditional Fréchet derivative.

Table 3. Eigenvalues A3 and A4 and their directional derivatives along the vectors of canonical basis e,

of the parameter space h = [hy,, hy].

o\ ON; oN;, O\
As D:}?ZCteed o+ Wi Ohy, Ohy {8}% 8hf} °lerte)
P = pi(h,e1) | =pi(h,en) | = pui(h,er +es) = pi(h,er) + pi(h, es)
s antisym —1.69186_ —0.17604_ —0.03307_ —0.20910_
beam +80.6252i +4.19511i +0.78807i +4.98318i
A sym —6.37071. —0.27743. —0.11141. —0.38884.
beam +156.392i +3.40018i +1.36540i +4.76550i
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7. Conclusions

The attractiveness and advantages of the presented approach lie in the consistent and clear
matrix notation, which significantly facilitates the software application. The disadvantage, on
the other hand, is the need to simultaneously determine both the derivatives of the eigenvectors
and to redetermine the derivatives of the eigenvalues due to the coupling of the two equations
in Eq. (4.11).

In the algorithm for calculating only the derivatives of the eigenvalues, the derivatives of the
vectors need not be determined at the same time. In other algorithms presented in the literature
(see the review of methods in, e.g., (Choi et al., 2004)), leading directly to the derivatives of
the eigenvectors of I';, it is not necessary to determine j; at the same time — nevertheless,
many of these algorithms require the determination of all modal vectors of the eigenproblem
in order to express I'; as their linear combination. The algorithm presented here enables the
selection of the eigenmodes and frequencies for which the derivatives are calculated. Moreover,
the redetermination of the eigenvalue derivatives is due to the fact that the combinations of
the eigenvectors ¥™ and ®™ are present in Eq. (2.19), which uses the coefficients 0;-” being the
eigenvectors for each eigenvalue derivative p; — Eq. (3.10).

In fact, Eq. (3.10) has a low dimension in the practice of modelling structures in FEM due
to the algebraic multiples of the multiple eigenvalue A,,. For example, for rotationally symmet-
ric shell structures, the eigenvectors are associated with the occurrence of double eigenvalues
na(Am) = 2 — this implies the need to solve Eq. (3.10) with a matrix dimension [2x2]; however,
rarely, with an exceptional arrangement of the structural parameters of these shells, the dual
eigenvalues coincide, resulting in an algebraic multiplicity na(j\m) = 4. Such a situation may
lead to multiple derivatives as eigenvectors nq(p;) > 1 in Eq. (3.10).

The analogous case is shown in the paper — the frame has double eigenfrequencies na(;\m) =2
related to antisymmetric and symmetric mode shapes. It is a typical case in civil engineering for
flat and spatial frames. The example presented in the paper shows that the issue of derivation of
derivatives for multiple eigenvalues must be conducted in a non-traditional way in general cases.
This entails also the need to develop specialized software and introduce additional conditions to
distinguish multiple and single eigenvalues.
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