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This paper deals with structural controllability of a linear time-invariant composite system consisting
of several heterogeneous subsystems. The interaction links through which the subsystems interact with
other subsystems are referred to as interconnections. We assume the composite system to be structurally
controllable if all possible interconnections are present. Our objective is to identify a minimum cardinality
set of interconnections required to retain the structural controllability of the composite system. We refer
to this problem as the optimal essential interconnection selection problem. We approach the problem in a
structured framework, where the zero/nonzero structure of the subsystems is used in the analysis instead
of the numerical matrices themselves. This analysis applies to an equivalence class of systems with the
same sparsity pattern. Firstly, we propose a polynomial time algorithm to solve the optimal essential
interconnection selection problem on a structured composite system when each subsystem is irreducible
and no subsystem has a perfect matching in its state bipartite graph. Later, we consider the case where
one or more subsystems have perfect matching in their state bipartite graphs. For this case, we first
prove a lower bound on the number of minimum number of interconnections needed. Subsequently, we
provide a polynomial time algorithm based on a minimum weight perfect matching algorithm and a so-
called stub-matching algorithm that achieves this bound. We also discuss about how heterogeneity of the
subsystems poses different challenges to the homogeneous counterpart and demonstrate the algorithms
using illustrative examples.
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1. Introduction

In recent years large-scale dynamical systems have become a
subject of intensive research in systems and control theory because
of its applications in diverse areas, including biological networks,
transportation networks, water distribution networks, multi-agent
systems, and internet (Liu, Slotine, & Barabasi, 2011; Pequito, Pre-
ciado, Barabasi, & Pappas, 2017). Most of the complex networks
consist of spatially distributed units interconnected to constitute
a large system. We refer to these entities as subsystems, the links
connecting these subsystems as interconnections and the full sys-
tem as the composite system.

The system-theoretic study of composite systems is of research
interest for many decades. Controllability and observability of
composite systems was introduced in Gilbert (1963), where it is
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related to the controllability and observability of its subsystems.
Most of the earlier research in this area focuses on standard
interconnections, namely series and parallel connections (Chen &
Desoer, 1967; Davison & Wang, 1975; Wolovich & Hwang, 1974).
However, in practice the interconnections in large complex sys-
tems may not be of these standard nature but is complicated. In-
terconnections other than the standard ones are also considered in
the literature, for instance see Refs. Ikeda, Siljak, and Yasuda (1983)
and Zhou (2015). There is a diverse class of physical networks
composed of subsystems interconnected in a complex manner. For
example, in robotics a composite system consists of a swarm of
robots (we may refer each as an agent) that collectively operate
to perform a desired task. The agents in a swarm may not be
homogeneous. They can be heterogeneous also, say manufactured
by different companies. Although the agents must communicate
with each other to achieve the desired goal, it is preferred to keep
the interactions the least possible in regard of cost and privacy.
Given a set of agents, it is a legitimate question to ask which agents
should communicate and what information has to be exchanged
so that the composite system achieves the intended performance
with minimum interaction.
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The desired performance focused in this paper is the controlla-
bility of a composite system. Complex networks consist of many
subsystems of large system dimension connected to each other.
On account of the large size of these systems, devising efficient
framework to design the interconnections of the subsystems in an
optimal fashion is indispensable. A set of interconnection edges
is referred as an essential interconnection set if breakage of any
one connection in the set results in the system losing the desired
property, i.e., controllability. We refer to the problem of finding a
minimum cardinality essential interconnection set as the optimal
essential interconnection selection problem.

For many complex networks the system parameters are not
known precisely. Also, in most of the cases, either it is not possible
to measure the link weights in a graph by knowing the graph
structure (for example in social communication network and bi-
ological systems) or the link weights are time-dependent (like
transportation networks, where the traffic in the lane changes with
time (Liu & Barabasi, 2016)). In such a case, the available system
information is the sparsity pattern or the graph structure. Our
approach in this paper uses the sparsity pattern, i.e., zero/nonzero
pattern, of the system matrices instead of the exact numerical
matrices. Given a set of subsystems (agents), our aim is to find
a minimum cardinality set of interconnections between them so
that the composite system is controllable. We provide an efficient
framework to address the optimal essential interconnection selec-
tion problem using structural systems theory (Reinschke, 1988).

Recently, we considered the problem for the homogeneous case
in Moothedath, Chaporkar, and Belur (2017). When subsystems are
homogeneous, size of maximum matching in the state bipartite
graph of all subsystems is the same. Hence some key issues and
certain profound graph theoretic challenges of the heterogeneous
case do not arise in the homogeneous case. For this reason, the
algorithm given in Moothedath et al. (2017) does not extend to
the heterogeneous case considered here. While optimizing the
interconnections for a given set of subsystems we also find out
which subsystems to be connected and what information to be
communicated such that the composite system is structurally con-
trollable.

We summarize this paper’s contribution below.

o We propose a polynomial time algorithm to solve the essential
interconnection selection problem (Problem 2.3) on structured
subsystems when no subsystem has a perfect matching in its
state bipartite graph (Algorithm 4.1). This algorithm is based on
a minimum cost perfect matching algorithm with additional mod-
ifications.

e We provide a polynomial time algorithm to solve Problem 2.3
on structured subsystems when some subsystems have a perfect
matching in their state bipartite graphs (Algorithm 5.1). This al-
gorithm incorporates a minimum cost perfect matching algorithm
along with a so-called stub-matching algorithm.

o We prove the optimality and the complexity results of both these
algorithms (Theorems 4.6, 4.7, 5.2, and 5.3).

The organization of this paper is as follows: Section 2 gives
the formulation of the problem and the related work. Section 3
contains few graph theoretic preliminaries and some existing re-
sults in the area of structural controllability. Section 4 presents a
polynomial time algorithm for solving the essential interconnec-
tion selection problem when no subsystem has a perfect matching
in its state bipartite graph. Section 5 gives an algorithm to solve
the essential interconnection selection problem when one more
subsystems have a perfect matching. Section 6 demonstrates the
proposed algorithms using illustrative examples and also discusses
possible extensions. Finally, Section 7 gives the concluding re-
marks.

2. Problem formulation and related work

In this section, we first present the formulation of the problem
and then briefly describe the related work.

2.1. Problem formulation

Structural representation of an LTI system with dynamics x =
Ax + Bu, where A_ € R™" and B € R™™, is represented by
A € {0,%x}™™and B € {0, «}"™™. Here R denotes the set of real
numbers and {0, x}?*9 denotes the set of p x g matrices whose
entries are x's and zeros, where « is a free independent parameter.
The pair (A, B) structurally represents a system (A, B) if it satisfies:

Apq = O whenever A,y =0, and

By = 0 whenever B,, = 0. (1)

We refer to (A, B) that satisfies Eq. (1) as the structured system
corresponding to the numerical system (A, B). Note that (A, B) does
not have numerical values but only indicates locations of nonzero
entries using *'s. (A, B) structurally represents a class of control
systems corresponding to all possible numerical realizations (A, B)
satisfying Eq. (1). The key idea in structural controllability is to
determine controllability of the class of systems represented by
(A, B). Specifically, the following definition holds.

Definition 2.1. The structured system (A, B) is said to be struc-
turally controllable if there exists at least one controllable numer-
ical realization (A, B).

Remark 2.2. Even though the definition of structural controllabil-
ity requires only one controllable realization, it is known that if a
system is structurally controllable, then ‘almost all’ numerical re-
alizations of the same structure are controllable (Reinschke, 1988).

_ Consider k structured subsystems (A;, B;), fori = 1, ..., k, with
A; € {0, %} " and B; € {0, x}"*™_ Let the ith subsystem (A;, B;)
be denoted by S;. Then the dynamics of S; is

%i(t) = Axi(t) + Buy(t), fori=1,..., k. (2)

Each subsystem is individually not structurally controllable. To
achieve structural controllability, one need to interconnect sub-
systems. Let E; € {0, x}"*" denote the structured connection
matrix from §; to S;. After interconnecting, the composite structured
system of k subsystems has the following dynamics.

A Ep - Ey B 0 -+ 0
. Eyy Ay -+ Ex 0 B, --- 0
X(t) = X+ . .| ue),
Eqi Eo - A 0 0 - B
Ar Br
3)
where A; € {0, *}"™" with n, = Y% njand By e {0, »}"r™
withm; = Zf‘:l m;. Here,x = [x], ..., xL]" withx; =[x, .. .,x;i T
and u = [ul,...,u}]" with u; = [uﬁ,...,uini]T. The system
(Ar, Br) is said to be a structured composite system formed by
subsystems (A1, B1), ..., (Ax, By) interconnected through Ej’s, for
i,je{l,...,k}.
Now we define the optimization problem considered in this
paper. Given a set of structured subsystems (A;, B;),i = 1,...,k,

where A; € {0, »}">*" and B; € {0, x}"*™, find a set of sparsest
connection matrices, E; € {0, »}"*"’s, such that the composite
structured system, (Ar, B;), obtained corresponding to Eq. (3) is
structurally controllable. Note that there are exponential number
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of ways that one can connect the subsystems. Our objective is to
select the sparsest set of Ej’s, fori,j = 1,...,k. Let K denote
the set of all structurally controllable composite systems that can
be formed by using subsystems (A;, B;), fori = 1,..., k. In other
words, K consists of structured matrices A, where A" € {0, »}"7*"T,
satisfying A} = A;fori = 1,...,k and E; € {0, }"" such that
the composite system obtained (A’, B;) is structurally controllable.
Then, the optimization problem to be solved is as follows:

Problem 2.3. Given (17\,-, Bi), i=1,...,kfind
A* € argmin ||;\’ H
Aek

Here |-||, denotes the zero matrix rlor_m.1 The set K is non-
empty. This is because, if all entries in Ej;'s are «’s, for i,j €
{1,..., k}, then the resulting structured system, (Ar, Br), is struc-
turally controllable. In other words, (Ar, B;) € K. Notice that the
optimal essential interconnection selection problem is same as
finding the sparsest A’ € K. Since the structured matrices in set
K are constrained to have A; as their block diagonal matrices, for
ie{1,...,k}, optimization is possible only from entries in Ej’s. In
other words, optimization is possible only over interconnections.
Solving Problem 2.3 hence solves the optimal essential intercon-
nection selection problem.

0"

2.2. Related work

Structural analysis was introduced by Lin in Lin (1974). Since
then a wide range of problems associated with structural control-
lability is studied (see Liu & Barabasi, 2016 and references therein).
Papers (Liu et al., 2011; Pequito et al., 2017) are representatives
which show application of these concepts on diverse class of real
networks including electronic circuits, neural network, social com-
munication network, power grid and food web. Structural analysis
of composite systems is previously addressed in literature (see An-
derson & Hong, 1982; Carvalho, Pequito, Aguiar, Kar, & Johans-
son, 2017; Davison, 1977; Li, Xi, & Zhang, 1996; Rech & Perret,
1991; Yang & Zhang, 1995 and references therein). These papers
devised various conditions for checking structural controllability
of composite systems in terms of the subsystems given. More
recently, Carvalho et al. (2017) gave a distributed algorithm to
verify structural controllability of a composite system. This paper
deals with optimizing the set of interconnections for a system
composed of several heterogeneous subsystems. In other words,
our aim is to find a set of interconnections, whose cardinality is
the least possible, such that the composite system is structurally
controllable.

3. Review of essential graph theoretic results and graphical
representations

This section briefly describes few graph theoretic concepts (Di-
estel, 2000), some existing results associated with structural con-
trollability (Liu & Barabasi, 2016) and few graph constructions used
in the sequel.

3.1. Review of essential graph theoretic results

A system is said to be controllable if it is possible to drive the
state of the system from arbitrary initial state to any desired state
in finite time by applying appropriate input. For a system to be
controllable, it is essential that every state is influenced by some
input. In order to represent the influences of states and inputs on

1 Although ||-]|, does not satisfy some of the norm axioms, the number of
nonzero entries in a matrix is conventionally referred to as the zero norm.

each state we analyze a structured system (A, B)” using a digraph
D(A,B). Here A € {0,%}™" and B € {0, }™™. Now D(A, B)
is constructed as follows: firstly on account of the interactions
between states the digraph D(A) is constructed with vertex set Vx
and edge set Ex. Here, Vx = {x1, ..., X5} and (x;, x;) € Ex if Aj = .
If (x;, x;) € Ex, then we say that state x; directly influences state x;.
Similarly, on account of the interaction between inputs and states
we construct the digraph D(A, B), with vertex set Vx U Vy and edge
set Ex UEy.Here Vy = {uy, ..., un} and edge (u;, x;) € Ey if Bj = *.
If (u;, x;) € Ey, then we say that input u; directly influences state ;.

State x; is said to be accessible if there exists a directed path
in D(A, B) from some input node u; to x;. An alternate method
for checking if all states are accessible is by using a concept of
strong connectedness of the graph. A digraph is said to be strongly
connected if for each ordered pair of vertices (v;, v;) there exists a
path from v; to v;. Strongly connected component (SCC) is a maximal
strongly connected subgraph of a digraph that is strongly con-
nected and is not properly contained in any other subgraph that
is strongly connected. Thus all x;’s are accessible if and only if all
SCCs of D(A) are accessible.

For structural controllability, in addition to accessibility the
notion of no-dilation is also necessary. Digraph D(A, B) is said to
have dilation, if there exists anode setS C Vx whose neighborhood
node set T(S) (where v € T(S), if there exists a directed edge
from v to a node in S) satisfies |T(S)| < |S|. Here, S C Vx and
T(S) C Vx U Vy. Presence of dilations in D(A, B) can be checked
using a matching condition on the system bipartite graph denoted
as B(A, B). Define a bipartite graph Gz := ((V, V), E), where the
vertex set satisfies VNV = ¢ and the edge set satisfiesE C V x V.
Matching, perfect matching and minimum cost perfect matching
in Gp are defined below.

Definition 3.1 (Diestel, 2000). A matching M in a bipartite graph
Gg = ((V, V), E)is a collection of edges M C E such that no two
edges in the collection share the same endpoint. In other words, if
{(i,j),(w,v)} € M, theni # wandj # v, wherei,w € V and
j,v € V. A matching M is said to be a perfect matching of Gg if
M| = min(|V]|, |V|). Further, given Gg and a cost function ¢ from
the set E to the set of non-negative real numbers R., the cost of a
matching M is defined as, c(M) = ) _,_,, c(e). Then a minimum cost
perfect matching is a perfect matching M such that c(M) < c(M’),
where M’ is any perfect matching of Gp.

To establish the equivalent matching condition for the no-
dilation condition, now we explain the construction of B(A, B)
which includes two stages. In the first stage, we construct the state
bipartite graph B(A) with vertex set (Vx/, Vx) and edge set &x. Here,
Ve = (X[, %5, ..., x5 Vx = {x1,%2,..., %} and (x},xi) € & &
(xi, x;) € Ex. We extend this to the system bipartite graph B(A, B)
with vertex set given by (Vy/, Vx UV}, ) and edge set given by ExU&y.
Here, Vy = {u, uy, ..., uy} and (xj/., u) € &y & (ui,x;) € Ey.
Using B(A, B) the following result holds.

Proposition 3.2 (Olshevsky, 2015, Theorem 2). The digraph D(A, B) of
the structured system (A, B) has no dilation if and only if the bipartite
graph B(A, B) has a perfect matching.

Using accessibility condition and no-dilation conditions, Lin
proved the following result for structural controllability.

Proposition 3.3 (Lin, 1974, pp. 207). The structured system (A, B) is
structurally controllable if and only if the associated digraph D(A, B)
has no inaccessible states and has no dilations.

Alternatively, a structured system is said to be structurally
controllable if and only if all states are accessible by some input
and there exists a perfect matching in B(A, B).

2 Typical structured system is denoted by (A, B) and the related concepts can be
extended to specific system under consideration.
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3.2. Graphical representations in composite system

In this subsection, we describe few graphical constructions
and notations used in the sequel. For every subsystem S; with
structured state matrix A;, we construct the state digraph D(A;)
with vertex set Vy, and edge set Ey,. Here, Vx, = {x1, .. .,xnl}
and (xi,x) € Ex if A, = * We assume that each subsystem
is irreducible, i.e., state digraph D(A;) is an SCC, fori = 1, ..., k.
Consequently, if one state in a subsystem is accessible, then the
whole subsystem is accessible. However, for many subsystems
B;’s will be a zero matrix, as in a multi-agent system where only
few agents receive input. Now we define system digraph of S; as
D(A;, B;), with vertex set Vx, U Vy, and edge set Ex, U Ey,. Here,
Vy, = fuj,...,ul } and (uq, xb) € Ey if By, = «. The state
bipartite graph of subsystem A; is denoted as B(Ai) with vertex set
(in/, Vx)and edge set &,. Here, VX/ X, ...x }and( ;,) €
&, < (X Xy, q) € Ey,. Further, the blpartrte graph B(A,, By)is defmed
with vertex set (Vx', Vx, U Vy,) and edge set &, U &y, where
(X', uf) € &y, & (uf, X)) € Ey,.

We assume that all states of the jth subsystem can connect to
all states of the ith subsystem, for i # j. In other words, for any
subsystem S;, there is no restriction on the set of interconnections
through which S; can connect to other subsystems. The possible

set of interconnection edges, E;, consists of (x;, x{J) € E; for all
i,je{l,....,k},i #j,x, € Vx and x; € Vx. Now we define the
digraph D(A;) with vertex set UX_ Vy, and edge set U¥_ Ey, U E,.
D(A;) includes all k subsystems along with all possible intercon-
nections. The bipartite graph of the composite system B(Ar, Br) is
defined with vertex set (U!‘:lvxi/, UK Vx, U UK, Vi) and edge set

UK & U UL €y, U &, where (X, X)) € & & (%, %)) € Ey.

We describe briefly the graph theoretic reasons that cause
Problem 2.3 to not be straightforward. Notice that if there exists
a perfect matching in B(A;, B;), fori = 1, ..., k, then there exists
a perfect matching in B(A;, B;) without using any interconnection
edge. In other words, the composite system has no dilation even
without using any interconnection edge. In that case, a minimum
cardinality set of interconnections that guarantees accessibility
can be obtained by running a minimum weight spanning tree
algorithm (Davison, 1977). On the other hand, if B; # O, for all
i=1,...,k thenthe composite system is accessible without using
any interconnection edge (since all subsystems are irreducible).
In such a case a minimum cardinality set of interconnections that
guarantees the no-dilation condition can be obtained using a min-
imum cost perfect matching algorithm on B(A;, B;) with nonzero
cost only on the interconnection edges. However, when some of
the subsystems are such that their bipartite graphs denoted by
B(A;, B;) do not have a perfect matching and some subsystems are
such that their input matrix B; = 0, then solving Problem 2.3 is
not straightforward. We analyze the complexity of Problem 2.3 and
describe our approach to solve Problem 2.3 in the next section.

4. Algorithm and results when no subsystem has perfect match-
ing in its state bipartite graph

In this section, we propose a polynomial time algorithm to
solve Problem 2.3 when every subsystem is irreducible and no
subsystem has a perfect matching in its state bipartite graph.
In other words, we give a polynomial time algorithm to solve
Problem 2.3 on a set of structured subsystems S, . . ., S, where for
alli € {1, ..., k}, D(A;)is an SCC and B(A;) has no perfect matching.
If subsystems are irreducible and if B(A;) has a perfect matching,
foralli € {1,...,k}, and B;’s are nonzero matrices, for all i €
{1, ..., k}, then the composite system is structurally controllable
without using any interconnections. However, in practice only few

subsystems receive input due to which B; is a zero matrix for many
values of i € {1, ..., k}. Interconnections are essential for achiev-
ing accessibility. Further, B(A;)'s for alli € {1, ..., k} may not have
a perfect matching. However, some subsystems may have a perfect
matching and this case is considered in Section 5. The algorithm
proposed in this section is based on the bipartite graph denoted by
B(Ar, Br) constructed using the subsystems (Aq, By), ..., (A, Bx)
and the interconnection edge set E; defined above. Define cost
vector

1, fore € U¥_ &y,
0, fore e UX &y, (4)
2, fore € &;.

cw(e) .=

We explain the algorithm and results for the single input case and
later explain how to extend these to the multi-input case (see
Section 6.2). Without loss of generality, we assume that this single
input corresponds to the first subsystem Thus U LU = u}. For
notational brevity, we denote u1 as uq. For B(AT, BT) using cost
vector cy the following results hold.

Lemma 4.1. Consider the composite structured system (Ar, Br)
obtained by composing k irreducible subsystems with all possible
interconnections and let By be a single input with input node u;. Let
My, be a minimum cost perfect matching in B(Ar, Br) under cost vector
cw given in Eq. (4). Then, (x@, uq) € My, forsomei e {1,...,n;} and
somej e {1,...,k}.

Proof. Given M;, is an optimum perfect matching in B(Ar, Br)
and B; is a single input. We prove the result using a contradiction
argument. Suppose (x i u) ¢ My forali € {1,...,n;} and
j € {1,...,k}. Since M* is a perfect matching, there exists an
edge (x", xﬁ € My, for some ‘node xt. Construct a new matching
M,, by breaking the edge (x’ xt) and making the edge (x*, uy),
ie, M, = {M;V\( i r)}U{x uq}. Notice that cw (M) < cw(My,).
This contradicts the assumption that My, is an optimum perfect
matching in B(A;, B;) and this implies (x”i, u)e My, O

Note that the above result holds for the multi-input case also.
In a multi-input case, any optimum matching in B(Ar, By) has
all the input nodes matched. For any matching My, in B(A;, Br)
define D(My) = (Vum,, , Em,, ), where Vi, = {U5_ Ui, S1, ..., Sk},
( 15) € EMW foralli € {1,...,k} and for some p, and (S}, S;) €
w if (X}, x{z) € My, The vertices in D(M,,) are partitioned into
two sets: S(MW) and S \ S(MW) where S(My,) = {S; : Siis
input accessible in D(Mw)}u{u,: U;}. The following three results
crucially help in showing a certain cut is empty, which helps our
main result on optimality.

Lemma 4.2. Consider the composite structured system (Ar, Br)
obtained by composing k irreducible subsystems with_all possible
interconnections. Let My, be a perfect matching in B(Ar, By). Then, for
any S; € S(My) and for any S; € S\ S(My) the subsystem digraph
D(Myy) satisfies: (S, S;) & Emy -

Proof. We prove the above claim using a contradiction argument.
Suppose there exists an edge (S;, S;) € _Ewm,,, where S; € S(My)
and §; € S \S My). Then, since S; € S(MW ) and all subsystems
are irreducible, §; € S(MW) This contradicts the assumption that
SpesS\ S(MW) and hence proves the result. O

Lemma 4.3. Consider the composite structured system (Ar, Br)
obtained by composing k irreducible subsystems with all possible
interconnections and let By be a single input. Let My, be a minimum
cost perfect matching in B(Ar, By) using cost vector cy. Then, (a) there
exists exactly one right unmatched node, say xL of subsystem S;, and
(b) further, S; € S(My,).
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Proof. (a) part: Given My, is an optimum perfect matching in
B(Ar, Br). B(Ar, By) is a bipartite graph with n; nodes on the left
side and n; + 1 nodes on the right side, one extra node being the
input node u;. Therefore, [My,| = n;. By definition u; € S(Mjy,)
and by Lemma 4.1 input node u; is matched in My,. Since every
subsystem has equal number of state nodes on both the sides of
B(Ar, Br), corresponding to some subsystem, say S;, there exists a
right unmatched state node, say x%, in My,.

(b) part: Now we need to show that S; € §(M‘;,). In other
words, the subsystem to which the unmatched node belongs to
is accessible in the digraph D(My,). By Lemma 4.1, all optimum
perfect matchmgs in B(Ar, B;) consist of an edge (x uy) for some
node x Let (x u1) € My, and the node xf is accessible in the
spec1ﬁed digraph. Now in the matching My, the node xi satisfies
one of the following: (a) x{ is unmatched, or (b) xﬂ is matched. In
case (a),x = x,S; = SJ and proof follows. In case (b), let (x7, x}) €
My,. Then the node xq is accessible. Note that all subsystems are
1rreduc1ble and hence S, € S(M * ). Now recursively using the same
argument as before, we can say that the subsystem to which the
unmatched node in M}, belongs to is input accessible in D(My, ). O

For the multi-input case, along similar lines, one can show that
there are m; right unmatched nodes in B(A;, B;) with respect to
any optimum matching and all those m; state nodes are input
accessible, where m; is the total number of inputs.

Lemma 4.4. Consider a set of irreducible structured subsystems
(A1, By), ..., (Ak, Bx). Let My, be any perfect matching in B(Ar, Br)
and let D(My ) be the corresponding subsystem digraph with parti-
tions S(My ) and S\ S(My, ) respectively. Then, S; € S\ S(My ), implies
Bj=0.

Proof. We assume S; € S \§(MW) This implies subsystem S; is

inaccessible. Assume to the contrary, Bj # 0. Then, since D(4;) is

irreducible, S; is accessible and hence SJ € S(My). Thus S; €S\
(MW) implies B = 0. This is a contradiction and proof follows. O

Lemmas 4.2, 4.4, and 4.5 together prove that corresponding
to a perfect matching My, in B(A;, By), the cut of sets S(My,) and
S\ S(MW) of the subsystem digraph D(My, ) is empty.

Lemma 4.5. Consider the composite structured system (A, Br)

obtained by composing k irreducible subsystems with all possible

interconnections. Let My, be a perfect matching in B(A;, By). Then, for

any S; € S(MW) and for any S; € S \ S(Mw), the subsystem digraph
D(My ) satisfies: (Sj, Si) ¢ EMW

Proof. We prove the above claim using a contradiction argument.
Suppose there exists an edge (S;, Si;) € Ey,,, where S; € S(My)
and Sj € S\ S(MW) Note that by Lemma 4.4 the number of nodes
in the bipartite graph B(Ar, Br) corresponding to subsystems in
S\ S(MW) is equal on both the sides. By Lemma 4.2, there exists no
edge from some S, € S(MW) tosome S, € S\ S (My). As a result, if
(Sj. Si) € Emy,, whereS; € S(Mw)andS] € S\S(Myw), at least one left
node of B(Ar, B;) corresponding to some subsystem S, € S \S(MW)
is unmatched in My,. This contradicts the assumption that My, is a
perfect matching in B(Ar, Br) and hence (Sj, S;) ¢ Ey,,. O

From Lemmas 4.2 and 4.5 we conclude that corresponding to
a perfect matching My, in B(Ar, By), there are no edges between
the vertex sets S(My) and S \ S(My) in D(My ). Algorithm 4.1
solves Problem 2.3 for composite system composed of irreducible
subsystems with no perfect matching in B(4;), foralli € {1, ..., k}.

Algorithm 4.1 Pseudo-code for solving Problem 2.3 on structured
subsystems when all subsystems are irreducible and no subsystem
has perfect matching in its state bipartite graph

(Ak, Bk)

Input: Structured subsystems (A;, B), .. .,
Output: Interconnections Ez,
1: Define the bipartite graph B(Ar, Br) as (U, Vx/, UL, Vx, U UL,
V), U &, U UL &y, U &)

2: Find minimum cost maximum matching in B(A;, B;) using cy

given in Eq. (4), say My,

3: For any matching My in B(Ar, Br), D(Mw) = (Vamy, Emy )
where Vi, = {U U, S, ..., Skh, (uh.Si) € Emy, foralli e
{1,..., k} and some p and (S, S;) € Em,, if(x’;, x{,) € My,

. S(My) < {S; : S is input accessible in D(M, )} U {U*_, U;}

. for S\ S(M;,) # ¢ do

Find a right unmatched node in M;,, say xt
ForS;, S; € S\S(M;,)and (55,5 € EM\?\/' find edge (
M*

w
My, < (Mj, \ (Xp, X))} U {(X}, x0))
9: Snew < S; U {Sg : Sg is reachable from S; in D(M}, )}
10: My, < M,,
11: S(M*) <~ S(M‘;,) U Spew
12: end for

13: By, < (X, %)) : (¥

x’;,xi,) €

%

)eM* and i # j}

We provide description of why the steps in Algorithm 4.1 indeed
solve Problem 2.3. The optimality aspect is proved in Theorem 4.6.

Steps 1-2: Given a set of structured subsystems we first construct
the bipartite graph B(Ar, Br) (Step 1) and subsequently solve the
minimum cost perfect matching on it using the cost vector cy, de-
fined in Eq. (4). Let M}, be an optimum matching obtained (Step 2).
Notice that M}, N &; consists of the minimum number of intercon-
nection edges to satisfy the ‘no-dilation’ condition. However, these
interconnection edges may not make all subsystems accessible.
Hence the idea is to reconstruct the matching M}, keeping the
cardinality of My, N &; same, to obtain a final matching such that it
is a perfect matching in B(Ar, Br) and all subsystems become input
accessible.

Steps 3-6: Let S = {Sy, ..., Sx}. Corresponding to a matching M,
we define the subsystem digraph D(My ) := (Vj,, , Eu,,, ). Note that
here Ul 1Ui = uy. This 1mp11es Vmy, = {u1, 51, - Sk (ug, Sq) €
Em,, and (S;, S;) € En,, 1f(x x’) € My, for somep € {1,...,n;}
andq € {1, ..., n;} (Step 3). The vertex set Vyy,, is now partitioned
into two sets S(My ) and S \ S(My ). Here S(My, ) consists of input
node u; and all subsystems that are input accessible in D(My,)
(Step 4). Notice that S; € S(My ). Since My, is an optimum matching
in B(Ar, BT) by Lemma 4.3 there exists a unique right unmatched
vertex x. in M}, (Step 6). Also, by Lemma 4.3 the node x{ is input
accessible. Thus, St € S(My)).

Consider the digraph D(M},) = (VMGV , EMCV ), corresponding to
the matching My,. By Lemmas 4.2 and 4.5 there exists no edge in
EM* from a vertex in S(M* )toavertexinS \ S(M* ) and vice-versa.
The cut corresponding to the partitioning S( w)and S\ S(M* )
of the dlgraph D(My,) is empty. Further, by Lemma 4.4, for all
Si e S( ), the input matrix B; = 0. Hence S; € S \ S(M* ) satisfies
one of the following: (a) S; is an isolated vertex in D(My,), or (b) S;
connects to some S; € S \ S(My,) in D(My, ). Case (a) does not exist
since by assumption B(A;) does not have a perfect matching, for
i e{1,...,k}. Hence we consider only case (b). By Lemma 4.4, all
subsystems in S \ S(M;;) have equal number of nodes on both the
sides of the bipartite graph B(Ar, By ) (since their input matrices are
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zero matrices) and by assumption no B(A;) has a perfect matching.
Therefore, each S; € S\ S(M* ) has both incoming and outgoing
edges in D(My, ). In other words, for every S; € S\ S(My, ) there exist
(S;,Si) € E’V’Jv and(S;, S;) € EM* whereS;, S, € S\S(My, ). However,
for (S, Si) € Eng, . the correspondmg interconnection edge caters
only no- _dilation condition and not accessibility.

Steps 7-13: Our focus is to reconstruct these interconnections by
breaking them and making new ones such that the new intercon-
nections cater both the no-dilation condition and the accessibility
condition. For achieving this, we first identify sets §;, S; € S\S(My,)
that have interconnection edge (x’;, x’q) € My, (Step 7). Now we
construct a matching M, = {M;, \ (x” x’ )} U {(x! »» X)), where
St € S(Mj,) (Step 8). Notlce that My, is also an optimum matching
in B(Ar, Br) with cw(M;,) = cw(M;,) and the number of intercon-
nections remains the same as in M‘j,. By this reconstruction process
subsystem S; becomes accessible. Moreover, all subsystems that
are reachable from S; in D(My, ) are also accessible. We update the
matching My, and the set S(M* ) (Steps 10 and 11). We recursively
do this untll S\ S(M* ) = 0. The interconnection edges of the
final optimum matching M, are then given by E;, (Step 13 of
Algorithm 4.1).

Let Ez~ denote the optimum set of interconnections correspond-
ing to an optimum solution A* of Problem 2.3. With slight abuse of
notation, we refer to Ez» as an optimum solution to Problem 2.3.
Now we prove the optimality of Algorithm 4.1.

Theorem 4.6. Output of Algorithm 4.1, which takes as input a set of
irreducible structured subsystems (A;, B;),i = 1, ..., k, is an optimal
solution to Problem 2.3, i.e., |Ez,| = |Ez+|, where |Ez«| denotes the
optimum number of interconnections that solves Problem 2.3.

Proof. The optimum matching M;, obtained by solving the min-
imum cost perfect matching on B(AT, B;) using cost vector cy in
Step 2 of Algorithm 4.1 consists of the least number of feedback
edges to satisfy the no-dilation condition in the composite struc-
tured system. Let E;(My, ) be the interconnection edges correspond-
ing to matching My, i.e., (x}, x;) € Ex(My,)if (x4, x,) € My, and i #
Jj. |Ez(My,)| is the minimum number of interconnections required to
achieve the no-dilation condition and |Ez«| > |E;(M}, )|. However,
E;(My,) may not satisfy the accessibility of all the subsystems. Then,

S\ E(M;V) # (. Hence in Step 10 of Algorithm 4.1 we obtain
a new matching M, by breaking an interconnection edge and
making another interconnection edge. The new interconnection
made connects the unique unmatched node x{ in My, to a state
in some subsystem S; € S\ S(M,). By Lemma 4.3, x¢ lies in a
subsystem that is accessible and hence subsystem S; also becomes
accessible. Moreover, cw(M;,) = cw(M;,) and the number of
interconnections in M;, and M, are both equal. However, more
number of subsystems are accessible in D(M;, ) when compared to
D(My,). In every iteration of the algorithm, cardinality of the set of
accessible subsystems increases.

Now we show that Algorithm 4.1 terminates in a finite number
of iterations. Notice that at the start of the iterations the maximum
cardinality of the set S \ S(My,) is at most k — 1 (since §; €
S(My,)). Also, indexed by the iteration count of Algorithm 4.1, the
sequence of cardinality of the set S \ S(My,) is a monotonically
strictly decreasing sequence. More precisely, we prove that the size
decreases by two or more. By Lemmas 4.2 and 4.5 there are no
edges between subsystems in g(M;v) and S \E(M‘;,) in D(My, ). Also
by Lemma 4.3, the unique right unmatched node in B(Ar, Br) lies in
S(My, ). Hence if a subsystem in S \ S(My,) has an incoming edge it
must have an outgoing edge as well. Moreover, since no B(A;) has
a perfect matching and B; = 0 for all §; € S(M* ), every subsystem
inS\ S(M* ) has an incoming and an outgoing edge in D(Mj, ). In

every iteration the cardinality of the set S \E(M;V) decreases at least
by 2. Algorithm 4.1 terminates in finite number of iterations with
the same number of interconnections. Also, these interconnections
correspond to an optimum perfect matching in B(A;, B;) and all
subsystems are accessible and |Ez«| < |Ez,|. Since |Ez«| > |Ez,|
and |Ez+| < |Ez,|, combining both, we get |Ez«| = |Ez,| and this
completes the proof. O

Now we give the complexity result of Algorithm 4.1.

Theorem 4.7. Algorithm 4.1 which takes as input irreducible struc-
tured subsystems (A1, B1), . . ., (Ax, By) of state dimensionsny, . . ., ny
respectively and gives as output an optimum set of interconnection
edges, Ez,, has complexity 0(n3), where n; = ZL n.

Proof. Constructing the bipartite graph B(Ar, B;) and solving the
minimum cost perfect matching problem has complexity 0(n3),
where n; = Zf 1 i Construction of D(My, ) and finding partitions

E( w)and S\ S(M* ) has O(n;) complexity. Also each iteration

is of linear complexity and there are at most LTJ iterations.

Since k = O(ny), the total complexity of the iterations is O(n?).
Finally finding the interconnections Ez, is linear in nr. Complexity
of Algorithm 4.1is O(n3). O

This concludes the discussion on solving Problem 2.3 on irre-
ducible subsystems when no subsystem has a perfect matching
in its state bipartite graph. However, if some subsystems have a
perfect matching in their state bipartite graph, then the analysis is
more involved. We discuss this case in the next section.

5. Algorithm and results when some subsystems have perfect
matching in their state bipartite graphs

In this section, we discuss the case where every subsystem is
irreducible and some subsystems have a perfect matching in their
state bipartite graphs. Algorithm 4.1 may not terminate in this case
and then may not give an optimal solution to Problem 2.3. The key
idea in Algorithm 4.1 is the reconstruction of the interconnections
in an optimal matching My, of B(Ar, Br), by keeping the number
of interconnections unaltered such that all subsystems become
accessible. Note that in D(My,) all subsystems S; € S\ S(M* ) have
corresponding input matrix B; = 0. Otherwise, since all subsys-
tems are irreducible S; € S(Mj,). Also note that in Algorithm 4.1
we assume that no subsystem has a perfect matching in its state
bipartite graph and based on this assumption the reconstruction
process crucially uses the fact that in D(Mj,) all subsystems in
S\S(M* ) have at least one incoming edge (Step 7). However, when
some subsystems have a perfect matching in their B(A;)’s, it is not
necessary that the optimum matching My, obtained has at least one
interconnection edge for every S; € S \ S(Mj,). In other words,
D(My,) can contain isolated nodes. In this case, Algorithm 4.1
cannot be used.

We illustrate this through an example in Fig. 1a. For the struc-
tured subsystems considered, S, and S; have perfect matchings
in B(A;) and B(As) _respectively. Fig. 1 illustrates two optimum
matchings M;;, and M*in B(Ar, B;) for the example given in Fig. 1a.
Note that, cw(My,) = CW(M*). However, notice that in their
respective subsystem digraphs given in Fig. 2, D(My;,) has S3 as
an isolated node, but D(M*) has no isolated nodes. Hence, when
subsystems have perfect matching in their B(4;), it is not always
possible to arrive at an optimal solution to Problem 2.3 using
Algorithm 4.1. To this end, we propose another polynomial time
algorithm to solve Problem 2.3 on irreducible subsystems when
one or more subsystems have a perfect matching in their respective
state bipartite graphs.
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Fig. 1. Figs. 1b and 1c demonstrate two different optimum matchings correspond-

ing to the same subsystems given in Fig. 1a.
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Fig. 2. Illustrative figure demonstrating limitation of Algorithm 4.1 when some of
the subsystems have perfect matching in their state bipartite graphs.

The proposed algorithm, Algorithm 5.1, consists of three stages.
In Stage 1, we run Algorithm 4.1. Note that, for subsystems with
no perfect matching Algorithm 4.1 terminates when S \ S(My, ) is
empty. In this case (when few subsystems have perfect matching
in their state bipartite graph) we terminate Stage 1 when the
optimum matching obtained in Algorithm 4.1, ie., My, in two
consecutive iterations are the same. At the end of Stage 1 we get
a partitioning of subsystems S(My,) and S \ S(My, ), where every
subsystem S; € S \ S(My,) is an isolated node in D(My;,) and B(A)
has a perfect matching. Notice that at the end of this stage it is not
possible to make an S; € S \ S(Mj,) accessible by reconstructing
the interconnections as done before in Algorithm 4.1. In Stage
2 we run a ‘stub-matching’ algorithm. At the end of Stage 2 we
update My, . Stage 2 is also executed without increasing the num-
ber of interconnections and it results in more subsystems being
accessible. However, even after completing Stage 2 there can be
some subsystems that are inaccessible. In Stage 3, we add extra
interconnection edges, one each to every S; € S\ S(My, ) from some
Sj € S(My,).

The pseudo-code of the proposed algorithm is presented in
Algorithm 5.1. It involves three stages as elaborated below.

Stage 1 (Steps 1-2): In Stage 1, we run Algorithm 4.1 on the
given system (Step 1). We terminate Stage 1 when Algorithm 4.1
gives the same My, for two consecutive iterations. Note that at the
instant of termination of Stage 1 the partition S(M* )Jand S \S(M* )

with respect to the matching My, is such that S \ S(M;V) consists
of subsystems that has no interconnection edge connected to it
(Step 2). In other words, subsystems in S\ S(M, ) are isolated nodes
in D(M* )- We denote the number of isolated nodes in D(Mj,) by

. In other words, the number of non-accessible subsystems is
tMJv Our aim in Stage 2 is to reconstruct the interconnections in
My, in a different way than in Algorithm 4.1, to get a new matching
Miew such that the number of interconnections are the same in My,
and M, and more subsystems are accessible. More precisely, we

achieve ty,,, < ty;, using the same number of interconnections
as before. Finally we update M}, as Myew.

Algorithm 5.1 Pseudo-code for solving Problem 2.3 on structured
subsystems when all subsystems are irreducible and some subsys-
tems have perfect matching in their state bipartite graphs

(Ax, Bi)

Input: Structured subsystems (Aq, B), . ..,
Output: Interconnections Ez,

— [ 1: Run Algorithm 4.1 on the structured system and terminate
7] . . .
oo when My, in two iterations are the same
& U 2: Find the partition S(M},) and S \ S(M;,)
3: Fori € {1, ..., k}, find max matching in B(A;, B;), say M;
4: Letd; < |M;]
5: Define J < {j : Bj = 0}
6: i < (¥}, X’) € M‘ S
max{n; — d;, 1}, fori € 7,
7: for S \ S(M;; ¢ and B;
\Sim;) # bi> {(ni — d;), otherwise.
do
. ~ max{n; —d;, 1}, i € J,
8: Find S; € S(M},)) s.t Bi
ind$; & S(My,) st fi > {(ni — d;), otherwise.
9 M« {(X}x), () i)+ (K, x) € My, (X, ul) €
My
10: yi < M ‘ ‘
1M My o« {6, (X)), (XF, uy) € My, :j €
{1,....k} ,
12: sg <« {(x”q, X%, x,) € My, and i # j}
1308 < {(x): (x "%)eM;Vandiaéj}
14: Select M C M; : IMil= y; + 1, where M; is a perfect
matchmg in B(A,, B )
15: {M*\M}U{M}
16: L, <« {xp 1X p is unmatched in M}
~ [ 170 R < {x} : x; is unmatched in M}
$118  whileL #(ands, # {1 do _
a |19 Ledges < {(X', x4) : X', € Liand x; € S;}
20: L < Li\ X},
21: S < S\ %,
22: end while
23: while R; # and S, # @ do ‘
24: Redges < {(x4, %)) : X}, € Riand X, € S}
25: Ri < R; \X;
26 St < S\ X
27:  end while - -
28: Choose an edge (x’Z xﬁ) € M, where S, € S\ S(M,,)
20:  letx] € S,
30: if S; # () then
31 Letx' € S
32: My < M\ (g, X0)} U {(Xg, X0), (X'g, X))
33:  else N
34: My, < {M\ (X, x0)} U (X5, X0)}
35: end if
36: Mpew < {My} U {Ledges} U {Redges}
37: My, < Mnew
38 B < (X, xg) € My, 1 i # )|
39: end for
40: ifS\ S(M;,) =0 then
411 Eg < {(x), X)) (x4, x5) € My, and i # j}
o | 42: else A
Ef’ 43 EIB<—{(X x’) ( )eM‘;,andi;éj}U{(x;,,x{):
< S, €S\ S(M;,)andS; € S(M* )
44: end if

Stage 2 (Steps 3-8): Now we begin Stage 2, i.e., the stub-matching
algorithm. For all S;’s in S(M,), we find a maximum matching in
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B(A;, By) fori=1,...,k say M;.Let [M;| = d; (Steps 3 and 4). The
number of unmatched nodes in M; for S; € S(My, ) equals n;—d;. The
bipartite graph B(A;, B;) has a perfect matchingifandonlyifd; = n;.
Since My, is a perfect matching in B(Ar, By), in M;;, the number of
left side nodes of S; that are matched to right side nodes of some
Si’s,i # J, is at least n; — d;. This is because in M, few subsystems
may end up with more than n; — d; left side nodes matched to other
subsystems, so as to form a perfect matching in B(Ar, Br).

Let B; be the number of incoming interconnection edges corre-
sponding to S; in My, (Step 6). The procedure is to appropriately
choose those subsystems that have more number of incoming
interconnections than n; — d; and reconstruct the matching such
that the number of interconnections in S; decreases but new inter-
connections are added to the isolated subsystems. However, note
thatifi € J, where 7 := {j € J : B; = 0}, then at least one
interconnection is needed for the accessibility of subsystem S;. For
i € J, the condition is 8; > max{n; — d;, 1}. Stage 2 is relevant
if there exists one or more isolated subsystem in D(M,), i.e., a
not accessible subsystem, and there exists one or more accessible
subsystem that has 8; > max{n; — d;, 1}, wheni € 7 and §; >
(n; — d;), otherwise (Step 7).

The reconstruction in Stage 2 is done without altering the num-
ber of interconnections of Stage 1. We first identify a subsystem
Si € S(My,) that satisfies the condition given in Step 8. There are
two possible cases. In case (a), i € J. Note that fori € 7, the
condition is B; > max{n; — d;, 1}. Here, max{n; — d;, 1} > 1 and
hence 8; > 1. In this case, if 8; = 1, there is only one incoming
interconnection edge and so breaking this edge will make S; inac-
cessible (since i € J). Such subsystems do not participate in the
reconstruction process. On the other hand, if ; > max{n; — d;, 1}
we construct a new matching M from Mj,,. In case (b): i ¢ 7. Then,
the conditionis 8; > (n;—d;). Since accessibility is already achieved
through input, if the number of interconnections is greater than
(n; — d;), we perform edge reconstruction.

Steps 9-13: The reconstruction of matching in Stage 2 is done as
follows: let M; be the set of edges between nodes of S; themselves
in M}, and y; be its cardinality (Steps 9 and 10). If ; > n; — d;, then
y; < d;. Hence, even though the size of maximum matching in §;
is d;, some nodes in S; are matched to nodes in some S; for i # j so
that B(Ar, Br) has a perfect matching. Note that the identity of the
nodes in the interconnections does not matter and hence one can
reconstruct M;, into another perfect matching Mpew in B(Ar, Br)
without changmg the number of interconnections.

For this we first construct a new matching M, where M is not a
perfect matching in B(A;, Br), such that M has vi + 1 edges whose
both end points are nodes of S;. For constructing M, we first break
all the edges in My, associated with S; (both interconnections and
edges within), defined byM (Step 11). Fori #j, let (x’;, >c’q) € M,
After breaking the edge (x” P ), we retain a ‘stub’ (this is used in
similar context in l;terature) i.e., a half-edge stemming from node
Xg, denoted as (-, xg). The set of right side stubs is defined by set
S; (Step 13). Similarly, if (x”, x|) € Mg, we break it and retain a

Y @ %p
stub from node x'}, (x7, -). The set of left side stubs is defined by

set S; (Step 12). On the other hand, for edges within S; in 1\71,—, we
break them resulting in unmatched nodes and there are no stubs
resulting from this breakage.

Steps 14-17: Our approach is to increase the number of edges
between nodes in S; by one. For this we select y; + 1 number of
edges from a perfect matching M;, in B(A;, B;), to form M, (Step 14).

Using Mi we construct matching M as shown in Step 15. Notice that
previously there were only y; edges between nodes of S; in My, but
M has y; + 1. We denote the set of left (right, resp.) unmatched
nodes of S; in M as L; (R;, resp.) (Steps 16 and 17). Here |L;| < |Sy|
and |R;| < |S¢|. More precisely, |S;| = |L;j| + 1, and |R;| = |S,] if

the unique right unmatched vertex of the matching My, obtained in
Step 1 of Algorithm 5.1 belongs to subsystem S; and |Sy| = |L;| + 1,
otherwise.

Steps 18-39: The left and right unmatched nodes of S; in M are
matched to the right and left stubs to form edges Ledges and Redges
respectively (Steps 19 and 24). Now the sets S, and S, are updated
as shown in Steps 21 and 26. Notice that this will certainly result
in one stub node in S, unmatched, ie., |S;| = 1 (since M; C
M, where |[M;] = y; + 1). However, |S;| can be either 1 or 0.
Now we select a subsystem, say S, € S \ S(My,). Notice that
corresponding to Sy there exists a perfect matching My and M;, C
M. Select an edge (x xb) eMn M}, (Step 28). Now we break this
edge and connect the unmatched stubs appropriately as shown in
Steps 32 and 34 to get Myew (Step 36). Note that Myey is a perfect
matching in B(Ar, Br). Now M}, is updated with Mpe, and this
completes Stage 2.

Stage 3 (Steps 40-43): At the end of Stage 2, if S \ §(M;,) = {,
then the interconnection edges are given by Ez, as given in Step 41.
At this stage, the number of interconnections is the same as the
number of interconnections in the matching My, obtained in Step 1.
If S\ S(M;,) is not empty in Step 42, then in addition to the al-
ready existing interconnections we add one extra interconnection
to each subsystem in S \ S(Mj,) from some subsystem in S(M,)
(Step 43). This completes Stage 3. The output of Algorithm 5.1 is
denoted by Ez,.

Lemma 5.1. Consider a set of irreducible structured subsystems
(A1,B1), ..., (A By).Fori=1,..., kdefinetheset 7 C {1,...,k},
as J = {j € J : Bj = 0}. Let p be the minimum number of

interconnections required by the composite system to satisfy the no-
dilation condition and let d; be the size of the maximum matching

in B(A;, B;). Let A* be an optimal solution to Problem 2.3 with the
set of interconnections EJ. Then, |E}| > max(p, Z:‘:l(ni —d) +
|l eJ: n= d,|)

Proof. A solution A’ to Problem 2.3 must satisfy two conditions:
(a) B(A’, By) must have a perfect matching, and (b) all subsystems
should be accessible. Given p is the minimum number of intercon-
nections required to satisfy the no-dilation condition in the com-
posite system. Note that Stage 1 of Algorithm 5.1 is Algorithm 4.1.
Hence the number of interconnections at the end of Stage 1 is p.
Also, by Theorem 4.6, p number of interconnections are essential
to guarantee condition (a). Thus |E7| > p

Let M;, fori = 1, ..., k, be a maximum matching in B(A;, B;)
such that |M;| = d;. U, 1M; is a matching in B(AT, Br). Further, with
respect to this matching in B(Ar, B;) there are Z; 1(nj—d;) number
of left side unmatched nodes and at least Zl 1(n; — dj) number of
right side unmatched nodes. For satisfying condition (a) at least
Z:‘:l(ni — d;) number of interconnections are needed. Also, for
satisfying condition (b) at least |i € J : n; = d;| interconnections
are needed. This is because fori ¢ 7 the subsystems are accessible
without using any 1nterconnect10n edge since the subsystems are
irreducible. We prove |E7| > Zl g —di) + lieJ:n=d
using a contradiction argument. To the contrary, assume that there
exists a solution to Problem 2.3, say A”, such that the number of
interconnections in A” is less than Z, ni—=dp)+lieJ  n=dl.
Without loss of generality, assume A” consists of Zl (g —di) +
li e J :n;=d;|] — 1 interconnections. This implies that one in-
terconnection edge connects a subsystem S; with n; # d; to a
subsystem S; with i € 7 and n; = d;. Note that this edge is from
Sj to S; and hence this edge does not match any of the n; — d;
left unmatched nodes of S; and thereby does not contribute to
matching any left node in S;. This contradicts the assumption that



432

|

St

u | ! 1

TR BN LI A
I |

Y Tt ‘ :xl XX H

@D D DG D D D et
[N L B N |

(a) Structured subsystems Sj, S, and S3 consid-

ered for demonstrating Algorithm 4.1 Figure 4a
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(b) Structured subsystems Sy, S, and S3 after in-
cluding interconnections obtained in Mjy, shown in

(c) Structured subsystems S, S» and S3 after
reconstruction of interconnections to obtain Mj,
shown in Figure 4b

Fig. 3. Illustrative figure demonstrating Algorithm 4.1. Blue colored node denotes the unmatched accessible node . (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

this edge serves both the purposes. Hence |E}| > ZL(n,- —d;) +
|i€j21’l,‘=d,‘|. '

Since |[E}| > pand |E}| > (3 _(ni—di)+ i€ J : nj = di|), wi
get |E7| > max(p Zl ni—d)+lieg = d,»|>. a

We next show that Algorithm 5.1 achieves the lower bound
given in Lemma 5.1.

Theorem 5.2. Output of Algorithm 5.1, which takes as input a set
of irreducible structured subsystems A1, ..., Ay and structured input
matrices By, ..., By, is an optimal solution to Problem 2.3, i.e., |Eg,| =
|E3|.

Proof. Let A* be an optimal solution to Problem 2.3 and let E; be the
set of interconnection edges corresponding to A*. From Lemma 5.1
we know that |[E}| > max(p Zl ((ni—dj)+lie J :n=d).Us-
ing the interconnection edges obtained as output in Algorithm 5.1,
all states are accessible and there exists a perfect matching in
B(Ar, Br). Now if we show that Algorithm 5.1 attains this bound,
then optimality follows. Recall that Algorithm 5.1 consists of three
stages and at the end of each stage the succeeding stage is executed
if the partition S \S(M* )is non-empty. Note that at the end of Stage
1 and Stage 2 the number of interconnections used, which is equal
to p, is the minimum number of interconnections to achieve the
no-dilation condition. At the end of Stage 2 there are two possible
cases: (i )S\S(M* ) =4, and(u)S\S(M* ) # . In case (i) algorithm
terminates at Stage 2 with |Ez,| = p.

In case (ii), Algorithm 5.1 proceeds to Stage 3. Notice that at
the end of Stage 2, all subsystems with n; # d; have exactly
n; — d; interconnections. However, there are few subsystems with
n; = d; that have one interconnection edge each at the end of
Stage 2. Note that these subsystems have B; = 0, wherei € 7,
J < {1,...,k} defined as J i e J B = 0} (see
definition of §; and condition on §; in Steps 6, 8 respectively of
Algorithm 5.1). In Stage 3, extra interconnections are added to only
those subsystems with n; = d; and i € J and that subsystem
which has no interconnection edge connected at the end of Stage
2. The number of interconnections used in Algorlthm 5.1is exactly
Yy —d) + Ji € 7 m; = di|. Hence [Eg,| = Y (mi — di) +
li € J : n; = d;| and Algorithm 5.1 attains the lower bound given
in Lemma 5.1 and optimality holds. O

Theorem 5.3. Algorithm 5.1 which takes as input irreducible struc-
tured subsystems (A1, By), . .., (Ak, Bx) of state dimensionsny, ..., ny
respectively and gives as output an optimum set of interconnection
edges Ez, has complexity 0(n?), where n; = Z:;l n;.

Proof. Construction of B(Ar, B;) and solving the minimum cost
perfect matching problem has complexity O(n3), where ny
Z:‘:] n;. Construction of D(M;;,) and finding partitions S(M;;,) and
S \§(M;,) has O(n;) complexity. Complexity of Stage 1 is O(n3). In
Stage 2, finding maximum matchings M;’s have O(n;>) complexity
for each subsystem; there are k subsystems and n; Z:‘:] n;.

X3 43
x’%><x% ° A
5 25 o5 3

r-Z 2 x/% 2

(a) Bipartite matching M;;, ob-
tained in Step 2 of Algorithm 4.1
for the structured system given in
Figure 3a

(b) Bipartite matching M, ob-
tained at the end of Algorithm 4.1
for the structured system given in
Figure 3a

Fig. 4. Bipartite matchings obtained at different stages of Algorithm 4.1 for the
example given in Fig. 3a.

Further, the stub-matching algorithm has linear complexity there
by giving total complexity of Stage 2 O(n2). Stage 3 has linear
complexity. Combining, the overall complexity of Algorithm 5.1
ison3). O

This concludes the case of solving Problem 2.3 on irreducible
subsystems when some of the subsystems have perfect matching
in their state bipartite graph. Now we demonstrate Algorithms 4.1
and 5.1 using illustrative examples.

6. Illustrative examples and multi-input case

In this section, we first illustrate the two algorithms given in
the paper, Algorithms 4.1 and 5.1, through examples and then give
a brief outline on the extension to the multi-input case.

6.1. Illustrative example

In this subsection, we consider an example and apply results
of this paper. Red colored edges in Figs. 3 and 6 are the intercon-
nection edges. Initially, we demonstrate Algorithm 4.1 through an
example given in Fig. 3a. The minimum cost perfect matching My,
obtained in Step 2 of Algorithm 4.1, shown in Fig. 4a, consists of
two interconnection edges. Fig. 3b shows the resulting composite
system corresponding to the interconnections established in My,
shown in Fig. 4a. The resulting partltlomng is S(M* )= {u, S1} and
S\ S(M*) {S2, S3}. Here Xt xi. This gives M|, = {M;, \
(x’%, x?)} U {(x’%, x;)}. At the end of the first iteration My, = M,,
as shown in Fig. 4b. Fig. 3¢ shows the resulting composite system
corresponding to the interconnections established in My, shown
in Fig. 4b. S \ S(M;,) = @ and this completes Algorithm 4.1. The
solution obtained is Ez, = {(x3, x3), (x3, X3)}.

Now we demonstrate Algorithm 5.1 through an example given
in Fig. 6. Fig. 5a is the perfect matching M}, obtained in Step 1 of
Algorithm 5.1. The resulting interconnections in the subsystems
are shown inred edges in Fig. 6a. Note that the number of intercon-
nections is four. Here S(My;,) = {u, S1, S} and S \S(M* ) = {S3, S4}.
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(a) Bipartite matching M;, ob-
tained at the end of Stage 1 of
Algorithm 5.1 for the structured
system given in Figure 6

(b) Bipartite matching M;;, ob-
tained at the end of Stage 2 of
Algorithm 5.1 for the structured
system given in Figure 6

Fig. 5. Bipartite matchings obtained at different stages of Algorithm 5.1 for the
example given in Fig. 6.

Also, 7 = {2, 3, 4}. Note that S; € §(M* ) has a perfect matching
in B(Az, By). Here d; = n, = 2 and hence n, — d, = 0. Further
2€Jand,82_2 HereMz_@andhenceyz_OMz_{( )
(xs,xz) (X 1,x4) (XZ,XS)} and S, = {x4,x’1} and S, = {x4,x5}.

Now M; = (x 1,xz) The matchmgM = {(x] it u), (x5, %)), (¥'3, x3),
(X2, %2), (X3, %), (xz,x3) K5 L = (¥ }and R, = {x3}. This
gives Ledges = {(x % x4)} and Redges = {(x4, b% )}. At the end of
Steps 22 and 27, §; = x5 and §; = X'} respectlvely.

Now we select (x’g, x?) in Step 28. The matching My, = {(x/}, u),
(X5, x1), (3, %), (02, 22), (X3, X3), (X3, x1), (X', %3), (X'}, x%)}. Now
Miew is obtained as in Step 36 and M}, is updated as Mpew. The My,
obtained is shown in Fig. 5b. Here 8, = 1. At the end of iteration 1
of Stage 25 \ S(M,) = S4. Also B = 2, B, = B3 = 1and B4 = 0.
Condition B; > {max;c7{n; — d;, 1}, (n; — d;)} is not satisfied. This
completes Stage 2 and the number of interconnections remains as
four. The corresponding subsystem graph is shown in Fig. 6b.

Since S \ S(My,) # ¥, we enter Stage 3, where an extra edge
(x/;‘, xg) is added as shown in Fig. 6¢. The solution to Problem 2.3,
Ez, = {(, x3), (%3, X7), (45, x8), (x5, X3), (x4, %3)}.

/1

6.2. Multi-input case

In this subsection, we briefly give an outline for extending the
algorithms and results given in this paper for the multi-input case.
Firstly, we analyze Algorithm 4.1. Note that in Algorithm 4.1, the
reconstruction process relies on two ideas: (i) in any optimum
matching My, in B(AT, BT) there is an unmatched accessible node,
and (ii) in D(M* ) all subsystems in S \ S(M* ) have an incoming
and an outgoing interconnection. In the multi-input case, there
exists at least one unmatched accessible node, and (i) continues to
hold. Further, by Lemma 4.4 all subsystems in S \ S(M}, ) have equal
number of nodes on the left and right sides of B(A;, B;). Therefore,
(ii) also holds and the results in Section 4 and Algorithm 4.1 extend
to the multi-input case.

Now we analyze Algorithm 5.1. The key idea in Algorithm 5.1
is the stub-matching algorithm. It is based on the observation that,
using a properly defined stub-matching scheme, from any opti-
mum matching of the bipartite graph B(Ar, B;), one can carefully
reconstruct the interconnections in such a way that no subsystem
has more number of interconnections than that are needed to
achieve the no-dilation condition and the accessibility condition.
The stub-matching scheme removes the redundancy in the in-
terconnections, while making more subsystems accessible. This is

(a) Structured subsystems S, S> and S3
after including interconnections obtained
in M;, shown in Figure 5a

|- -~ — - - - —-3y- - - -
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(b) Structured subsystems Sy, S, and S3 after in-
cluding interconnections obtained in Mj;, shown in

Figure 5b
,,,,,,,, \ _
' @ & ~S, 1S3 v Sy

(c) Structured subsystems Sy, S» and S5 at the end
of Stage 3 of Algorithm 5.1

Fig.6. Structured subsystems Sy, S, and S3 considered for demonstrating Algorithm
5.1.Red colored edges correspond to the interconnections and black colored edges
are connections within the subsystems . (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

how our scheme, results and algorithms extend to the multi-input
case.

7. Conclusion

This paper dealt with structural controllability of linear time-
invariant (LTI) composite system. Though we focused on structural
controllability of systems, because of duality between controllabil-
ity and observability in LTI systems, all results and algorithms of
this paper directly follow in the structural observability problem
as well. Considering structural controllability, the primary focus
of this paper is to identify a minimum cardinality set of intercon-
nection edges the subsystems should establish amongst each other
such that the composite system is structurally controllable, i.e., the
optimal essential interconnection selection problem. We approach
the problem from a structured framework, where the zero/nonzero
entries of the matrices are used instead of the numerical matrices
themselves. Under the assumption that all subsystems are irre-
ducible, we tackle the problem in two different settings: (i) when
no subsystem has a perfect matching in its state bipartite graph,
and (ii) when one or more subsystems have a perfect matching in
their state bipartite graphs. For case (i), we proposed a polynomial
time algorithm for solving the optimal essential interconnection
selection problem. The proposed algorithm based on a minimum
weight perfect matching algorithm followed by an edge recon-
struction process gives as output an optimal solution in O(n;?)
computations. In case (ii), we first identified a lower bound on the
cardinality of the minimum number of interconnections needed for
agiven set of subsystems. Subsequently, we proposed an algorithm
based on minimum weight perfect matching and a stub-matching
algorithm that achieves this lower bound while satisfying the ac-
cessibility and no-dilation conditions. We proved the optimality of
the algorithm and also showed that the computational complexity
is O(n;3).
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