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Abstract—The article (Bazanella et al., 2019) presented the first
results on generic identifiability of dynamic networks with partial
excitation and partial measurements. All previous papers assumed
that either all nodes are excited or all nodes are measured. One
key contribution of that paper was to establish a set of necessary
conditions on the excitation and measurement pattern (EMP) that
guarantee generic identifiability: all sources must be excited and
all sinks measured, and all other nodes must be either excited or
measured. In this article, we show that two other types of nodes,
which are defined by the local topology of the network, play an
essential rôle in the search for a valid EMP, i.e., one that guaran-
tees generic identifiability. We have called these nodes dources
and dinks. We show that a network is generically identifiable only
if, in addition to the abovementioned conditions, all dources are
excited and all dinks are measured. We also show that sources
and dources are the only nodes in a network that always need to
be excited, and that sinks and dinks are the only nodes that need
to be measured for an EMP to be valid.

Index Terms—Dynamic networks, network analysis and control,
network identification.

I. INTRODUCTION

This work deals with identifiability of dynamic networks. The net-
work framework used in this article was introduced in [2], where signals
are represented as nodes of the network, which are related to other nodes
through transfer functions. To such dynamic network, one can associate
a directed graph, where the transfer functions, also called modules, are
the edges of the graph and the node signals are its vertices.

In [2], it was assumed that all nodes are excited and measured. As
a result, an input–output matrix of the network, denoted T (z), can
be defined, which can always be identified from these excitation and
measurement data. The network identifiability question is then whether
the network matrix, denoted G(z), whose elements are the transfer
functions relating the nodes, can be recovered fromT (z). In subsequent
works, a range of new objectives were defined, from the identification
of the whole network to identification of some specific part of the
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network [3], [4], [5], [6], [7], [8], [9], [10], [11]. As for the assumptions
on the signals, up to 2019, all contributions assumed that either all nodes
are excited, or all nodes are measured.

The first identifiability results for networks with partial excitation
and measurement were presented in [1]. Thus, in that paper, the as-
sumption that either all nodes are measured, or all nodes are excited,
was removed. The paper first provided a necessary condition for identi-
fiability of any network: each node must be either excited or measured,
at least one node must be excited and at least one node measured, all
sources must be excited, and all sinks must be measured.1

The results of [1] inspired a new way of looking at the network
identifiability problem. The question now becomes: what is a combi-
nation of excited nodes and measured nodes, defined as an excitation
and measurement pattern (EMP), that allows the identifiability of the
network? The concept of EMP was introduced in [12], where an EMP
was called valid if it guarantees the identifiability of the whole network;
it was called minimal if it guarantees the identifiability of the network
using the smallest possible combination of excited and measured nodes.
This number is the cardinality of the EMP. Achieving identifiability of
a network with a minimal EMP is of both theoretical and practical
interest, since the excitation of a node or its measurement has a cost.
On the other hand, having some flexibility in the choice of a valid
EMP is also of practical interest, since these costs may be significantly
different for different nodes. One must of course remember that each
node must be either excited or measured or both, as shown in [1]. As a
result, the cardinality of a valid EMP is always at least equal to n, the
number of nodes.

The search for valid, and possibly minimal, EMPs began by looking
at special structures. In [1], a necessary and sufficient condition was
given for the identifiability of a tree; it showed that a tree can possibly be
identified with an EMP of cardinalityn. In [13], necessary and sufficient
conditions were derived for the identifiability of some classes of parallel
networks. In [14], necessary and sufficient conditions were given for
the identifiability of loops. It was shown that any loop with more than
three nodes can be identified with a minimal EMP of cardinality n,
and that constructing EMPs for loops—even minimal EMPs—is very
easy. A novel approach to the generic identifiability of a network with
partial excitation and measurement was developed in [15], where a local
identifiability analysis allows the authors to determine which transfer
functions are identifiable with probability one.

In [16], we generalized the results of [1] for the identification of trees
to a much wider class of networks, namely, those that have the structure
of a directed acyclic graph (DAG), i.e., a directed graph that has no
cycles. In the process of deriving valid EMPs for the identifiability of a
DAG, we came up with a completely unexpected result. Whereas it has
been known for some time that identifiability of any network requires
that all sources must be excited and all sinks must be measured, we
showed that, besides sources and sinks, two other types of nodes play a

1See Section II for the definitions.
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particular rôle in the construction of a valid EMP for DAGs. We called
them dources and dinks,2 and we showed that identifiability of a DAG
requires that all its dources be excited and all its dinks be measured.

To our surprise, we have since realized that dources must be excited
and dinks must be measured for the identifiability of any dynamic
network, not just DAGs. This is the main message of this article, which
is organized as follows. In Section II, we define the dynamic networks
we deal with, we recall the definition of generic identifiability, and the
existing conditions on excitation and measurement for networks, and we
introduce the new concept of dources and dinks. In Section III, we show
that, in addition to the previously known conditions for identifiability of
a network, a network is generically identifiable only if all its dources are
excited and all its dinks are measured. The results of Section IV show
that sources and dources are the only nodes in a network that always
require excitation, and that sinks and dinks are the only nodes that need
to be measured for an EMP to be valid. The essential rôle of dources
and dinks for generic identifiability of a dynamic network may appear
bizarre at first. In Section V, we illustrate with an example the intuition
that underpins these two new concepts. We also show that, unless a node
is a source or a dource, one can always identify the network without
exciting that node. Finally, Section VI concludes this article.

II. DEFINITIONS, NOTATIONS, AND PRELIMINARIES

We consider dynamic networks composed of n nodes (or vertices),
which represent internal scalar signals {wk(t)} for k ∈ {1, 2, . . . , n}.
These nodes are interconnected by discrete time transfer functions,
represented by edges, which are entries of a network matrix G(z). The
dynamics of the network is given by the following:

w(t) = G(z)w(t) +Br(t) (1a)

y(t) = Cw(t) (1b)

where w(t) ∈ Rn is the node vector, r(t) ∈ Rm is the input vector,
and y(t) ∈ Rp is the set of measured nodes, considered as the output
vector of the network. The matrix B ∈ Zn×m

2 , where Z2 � {0, 1}, is a
binary selection matrix with a single 1 and n− 1 zeros in each column;
it selects the inputs affecting the nodes of the network. Similarly, C ∈
Zp×n

2 is a matrix with a single 1 andn− 1 zeros in each row that selects
which nodes are measured.

To each network matrix G(z), we can associate a directed graph G
defined by the tuple (V, E), whereV is the set of vertices andE ⊆ V × V
is the set of edges. It defines the topology of the network. A particular
transfer function Gij(z) of G(z) is called an incoming edge of node
i and outgoing edge of node j. For this transfer function, node i is an
out-neighbor of node j, and node j is an in-neighbor of node i. A node j
is connected to node i if there exists a directed edge from node j to node
i. For the graph G associated with G(z), we introduce the following
notations.
1) W—the set of all n nodes.
2) B—the set of excited nodes, defined by B in (1a).
3) C—the set of measured nodes, defined by C in (1b).
4) F—the set of sources: nodes with no incoming edges.
5) S—the set of sinks: nodes with no outgoing edges.
6) N−

j —the set of in-neighbors of node j.
7) N+

j —the set of out-neighbors of node j.
In addition, we introduce the following two types of nodes discussed

in Section I.
Definition 1: A node j is called a dource if it has at least one out-

neighbor to which all its in-neighbors have a directed edge.
Definition 2: A node j is called a dink if it has at least one in-neighbor

that has a directed edge to all its out-neighbors.

2See Section II for their definition.

Fig. 1. Example of a network where nodes 2 and 6 are dources, and
nodes 4 and 6 are dinks.

Observe that a node can be both a dource and a dink. Fig. 1 illustrates
an 8-node network, in which node 2 is a dource, node 4 is a dink, and
node 6 is both a dource and a dink.

Assumptions on the network matrix G(z)
We make the following assumptions on the network matrix.

1) The diagonal elements are zero and all other elements are proper.
2) (I −G(z))−1 is proper and all its elements are stable.

One can represent the dynamic network in (1a) and (1b) as an input–
output model as follows:

y(t) = M(z)r(t), with M(z) � CT (z)B. (2)

where

T (z) � (I −G(z))−1. (3)

Observe that T (z) is generically nonsingular by construction.
In analyzing the identifiability of the network matrix, it is assumed

that the input–output model M(z) is known; the identification of
M(z) from input–output data {y(t), r(t)} is a standard identification
problem, provided the input signal r(t) is sufficiently rich. The question
of identifiability of the network is then whether the network matrixG(z)
can be fully recovered from the transfer matrix M(z). We now give a
formal definition of generic identifiability of the network matrix from
the data {y(t), r(t)} and from the graph structure.

Definition 3 [6]: The network matrix G(z) is generically identifi-
able from excitation signals applied to B and measurements made at C
if, for any rational transfer matrix parameterization G(P, z) consistent
with the directed graph associated with G(z), there holds

C[I −G(P, z)]−1B = C[I − G̃(z)]−1B ⇒ G(P, z) = G̃(z)

for all parameters P except possibly those lying on a zero measure set
in RN , where G̃(z) is any network matrix consistent with the graph.

In this article, we discuss generic identifiability in terms of which
nodes must be excited and/or measured in order to guarantee identifia-
bility of the network. Thus, we do not assume that either all nodes are
excited or all nodes are measured, which was the common assumption
until the publication of [1]. Our results expand on the following propo-
sition, which gives a necessary condition for generic identifiability of
a network; it combines Theorem III.1 and Corollary III.1 of [1].

Proposition II.1: The network matrix G(z) is generically identifi-
able only if the following holds.
1) At least one node is excited and one node is measured.
2) All sources are excited.
3) All sinks are measured.
4) All other nodes are either excited or measured.

Finding conditions that guarantee generic identifiability of a given
network is equivalent to constructing an EMP that guarantees identifia-
bility; such EMP is then called a valid EMP. The concept of EMP and of
valid EMP, which led to the concept of minimal EMP, was introduced
in [12]. They are defined in the following.

Definition 4: A pair of selection matrices B and C, with its corre-
sponding pair of node sets B and C, is called an EMP. An EMP is said
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to be valid if it is such that the network (1a) and (1b) is generically
identifiable. Let ν = |B|+ |C|3 be the cardinality of an EMP. A given
EMP is said to be minimal if it is valid and there is no other valid EMP
with smaller cardinality.

The following result establishes a lower and an upper bound for the
cardinality of a valid EMP for any network.

Lemma II.1: The cardinality of a minimal EMP for the identification
of a dynamic network with n nodes is at least equal to n and at most
equal to 2n− f − s, where f is the number of sources and s the number
of sinks.

Proof: The lower bound results from Proposition II.1; it can actually
be achieved for trees and loops, as shown in [1] and [14]. As for the
upper bound, we know by Proposition II.1 that all sources must be
excited and all sinks measured, while the remaining n− f − s nodes
must be excited or measured. Assuming that these are all excited and
measured, then the cardinality of the EMP is f + s+ 2(n− f − s) =
2n− f − s. �

Proposition II.1 showed that, inter alia, all sources must be excited
and all sinks must be measured for an EMP to be valid. The main
objective of this article is to show that, in addition, all dources must be
excited and all dinks must be measured for an EMP to be valid. Beyond
this extension of the necessary conditions of Proposition II.1, we will
also present necessary and sufficient conditions on dources and dinks
that any valid EMP must satisfy.

From now on, we drop the arguments z and t used in (1a) and (1b)
whenever there is no risk of confusion. We first present a preliminary
technical lemma.

Lemma II.2: Consider a dynamic network with network matrix G
and transfer matrix T = (I −G)−1. The following relationships hold:

Tii = 1 +
n∑

j=1

TijGji = 1 +
n∑

j=1

GijTji (4)

Tik =
n∑

j=1

TijGjk =
n∑

j=1

GijTjk, for k �= i. (5)

Proof: The proof follows from:

T (I −G) = I ⇐⇒ T = I + TG. (6)

The ith row of T , denoted Ti, can be written as Ti = Ii + TiG, from
which the first equalities of (4) and (5) follow. As for the last equalities
of (4) and (5), they follow from the fact that (I −G)T = I = T (I −
G) ⇐⇒ GT = TG. �

III. NECESSARY CONDITION ON DOURCES AND DINKS

Our main result in this section is the following theorem. It presents
a new set of necessary conditions for the identifiability of a network,
which is a sharpening of those of Proposition II.1.

Theorem III.1: The network matrix G(z) is generically identifiable
only if the following holds.
1) At least one node is excited and one node is measured.
2) All sources and dources are excited.
3) All sinks and dinks are measured.
4) All other nodes are either excited or measured.

Proof: Observe that the necessary conditions of Theorem III.1 are
the same as those of Proposition II.1, with the addition that all dources
must be excited and all dinks must be measured. All conditions except
the excitation of dources and the measurement of dinks have been
proved in Proposition II.1. We thus prove that dources must be excited;
the proof for dinks follows by duality.

3| · |—Denotes the cardinality of a set.

Let D be a dource (see Definition 1), and let O be an out-neighbor
of D to which all its k in-neighbors I are connected. Both D and O
have dimension 1. Let the remaining n− 2− k nodes of the network
be labeled as S. The network matrix G can then be partitioned as
follows:

G =

⎡
⎢⎢⎢⎣

0 GDO GDI GDS

GOD 0 GOI GOS

GID GIO GII GIS

GSD GSO GSI GSS

⎤
⎥⎥⎥⎦ . (7)

Notice that from the definition of dource we have GDO = 04 and
GDS = 0 since all in-neighbors ofD are collected in I . We now assume
that the dource D is not excited and we show that we can then not
uniquely recoverGOD andGOI . From the relationship (I −G)T = I ,
we write down all equations in whichGOD andGOI appear. This yields
the following:⎡

⎢⎢⎢⎣
−GOD

1

−GOI

−GOS

⎤
⎥⎥⎥⎦

T ⎡
⎢⎢⎣

TDD TDO TDI TDS

TOD TOO TOI TOS

ineTID TIO TII TIS

TSD TSO TSI TSS

⎤
⎥⎥⎦ =

⎡
⎢⎢⎢⎣
0

1

0

0

⎤
⎥⎥⎥⎦

T

. (8)

Since D is a dource, it follows that GOD �= 0 and that all elements of
GOI are nonzero, whereas the elements ofGOS can be zero or nonzero.
Since it is assumed thatD is not excited, the first column of theT matrix
is unknown. Disregarding this unknown first column of T , we get the
following equation:[

GOD GOI

] [TDO TDI TDS

TIO TII TIS

]

=
[
TOO − 1−GOSTSO TOI −GOSTSI TOS −GOSTSS

]
.

(9)

The question is whether or notGOD andGOI can be uniquely identified
from (9), even in the situation where all nodes other than D are
both excited and measured, i.e., even if all TXY elements in (9) are
known. Equation (9) has a unique solution for [GOD GOI ] only if the
matrix [

TDO TDI TDS

TIO TII TIS

]
(10)

has full generic row rank. We show that this matrix does not have full
generic row rank. From (5) in Lemma 2.2, we have

Tik = Ti,:G:k = Gi,:T:,k (11)

whereTi,: andT:,k denote the ith row andkth column ofT , respectively.
Therefore, we can write

TDO = GD,:T:,O =
[
0 GDO GDI GDS

]
⎡
⎢⎢⎢⎣
TDO

TOO

TIO

TSO

⎤
⎥⎥⎥⎦

=
[
0 0 GDI 0

]
T:,O = GDITIO.

Similarly, we have that TDI = GD,:T:,I = GDITII , and TDS =
GD,:T:,S = GDITIS . Thus, the generic row rank of the matrix in (10)
is not full, since the first row is a linear combination of the elements of
the second block row. As a result, GOD and GOI cannot be uniquely

4Otherwise O would also be an in-neighbor of D, and since all in-neighbors
ofD must be connected toO, this would create a self-loop, which is not allowed.
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identified when the dource D is not excited, which proves condition 2)
of the Theorem. The result for dinks, i.e., condition 3) is obtained by
duality, and the proof is therefore omitted. �

These new necessary conditions for identifiability of a dynamic
network are both surprising and practically important. The definitions
of dources and dinks are based on the local topology around each node
of the network. In the search for a valid EMP, the first task is therefore to
locate the dources and dinks in the network and to enforce, in the EMP,
an excitation at each dource and a measurement at each dink; in addition,
of course, to the excitation of all sources and the measurement of all
sinks. An algorithm that detects all dources and dinks in the network
from its matrixG has been developed by Mapurunga [17]. It is based on
the fact that if the submatrixGN+

i
,N−

i
has at least one complete nonzero

row (column), then node i is a dource (dink).

IV. ONLY SOURCES AND DOURCES NEED TO BE EXCITED

In this section, we move from the necessary condition on the ex-
citation of sources and dources of Theorem III.1 to a necessary and
sufficient condition. We first show that sources and dources are the
only type of nodes that need to be excited for the generic identifiability
of a dynamic network, regardless of the EMP on all other nodes of the
network.

Theorem IV.1: Consider a dynamic network with network matrix G
and let D be a node of interest. There exists at least one valid EMP,
in which node D is measured but not excited, if and only if node D is
neither a source nor a dource.

Proof: The necessity of excitation follows directly from Theorem
III.1. We thus need to prove that, if node D is neither a source nor
a dource, then there exists an EMP, in which D is measured but not
excited and for which G is generically identifiable. We define an EMP,
in which D is measured but not excited, all sources are excited and all
sinks are measured, and all other nodes are both excited and measured.
We show that if D is not a source or a dource, then, even if T:,D is not
available (because node D is not excited), we can identify all transfer
functions from the network.

Consider first all nodes of the network that are not out-neighbors of
D. These nodes are excited and measured, and their in-neighbors are
excited; thus their incoming edges are all identifiable by the dual of [6,
Corollary V.2]. Thus, we only need to consider the out-neighbors of D,
and prove that, for each of them, all its incoming edges are identifiable.
Let i be an out-neighbor of D, and consider its in-neighbors N−

i ; node
D is one of them. Since D is not a dource, its in-neighbors, which
are all excited, are not all connected to this out-neighbor i. Thus, the
in-neighbors of node i are not all in-neighbors of node D. Therefore,
there exist |N−

i | vertex disjoint paths from excited nodes to node i;
recall that all nodes of the network are excited except D. In addition,
by the assumption on the EMP, node D is measured, as well as all its
in-neighbors. The result follows from [1, Corollary IV.3]. �

The dual version of Theorem IV.1 for sinks and dinks is expressed
as follows. The proof is dual to that of Theorem IV.1 and is therefore
omitted.

Theorem IV.2: Consider a dynamic network with network matrixG,
and let D be a node of interest. There exists at least one valid EMP,
in which node D is excited but not measured, if and only if node D is
neither a sink nor a dink.

The main message of Theorems IV.1 and IV.2 is the following.
Provided some node of interest in a network is neither a source nor a
dource, one can design a valid EMP for which this node is not excited.
Dually, provided some node is neither a sink nor a dink, one can design
a valid EMP for which this node is not measured. This has important

Fig. 2. Why does a dource require excitation?

practical implications for the design of EMPs, for example when a node
is difficult to excite or difficult to measure.

V. UNDERSTANDING DOURCES AND DINKS

In this section, we first explain the intuition behind the requirement
for the excitation of a dource, using a very simple example. We then
present another example to illustrate the result of Theorem IV.1.

A. Example A

Consider the network of Fig. 2.
Its network matrix G is

G =

⎡
⎢⎢⎢⎢⎣

0 0 G13 G14 0
G21 0 G23 G24 0
0 0 0 0 0
0 0 0 0 0

G51 0 0 0 0

⎤
⎥⎥⎥⎥⎦ . (12)

We observe that node 1 is a dource. Just as in the proof of Theorem III.1,
we identifyD as the dource, I as its in-neighbors,O as the out-neighbor
of D to which all its in-neighbors I are connected, and S as the
remaining nodes of the network. Both D and O have dimension 1. It
follows that, for Example A, we have D = {1}, O = {2}, I = {3, 4},
and S = {5}. The matrix in (10) is given by[

TDO TDI TDS

TIO TII TIS

]
=

[
T12 T1(3,4) T15

T(3,4)2 T(3,4)(3,4) T(3,4)5

]

=

⎡
⎣0 G13 G14 0
0 1 0 0
0 0 1 0

⎤
⎦ (13)

and it is clearly seen that there are only two nonzero equations to identify
the three unknowns GOD = G21 and GOI = [G23 G24]. Hence, any
EMP in which node 1 is not excited is not valid; in other words, in all
valid EMPs node 1 is excited.

The intuition behind this result can be observed from the graph of
Fig. 2. Nodes 3 and 4 are sources, and they must therefore be excited,
while node 2 must be measured because it is a sink. There are two
parallel paths from the in-neighbors of the dource (i.e., nodes 3 and
4) to its out-neighbor node 2. This makes the identification of the red
transfer function G21 impossible unless node 1 is excited. The crucial
condition for node 1 to be a dource is that all its neighbors must be
connected to the out-neighbor 2. If, on the other hand, G24 = 0, then
node 1 is no longer a dource and G21 becomes identifiable using the
excitation of node 4, without exciting node 1.

B. Example B

To illustrate the result of Theorem IV.1, we use the example of Fig. 3.
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Fig. 3. Illustration of Theorem IV.1.

Its network matrix is given by

G =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

0 0 G13 G14 0

G21 0 G23 G24 0

0 G32 0 0 0

0 0 0 0 0

G51 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
. (14)

We observe that node 1 is a dource. With the same definitions as in
Example A, we now have D = {1}, O = {2}, I = {3, 4}, and S =
{5}. The input–output matrix T is given in (19) as shown at the bottom
of this page, with Δ = 1−G23G32 −G21G13G32.

We first establish, for this Example, that node 1 must be excited. If it
is not excited, then the first column of the T matrix in (8) is unknown,
and the question is whether or not GOD and GOI can be uniquely
identified from (9), even if all TXY elements in (9) are known. The
relevant matrix multiplying [GOD GOI ] in (9) is therefore (10), which
is given by

[
TDO TDI TDS

TIO TII TIS

]
=

[
T12 T1(3,4) T15

T(3,4)2 T(3,4)(3,4) T(3,4)5

]

=
1

Δ

⎡
⎢⎣
G13G32 G13 G13G32G24 −G14G23G32 +G14 0

G32 1 G32G14G21 +G32G24 0

0 0 Δ 0

⎤
⎥⎦

with Δ = 1−G23G32 −G21G13G32. It is not difficult to check that
the first row of this matrix is a linear combination of the other two:
l1 = G13l2 +G14l3. As a result, there are only two linearly inde-
pendent equations to identify the three unknowns GOD = G21 and
GOI = [G23 G24]. Hence, any valid EMP requires excitation of node
1, which confirms Theorem III.1.

We now illustrate Theorem IV.1 for this example. Since node 1 is
the only dource, and node 4 is the only source, the theorem states that
the excitation of any other node is dispensable, in the sense that there
is at least one valid EMP for which this node need not be excited. We
illustrate the result with node 3. Suppose that we do not excite it, so
that the third column of T in (19) shown at the bottom of this page, is
unknown. Identification of the network matrix must then rely on solving

the set of equations

GT̃ = T̃ − Ĩ (15)

where T̃ is the (5× 4) matrix obtained by removing the third column
ofT , and Ĩ is the (5× 4)matrix obtained by removing the third column
of the identity matrix I5. This set of equations can be organized as four
different systems of linear equations, one for each row of G

[
G13

G14

]T [
T31 T32 T34

0 0 T44

]
=

⎡
⎢⎣
T11 − 1

T12

T14

⎤
⎥⎦

T

(16)

⎡
⎢⎣
G21

G23

G24

⎤
⎥⎦

T ⎡
⎢⎣
T11 T12 T14

T31 T32 T34

0 0 T44

⎤
⎥⎦ =

⎡
⎢⎣

T21

T22 − 1

T24

⎤
⎥⎦

T

(17)

G32T21 = T31, G51T11 = T51 (18)

where in all cases we have omitted the last column, which is
zero. In (16), it is clear from the matrix structure that there
are two linearly independent equations for the two unknowns. In
(17), it can be verified that the rank of the matrix is generically

3 by checking that det
([

T11 T12

T31 T32

])
= 1

Δ
[G32(1−G23G32)−

G21G13G
2
32)] = G32 �= 0 and that T44 = 1. The equations in (18) are

scalar, with T21, T11 �= 0.
Hence, each one of the four equations (17)–(19) has a unique solution

and thus all the elements of the network matrix can be identified from
knowledge of the first, second, and fourth columns, confirming that
there is no need to excite node 3. One valid EMP would thus be B =
{1, 2, 4} and C = {1, 2, 3, 5}.

On the other hand, it is easy to see that node 4, which is a source,
must be excited: if the fourth column of T is unknown, then there are no
coefficients multiplying G14 or G24 in any equations, so these transfer
functions cannot be identified.

VI. CONCLUSION

This article has put the spotlight on the essential rôle of two types of
nodes, dources and dinks, whose existence in a network is easy to detect
and depends on the local topology only. Their rôle is essential in that
they enforce constraints on the design of any valid EMP. Designing
a valid EMP is the key to the identification of a dynamic network.
With the results of this article, we now know that without exciting
all sources and all dources, and without measuring all sinks and all
dinks, it is impossible to identify a dynamic network. The first task
of any experiment designer is to detect all dources and dinks in the
network, which is easily achieved using the algorithm [17], that is freely
available.

But in addition to this constraint, in the form of a necessary condition,
this article has shown that if a specific node is not a source or a
dource, the network is always identifiable without exciting it. Dually, if
a specific node is not a sink or a dink, the network is always identifiable
without measuring it.

T =
1

Δ

⎡
⎢⎢⎢⎢⎣

1−G23G32 G13G32 G13 G13G32G24 −G14G23G32 +G14 0
G21 1 G23 +G21G13 G21G14 +G24 0

G32G21 G32 1 G32(G21G14 +G24) 0
0 0 0 Δ 0

G51(1−G23G32) G51G13G32 G51G13 G51(G13G32G24 −G14G23G32 +G14) Δ

⎤
⎥⎥⎥⎥⎦ . (19)

Authorized licensed use limited to: Michel Gevers. Downloaded on February 27,2025 at 09:50:58 UTC from IEEE Xplore.  Restrictions apply. 



1308 IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 69, NO. 2, FEBRUARY 2024

REFERENCES

[1] A. S. Bazanella, M. Gevers, and J. M. Hendrickx, “Network identification
with partial excitation and measurement,” in Proc. IEEE 58th Conf. Decis.
Control, 2019, pp. 5500–5506.

[2] P. M. J. Van den Hof, A. Dankers, P. S. C. Heuberger, and X. Bombois,
“Identification of dynamic models in complex networks with prediction
error methods methods for consistent module estimates,” Automatica,
vol. 49, no. 10, pp. 2994–3006, Oct. 2013.

[3] M. Gevers, A. S. Bazanella, and A. Parraga, “On the identifiability of dy-
namical networks,” IFAC-PapersOnLine, vol. 50, no. 1, pp. 10580–10585,
Jul. 2017.

[4] A. S. Bazanella, M. Gevers, J. M. Hendrickx, and A. Parraga, “Identifia-
bility of dynamical networks: Which nodes need be measured?,” in Proc.
IEEE 56th Annu. Conf. Decis. Control, 2017, pp. 5870–5875.

[5] S. Shi, X. Cheng, and P. M. J. Van den Hof, “Generic identifiability of
subnetworks in a linear dynamic network: The full measurement case,”
Automatica, vol. 137, Mar. 2022, Art. no. 110093.

[6] J. M. Hendrickx, M. Gevers, and A. S. Bazanella, “Identifiability of
dynamical networks with partial node measurements,” IEEE Trans. Autom.
Control, vol. 64, no. 6, pp. 2240–2253, Jun. 2019.

[7] N. Everitt, G. Bottegal, and H. Hjalmarsson, “An empirical Bayes approach
to identification of modules in dynamic networks,” Automatica, vol. 91,
pp. 144–151, May 2018.

[8] M. Gevers, A. S. Bazanella, and G. V. da Silva, “A practical method for
the consistent identification of a module in a dynamical network,” IFAC-
PapersOnLine, vol. 51, no. 15, pp. 862–867, Jan. 2018.

[9] H. J. Van Waarde, P. Tesi, and M. K. Camlibel, “Necessary and sufficient
topological conditions for identifiability of dynamical networks,” IEEE
Trans. Autom. Control, vol. 65, no. 11, pp. 4525–4537, Nov. 2020.

[10] S. Jahandari and D. Materassi, “Sufficient and necessary graphical condi-
tions for MISO identification in networks with observational data,” IEEE
Trans. Autom. Control, vol. 67, no. 11, pp. 5932–5947, Nov. 2022.

[11] X. Cheng, S. Shi, and P. M. J. Van den Hof, “Allocation of excitation signals
for generic identifiability of linear dynamic networks,” IEEE Trans. Autom.
Control, vol. 67, no. 2, pp. 692–705, Feb. 2022.

[12] E. Mapurunga and A. S. Bazanella, “Optimal allocation of excita-
tion and measurement for identification of dynamic networks,” IFAC-
PapersOnLine, vol. 54, no. 7, pp. 43–48, Jan. 2021.

[13] E. Mapurunga and A. S. Bazanella, “Identifiability of dynamic networks
from structure,” IFAC-PapersOnLine, vol. 54, no. 7, pp. 55–60, Jan. 2021.

[14] E. Mapurunga, M. Gevers, and A. S. Bazanella, “Necessary and sufficient
conditions for the identifiability of isolated loops,” IEEE Control Syst.
Lett., vol. 6, pp. 2276–2280, 2022, doi: 10.1109/LCSYS.2022.3144950.

[15] A. Legat and J. M. Hendrickx, “Local network identifiability with partial
excitation and measurement,” in Proc. 59th IEEE Conf. Decis. Control,
2020, pp. 4342–4347.

[16] E. Mapurunga, M. Gevers, and A. S. Bazanella, “Excitation and measure-
ment patterns for the identifiability of directed acyclic graphs,” in Proc.
IEEE 61st Conf. Decis. Control, 2022, pp. 1616–1621.

[17] E. Mapurunga, “Detecting dources and dinks,” 2022. [Online]. Available:
https://github.com/edumapurunga/DourcesDinks

Authorized licensed use limited to: Michel Gevers. Downloaded on February 27,2025 at 09:50:58 UTC from IEEE Xplore.  Restrictions apply. 

https://dx.doi.org/10.1109/LCSYS.2022.3144950
https://github.com/edumapurunga/DourcesDinks


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


