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Abstract— In this paper, we consider the notion of herdability,
a set-based reachability condition, which asks whether the state
of a system can be controlled to be element-wise larger than a
non-negative threshold. The basic theory of herdable systems is
presented and a necessary and sufficient condition for complete
herdability is presented. This paper then considers the impact
of the underlying graph structure of a linear system on the
herdability of the system, for the case where the graph is
represented as signed and directed. By classifying nodes based
on the length and sign of walks from an input, we find a class
of completely herdable systems as well as provide a complete
characterization of nodes that can be herded in systems with
an underlying graph that is a directed out-branching rooted at
a single input. It is shown that for these out-branching systems,
it is always possible to herd at least as many nodes as it is
possible to control.

I. INTRODUCTION

Controllability is a fundamental property of a dynamical
system, and has been an area of study since the work of
Kalman et. al in the 1960s [1]. However there are certainly
cases where a system need not be completely controllable
to achieve desirable system outcomes. Often these systems
are studied in the context of stabilizability [2]. This paper
considers these systems in a different light by considering
the reachability of a specific set rather than the whole state
space as in complete controllability. As an example, consider
the case where the state of a dynamical system represents the
percentage of a given community that will vote for a political
candidate and the control input represents advertising. Here
an advertising campaign is successful if the state can be
driven high enough for the candidate to win, regardless of
whether communities can be made to vote at any specific
percentage as would be required by complete controllability.

In order to study systems that are not completely control-
lable but for which certain desirable control outcomes are
still achievable, this paper introduces a set-based reachability
condition known as herdability, which considers whether the
components of the state can be driven above a non-negative
threshold. This target set describes desired behavior in social
and biological sciences where many systems act based on
thresholds, for example collective social behavior [3] and
the firing of a neuron [4]. More formally, a continuous time,
linear system,

%X = Ax + Bu (D
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where A € R"*™ and B € R"*™, is completely herdable if
there exists a control input that makes the state enter the set
Hq = {x € R": x; > d} for all d > 0 and where x; is the i-
th element of x. In the case where a system is not completely
herdable, one can consider which elements of the state, x,
can be made to reach H 4, which will be referred to as subset
herdability. Returning to the example of voting in an election,
where x; now represents the percentage of community ¢ that
will vote for a candidate, one can see that to win the election
requires reaching the set H 5 = {x € R" : (x); > .5}.

This paper considers the herdability of linear systems
based on the structure of the underlying interaction graph,
which encodes information about how states and inputs
interact with each other, based on the system matrices A
and B. The relationship between a graph and a dynamical
system has been previously considered using two primary
approaches. The first approach takes classes of dynamical
systems and maps them to a graph to discuss properties
of all systems that share the same graph structure. This
approach is known as structural controllability, [5]-[7] and
its extension, strong structural controllability [8]. In structural
controllability, a dynamical system is represented by a graph
in which each edge of the graph is assigned a weight in
R. A system is structurally controllable (strongly structurally
controllable) if and only if it is controllable for almost all
(all) weights that are assigned to the edges, which is a
property that can be verified directly from the structure of
the underlying graph.

The second approach goes from a specific graph structure
to a system dynamic. In many cases, the system dynamic is
consensus dynamics, which are used in robotic and social
systems [9], [10]. The controllability of these consensus
system has been shown to be directly related to the structure
of the graph, either in the ability to identify certain structures
[11]-[16] or because the underlying graph is assumed to be
of a certain form [17]-[19].

This paper shares the approach of structural controllability
in that the control properties of classes of systems are con-
sidered based on their graph structure; however in contrast
to structural controllability, the graph structures considered
here are assumed to be signed graphs. Specifically this paper
represents the interaction structure as a signed, directed graph
as it often the case that the sign of the interaction structure
is sufficient information to determine whether a system is
herdable or not. An example is shown in Figure 1. Signed
graphs are used in the social networks context to represent
systems in which agents are both friends and enemies [20]. In
this light, the central problem of the paper can be phrased in
a social networks context as follows: how does the grouping



of friends and enemies in the network relate to the ability to
convince agents in the system to hold an opinion in H4?

(2) (b
Fig. 1: la shows a graph structure which represents a set

of systems that are completely herdable, while the systems
represented by 1b are not.

The rest of the paper is organized as follows: Section II
introduces the basic theory of herdable system. In Section III
a graph theoretic characterization of the interaction struc-
ture of a linear system is presented. Section IV considers
a necessary condition for complete herdability based on
the underlying graph structure. Section V presents a class
of completely herdable systems and Section VI considers
selecting a herdable subset for graphs that are represented by
a directed out-branching. The paper concludes in Section VII.

Notation:

For a vector k € R™, k; refers to the i-th element of k.
For a matrix K € R"*™, (K); . refers to the i-th row of K,
(K).,; refers to the j-th column of K and (K); ; to the 4, j-
th element of K. The cardinality of the set S is expressed
as |S|. Let sgn(-) denote the sign function which is defined

as
—1 for x <0,

sgn(z)=¢ 0 forz =0,
1 for z > 0.

Let 0,, € R™ be a vector of zeros, 1,, € R™ be a vector of
ones, and 0, x,, € R™ ™ be a matrix of zeros. Logical AND
is denoted by A and V denotes logical OR and Y denotes
logical EXCLUSIVE OR.

II. CHARACTERIZING HERDABILITY

In this section, the basic theory of the herdability of
continuous time, linear dynamical systems is presented as
well as a characterization of herdability based on the system
controllability matrix. Of course before characterizing herd-
ability, the following definitions of herdability are required.

Definition 1: The state ¢ of a linear system is herdable if
Vx(0) € R™ and h > 0, there exists a finite time ¢y and an
input u(t), ¢t € [0,%s] such that x(t¢); > h under control
input u(t).

Definition 2: A set of states, X C {1,2,...,n}, is herd-
able if each individual state in & is herdable together, i.e. if
Vx(0) € R™ and h > 0, there exists a finite time ¢ ¢ and an
input u(t), t € [0,ty] such that x(tf); > h,Vi € X under
control input u(t).

Definition 3: A linear system is completely herdable if all
states in the system are herdable together.

To translate the definition of herdability to a necessary
and sufficient condition for herdability requires some basic

concepts from the study of linear systems, specifically the
reachable subspace and the controllability matrix.
Define the reachable subspace R[0, ] as

t
R[0,t] = {x1 e€R"™: Ju(-),x; :/ eA(t_T)Bu(T)dT}.
0

The controllability matrix C of a linear system is
C=[B,AB,A’B,...,A" 'B]

It is possible to characterize the herdability of a system
based on its controllability matrix. Recall the following from
[2] (though any introductory linear systems text will do):

Lemma 1: Theorem 11.5 from [2]

R[0,t] = range(C).

With Lemma 1 it is possible to prove the following
Theorem, which gives a necessary and sufficient condition
for the herdability of a subset of states.

Theorem 1: A set of states X C {1,2,...,n} is herdable
if and only if there is exists a vector k € range(C) that
satisfies k; > 0 for all 7 € X.

Proof: Define the set IC to be the set that contains the
positive elements of k, L = {p | p > 0 A 3 i such that k; =
p}.

(k € range(C) = X is herdable) Consider the problem
of controlling all states in the set X to be greater than
some lower threshold & > 0 from an initial condition x(0).
Suppose there is a k € range(C), that satisfies k; > 0 if
i € X. As k € range(C), o such that

Ca=k.

It
| max; (h1,, — eAtx(0)),

min /C
and v = ya then for all 7 € & it holds that
(Cv); > (h1, — e**x(0));.

As the range of C is the same as the reachable subspace,
Ju(-) such that for all i € X

t
(e?tx(0) + / AT Bu(r)dr); > h
0

then all states in &’ can be made larger that h and as A is
arbitrary the subset of states X’ is herdable.

(X is herdable = k € range(C)) As the set of state nodes
X is herdable, each element of X can be made larger than
some h* > 0 from any initial condition. Consider the initial
condition 2(0) = 0,,. Then by the herdability of the set X
there exists a vector k* that satisfies ki > h* Vi € X and
an input u(-) such that

t
/ eA=7) Bu(r)dr = k*
0

Then ki > 0 Vi € X by the definition of h*. By the
definition of R[0,¢], k* € R[0,¢] and consequently k* €
range(C) by Lemma 1. [

Corollary 1: A linear system is completely herdable if
and only if there exists an element-wise positive vector
k € range(C).



III. CHARACTERIZING DYNAMICAL SYSTEMS ViA GRAPHS

The dynamical system in Equation (1) can be represented
by three graphs; each of which contains different levels of
information about the interactions between the states and
inputs. The first is an unweighted directed graph G = (V, £),
where V is the vertex (or node) set and £ is the edge set. This
graph is commonly used in the study of structural controlla-
bility [5] and will not be explored further in this paper. The
second graph is a signed graph G* = (V, €, s(-)) where s(+)
accepts an edge and returns a label in {+1,—1}, which is
the sign of the edge. This signed graph represents a class of
systems whose edge weights have the same sign pattern. The
third graph is a weighted graph G* = (V,&,w(-)) where
w(-) accepts an edge and returns a weight in R. The weighted
graph is the representation of a single system.

As will be seen later, the weighted graph G can be
directly related to the controllability grammian and there-
fore the controllability properties of the system. This paper
focuses on the interplay between G* and G", in that the
presented structural results are cases where the results for
the herdability of a system based on the weighted G* can
be extended to all signed graphs with the same sign structure
G? regardless of the weights of the edges in G, a notion
similar to strong structural controllability [8].

The formal definition of the graphs follows. The set of
vertices satisfies V = V, UV,, V, NV, = 0, where V, =
{21, Va2, - .., Uz } is a set of vertices representing the states
of the system and V,, = {vy1, Vu2, - - -, Vum | is & set of nodes
representing the inputs to the system. An arbitrary element of
V will be referred to by v; for some index ¢, as will arbitrary
elements v,; € V, and v,; € V,. The state ¢+ will now be
interchangeably referred to by the node v,; as will the input
J and the node v,;.

The edge set satisfies £ = &, U £, where the edges in
&, represent interactions between states of the system, while
&, represents interactions between the inputs and the states.
Denote the directed edge from v; to v; as (v;,v;). Then
(vm-,vmj) € & & A(],Z) 75 0 and (’Uui,’ij) € &, &
B(j,4) # 0. An arbitrary element of £ will be referred to by
e; for some ¢. By partitioning the node and edges sets, it is
possible to define the state subgraph G, = (V,, E;), which
captures only interactions between states as well as the input
subgraph G,, = (V, £,) which captures interactions from the
inputs to the states. Note that the input nodes do not interact
with each other nor is it possible to have an edge (vz, Vy;)-

When considering the signed graph G*, s((vg,vs5)) =
sgn(A(j,4)) and s((vys, vgj)) = sgn(B(4,¢)). Similarly for
G, w((vai,vny)) = A(j,8) and w((vuss vay)) = B, i)-

As an example, consider the system

-1 0 0 0 -2

x=1|5 0 2/(+|2 0|u 2)
4 -3 0 0 3

which is translated into G* and G* in Figure 2.

To describe these graphs requires a number of basic
definitions from graph theory. Unless otherwise noted, the
provided definitions follow [21]. A walk from vy to v,

Fig. 2: The graphs of the system in in Equation (2). 2a: G*
the signed graph. 2b: G* the weighted graph.

7(vo, vp), is any alternating sequence of nodes and edges
7(vo, vp) = Vo, €1, V1,€2,V2...,Up_1,€p, U such that v; €
V Vi and e; = (v;—1,v;) € £. The set of walks from vy to
vp is 6(vo, vp). A node v; is reachable from v;, which will
be written as v; — vj, if 6(v;,v;) # 0'. The length of a
walk, len(m), is equal to the number of edges in 7.

A walk has an associated sign which follows

s(m) =[] s(e)

e, ET

In this paper, a walk also has an associated weight:

w(m) = H w(e;).

e;em

This is distinct from the weight of a walk as it is
treated in many applications, such as shortest path al-
gorithms, which consider w(r) = 7 .. w(e;) [22].
Referring back to the example in Figure 2, the walk
m(uy, x3) = uq, (u1, T2), T2, (T2, x3), x3 is of length 2 and
has s(m(u1,x3)) = —1 and w(w(u1,x3)) = —6.

To begin classifying the system in Equation (1) based on
the signed graph G°, we define two basic types of sets.
Let V. é be the set of nodes reachable from vy via at least
one negative walk of length d. Similarly P is the set of
nodes reachable from v,,; through at least one positive walk
of length d. If there is only one input to the system, the
superscript will be dropped to refer to Ay and P, instead of
N and P}. Figure 3 shows an example of these sets.

Fig. 3: An example of Ny and Py: N7 = {z1}, Ny =
{z3, 24}, P1 = {2}, P2 ={x4}

As will be seen, the sets 775 and N j often provide suffi-
cient information to determine the herdability of a system. To
show this requires classifying the structure of the weighted

IReachability is discussed within both graph theory and control theory.
This paper will use the term reachable in both senses, with clarification only
if it is uncertain which notion of reachability is considered.



graph G*. Consider the total weight of positively signed
walks from input v,; to node v,; with length d,

+ _
Pjsid = Z

7\'66;(’01;,]'7’0111)

w(m),

where Hj (Vuj,vai) is the set of positive walks of length d
from v,; to v;;. From the definition of Pg, it holds that
p;' Sia > 0if vy € Pé and 0 else. Similarly the total weight
of negatively signed walks from input v,; to node v;; with

length d is
> w(n),

T€eo, (Vuj Vai)

Pisid =

where 6 (v, vi) is the set of negative walks of length d
from v,; to v,; and it follows that p_,; ; < 0 if v, € N
and O else. Then the weight of all walks from input v,;
follows:

L — T -
Pj—id = Pj_yia T Piiar

Consider the example shown in Figure 4.

Fig. 4: An example of a signed graph where Nz and P, don’t
completely determine p;_,; g

The signed graph represents all systems of the form

0 0 0 0 B
x— |7 0 0 O x4 0 u

o9 0 0 0 0

0 a3 Oy 0 0

where o, ag, ag, ay, f1 > 0. Here the total walk weight to
node v,4 at length 2 is

P1—4,2 = 51 (a2a4 - a1a3)

which can be positive, negative or zero depending on the
values of the various constants. While it is possible to define
a notion of structural herdability to capture how pi_4
depends on the system constants, this paper focuses instead
on the case where N and P; uniquely determine the sign
of pjid. ,

The case where the sign of p;_,; 4 is determined by N
and P’ is shown in the following Lemmas. These Lemmas
follow directly from the definitions of the sets P} and N
and as such are presented without proof.

Lemma 2: If vy; € P Ay ¢ N then pj_;.q > 0.

Lemma 3: If vy, € N Avg; ¢ P7 then pj_y; 4 <O.

It is possible to relate p;_.; 4 with the system matrices
A, B and ultimately the controllability properties of the

system. Define a weighted adjacency matrix A, for GY,
where (Ay)i; = w((Vaj,Vei)) if (Vaj,vei) € &, and
(Ay)i; = 0 if not. Define a weighted adjacency matrix B,
for GV, where (By)i; = w((Vyj,vzi)) if (Vuj,vei) € Eu
and (Bw)m = 0 if not. Note that from the definition of the
weight of an edge, A,, = A and B,, = B. Then (A1B), 5
is the sum of the weight of all walks of length d from v,;
to v,;. More formally:
Lemma 4:
(A"'B)ij = pjsia-

Proof: The result will be shown via proof by induction
on d. Consider the case of d = 1. By the definition of the
weight of an edge:

(B)ij = pj—in-

Consider the weight of all walks of length d from an input
Uy; to a state node v,;. By assumption, (Ad_2B)i,j =
Pj—id—1- As A1B = AAY"2B, it follows that

(A'B), ; = Z(A)i,kpj%k,dflo

k=1
As a walk of length d is the concatenation of a walk of length
d — 1 and a walk of length 1, it follows from the definition
of the weight of a walk that

Z(A)i,kpjﬁk,dfl = Pjid-
k=1
|
As C is the concatenation of matrix products from B to
A"~ 1B, Lemma 4 shows that the herdability of the system
in Equation (1) is determined by walks on G* which have
lengths from 1 to n. Further:
Lemma 5: (C)i (m(d—1)+j) = Pj—i,d-
Proof: From Lemma 4,

(Ad_lB)i,j = Pjid-

From the definition of the controllability matrix, the sub-
matrix

(C):,m(d—1)+1:md = AdilB‘
The result follows. ]

IV. A NEecessary CoNDITION FOR COMPLETE HERDABILITY

This section shows how graph structure and system herd-
ability are related by providing a necessary condition for
complete herdability of a system known as input connectabil-
ity. It also explores some examples that show why input
connectability is only a necessary condition.

Definition 4: A graph is input connectable if

U % =V,

Vyuj €V

where Z; is the set of nodes reachable from v,;: #; =
{’Um‘ eV, | Uyj — Um'}.

To show the necessity of input connectability, requires that
the condition on the range of C presented in Theorem 1 be



used to show Lemma 6, which characterizes the herdability
of a single node.
Lemma 6: A state 1 is herdable if and only if 35 such that

(C)i,; #0.
Proof: ((C); ; # 0 = i Herdable) If (C); ; # O then by
appropriate choice of the j-th element of a vector z it holds
for a positive constant w that:

(Cz); =w

Then there is a vector k € range(C) with k; > 0 and v,; is
herdable by Theorem 1.

(Herdable = (C); ; # 0 ) Suppose the contrary. Then by
assumption Vj (C); ; = 0. Consider making x(¢t) > h from
an initial state x(0) = 0,. As Vj (C);; = 0, it holds that
Vz € range(C), #z = 0 and by Lemma 1 for any reachable
x(t) Vt > 0, x(t); = 0 and state ¢ is not herdable. |

If a single node is not herdable then the system is not
completely herdable. As such, Lemma 6 can be used to show
the following.

Theorem 2: If a system is completely herdable, then it is
input connectable.

Proof: Suppose not. Then by assumption, there exists

a node v,; such that v,; ¢ | ; Z; and as such there is no
walk from an input to v,;. If there is no walk to v,;, then
(C);, = 0, by Lemma 5 and the node will not be herdable
by Lemma 6. As such, the system is not completely herdable.
|

Consider the following two examples that show why
input connectability is only a necessary condition and not
a sufficient condition. These examples are presented here as
the condition of Theorem 5 in Section V ensures that the
system is input connectable and that the cases presented in
these examples do not occur.

The first example has to do with the structure of the signed
graph G*. We return to the example given in the Section I,

which is shown again in Figure 5.
/}:KL ,/Cki

(@ (b)

Fig. 5: The systems represented by the graph structure in Sa
are completely herdable, while 5b shows a graph structure
that is never completely herdable.

Figure Sa represents systems of the form

. oo 3
o[ g 1]

where (1, 82 > 0, which gives a controllability matrix:

_ 81 0
C‘{@ J

And by inspection,

range(C) = span ({ {gj }) |

This system is always completely herdable.
On the other hand, Figure 5b can be translated to systems

of the form: 0 0 5
. —b1
«=lo o [2] 0

where (1, 82 > 0. This gives a controllability matrix:

-1 0]
C =
{ B2 0
And by inspection,

anec) = spon ({[2]1).

Here either v, or v,2 can be made larger than all thresholds
h > 0 but not both. This example illustrates a fundamental
trade off when herding signed digraphs, which is that at a
given distance from the input either Ay or Py can be herded
but not both. In the language of social networks, it is not
possible to simultaneously convince an enemy and a friend.

It turns out that Figure 5a is an example of a positive sys-
tem. In the case of a positive system, input connectability is
a necessary and sufficient condition for complete herdability.
Before showing this, consider the following definitions.

A system is positive if an element-wise non-negative initial
state under element-wise non-negative control input remains
element-wise non-negative [23]. Further a positive system
is excitable if and only if each state variable can be made
positive by applying an appropriate nonnegative input to the
system initially at rest [x(0) = 0,,] [23].

With these definitions, it is possible to re-prove the theo-
rem of [24] in light of the characterization of Theorem 1:

Theorem 3: A positive linear system is completely herd-
able if it is input connectable.

Proof: By Theorem 8 of [23], an input connectable,
positive linear system is excitable. Then there is an element-
wise positive vector in the reachable subspace, which is also
the range of the controllability matrix by Lemma 1. Then by
Corollary 1, the system is completely herdable. [ ]

The second example that shows why input connectability
is only a necessary condition and not a sufficient condition
can be seen based on the weighted graph G, specifically
the cancellation of walk weights from an input to a state
node. It is possible that a node be included in both N;] and
P which could lead to a combination of weights such that
pj—i,a = 0. If the only walks to v,; are of length d then the
node v,; is not herdable, as is the case for v,4 in Figure 4.
The following lemma shows a condition which ensures this
undesirable interaction does not occur. _ A

Lemma 7: If vy, € N UP) A vy ¢ N NP then
Pi—id # 0.

Proof: Suppose the contrary. Then

Pj—kd =0
+ - _
Pjkat Piska =0
As vy, € NJ UPJ it holds that

+ —
Piskd >0 Pia <0



which implies that

Vi € ’P(ji, Vi GN{;
vas € PI AN

V. A CrLass oF CoMPLETELY HERDABLE SYSTEMS

This section draws together the definitions and concepts
from the previous sections to describe a class of completely
herdable systems, characterized both by the controllability
matrix and the structure of the underlying graph.

Theorem 4: 1f for each state ¢ € {1,2,...,n}, there exists
a distance d and an input j < m such that (C); p(a—1)+; # 0
and each element of the vector (C). n(4—1)+; has the same
sign then the system is completely herdable.

Proof: For state i let d* be the distance and let j% be
the input, which satisfy the conditions of the Theorem and
define 7; = m(d" — 1) + j*. For ease of exposition, define
the sign of a column when all elements of the column have
a single sign so that sign((C).,) = 1 if sign((C);,) =1
and sign((C). ~,) = —1 if sign((C);,) = —1.

Consider I = | J, 74, the set of all +; such that there is no
repeated values. This is necessary as it may be that for two
states ¢ and j, v; = ;.

Construct the vector & such that e, = 0if Kk ¢ T, s = 1
if Kk € T and sign((C).x) =1 and @, = -1 if k € T and
Sign((c):,n) =-1L

As the condition of the Theorem holds for all ¢ €
{1,2,...,n}, there exists k € R™ which is element wise
positive such that

Ca=k

and the system is completely herdable by Corollary 1. ®
The following Theorem provides a case where the com-
position of the sets P and N uniquely determines the
herdability of the graph.

Theorem 5: 1f for each v,; € V,, there exists a distance
d and an input v,; such that v,; € N U P} and N =
() V. P/ = () then the system is completely herdable.

Proof: Consider the herdability of a node v,; which
satisfies vy € N7 U Pgl and Nj: 0V ”Pi = () for
some d’ and vy;i. As /\/31 :_(Z) v P(Jil = Q), it must be that
Vgi € Né, UP;: and vy; ¢ J\/g;ﬁPi: as Ni, 077;; = (). From
Lemma 5 and Lemma 7, this implies (C); m(ai—1)4;¢ 7 0
Additionally, as N’ ji = @!7)(31: = (), Lemma 2 and Lemma 3
show that all nonzero elements of (C). ,,,(4i—1)+,: have the
same sign. As this hold for all v,;, the system is completely
herdable by Theorem 4. [ ]

As Theorem 5 only provides a sufficient condition for
herdability there are cases where the condition of Theorem 5
does not hold but the system is still completely herdable.
Figure 6 shows a simple example.

(22
@/.\@

Fig. 6: An example of a completely herdable graph which
does not satisfy the condition of Theorem 5.

VI. SuBSET SELECTION: DIRECTED OUT-BRANCHINGS

If a system is not completely herdable, it is still possible
to control a subset of the system nodes to enter the set H,.
This section presents such a selection procedure in the special
case of graphs that are a rooted out-branching.

A directed graph, G = OA),EA') is a rooted out-branching
if it has a root node v; € V such that for every other node
vj € V there is a single directed walk from v; to v;. The
case considered here is that of a single input, input rooted
out-branching, which means that every node v,; € ]A/r has a
single in-bound walk from the single input v,. The unique
walk from v, to v,; in the input-rooted out-branching will
be referred to as m¢(vy, vy;). Consider the maximum walk
length between v,, and a state node, which is

dmax = max len(m(vy, vgi)).
Vi €Vz
Let H, be the set of nodes made larger than some lower
threshold ~ > 0 via a signal from the input v,,.
Theorem 6: In an input rooted, out-branching, H,, follows

dmax

H, = |J Xa
d=1

where X; € {P4, Ny, 0}.

Proof: Consider the ability to herd a node v,; and
assume that len(my(vy,vzi)) = d;. As there is only one
walk from v, to v, it holds that (C);q = 0, Vd €
D, such that d # d; and (C); 4, # 0. Further v,; is either in
P4 or in Nz but can not be in both as there is only one path
to vg;. Then if vy, is in Py,, py—id > 0 by Lemma 2 and
consequently (C); 4, > 0 by Lemma 5 or if vy, is in N,
Pu—id < 0 by Lemma 3 and (C); 4, < 0 by Lemma 5.

Then it follows that (C). 4, uniquely determines the abil-
ity to herd all nodes at distance d;. If ag = 1 then
((C);7diadi)i > 0, V¢ such that v,; € ,Pdi and Pdi is
herdable by Theorem 1. If ag; = —1 then ((C). 4, vai); >
0, Vi such that v,; € Ny, and Ny, is herdable by Theo-
rem 1. Finally if aig; = 0 then (C). 4,q; = 0,, and no nodes
are herded. Then by the appropriate choice of g ; the set of
nodes that can be herded at distance d; from u, Xz must be
one of {Py, Ny, 0}.

Construct a vector & € R™ where Vd € {1,2, ..., dnax}

1 so that X; = Py,
—1 so that Xy = Ny,
0 so that X; =0,

g =



and where the remaining n — dy,ax elements are 0. Then Ca
shows the herdability of the set of nodes UZZ‘“{‘ Xy. [ ]

Corollary 2: The maximal collection of nodes, H, that
can be herded in a input rooted out-branching satisfies

max

H| =) max(|INi, [P]).

=1

In the case of an single input, input connectable, directed
out-branching where Vd € {1,2,...,dnax}, Nga =0V Py =
(), Corollary 2 shows that |HX| = n, or equivalently that the
system is completely herdable. Figure 7 shows an example
of selecting the set of nodes that can be herded in an input
rooted, out-branching.

+ +
OO )
Fig. 7: An example of an input rooted out-branching

The graph in Figure 7 can be translated into the following
class of systems:

0 0 0000 —B

0 0 0000 By
ae|ma 0 0000 po |

a 0 00 0 0 0

0 —as 0 0 0 0 0

0 as 00 0 0 0

where o, ag, a3, ayq, f1, 82 > 0. The system has a control-
lability matrix:

— 01 0 00 0 O
B2 0 0000
C— 0 Oélﬁl 0 0 0 O
o 0 —Olzﬂl 0 0 0 O
0 —01352 0 0 0 O
0 04452 0 0 0 O
where
—B1 0
Bo 0
0 a8y
C =
range(C) = span 0 —anf
0 —a3fa
0 ayfo
As such the possible sets of herded nodes are

{1,3,6},{1,4,5},{2,3,6},{2,4,5}.

The result of Theorem 6 is similar in nature to the k-
walk controllability theory put forward in [25]. The k-walk
theory shows that for each d € {1,2, ..., dnax} one element
of either A or Py can be controlled. In the graph given in
Figure 7, the possible sets of nodes that can be controlled are

{13} {1, 4}, {1,5},{1,6},{2,3},{2,4}{2,5},{2,6}. As a
consequence of the k-walk theory, the maximal collection of
nodes that are controlled in a directed out-branching from
input v,,, C7,, satisfies

|(CZ| = dmax-

In the case of herding a network, Corollary 2 shows that the
maximal collection of nodes, H,, will satisfy

dmax < |H, | < n.

Therefore in the worst case, the same number of nodes can
be herded as can be controlled and depending on the network
structure many more nodes can be herded. Note that the
results of Theorem 6 do not extend directly to the multi-input
out-branching case, as in a multiple input out-branching the
sets P} and A7) no longer uniquely determine the ability to
herd a node.

VII. CoNCLUSION

In this paper, we present a characterization of the herd-
ability of a subset of the state space via a condition on the
range of the controllability matrix, C. A classification of the
underlying system graph allowed for the exploration of a
number of consequences of the condition on the range of C
including that input connectability is a necessary condition
for complete herdability and that the sets P/ and N7 can
be used to characterize both a class of completely herdable
systems and the nodes that can be herded in a single input,
input rooted out-branching.
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