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Minimum-Gain Pole Placement With Sparse
Static Feedback

Vaibhav Katewa

Abstract—The minimum-gain eigenvalue assighment/
pole placement problem (MGEAP) is a classical problem in
linear time-invariant systems with static state feedback. In
this article, we study the MGEAP when the state feedback
has arbitrary sparsity constraints. We formulate the sparse
MGEAP problem as an equality-constrained optimization
problem and present an analytical characterization of its
locally optimal solution in terms of eigenvector matrices
of the closed-loop system. This result is used to provide
a geometric interpretation of the solution of the nonsparse
MGEAP, thereby providing additional insights for this clas-
sical problem. Furthermore, we develop an iterative pro-
jected gradient descent algorithm to obtain local solutions
for the sparse MGEAP using a parameterization based on
the Sylvester equation. We present a heuristic algorithm
to compute the projections, which also provides a novel
method to solve the sparse eigenvalue/pole assignment
problem. Also, a relaxed version of the sparse MGEAP is
presented and an algorithm is developed to obtain approx-
imately sparse local solutions to the MGEAP. Finally, nu-
merical studies are presented to compare the properties of
the algorithms, which suggest that the proposed projection
algorithm converges in most cases.

Index Terms—Eigenvalue assignment, minimum-gain
pole placement, optimization, sparse feedback, sparse lin-
ear systems.

[. INTRODUCTION

HE eigenvalue/pole assignment problem (EAP) using
T static state feedback is one of the central problems in
the design of linear time invariant (LTI) control systems (e.g.,
see [1], [2]). It plays a key role in system stabilization and
shaping its transient behavior. Given the following LTI system:

Dx(k) = Az (k) + Bu(k) (la)
u(k) = Fx(k) (1b)
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where x € R" is the state of the LTI system, u € R™ is the con-
trolinput, A € R™*", B € R™*" and D denotes either the con-
tinuous time differential operator or the discrete-time shift oper-
ator, the EAP involves finding areal feedback matrix F' € R™*"
such that the eigenvalues of the closed-loop matrix A.(F) £
A + BF coincide with a given set S = {A1, A2, ..., A, } thatis
closed under complex conjugation.

It is well known that the existence of F' depends on the
controllability properties of the pair (A, B). Furthermore, for
single input systems (m = 1), the feedback vector that assigns
the eigenvalues is unique and can be obtained using Acker-
mann’s formula [3]. On the other hand, for multi-input systems
(m > 1), the feedback matrix is not unique and there exists a
flexibility to choose the eigenvectors of the closed-loop system.
This flexibility can be utilized to choose a feedback matrix that
satisfies some auxiliary control criteria in addition to assigning
the eigenvalues. For instance, the feedback matrix can be chosen
to minimize the sensitivity of the closed-loop system to pertur-
bations in the system parameters, thereby making the system
robust. This is known as robust eigenvalue assignment problem
(REAP) [4]. Alternatively, one can choose the feedback matrix
with minimum gain, thereby reducing the overall control effort.
This is known as minimum-gain eigenvalue assignment problem
(MGEAP) [5], [6].

Recently, considerable attention has been given to the study
and design of sparse feedback control systems, where certain
entries of the matrix F' are required to be zero. Feedback sparsity
typically arises in decentralized control problems for large-scale
and interconnected systems with multiple controllers [7], where
each controller has access to only some partial states of the
system. Such constraints in decentralized control problems are
typically specified by information patterns that govern which
controllers have access to which states of the system [8], [9].
Sparsity may also be a result of the special structure of a
centralized control system, which prohibits feedback from some
states to the controllers.

The feedback design problem with sparsity constraints is
considerably more difficult than the unconstrained case. There
have been numerous studies to determine the optimal feedback
control law for H2/LQR/LQG control problems with sparsity,
particularly when the controllers have access to only local
information (see [7]-[10] and the references therein). While
the optimal H2/LQR/LQG design problems with sparsity have
a rich history, studies on the REAP/MGEAP in the presence
of arbitrary sparsity constraints are lacking. Even the problem
of finding a particular (not necessary optimal) sparse feedback
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matrix that solves the EAP is not well studied. In this article, we
study the EAP and MGEAP with arbitrary sparsity constraints
on the feedback matrix F'. We provide analytical characteri-
zation for the solution of sparse MGEAP and provide iterative
algorithms to solve the sparse EAP and MGEAP. We also briefly
discuss the feasibility of the sparse EAP problem.

A. Related Work

There have been numerous studies on the optimal pole
placement problem without sparsity constraints. For the REAP,
authors have considered optimizing different metrics, which
capture the sensitivity of the eigenvalues, such as the condition
number of the eigenvector matrix [4], [11]-[14], departure from
normality [15], and others [16], [17]. Most of these methods
use gradient-based iterative procedures to obtain the solutions.
For surveys and comparisons of these REAP methods, see [11],
[18], [19] and the references therein.

Early works for MGEAP, including the work in [20] and [21],
presented approximate solutions using low-rank feedback and
successive pole placement techniques. Simultaneous robust and
minimum gain pole placement was studied in [ 14] and [22]-[24].
For a survey and performance comparison of these MGEAP
studies, see [5] and the references therein. The regional pole
placement problem was studied in [25] and [26], where the
eigenvalues were assigned inside a specified region. While these
studies have provided useful insights on REAP/MGEAP, they
do not consider sparsity constraints on the feedback matrix.
In contrast, we study the sparse EAP/MGEAP by explicitly
including the sparsity constraints in the problem formulation
and solutions.

There have also been numerous studies on EAP with sparse
dynamic LTI feedback. The concept of decentralized fixed
modes (DFMs) was introduced in [27] and later refined in [28].
DFMs are those eigenvalues of the system that cannot be shifted
using a static/dynamic feedback with fully decentralized sparsity
pattern (i.e., the case where controllers have access only to local
states). The remaining eigenvalues of the system can be arbitrar-
ily assigned. However, this cannot be achieved in general using
a static decentralized controller and requires the use of dynamic
decentralized controller [27]. Other algebraic characterizations
of the DFMs were presented in [29] and [30]. The notion of
DFMs was generalized for an arbitrary sparsity pattern and
the concept of structurally fixed modes (SFMs) was introduced
in [31]. Graph-theoretical characterizations of SFMs were pro-
vided in [32] and [33]. As in the case of DFMs, assigning the
non-SFMs also requires dynamic controllers. These studies on
DFMs and SFMs present feasibility conditions and analysis
methods for the EAP problem with sparse dynamic feedback.
In contrast, we study both EAP and MGEAP with sparse static
controllers, assuming the sparse EAP is feasible. We remark
that EAP with sparsity and static feedback controller is in fact
important for several network design and control problems, and
easier to implement than its dynamic counterpart.

Recently, there has been a renewed interest in studying linear
systems with sparsity constraints. Using a different approach
than Pichai ez al. [32], the original results regarding DFMs in [27]

were generalized for an arbitrary sparsity pattern by Alavian
and Rotkowitz in [34] and [35], where they also present a sparse
dynamic controller synthesis algorithm. Furthermore, there have
been many recent studies on minimum cost input/output and
feedback sparsity pattern selection such that the system has con-
trollability [36] and no SFMs (see [37], [38] and the references
therein). In contrast, we consider the problem of finding a static
minimum gain feedback with a given sparsity pattern that solves
the EAP.

B. Contribution

The contribution of this article is three-fold. First, we study the
MGEAP with static feedback and arbitrary sparsity constraints
(assuming feasibility of sparse EAP). We formulate the sparse
MGEAP as an equality constrained optimization problem and
present an analytical characterization of a locally optimal sparse
solution. As a minor contribution, we use this result to provide a
geometric insight for the nonsparse MGEAP solutions. Second,
we show that determining the feasibility of the sparse EAP is
NP-hard and present necessary and sufficient conditions for fea-
sibility. We develop two heuristic iterative algorithms to obtain a
local solution of the sparse EAP. The first algorithm is based on
repeated projections on linear subspaces. The second algorithm
is developed using the Sylvester equation based parameteri-
zation and it obtains a solution via projection of a nonsparse
feedback matrix on the space of sparse feedback matrices that
solve the EAP. Third, using the latter EAP projection algorithm,
we develop a projected gradient descent method to obtain a local
solution to the sparse MGEAP. We also formulate a relaxed
version of the sparse MGEAP using penalty-based optimization
and develop an algorithm to obtain approximately sparse local
solutions.

C. Atrticle Organization

The remainder of this article is organized as follows. In
Section II, we formulate the sparse MGEAP optimization prob-
lem. In Section III, we obtain the solution of the optimization
problem using the Lagrangian theory of optimization. We also
provide a geometric interpretation for the optimal solutions of
the nonsparse MGEAP. In Section IV, we present two heuristic
algorithms for solving the sparse EAP. Furthermore, we present a
projected gradient descent algorithm to solve the sparse MGEAP
and also an approximately sparse solution algorithm for arelaxed
version of the sparse MGEAP. Section V contains numerical
studies and comparisons of the proposed algorithms. In Sec-
tion VI, we discuss the feasibility of the sparse EAP. Finally,
Section VII concludes this article.

Il. SPARSE MGEAP FORMULATION
A. Preliminary Properties

We use the following properties to derive our results [39],
[40]:
P.1 tr(A) = tr(AT) and tr(ABC) = tr(CAB);
P2 ||A||2 = tr(ATA) = vecT(A)vec(A);
P.3 vec(AB) = (I ® A)vec(B) = (BT @ I')vec(A);
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P4 vec(ABC) = (CT @ A)vec(B);
P5 (A®B)T = AT® BT and (A® B)" = A" @ BY,
P6 1] (Ao B)1, = tr(ATB);
P7 AoB=BoA and Ao (BoC)=(AoB)oC,
P8 vec(A o B) = vec(A) o vec(B), (Ao B)T =
AT o BT,
P9 Aur(AX)=AT, Lur(XTX)=2X, L (Az)=A4;
P10 d(X 1) = -X"ldXX 1
P.11 let D, f and D2 f be the gradient and Hessian of
f(z) : R™ — R. Then, df = (D,.f)"dz and
d2f = (da)"(D2f)da
P.12 projection of a vector y € R™ onthe null spaceof A €
R™*™ is given by y, = [I,, — AT Aly.
The Kronecker sum of two square matrices A and B with
dimensions n and m, respectively, is denoted by

AeB=(I,®A)+B®I,.
We use the following notation throughout the article:

-2 Spectral norm.
Il -1l Frobenius norm.

<o >p Inner (Frobenius) product.

|- Cardinality of a set.

INQ) Spectrum of a matrix.

Omin(*) Minimum singular value of a matrix.
tr(-) Trace of a matrix.

()F Moore-Penrose pseudoinverse.
()7 Transpose of a matrix.

R(-) Range of a matrix.

A>0 Positive definite matrix A.

o Hadamard (elementwise) product.
® Kronecker product.

Complex conjugate.
H Conjugate transpose.

supp() Support of a vector.

vec(+) Vectorization of a matrix.

diag(a) n x n diagonal matrix with diagonal elements
given by n-dim vector a.

Re(-) Real part of a complex variable.

Im(+) Imaginary part of a complex variable.

1,,(0,,) n-dim vector of ones (zeros).

Linxm (Onxm) 1 X m-dim matrix of ones (zeros).

I, n-dim identity matrix.

e; i canonical vector.

Ton Permutation matrix that satisfies vec(AT) =

T, nvec(A), A € R,

B. Sparse MGEAP

The sparse MGEAP involves finding a real feedback matrix
F e R™*" with minimum norm that assigns the closed-loop
eigenvalues of (la) and (1b) at some desired locations given
by set S = {A1, A2, ..., A, }, and satisfies a given sparsity con-
straints. Let F € {0, 1}"*™ denote a binary matrix that specifies
the sparsity structure of the feedback matrix F'. If I_:z-j = 0 (re-
spectively l_:ij = 1), then the ;" state is unavailable (respectively

available) for calculating the ™ input. Thus

_Jo if F;; =0, and
v * if 'Eij = 1,
where * denotes a real number. Let F© £ 1,,,..,, — F denote the
complementary sparsity structure matrix. Furthermore, [with a
slight abuse of notation, cf., (1a)] let X 4 [x1,2Z2,...,2,) €
C"™*™ x; # 0, denote the nonsingular eigenvector matrix of
the closed-loop matrix A.(F') = A+ BF.
The MGEAP can be mathematically stated as follows:

I S
min 5 [|Fllz )
st. (A+ BF)X = XA, (2a)
F o F = 0pmxn, (2b)

where A = diag([A1,A2,...,An]") is the diagonal matrix of
the desired eigenvalues. Equations (2a) and (2b) represent the
eigenvalue assignment and sparsity constraints, respectively.

The constraint (2a) is not convex in (F, X) and, therefore, the
optimization problem (2) is nonconvex. Consequently, multiple
local minima may exist. This is a common feature in various
minimum distance and eigenvalue assignment problems [41],
including the nonsparse MGEAP.

Remark 1 (Choice of norm): The Frobenius norm measures
the elementwise gains of a matrix, which is informative in
sparsity constrained problems arising, for instance, in network
control problems. It is also convenient for the analysis, particu-
larly to compute the derivatives of the cost function. |

Definition 1 (Fixed modes [27], [34]): The fixed modes of
(A, B) with respect to the sparsity constraints F are those
eigenvalues of A that cannot be changed using LTI static (and
also dynamic) state feedback, and are denoted by

T';(A, B,F)2 N
F:FoF =0

We make the following assumptions regarding the fixed
modes and feasibility of the optimization problem (2).

Assumption 1: The fixed modes of the triplet (A, B, F) are
included in the desired eigenvalue set S, i.e., I'f(A, B, I_:) CcS.

Assumption 2: There exists at least one feedback matrix F'
that satisfies constraints (2a)—(2b) for the given S.

Assumption 1 is clearly necessary for the feasibility of the
optimization problem (2). Assumption 2 is restrictive because,
in general, it is possible that a static feedback matrix with a
given sparsity pattern cannot assign the closed-loop eigenvalues
to arbitrary locations (i.e., for an arbitrary set S satisfying
Assumption 1).! In such cases, only a few (<n) eigenvalues
can be assigned independently and other remaining eigenvalues
are a function of them. To the best of our knowledge, there
are no studies on characterizing conditions for the existence of
a static feedback matrix for an arbitrary sparsity pattern F and

TI'(A+ BF).

"Note that a sparse dynamic feedback law can assign the eigenvalues to
arbitrary locations under Assumption 1 [35].
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eigenvalue set S [42] (although such characterization is available
for dynamic feedback laws with arbitrary sparsity pattern [31],
[341], [35], and static output feedback for decentralized sparsity
pattern [43]). Thus, for the purpose of this article, we focus
on finding the optimal feedback matrix assuming that at least
one such feedback matrix exists. We provide some preliminary
results on the feasibility of the optimization problem (2) in
Section VI.

[Il. SOLUTION TO THE SPARSE MGEAP

In this section, we present the solution to the optimization
problem (2). To this aim, we use the theory of Lagrangian
multipliers for equality constrained minimization problems.

Remark 2 (Conjugate eigenvectors): We use the convention
that the right (respectively, left) eigenvectors (x;,x;) corre-
sponding to two conjugate eigenvalues (A;,A;) are also con-
jugate. Thus, if 1; = Aj-, then z; = xj [ |

We use the real counterpart of (2a) for the analysis. For
two complex conjugate eigenvalues (A;, AS) and corresponding
eigenvectors (x;, z} ), the following complex equation

- s

is equivalent to the following real equation:

(A+BF) [931

(A+BF) [Re(xi) Im(xi)}

Re(2;) Im()‘i):| '

= [Re(xi) Im(l‘i)} [—Im(ki) Re(2;)

For each complex eigenvalue, the columns [z; 2] of X are
replaced by [Re(z;) Im(x;)] to obtain a real Xp, and the
submatrix ﬁ; )E):} of A is replaced by [_Eﬁgtg g{clgﬂ to
obtain a real Ag. The real eigenvectors in X and Xg, and
real eigenvalues in A and Ap coincide. Clearly, Xp is not the
eigenvector matrix of A + BF (cf., Remark 4), and X can be
obtained through the columns of X . Thus, (2a) becomes

(A+ BF)Xp = XpAn, 3)

and Xp replaces the optimization variable X in (2). In the
theory of equality constrained optimization, the first-order op-
timality conditions are meaningful only when the optimal point
satisfies the following regularity condition: the Jacobian of the
constraints, defined by .J, is full rank. This regularity condition
is mild and usually satisfied for most classes of problems [44].
Before presenting the main result, we derive the Jacobian and
state the regularity condition for the problem (2).

Computation of J, requires vectorization of the matrix con-
straints (3) and (2b). For this purpose, letz g = vec(XRr) € R™,
f = vec(F) € R™", and let z = [z, fT]T be the vector con-
taining all the independent variables of the optimization prob-
lem. Furthermore, let ng denote the total number of feedback
sparsity constraints (i.e., number of 1’s in F°)

ns={(i,5) : F = [f;], fi; = 1}

Note that the constraint (2b) consists of n, nontrivial sparsity
constraints, and can be equivalently written as

Qf =0n,, “

where Q) = [eg, €gy -+ eqn. )T € {0, 1} with {q, ...,
an.} = supp(vec( “)) being the set of indices indicating the
ones in vec(F°).

Lemma 1 (Jacobian of the constraints): The Jacobian of the
equality constraints (2a)—(2b) is given by

A(F)e(-AL) XLeB
Ons xn?2 Q

Proof: We construct the Jacobian J, by rewriting the con-
straints (3) and (2b) in vectorized form and taking their deriva-
tives with respect to z. Constraint (3) can be vectorized in the
following two different ways [using (iii) and (iv)]:

D (*AE)}IR = 0,2,
[A® —(AR)]|zr + (X ® B)f = 0,2.

Differentiating (6a) w.r.t. xr and (6b) w.r.t f yields the first
(block) row of Jp,. Differentiating (4) w.r.t. 2 yields the second
(block) row of Jj,. |

We now state the optimality conditions for the problem (2).

Theorem I (Optimality conditions): Let (X a ) (equlvalently
5= [T R fT]T) satisfy the constraints (2a)—(2b). Let L [l I,
i=1,...,n be the left eigenvector matrix of A.(F ), and
let Ly be its real counterpart constructed by replacing [ZZ, lZ]
with [Re(l;), —Im(l;)]. Let J,(z) be defined in Lemma 1
and P(2) = I,z yyun — J; (2)Jy(2). Furthermore, define L £
AT, m(BTLr ® 1,,) and let

Ip(2) = (©)

[(A+ BF) (6a)

(6b)

Z 7
L QImn ( )

Then, (X, F) is a local minimum of the optimization problem
(2) if and only if

F=—Fo(BTLXT), (8a)
(A+ BF)X = XA, (8b)
(A+ BE)TL = LA, (8c)

Jy(%) is full rank, (8d)
P(2)DP(2) > 0. (8e)

Proof: We prove the result using the Lagrange theorem for
equality constrained minimization. Let Lr € R™*™ and M €
R™*™ be the Lagrange multipliers associated with constraints
(3) and (2b), respectively. The Lagrange function for the opti-
mization problem (2) is given by

LW % t(FTF) + 217 (L o (Au(F)Xr — XrAr)|1n

+ 1;[MO (F o F)]1,
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(vi), (vid) % tr(FTF) +9 tr[L-Irg(AC(F)XR — XgAR))

+ (M o F)TF].

Necessity: We next derive the first-order necessary condition for
a stationary point. Differentiating £ w.r.t. X and setting to 0,
we get

d T
@ O AT (F) Ly — LpAL] = Opn. (9)
dXgr
The real equation (9) is equivalent to the complex equatior} (89).
Equation (8b) is a restatement of (2a) for the optimal (F', X).
Differentiating £ w.r.t. I, we get
(iz)

= F+2B"LpX},+ MoF = 0pxn.  (10)

d
—L
dF
Taking the Hadamard product of (10) with F and using (2b),
we get (since F“ o F* = F%)

F*o (2BTLrXE) + M o F = 0. (11)

Replacing M o F from (11) into (10), we get
F= Fo@BLpxL) ¥ Fo(BTLXT)

where (a) follows from the definition of L z and X p and Remark
2.Equation (8d) is the necessary regularity condition and follows
from Lemma 1.

Sufficiency: Next, we derive the second-order sufficient con-
dition for a local minimum by calculating the Hessian of L.
Taking the differential of £ twice, we get

d*L = te((dF)TdF) + 4te(LL BdFdXR)
D 4T af + dvecT(dFTBTLp)dag

) 4T ar 4+ afT Lda

dx
df |’
where D is the Hessian [cf., (xi)] defined in (7). The suffi-
cient second-order optimality condition for the optimization
problem requires the Hessian to be positive definite in the
kernel of the Jacobian at the optimal point [44, Ch. 11]. That
is, y"Dy > 0 Vy : Jy(2)y = 0. This condition is equivalent to
P(2)DP(z) > 0, since Jy(z)y = 0 if and only if y = P(z)s
for a s € R™*™" [44]. Since the projection matrix P(z) is
symmetric, (8e) follows. |

Observe that the Hadamard product in (8a) guarantees that the
feedback matrix satisfies the sparsity constraints given in (2b).
However, the optimal sparse feedback F' cannot be obtained by
sparsification of the optimal nonsparse feedback. The optimality
condition (8a) is an implicit condition in terms of the closed-loop
right and left eigenvector matrices. Next, we provide an explicit
optimality condition in terms of {L, X }.

Corollary 1 (Stationary point of (2)): Z 2 [XT,f/T]T is a
stationary point of the optimization problem (2) if and only if

AZ —ZN=Bi[Fo (BIIZZ"By)\BYZ,  (12)

- % [de dfT} D

where
A é A O'ﬂX'IL Bl é B OnX'ﬂ
Onsn AT | Onscrmn In |
D, [ I’I’L OTL m F 0"77. m
By & A I 7| and
OTIXTI B O’I'LX'I'L F
I_ é O'VLXTL I'IL
I’I’L 0n><n .
Proof: Combining (8b) and (8c) and using AT = A, we get
AX - XA| | BFX
ATL-LA| |F'BL
L _ P .
= AZ - ZA=-B pT ByZ
0 F
_ |Fo(BTLXT 0 o
_p, |Fel ) 0 . | Bz
0 F o(XL'B)
_ _c|LXT 0
_ T
= Bl (F o {Bl 0 XIA/T

- B (F o {BIf(ZZT o f)BQ}) B
= B1{Fo(B12Z"B,)}B}Z,
where the equalities follow from the Hadamard product. |

Remark 3 (Partial spectrum assignment): The results of The-
orem | and Corollary 1 are also valid when specifying only
p < n eigenvalues (the remaining eigenvalues are functionally
related to them; also see the discussion below Assumption 2). In
this case, A € CP*P, X e C™*P_ and L € C™P, While partial
assignment may be useful in some applications, in this article,
we focus on assigning all the eigenvalues. |

Remark 4 (General eigenstructure assignment): Although
the optimization problem (2) is formulated by considering A
to be diagonal, the result in Theorem 1 is valid for any general A
satisfying I'(A) = S. For instance, we can choose A in a Jordan
canonical form. However, note that for a general A, X will cease
to be an eigenvector matrix. [ |

A solution of the optimization problem (2) can be obtained by
numerically/iteratively solving the matrix equation (12), which
resembles a Sylvester-type equation with a nonlinear right side,
and using (8a) to compute the feedback matrix. The regularity
and local minimum of the solution can be verified using (8d)
and (8e), respectively. Since the optimization problem is not
convex, only local minima can be obtained via this procedure.
To improve upon the local solutions, the procedure can be
repeated for different initial conditions to solve (12). However,
convergence to a global minimum is not guaranteed.

The convergence of the iterative techniques to solve (12)
depends substantially on the initial conditions. If they are not
chosen properly, convergence may not be guaranteed. Further-
more, the solution of (12) can also represent a local maxima.
Therefore, instead of solving (12) directly, we use a different
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approach based on the gradient descent procedure to obtain a
locally minimum solution. Details of this approach and corre-
sponding algorithms are presented in Section IV.

A. Results for the Nonsparse MGEAP

In this section, we present some results specific to the case
when the optimization problem (2) does not have any sparsity
constraints (i.e., F= L xn). Although the nonsparse MGEAP
has been studied previously, these results are novel and further
illustrate the properties of an optimal solution.

We begin by presenting a geometric interpretation of the
optimality conditions in Theorem 1 with B = I,,, i.e., all the
entries of A can be perturbed independently. In this case, the
optimization problem (2) can be written as

o1 —12
min §||A7XAX |17 (13)

Since A and R(X) = XAX ! are elements (or vectors) of
the matrix inner product space with Frobenius norm, a solution
of the optimization problem (13) is given by the projection
of A on the manifold M £ {R(X) : X is nonsingular}. This
projection can be obtained by solving the normal equation,
which states that the optimal error vector F=A-—XAX!
should be orthogonal to the tangent plane of the manifold M
at the optimal point X [45]. The next result shows that the
optimality conditions derived in Theorem 1 are in fact the normal
equations for the optimization problem (13).

Lemma 2 (Geometric interpretation): Let F = 1,,,, and
B = I,,. Then, (8a)—(8c) are equivalent to the following normal
equation:

< F, Tu(X)

where Tp((X) denotes the tangent space of M at X.
Proof: We begin by characterizing the tangent space T4 (X),
which is given by the first-order approximation of R(X)

R(X +dX) = (X +dX)A(X +dX)*
(2)

>p =0, (14)

R(X)+dXAX ' - XAX ldxx!
+ higher order terms.
Thus, the tangent space is given by
Tm(X)={YAX ' - XAX 'YX 1.y eC™m}.
Necessity: Using F given by (8a), we get
< P, Tm(X) >=tu(FT(YAX ' — XAX 'Y X))

L w(XETYAX ) 4 a(XETXAR Y

—~

O _w(LTYA) + u(LTXAX 1Y)

9 w(LTYA) + w(ALTX X y) Yo,

—~

where (a) follows from the fact that A and LTX commute.
Sufficiency: From (14), we get

r(FT(YAX ' — XAX 'YX 1) =0

Y a[(AXTET - XTETRAX DY = 0.

Since the aforementioned equation is true forall Y € C™*", we
get

AXT'VET - XT'FTXAX ' = 0pun
= FTXAX !

= FTA(F).

= XAX'FT
= A(F )

Thus, A.(F ) and F'T commute and have common left and right
eigenspaces [46], i.e., FT= _XGX 1= —XLT, where G is
a diagonal matrix. |

Next, we show the equivalence of the nonsparse MGEAP for
two orthogonally similar systems.

Lemma 3 (Invariance under orthogonal transformation): Let
F = 1,uxn and (Ay, By), (Az, By) be two orthogonally similar
systems such that Ay = PA, P! and B, = PB,, with P being
an orthogonal matrix. Let optimal solutions of (2) for the two
systems be denoted by (Xl, Ly, Fl) and (XQ, f/27 13‘2) respec-
tively. Then

X, =PXy, Ly =

1Ele = | E]|p
Proof: From (8b), we have

(Ag + ByFy) Xy = XoA

PLy, By = F1PT, and

15)

= (PA,P7' + PBF,PT)PX, = PX,A

= (Al + Blpl)X]_ = XlA
Similar relation can be shown between ﬁl and ﬁg using (8c).
Next, from (8a), we have

Fy = —BJ]L,X] = —BIL,X]PT = I, PT.

Finally, || £1]]2 = «(ETFy) 2 a(E] ) = || B[ n

Recall from Remark 3 that Theorem 1 is also valid for
MGEAP with partial spectrum assignment. Next, we consider
the case when only one real eigenvalue needs to assigned for
the MGEAP while the remaining eigenvalues are unspecified.
In this special case, we can explicitly characterize the global
minimum of (2), as shown in the next result.

Corollary 2 (One real eigenvalue assignment): Let F =

1,uxn. A € R, and B = I,,. Then, the global minima of the op—

timization problem (2) is given by Fy; = —omin(A — AL, )uv
where u and v are unit-norm left and right singular Vectors
respectively, corresponding to omin(A — AI,). Furthermore,
[Fgillp = omin(A — Aly).

Proof: Since A € R, X € R" 2 i with ||| = 1, and L €
R™ 2. Let [ = Sl where 82 |i||, > 0. Substituting £ =
—12T from (8a) into (8b)—(8c), we get

(A—i3"2 = 2A = (A— AL)é =l and

(AT — 2" = IA = (A — AL)"T = Bi.
The aforementioned two equations imply that the unit norm

vectors 4 and [ are left and right singular vectors of A — A,
associated with the singular value 3. Since ||F||%. = tr(FTF) =
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tr(2071&7) = 32, we pick /3 as the minimum singular value of
A—AL,. |

We conclude this section by presenting a brief comparison
of the nonsparse MGEAP solution with deflation techniques for
eigenvalue assignment. For B = I,,, an alternative method to
solve the nonsparse EAP is via the Wielandt deflation tech-
nique [47]. Wielandt deflation achieves pole assignment by
modifying the matrix Ainnsteps A - A; — Ay — -+ — A,
Step ¢ shifts one eigenvalue of A; 1 to a desired location A;
while keeping the remaining eigenvalues of A; ; fixed. This is
achieved by using the feedback Féf = — (i — Ai)v;z], where
wu; and v; are any eigenvalue and right eigenvector pair of
A;_1, and z; is any vector such that z;rvi = 1. Thus, the overall
feedback that solves the EAP is given as Fyy = Y1) Fjp.

It is interesting to compare the optimal feedback expression
in (8a), F=— Sy [ZJ%ZT, with the deflation feedback. Both
feedbacks are sum of n matrices, where each matrix has rank
1. However, the Wielandt deflation has an inherent special
structure and a restrictive property that, in each step, all except
one eigenvalue remain unchanged. Furthermore, each rank—1
term in £ and Fyr involves the right/left eigenvectors of the
closed- and open-loop matrix, respectively. Clearly, since Fis
the minimum-gain solution of (2), ||F'||r < ||Fuf||r-

IV. SOLUTION ALGORITHMS

In this section, we present an iterative algorithm to obtain a
solution to the sparse MGEAP in (2). To develop the algorithm,
we first present two algorithms for computing nonsparse and
approximately sparse solutions to the MGEAP, respectively.
Next, we present two heuristic algorithms to obtain a sparse
solution of the EAP (i.e., any sparse solution, which is not
necessarily minimum-gain). Finally, we use these algorithms
to develop the algorithm for sparse MGEAP. Note that although
our focus is to develop the sparse MGEAP algorithm, the other
algorithms presented in this section are novel in themselves to
the best of our knowledge.

We make the following assumptions.

Assumption 3: The triplet (A, B, IE) has no fixed modes, i.e.,
I's(A, B,F) = 0.

Assumption 4: The open- and closed-loop eigenvalue sets are
disjoint, i.e., I'(A) NT'(A) = 0, and B has full column rank.

Assumption 4 is not restrictive since if there are any common
eigenvalues in A and A, we can use a preliminary sparse feed-
back £}, to shift the eigenvalues of A to some other locations such
that I'(A + BF,) NT'(A) = . Due to Assumption 3, such F),
always exists. Then, we can solve the modified MGEAP? with
parameters (A + BF),, B, A, F). If F is the sparse solution of
this modified problem, then the solution of the original problem
is F, + F.

To avoid complex domain calculations in the algorithms, we
use the real eigenvalue assignment constraint (3). For conve-
nience, we use a slight abuse of notation to denote X g and A as

2 Although the minimization cost of the modified MGEAP s 0.5||F, + F||%.,
it can be solved using techniques similar to solving MGEAP in (2).

X and A, respectively, in this section. Note that the invertibility
of X is equivalent to the invertibility of X 5.

A. Algorithms for the Nonsparse MGEAP

We now present two iterative algorithms to obtain nonsparse
and approximately sparse solutions to the MGEAP, respectively.
To develop the algorithms, we use the Sylvester equation based
parameterization [14], [48]. In this parameterization, instead of
defining (F, X) as free variables, we define a parameter G =
FX € R™ ™ as the free variable. With this parameterization,
the nonsparse MGEAP is stated as

. 1 9
min J = 2 ||F|f% (16)
st. AX -—XA+BG=0 (16a)
F=GX ' (16b)

Note that, for any given GG, we can solve the Sylvester equation
(16a) to obtain X. Assumption 4 guarantees that (16a) has a
unique solution [49]. Furthermore, we can use (16b) to obtain
a nonsparse feedback matrix F'. Thus, (16) is an unconstrained
optimization problem in the free parameter G.

The Sylvester-based parameterization requires the unique so-
lution X of (16a) to be nonsingular, which holds generically if (i)
(A, —BG) is controllable and (ii) (A, — BG) is observable [50].
Since the system has no fixed modes, (A, B) is controllable [27].
This implies that condition (i) holds generically for almost all
G. Furthermore, since B is of full column rank, condition (ii) is
guaranteed if (A, —@) is observable. These conditions are mild
and are satisfied for almost all instances as confirmed in our
simulations (see Section V).

The next result provides the gradient and Hessian of the cost
J w.r.t. to the parameter g = vec(G).

Lemma 4 (Gradient and Hessian of J): The gradient and
Hessian of the cost J in (16) with respect to g is given by

a7 _

(X '@ L)+ (Lo BVAT(X ' FN] £, ()

dg_
£ Z(F, X)
d?J T
% S HFX)=Z(F,X)Z'(F,X)

+ Z,(F,X)Z"(F,X) + Z(F, X)ZI(F, X)  (18)
where Z,(F,X) 2 (I, ® BHYA (X 'FT ® I,)Tm.n,
and A2 A@ (—AT).
Proof: Vectorizing (16a) using (iii) and taking the differential
Az + (I, ® B)g =0
= de = —A"Y(I, ® B)dg. (19)

Note that due to Assumption 4, A is invertible. Taking the
differential of (16b) and vectorizing, we get
dF 2 aGx ' - GXLdxx !
——

F

(20)

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. Downloaded on January 21,2022 at 09:05:03 UTC from IEEE Xplore. Restrictions apply.



3452

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 66, NO. 8, AUGUST 2021

G e — (X T @ In)dg — (X T @ F)da

DX Tel)+ (X Te A, e B)dg. QD)

© ZT(F x)

The differential of cost J @ % fTfis given by dJ=fTdf. Using
(21) and (xi), we get (17). To derive the Hessian, we compute
the second-order differentials of the involved variables. Note
that since g(G) is an independent variable, d?g = 0(d?>G = 0)
[40]. Furthermore, the second-order differential of (16a) yields
d*X = 0.Rewriting (20) as dF X = dG — FdX, and taking its
differential and vectorization, we get
(d®*F)X + (dF)(dX) = —(dF)(dX)

= d*F = —2(dF)(dX)X !
W2 - X TwdF)dr.  (22)
Taking the second-order differential of J, we get

d*J = (df)Tdf + fT(d*f) = (df)Tdf + (&))" f
(21),(22),(v) dg" 27T dg — 2dzT (X '® (dF)T)f

O vec((dF)TFX-T)
W 49227 dg — 2d2T (X FT @ L) Ty ndf
R ALY
+2dg" (I, ® BYA (X 'FT @ I)T)n.n 2 dg.

dg"(Z127+2Z])dg
(23)

The Hessian in (18) follows from (23) and (xi). |
The first-order optimality condition of the unconstrained
problem (16) is 92 = Z(F, X)f = 0. The next result shows
that this condition is equivalent to the first-order optimality
conditions of Theorem 1 without sparsity constraints.
Corollary 3 (Equivalence of first-order optimality condi-
tions): LetF = 1,1 %n- Then, the first-order optimality condition
Z(F7 X)f = 0 of (16) is equivalent to (8a)—(8c), where
[2vec(L)=AT(X '@ F)f. (24)

Proof: The optimality condition (8b) follows from (16a)—
(16b). Equation (8a) can be rewritten as FX T4+ B'L=0
and its vectorization using (iii) yields Z(F', X)f = 0. Finally,
vectorization of the left-hand side of (8c) yields

vec[(A+ BE)TL — LAT) = vec[ATL — LAT 4+ (BF)"L]
L) 377 4 (1, ® (BE)T)
(X BN+ (L, @ (BRNAT(X 0 FT)f

(1, @ FNYZ(F, X)f = 0.

To conclude, note that L is the right eigenvector matrix. |
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Algorithm 1: Non-Sparse Solution to the MGEAP.

Input: A, B, A, Gy. o
Output: Local minimum (F', X) of (16).

Initialize: G, X < Solution of (16a), Fjy <+ GoX;*
repeat
1 «a < Compute step size (see below);
2 g« g—aZ(F,X)f or
3 g+ g—alH(F,X)+V(F,X)|*Z(F,X)f;
X < Solution of Sylvester equation (16a);
F+GX L
until convergence;
return (F, X)

Using Lemma 4, we next present a steepest/Newton descent
Algorithm 1 to solve the nonsparse MGEAP (16) [44]. In the
algorithms presented in this section, we interchangeably use the
matrices (G, F, X) and their respective vectorizations (g, f, x).
The conversion of a matrix to the vector (and vice-versa) is not
specifically stated in the steps of the algorithms and is assumed
wherever necessary.

Steps 2 and 3 of Algorithm 1 represent the steepest and
(damped) Newton descent steps, respectively. Since, in general,
the Hessian H (F, X) is not positive definite, the Newton descent
step may not result in a decrease of the cost. Therefore, we add
a Hermitian matrix V' (F, X) to the Hessian to make it positive
definite [44]. We will comment on the choice of V' (F, X) in
Section V. In step 1, the step size o can be determined by
backtracking line search or Armijo’s rule [44]. For a detailed
discussion of the steepest/Newton descent methods, the reader
is referred to Luenberger and Ye [44]. The computationally
intensive steps in Algorithm 1 are solving the Sylvester equation
(16a) and evaluating the inverses of X and I + V. Note that
the expression of the gradient in (17) is similar to the expression
provided in [14]. However, the expression of Hessian in (18)
is new and it allows us to implement Newton descent whose
convergence is considerably faster than steepest descent.

Next, we present a relaxation of the optimization problem
(2) and a corresponding algorithm that provides approximately
sparse solutions to the MGEAP. We remove the explicit feed-
back sparsity constraints (2b) and modify the cost function to
penalize it when these sparsity constraints are violated. Using
the Sylvester equation based parameterization, the relaxed opti-
mization problem is stated as

) 1
min J = W o FIf3
s.t. (16a) and (16b) hold true, 25)

where W € R™*™ is a weighing matrix that penalizes the cost
for violation of sparsity constraints, and is given by

1
Wij:
>1

As the penalty weights of W corresponding to the sparse entries
of F' increase, an optimal solution of (25) becomes more sparse
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Algorithm 2: Approximately-Sparse Solution to the
MGEAP.
Input: A, B, A, W, Gy
Output: Local minimum (F, X) of (25).

Initialize: G, X, < Solution of (16a), Fy «+ GoX, "
repeat
1 a < Update step size;
2 g+ g—aZ(F,X)Wf or
3| g g—alHw(F X)+Viw(F,X)| 7 Z(F, X)W f;
X < Solution of Sylvester equation (16a);
F+ GX 1
until convergence;
return (F, X)

and approaches toward the optimal solution of (2). Note that
the relaxed problem (25) corresponds closely to the nonsparse
MGEAP (16). Thus, we use a similar gradient based approach
to obtain its solution.

Lemma 5 (Gradient and Hessian of Jw): The gradient and
Hessian of the cost Jy in (25) with respect to g are given by

W _ (X)W, (26)
dg
EJIy A o
e Hw (F,X) = Z(F, X)WZ(F, X)
+ Zow(F, X)Z"(F, X)
+ Z(F,X)Z{ (F, X), 27)

where W £ diag(vec(W o W)), and
Ziw(F,X) 2 (L,@BYA (X Y (WoWoF) ®L,)T).n

Proof: Since the constraints of problems (16) and (25) coin-
cide, (19)—(22) from Lemma 4 also hold true for problem (25).
Now, Jyy (0L L(vec(W)o f)T(vec(W)o f) = 2 fTW .
Thus, dJw = fTWdf and dJw = (df)"Wdf + fTWd>f.
Using the relation vec(W o W o F') = W £, the remainder of
the proof is similar to proof of Lemma 4. |

Using Lemma 5, we next present Algorithm 2 to obtain an
approximately sparse solution to the MGEAP. The step size rule
and modification of the Hessian in Algorithm 2 are similar to
Algorithm 1.

B. Algorithms for the Sparse EAP

In this section, we present two heuristic algorithms to obtain
a sparse solution to the EAP (not necessarily minimum-gain).
This involves finding a pair (F, X)) that satisfies the eigenvalue
assignment and sparsity constraints (2a), (2b). We begin with a
result that combines these two constraints.

Lemma 6 (Feasibility of (F,X)): An invertible matrix X €
R™*™ satisfies (2a) and (2b) if and only if

a(z) € R(B(X)), where

a(z) & Az, B(X) 2 —(X" @ B)Pg, Pr £ diag(vec(F)).
(28)

Algorithm 3: Sparse Solution to EAP.

Input: A, B, A, F, Gy, itermas.
Output: (F, X) satisfying (2a) and (2b).

Initialize: Gy, Xy« Solution of (16a),
Fns,O — G()XJI, 1+ 0
repeat
1| a(e) « BX)[B(X)]"a();
2 | oz A'a(x);
3 X <+ Normalize X;
11+ 1
until convergence or i > iter,,q.;
return (f € Fx in (29), X)

Furthermore, if (28) holds true, then the set of sparse feedback
matrices that satisfy (2a) and (2b) is given by

Fx = {Pefus : B(X)fus = (@), fns € R™"}.
Proof: Any feedback f that satisfies the sparsity constraint
(2b) can be written as f = Fgf,s, where f,, € R™" is a
nonsparse vector. Vectorizing (2a) using (iii) and (iv), and
substituting f = Pg f,,, we get

Az = —(XT ® B) Pz fns (30)

from which (28) and (29) follow. |

Based on Lemma 6, we develop a heuristic Algorithm 3 for a
sparse solution to the EAP. The algorithm starts with a nonsparse
EAP solution (Fy, X)) that does not satisfy (2b) and (28). Then,
it takes repeated projections of @(z) on R(B(X)) to update X
and F', until a sparse solution is obtained.

In step 1 of Algorithm 3, we update a(x) by projecting it on
R(B(X)). Step 2 computes z from &(z) using the fact that A is
invertible (cf., Assumption 4). Finally, the normalization in step
3 is performed to ensure invertibility of X .*

Next, we develop a second heuristic Algorithm 4 for solving
the sparse EAP problem using the nonsparse MGEAP solution in
Algorithm 1. The algorithm starts with a nonsparse EAP solution
(Fo, Xo). In each iteration, it sparsifies the feedback to obtain
f=PFefns (or F' = Fo F,s), and then solves the following
nonsparse MGEAP:

(29)

1
min 3 [|Frs —F||%

€1y

st. (A+BF,,)X = XA (31a)

to update F,s that is close to the sparse F. This algorithm
resembles to the alternating projection method [51] to find
an intersection point of two sets. The operation F' = F o F,,
computes the projection of Fj,s on the convex set of sparse
feedback matrices. The optimization problem (31) computes the
projection of I’ on the nonconvex set of feedback matrices that
assign the eigenvalues. Thus, using the heuristics of repeated

3Since f satisfies (4), it can also be characterized as f = (Inn — QT Q) frs»
and thus Pz = L, — QT Q.

4Since X is not an eigenvector matrix, we compute the eigenvectors from X,
normalize them, and then recompute real X .
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Algorithm 4: Projection-Based Sparse Solution to EAP.

Input: A, B, A, F,Go,itermaz.
Output: (F, X) satisfying (2a) and (2b).

Initialize: Gy, X < Solution of (16a),
Frso + GoXyt i< 0

repeat

F+ FoF,,;
1 (Kys, X) < Algorithm 1(A 4+ BF, B, A);

B F 4 Ky
i1+ 1;

until convergence or i > iter,,qz;

return (F, X)

sparsification of the solution of nonsparse MGEAP in (31), the

algorithm obtains a sparse solution. The alternating projection

method is not guaranteed to converge in general when the sets
are not convex. However, if the starting point is close to the two

sets, convergence is guaranteed [52].

Note that a solution Fns of the problem (31) with param-
eters (A4, B, A, F) satisfies F,s = F + K, where K, is a
solution of the optimization problem (16) with parameters
(A+ BF, B, A). Thus, we can use Algorithm 1 to solve (31).

Remark 5 (Comparison of EAP Algorithms 3 and 4):

1) Projection property: In general, Algorithm 3 results in

a sparse EAP solution F' that is considerably different
from the initial nonsparse F,,, o. In contrast, Algorithm 4
provides a sparse solution [ that is close to F,,, o. This
is due to the fact that Algorithm 4 updates the feed-
back by solving the optimization problem (31), which
minimizes the deviations between successive feedback
matrices. Thus, Algorithm 4 provides a good (although
not necessarily orthogonal) projection of a given non-
sparse EAP solution F),; o on the space of sparse EAP
solutions.
Complexity: The computational complexity of Algorithm
4 is considerably larger than that of Algorithm 3. This is
because Algorithm 4 requires a solution of a nonsparse
MGEAP problem in each iteration. In contrast, Algorithm
3 only requires projections on the range space of a matrix
in each iteration. Thus, Algorithm 3 is considerably faster
as compared to Algorithm 4.

3) Convergence: Although we do not formally prove the
convergence of heuristic Algorithms 3 and 4 in this ar-
ticle, a comprehensive simulation study in Section V-
B suggests that Algorithm 4 converges in almost all
instances. In contrast, Algorithm 3 converges in much
fewer instances and its convergence deteriorates consid-
erably as the number of sparsity constraints increase (see
Section V-B). [ |

If the starting point F, s o of Algorithm 4 is “sufficiently close”

2

~

to a local minima F' of (2), then its iterations will converge
(heuristically) to F'. In this case, Algorithm 4 can be used to
solve the sparse MGEAP. However, convergence to F' is not
guaranteed for an arbitrary starting point.

Fig. 1.

Single iteration of Algorithm 5.

C. Algorithm for Sparse MGEAP

In this section, we present an iterative projected gradient
Algorithm 5 to compute the sparse solutions of the MGEAP
in (2). The algorithm consists of two loops. The outer loop is
same as the nonsparse MGEAP Algorithm 1 (using steepest
descent) with an additional projection step, which constitutes the
inner loop. Fig. | represents one iteration of the algorithm. First,
the gradient Z(F},, Xy)f is computed at a current point G,
(equivalently (F}, X), where F}, is sparse). Next, the gradient
is projected on the tangent plane of the sparsity constraints (4),
which is given by

={yeR™ . QZ"(F,X)y=0}. (32)
From (xii), the projection of the gradient on 7Tg
is given by Pp Z(Fk, X;)fr, where Pp, = Ly, —

QZT(Fy, Xi)|T[QZT(Fi, Xi)]. Next, a move is made
in the direction of the projected gradient to obtain
Grs ki(Fns k, Xnsk). Finally, the orthogonal projection of
G 1 18 taken on the space of sparsity constraints to obtain
Grt1(Fg+1, Xgy1). This orthogonal projection is equivalent
to solving (31) with sparsity constraints (2b), which in turn
is equivalent to the original sparse MGEAP (2). Thus, the
orthogonal projection step is as difficult as the original
optimization problem. To address this issue, we use the
heuristic Algorithm 4 to compute the projections. Although
the projections obtained using Algorithm 4 are not necessarily
orthogonal, they are typically good (cf., Remark 5).

Algorithm 5 is computationally intensive due to the use of
Algorithm 4 in step 1 to compute the projection on the space
of sparse matrices. In fact, the computational complexity of
Algorithm 5 is one order higher than that of nonsparse MGEAP
Algorithm 1. However, a way to considerably reduce the number
of iterations of Algorithm 5 is to initialize it using the ap-
proximately sparse solution obtained by Algorithm 2. In this
case, Algorithm 5 starts near the local minimum and, thus, its
convergence time reduces considerably.

V. SIMULATION STUDIES

In this section, we present the implementation details of
the algorithms developed in Section IV and provide numerical
simulations to illustrate their properties.
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Algorithm 5: Sparse Solution to the MGEAP.

Input: A, B,A,F,Go,iteryaz.
Output: Local minimum (', X) of (2).

Initialize:
(Fy, Xo)  Algorithm 4(A, B, A, F, Gy, itermaz),
Go — FpXo, 10

repeat

o < Update step size;

Ins (*ngZPFZ(F,X)f;

X,s < Solution of Sylvester equation (16a);

Fns <~ Gnsijsl;

1 (F, X) + Algorithm 4(A, B, A, F, G5, itermaz);

G+ FX;

i1+ 1;

until convergence or i > iter,,q.;

return (F, X)

A. Implementation Aspects of the Algorithms

In the Newton descent step (step 3) of Algorithm 1, we
need to choose (omitting the parameter dependence notation) V'
such that H + V is positive definite. We choose V' = 61,,,,, —
Z1ZT — ZZI, where 0 < § < 1. Thus, from (18), we have:
H+V =ZZ" + €el,,. Clearly, ZZ" is positive semidefinite
and the small additive term e1,,,,, ensures that H 4 V is positive
definite. Note that other possible choices of V" also exist. In step
1 of Algorithm 1, we use the Armijo rule to compute the step
size ov. Finally, weuse || 22 ||> < €,0 < e < 1as the convergence
criteria of Algorithm 1. For Algorithm 2, we analogously choose
Vw = 6ln — Zl’WZT — ZZIW and the same convergence
criteria and step size rule as Algorithm 1. In both algorithms,
if we encounter a scenario in which the solution X of (16a)
is singular [cf., paragraph below (16b)], we perturb G slightly
such that the new solution is nonsingular, and then continue the
iterations. We remark that such instances occur extremely rarely
in our simulations.

For the sparse EAP Algorithm 3, we use the convergence
criteriaex = ||[1,,2 — B(X)(B(X))t]a(z)||2 < .0 < e < 1.
For Algorithm 4, we use the convergence criteria ep = || F' —
Fo F|lr <€, 0<e< 1. Thus, the iterations of these algo-
rithms stop when z lies in a certain subspace and when the
sparsity error becomes sufficiently small (within the specified
tolerance), respectively. Furthermore, note that Algorithm 4 uses
Algorithm 1 in step 1 without specifying an initial condition
G| for the latter. This is because in step 1, we effectively run
Algorithm 1 for multiple initial conditions in order to capture
its global minima. We remark that the capture of global minima
by Algorithm 1 is crucial for convergence of Algorithm 4.

As the iterations of Algorithm 4 progress, the sparse matrix
F achieves eigenvalue assignment with increasing accuracy. As
a result, near the convergence of Algorithm 4, the eigenvalues
of A+ BF and A are very close to each other. This creates
numerical difficulties when Algorithm 1 is used with parameters
(A4 BF,B,A) in step 1 (see Assumption 4). To avoid this
issue, we run Algorithm 1 using a preliminary feedback £, as
explained below Assumption 4.

7 ; ; ;

—||F||r (Non-sparse Algorithm 1)
6 %-||W o F||r (Approx-sparse Algorithm 2)
5L -||F||r (Sparse Algorithm 5)

5 10 15 20 25
Iteration number
Fig. 2. Optimization costs for a sample run of Algorithms 1, 2, and

5 (the algorithms converge to their global minima). For Algorithm 5,
number of outer iterations are reported.

Finally, for Algorithm 5, we use the following convergence
criteria: ||PF%H2 <€ 0 <e< 1. We choose the stopping

tolerance ¢ between 1075 and 10~° for all the algorithms.

B. Numerical Study

We begin this section with the following example:

[ —3.7653 —2.1501  0.3120 —0.2484
A 1.6789  1.0374 —0.5306  1.3987
—2.1829 —2.5142 —1.2275  0.2833
| —13.6811 —9.6804 —0.5242  2.9554
- T
B:112517 F:[11001
1 3 4 2 1 01 1

S={-2,-1,-05=+;}

The eigenvalues of A are I'(A) = {—2,—1,1 4 2j}. Thus,
the feedback F'is required to move two unstable eigenvalues into
the stable region while keeping the other two stable eigenvalues
fixed. Table I lists the nonsparse, approximately sparse, and
sparse solutions obtained by Algorithms 1, 2, and 5, respectively,
and Fig. 2 shows a sample iteration run of these algorithms. Since
the number of iterations taken by the algorithms to converge
depends on their starting points, we report the average number of
iterations taken over 1000 random starting points. Furthermore,
to obtain approximately sparse solutions, we use the weighing
matrix with W;; = wif I_:ij = 1. All the algorithms obtain three
local minima, among which the first is the global minimum.
The second column in X and L is conjugate of the first column
(cf., Remark 2). It can be verified that the nonsparse and sparse
solutions satisfy the optimality conditions of Theorem 1.

For the nonsparse solution, the number of iterations taken
by Algorithm 1 with steepest descent are considerably larger
than the Newton descent. This is because the steepest descent
converges very slowly near a local minimum. Therefore, we
use Newton descent steps in Algorithms 1 and 2. Next, observe
that the entries at the sparsity locations of the locally minimum
feedbacks obtained by Algorithm 2 have small magnitude. Fur-
thermore, the average number of Newton descent iterations for
convergence and the norm of the feedback obtained of Algorithm
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TABLE |
COMPARISON OF MGEAP SOLUTIONS BY ALGORITHMS 1, 2, AND 5

Non-sparse solutions by Algorithm 1

—0.0831 + 0.3288; —0.5053  0.2031
o _ | 01919-046355 ., 05612 -02505
1= 016034056977 1 05617 0.8441
0.3546 + 03965, ~0.3379  0.4283
05569 + 1.4099; —0.9154 25568
o |-02967+ 102445 . —05643 17468
1= | —0.0687+0.09287 1 00087 02722
0.2259 — 0.2523; 0.0869 —0.4692
o [-0.1111 —0.1089 —0.0312 —0.4399] | -
b= {70.1774 ~0.2072  0.0029 0.1348}’ Fillr = 05580
- 0.3817 —0.3349  0.7280 —0.2109] | -
Fa= [—0.0873 ~0.4488  —0.4798 —0.0476}’ 1E2]lF = 1.1286
. [0.3130 20160  1.2547 —0.6608] -
Fs = {0.0683 ~0.7352  —0.0748 —1.0491}’ 1Fs )7 =2.7972

Average # of Steepest/Newton descent iterations = 5402.1/15.5

Approximately-sparse solutions by Algorithm 2 with w = 30

. _ [0.9652 —1.3681  0.0014 —0.0021] | »
h= [0.4350 —0.0023 —0.6746 70.1594} 117 = 1.8636
5 _ [-1.0599 17036 —0.0013 —0.0071] |
2= [—0.1702 ~0.0057  0.0263 —0.0582}’ 1E2] 7 = 2.0146
: 3.3768  2.2570  0.0410 —0.0098] | -
Fs = [—1.4694 ~0.0061  0.1242 —3.8379}’ 1F5 ] 7 = 5.7795
Average # of Newton descent iterations = 19.1
Sparse solutions by Algorithm 5
—0.3370 + 0.32964 —0.4525  0.5168
%o | 0-2884-01698 . 01764 —0.3007
17 |-0.4705+ 050660 ‘1 —0.7478  0.7831
0.2754 + 0.3347i —0.4527  0.1711
25.2072 + 16.5227i 44.6547  82.3616
7o | 1103474118082 . = 12.5245  35.8266
17| —12.2600 — 5.8549i ‘1 —24.5680 —39.1736
—0.6417 — 2.20604 —0.4383  —3.6464
-~ _ [0.9627 —1.3744  0.0000  0.0000] |
b= {0.4409 0.0000 —0.6774 70.1599}’ Fillp = 1.8694
s _ [-1.0797 —1.7362 0.0000  0.0000] |
Fr= {70.1677 0.0000  0.0264 70.0610}’ 1F2 ] 7 = 2.0525
- 3.4465  2.2568 0.0000  0.0000] | - :
Fs = [—1.8506 ~0.0000  0.3207 —4.0679}’ 15| = 6.0866

Average # of Newton descent iterations:
1. Using random initialization = 8231
2. Using initialization by Algorithm 2 = 715

2 is larger as compared to Algorithm 1. This is because the
approximately sparse optimization problem (25) is effectively
more restricted than its nonsparse counterpart (16).

Finally, observe that the solutions of Algorithm 5 are sparse.
Note that Algorithm 5 involves the use of projection Algorithm
4, which in turn involves running Algorithm 1 multiple times.
Thus, for a balanced comparison, we present the total number
of Newton descent iterations of Algorithm 1 involved in the
execution of Algorithm 5.°> From Table I, we can observe that
Algorithm 5 involves considerably more Newton descent iter-
ations compared to Algorithms 1 and 2, since it involves com-
putationally intensive projection calculations by Algorithm 4.

>The number of outer iteration of Algorithm 5 are considerably less, for
instance, 20 in Fig. 2.

-2
loglex)

Fig. 3.

-6

0

0 50 100
Iteration number

()

150

3 and (b) Algorithm 4, respectively.

0 50 100
Iteration number

(b)

Projection and sparsity errors for a sample run of (a) Algorithm

TABLE Il
CONVERGENCE PROPERTIES OF EAP ALGORITHMS 3 AND 4

SR Algorithm 3 Algorithm 4

1/4 Convergence instances = 427 | Convergence instances = 997
Average dp_, F, = 847 Average dp, , F, = 1.28

1/2 Convergence instances = 220 | Convergence instances = 988
Average dp_, F, =491 Average dr_, F, = 1.61

2/3 Convergence instances = 53 Convergence instances = 983
Average dp_, F, = 6.12 Average dp,, F, = 1.92

One way to reduce its computation time is to initialize near
the local minimum using the approximately sparse solution of
Algorithm 2.

Fig. 3 shows a sample run of EAP Algorithms 3 and

4 for Gg— [—1.0138 0.6851 —0.1163  0.8929 }
—1.8230 —2.2041 —0.1600  0.7293
The sparse feedback obtained by Algorithms 3 and 4 are
o { 0.1528 —2.6710  0.0000 0.0000} and F —
—0.8382 0.0000 0.1775  —0.1768

4.2595 4.2938  0.0000  0.0000
[—0.2519 0.0000 —2.1258 —1.3991
jection error ex and the sparsity error e capture the conver-
gence of Algorithms 3 and 4, respectively. Fig. 3 shows that these
errors decrease, thus indicating convergence of the algorithms.

Next, we provide an empirical verification of the convergence
of heuristic Algorithms 3 and 4. Let the sparsity ratio (SR)
be defined as the ratio of the number of sparse entries to the
total number of entries in F' (i.e., SR = %ﬁfys“). We
perform 1000 random executions of both the algorithms. In
each execution, n is randomly selected between 4 and 20 and m
is randomly selected between 2 and n. Then, matrices (A, B)
are randomly generated with appropriate dimensions. Next, a
binary sparsity pattern matrix F is randomly generated with
the number of sparsity entries given by [ SR x mn], where
|-] denotes rounding to the next lowest integer. To ensure
feasibility (cf., Assumption 2 and discussion below), we pick
the desired eigenvalue set S randomly as follows: we select a
random F), that satisfies the selected sparsity pattern F, and select
S =T (A + BF,). Finally, we set itery,x = 1000 and select a
random starting point Go(Fp, X), and run both algorithms
from the same starting point. Let Fy, denote the feedback
solution obtained by Algorithms 3 and 4, respectively, and
let dr,, r, = ||Fi — Follr denote the distance between the
starting point F and the final solution. Since Algorithm 4 is
a projection algorithm, the metric dr,, r, captures its projection
performance.

Table II lists the convergence results of Algorithms 3 and 4
for three different SRs. While the convergence of Algorithm 3
deteriorates as F' becomes more sparse, Algorithm 4 converges

}, respectively. The pro-

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. Downloaded on January 21,2022 at 09:05:03 UTC from IEEE Xplore. Restrictions apply.



KATEWA AND PASQUALETTI: MINIMUM-GAIN POLE PLACEMENT WITH SPARSE STATIC FEEDBACK

3457

in almost all instances. This implies that in the context of
Algorithm 5, Algorithm 4 provides a valid projection in step
1 in almost all instances. We remark that in the rare case that
Algorithm 4 fails to converge, we can reduce the step size «
to obtain a new (s and compute its projection. Furthermore,
we compute the average of distance dp,, r, over all executions
of Algorithms 3 and 4 that converge. Observe that the average
distance for Algorithm 4 is smaller than Algorithm 3. This
shows that Algorithm 4 provides considerably better projection
of Iy in the space of sparse matrices as compared to Algorithm
3 (cf., Remark 5). Note that the aforementioned simulations
focus on the convergence properties as SR changes and they
do not capture the individual effects of the number of sparsity
constraints, m and n (for instance, small systems versus large
systems).

VI. FEASIBILITY OF THE SPARSE EAP

In this section, we provide a discussion of the feasibility of
the sparse EAP, i.e., eigenvalue assignment with sparse, static
state feedback. We address certain aspects of this problem, and
leave a detailed characterization for future research.

Lemma 7 (NP-hardness): Determining the feasibility of the
sparse EAP is NP-hard.

Proof: We prove the result using the NP-hardness property
of the static output feedback pole placement (SOFPP) prob-
lem [53], which is stated as follows: for a given A € R™*",
B e R™™ and C € RP*", determine if there exists a non-
sparse K € R™*P such that the eigenvalues of A+ BKC
are at some desired locations. Without loss of generality, we
assume that C' is full row rank. Thus, there exists an invert-
ible 7= [CT V] € R™*" with C'V = 0. Taking the similarity
transformation by 7" (which preserves the eigenvalues), we get

-1 _ -1 -1
T (A+ BKC)T =T 7AT+TiB[K0].
A B

Clearly, the aforementioned SOFPP problem is equivalent to
a sparse EAP with matrices A, B and sparsity pattern given
by F = [Limxp Oy x (n—p)]- Thus, the NP-hardness of the sparse
EAP follows form the NP-hardness of the SOFPP problem. M
Next, we present graph-theoretic necessary and sufficient con-
ditions for arbitrary eigenvalue assignment by sparse static feed-
back. Due to space constraints, we briefly introduce the required
graph-theoretic notions and refer the reader to Reinschke [54]
for more details. Given a square matrix A = [a;;] € R™*", let
G 4 denote its associated graph with n vertices, and let a;; be the
weight of the edge from vertex j to vertex i. A closed directed
path (sequence of consecutive vertices) is called a cycle if the
start and end vertices coincide, and no vertex appears more than
once along the path (except for the first vertex). A set of vertex
disjoint cycles is called a cycle family. The width of a cycle
family is the number of edges contained in all its cycles.
r O} , and let
Gp be its associated graph. Let ng be the number of sparsity
constraints (zero entries) in the feedback matrix F' € R™*",
Furthermore, let Sy denote the set of cycle families of Gy of

Lemma 8 (Necessary conditions): Let H = [A B

width k, with £k = 1,...,n. Necessary conditions for arbitrary
eigenvalue assignment with sparse, static state feedback are as
follows.
i) ns < (m — 1)n, thatis, F' has at least n nonzero entries.
ii) For each k = 1,...,n, there exist a nonzero entry f;, ;,
of F' such that its corresponding edge appears in Sj.

Proof: 1) Arbitrary eigenvalue assignment requires that the
feedback F' should assign all the n coefficients of the char-
acteristic polynomial det(s] — A — BF) to arbitrary values.
This requires the mapping & : R""~"s — R" from the nonzero
entries of F’ to the coefficients of the characteristic polynomial
to be surjective, which imposes that the dimension of the domain
of h should not be less that the dimension of its codomain.

ii) Let ¢g, k = 1,..., n denote the coefficients of the polyno-
mial det(s] — A — BF'). Then, ¢ is a multiaffine function of
the nonzero entries of /', which appear in the cycle families in S,
[54]. If there exists no feedback edge in Sk, then ¢y, is fixed and
does not depend on F'. Thus, arbitrary eigenvalue assignment is
not possible in this case. |

Lemma 9 (Sufficient conditions): Let H = {;} g] , and let
Gp beits associated graph. Let Sj; denote the set of cycle families
of Gy of width k, and let I}, denote the set of feedback edges6
contained in S, with k = 1, ..., n. Then, each of the following
conditions is sufficient for arbitrary eigenvalue assignment with
sparse, static state feedback.

i) For each k = 1,... n, there exist a feedback edge that
appears in S and not in S, for all j # k.

ii) There exists a permutation {iy,ia,...,%,} of
{1,2,...,n}suchthat ) # F;, C F,, C--- C F;,.

Proof: (i) Similar to the proof of Lemma 8, if there exist a
nonzero entry f;, ;. that is exclusive to Sy, then such variable
can be used to assign ¢y, arbitrarily. If thisholdsfork = 1,... . n,
then all coefficients of the characteristic polynomial can be as-
signed arbitrarily, resulting in arbitrary eigenvalue assignment.

(i1) Condition (ii) guarantees that, for j = 2,...,n, the co-
efficient ¢;; depends on the feedback variables of ¢i;_, and on
some additional feedback variables. These additional variables
can be used to assign the coefficient ¢;; arbitrarily. |

To illustrate the results, consider the following example:

aj;r a0 bir O
0 0
A=|l0 0 0|,B=|0 by 7F:l§11 0 1
asi 0 0 0 0 2 #

The corresponding graph and cycle families are shown in Fig. 4.
Note that the edges f11, fo1, and fo3 are exclusive to cycle
families of widths 1,2, and 3, respectively. Thus, condition (i)
of Lemma 9 is satisfied and arbitrary eigenvalue assignment
0 0 f 13}
fa1 foa 01

In this case, the sets of feedback edges in the family cycles
of different widths are I = {fgg},Fg = {f22, flg, fgl}, and
F3 = {fa2, f13}. We observe that F; C F3 C F5 [condition (ii)
of Lemma 9] and arbitrary eigenvalue assignment is possible.

is possible. Next, consider the feedback F' = [

Feedback edges are those associated with the nonzero entries of F.
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f11 \ /
(@)
. an P e Y
Width1 (17 w bu 1)
\ -~
fin
Width2 (1 far > up
T 2}(22
Width 3 / \
(b)
Fig. 4. Graph Gy and its cycle families. v, and uy denote the control

vertices. (a) Graph Gg, where blue and orange nodes correspond to
state and control vertices, respectively. (b) Cycle families of Gz;. All cycle
families contain a single cycle. There are two cycle families of width 1,
and one cycle family each of width 2 and 3.

Furthermore, if F' = [ 0 fiz flﬂ, then F} = F; = (), and the
fa1 00

coefficients ¢; and c3 of det(sI — A — BF) are fixed. This vio-
lates condition (ii) of Lemma 8§ and prevents arbitrary eigenvalue
assignment with the given F'.

Note that the conditions in Lemmas 8 and 9 are constructive,
and can also be used to determine a sparsity pattern that guaran-
tees feasibility of the sparse EAP. We leave the design of such
algorithm as a topic of future investigation.

Remark 6 (Comparison with exiting results): We emphasize
that the conditions presented in Lemmas 8 and 9 for arbitrary
eigenvalue assignment using static state feedback are not equiv-
alent to the conditions for nonexistence of SFMs studied in
[27], [31]-[35], and [38]. The reason is that arbitrary assignment
of non-SFMs necessarily requires a dynamic controller and can-
not, in general, be achieved by a static controller. Furthermore,
our graph-theoretic results are based on the feedback edges being
suitably covered by cycle families, whereas the results in [32]
and [33] are based on the state nodes/subgraphs being suitably
covered by strong components, cycles/cactus. |

VIl. CONCLUSION

In this article, we studied the MGEAP for LTT systems with
arbitrary sparsity constraints on the static feedback matrix.
We presented an analytical characterization of its locally op-
timal solutions, thereby providing explicit relations between
an optimal solution and the eigenvector matrices of the as-
sociated closed-loop system. We also provided a geometric

interpretation of an optimal solution of the nonsparse MGEAP.
Using a Sylvester-based parameterization, we developed a
heuristic projected gradient descent algorithm to obtain local
solutions to the MGEAP. We also presented two novel algo-
rithms for solving the sparse EAP and an algorithm to obtain
approximately sparse local solution to the MGEAP. Numerical
studies suggest that our heuristic algorithm converges in most
cases. Furthermore, we also discussed the feasibility of the
sparse EAP and provided necessary and sufficient conditions
for the same.

The analysis in this article is developed, for the most part,
under the assumption that the sparse EAP problem with static
feedback is feasible. A future direction of research includes a
more detailed characterization of the feasibility of the EAP, a
constructive algorithm to determine feasible sparsity patterns,
a convex relaxation of the sparse MGEAP with guaranteed
distance from optimality, and a more rigorous analysis of con-
vergence of Algorithms 4 and 5.
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