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Abstract

Identifiability is a structural property of any ODE model characterized by a set of unknown
parameters. It describes the possibility of determining the values of these parameters from
fusing the observations of the system inputs and outputs. This paper finds the general analytical
solution of this fundamental problem and, based on this, provides a general and automated
analytical method to determine the identifiability of the unknown parameters. In particular,
the method can handle any model, regardless of its complexity and type of non-linearity, and
provides the identifiability of the parameters even when they are time-varying. In addition, it is
automatic as it simply needs to follow the steps of a systematic procedure that only requires to
perform the calculation of derivatives and matrix ranks. Time-varying parameters are treated
as unknown inputs and their identification is based on the very recent analytical solution of the
unknown input observability problem [1, 2]. The method is used to determine the identifiability
of the unknown time-varying parameters that characterize two non-linear models in the field of
viral dynamics (HIV and Covid-19) and a non-linear model that characterizes the genetic toggle
switch. New fundamental properties that characterize these models are determined and discussed
in detail through a comparison with the state-of-the-art results. In particular, regarding the very
popular HIV ODE model and the genetic toggle switch model, the method automatically finds
new important results that are in contrast with the results in the current literature.

Keywords: Structural Identifiability; System Identification; Nonlinear observability;
Unknown Input Observability; Unknown Input Reconstruction; Viral dynamics;
HIV dynamics; Covid-19 dynamics; Genetic toggle switch.



Highlights

1. Algorithm that solves the most general Unknown Input Observability problem usable by a
non specialist user.

2. Algorithm that determines the time-varying parameter identifiability of any ODE model

3. Determination of the continuous transformations (one parameter Lie groups) which allow
us to construct the set of indistinguishable states and indistinguishable unknown inputs in
the presence of unobservability and unidentifiability.

4. Observability and identifiability of a very popular HIV model, a Covid-19 model, and a
model that characterizes the genetic toggle switch.

5. Detection of errors in the state of the art about the HIV ODE model identifiability and the
genetic toggle switch identifiability. In particular, detection of a serious error in Section
6.2 of [3]'.

I The interested reader can find a detailed explanation of the serious error made by the authors of [3] in [5]. Note
that Section 6.2 of [3] contains two distinct errors. The former, which is a simple typo, was recently acknowledged
by the authors (see [4]). However, in [4], the authors still concluded that the system is observable/identifiable.
The very serious error committed by the authors is highlighted in Section 3.2 of [5] and lies in an incorrect use
of the Inverse Function Theorem. In particular, when using this theorem, the authors did not take into account
the constraints due to the dynamics of the system, as shown in Section 3.2 of [5].



Chapter 1

Introduction

Ordinary Differential Equations (ODEs) are used to model a plethora of phenomena in many
scientific domains, ranging from the natural and applied sciences up to the social sciences.

An ODE model is characterized by a state that consists of several scalar quantities. Its time
evolution is precisely described by a set of ordinary differential equations (one per each state
component). In addition to the state components, an ODE model can also include a set of
parameters which may be known or unknown. Finally, an ODE model is characterized by a set
of outputs and, very often, by a set of inputs. The inputs are functions of time that act on
the state dynamics and that can be assigned (with some restrictions that depend on the specific
case). The outputs are available quantities and can be expressed in terms of the state and, in
some cases, also in terms of the above inputs and the above model parameters.

State observability and parameter identifiability are two structural properties of an ODE
model. The former characterizes the possibility of inferring the values that the state components
take, starting from the knowledge of the system inputs and outputs (e.g., [6, 7, 8, 9, 10]). The
latter characterizes the possibility of inferring the values of the model parameters, again, from
the knowledge of the system inputs and outputs (e.g., [11, 12, 13]).

Performing an observability and an identifiability analysis is fundamental in order to set up
an ODE model, i.e., in order to correctly define the state and the parameters that the informa-
tion contained in the sensor measurements allows us to estimate. Characterizing a given system
with a state that is unobservable and/or with parameters that are unidentifiable can have dra-
matic consequences during the estimation and/or the identification process. Note that, for many
complex sensor fusion problems studied in the past, this task (observability and identifiability
analysis) was accomplished and played a crucial role to set up a suitable ODE model. For ex-
ample, this has been the case for the following sensor fusion problems: visual and inertial (e.g.,
see the works [14, 15, 16, 17, 18]), visual and pressure (e.g., [19]), GPS and odometry (e.g., [20]),
wheel encoders and ultra-wideband (e.g., [21]), radio beacons and inertial (e.g., [22]). Addition-
ally, this has also been the case in the framework of distributed estimation over a low-cost sensor
network (e.g., see [23] and references therein). In most previous works (and in many others), the
observability analysis of the considered sensor fusion problem was essential to set up a proper
ODE model (note that in the above works, the concept of identifiability was not distinguished
from observability and, with observability analysis, it was actually intended observability and
identifiability analysis). More in general, the key role of observability in information fusion has
recently been investigated in [24].

An ODE model may also include the presence of unknown inputs, i.e., inputs that act on
the system dynamics precisely as the aforementioned inputs. However, they differ from them
because they are unknown. From a mathematical point of view, an unknown input plays exactly
the same role of an unknown time-varying parameter. In the literature, the possibility of inferring
their values has been called in different manners: input observability, input reconstruction, and
sometimes system invertibility (e.g., [25, 26, 27, 28, 29, 30, 31, 32]).

Throughout this paper, we adopt the following terminology. Observability refers to the com-
ponents of the state. Unknown Input Observability (abbreviated UIO) still refers only to the state
components, but when the ODE model also includes the presence of unknown inputs (or time-
varying parameters). Identifiability refers to all the unknown parameters. When a parameter is



time-varying we also use the term unknown input reconstruction to mean its identifiability.

We emphasize that the identifiability of constant parameters can be addressed using methods
to study observability (e.g., through the use of the observability rank condition, [8, 9], when the
system does not contain unknown time-varying parameters). Indeed, the time evolution of a
constant parameter is trivially known (its time derivative vanishes, by definition). As a result,
by including it in the state, we get a new ODE model in which the presence of this parameter
is eliminated as it has become a component of the state (see the last paragraph of Section 2.2).
In the presence of time-varying unknown parameters, the same approach does not provide the
same immediate result. If a time-varying parameter is included in the state, the resulting ODE
model will be characterized by a new unknown parameter, which is its time derivative (in general
time-varying).

ODE identifiability analysis is present in a large variety of scientific domains and several
interesting methods have been proposed. An exhaustive review of the methods proposed up to
2011 can be found in [3]. Some of these methods are very interesting and, in many cases, they can
successfully be used to detect all the identifiability properties of a given ODE model. However,
they have the following fundamental limitations:

e They are not general. They are based on several properties that sometimes cannot be
exploited in the presence of a given type of system nonlinearity (i.e., a given function f
and/or h in Equation (2.1)).

e They cannot be executed automatically. In most of cases, they must be adapted to the
specific case under investigation and this adjustment requires inventiveness by the user. In
particular, this process cannot be carried out by simply following the steps of a systematic
procedure (e.g., by running a code without human intervention).

The second limitation becomes particularly relevant in the case of time varying parameters
where, in some cases, an erroneous application of these methods provided wrong results. Specif-
ically, in our study about the identifiability of the ODE HIV model given in Section 6.4, we
obtain a fundamental new result that contradicts the result obtained in Section 6.2 of [3], which
was obtained by using one of these methods (a detailed explanation of the serious error made by
the authors of [3] is available in [5]).

In the last decade, thanks to the progress in UIO, several new interesting approaches have
been proposed. Specifically, the nonlinear UIO problem was approached by introducing an
extended state that includes the original state together with the unknown inputs and their time
derivatives up to a given order [33, 34, 35, 36, 37]. In [35, 36, 37], this was used to study the
identifiability of the unknown time-varying parameters. In particular, in [35, 36, 37], several
automatic iterative algorithms were introduced. These algorithms work automatically and are
able to check the identifiability of time-varying parameters. On the other hand, they suffer from
the following limitations:

e They do not converge, automatically. In particular, at each iterative step, the state is
extended by including new time derivatives of the unknown inputs. Consequently, if the
extended state is observable at a given step, convergence is achieved. However, if this
were not the case, we can never exclude that, at a later step, the extended state becomes
observable. Therefore, in the presence of unobservability, all these algorithms remain in-
conclusive.

e Due to the previous state augmentation, the computational burden can easily become
prohibitive after a few steps.

Very recently, we introduced the analytical solution of the nonlinear UIO [2], starting from
the results/derivations presented in [1]'. In particular, the algorithm introduced in [2] does not
encounter the aforementioned limitations? and provides a full answer to the problem of the state

I This analytical solution is also based on the results obtained in [38] and [39], which deal with special systems,
namely characterized by a single unknown input, and dynamics linear with respect to this unknown input.

2Note that, the solution introduced in [2] could need the inclusion of some of the Uls in the state. However,
this inclusion is targeted and terminates in a finite number of steps, as soon as the extended system achieves its
highest unknown input degree of reconstructability (see Section 5 in [2]).



observability for any nonlinear ODE model, in the presence of unknown inputs (or time-varying
parameters). On the other hand, the algorithm introduced in [2] deals with the observability of
the state and not with the identifiability of the time-varying parameters. In [2], we exploited this
analytical solution to provide a preliminary result also about the identifiability of the time-varying
parameters (unknown input reconstruction). One of the goals of this paper is the extension of this
preliminary and partial result, and the introduction of a complete systematic procedure to study
the identifiability of the time-varying parameters. Then, we adopt this systematic procedure to
study the identifiability of a very popular HIV model (e.g., [3, 35, 40, 41, 42]) and a Covid-19
model [43, 44].
The contributions of this paper are the following four:

1. Compact presentation of the analytical solution introduced in [2] (Chapter 3) together
with its basic mathematical foundation introduced in [1] (Chapter 2) in order to make this
solution usable by a non specialist user.

2. Introduction of the systematic procedure to determine the identifiability of all the time-
varying parameters of any ODE model (Chapter 4).

3. Determination of the continuous transformations (one parameter Lie groups) that allow
us to build the set of indistinguishable states and indistinguishable unknown inputs in the
presence of unobservability and unidentifiability (Chapter 5 and, in particular, the two
systems of differential equations in (5.5) and (5.7)).

4. Determination of the observability and the identifiability properties of a very popular HIV
model, a Covid-19 model, and a genetic toggle switch model (Chapters 6, 7, and 8, respec-
tively), obtained by using the three above contributions.

Note that the first two contributions consist of two systematic procedures that fully allow us to
perform the observability analysis and the identifiability analysis, respectively. Specifically, they
are Algorithm 1 in Chapter 3 and Algorithm 4 in Chapter 4. In other words, given any nonlinear
system, we can obtain the observability of the state and the identifiability of the parameters by
simply following the steps of these systematic procedures.

In contrast, the third contribution does not consist of a systematic procedure. In particular,
all that can be done automatically is the determination of the set of differential equations in (5.5)
and (5.7) and the determination of the analytical solution of (5.5), which is trivial. However,
the method to solve (5.7) depends on the specific case and it may also be not possible to obtain
an analytical solution. Note that this third contribution is unnecessary for the observability and
the identifiability analyses (which are fully achieved by running Algorithm 1 and Algorithm 4,
respectively). On the other hand, the determination of the analytical solution of (5.7), when
possible, provides very useful insights and additional very interesting properties of the ODE
model under investigation.

This third contribution adopts precisely the same definition of Lie symmetry introduced in [45,
46]. However, in [45, 46] this definition was then adopted by using the aforementioned extended
state, which includes the original state and the unknown inputs with their time derivatives up
to a given order (i.e., the augmented state introduced in [33, 34, 35, 36, 37] to investigate the
state observability in the presence of unknown inputs).

Regarding the fourth contribution, our results improve previous results in the state of the art.
In particular, in all the three cases, Algorithm 4 automatically provides the unidentifiability of
the time-varying parameters (for the HIV model and the genetic toggle switch model this result
is in contrast with the state of the art). In other words, in all the three cases, the time-varying
parameters cannot be uniquely identified. In addition, for these ODE models, it is possible to
obtain an analytical solution of the differential equation in (5.7). This allows us to determine
indistinguishable unknown inputs that agree with the same outputs of the model (these models do
not contain known inputs and, consequently, the only source of information about the state and
the model parameters comes from the outputs). Regarding the HIV ODE model, in Section 6.6
we use a data set available in the literature and, by using the solution of (5.7), we generate infinite
different unknown inputs that produce the same outputs, starting from the true unknown input
and the true states. This unequivocally shows the unidentifiability of the system, in contrast with
the results available in the state of the art (e.g., see Section 6.2 of [3] and a detailed explanation



of the serious error made by its authors, available in [5]). Finally, we determine the minimal
external information (external to the knowledge of the outputs) requested to uniquely determine
the system parameters. In Section 7.6, we perform a similar analysis for the Covid-19 ODE
model here investigated.

The paper is organized as follows. Chapter 2 provides a basic mathematical characterization
of the problem together with basic mathematical concepts and definitions. It also introduces an
elementary and illustrative example from robotics (from now on, the case study). We refer to
the case study throughout all the paper to better illustrate all the theoretical concepts and the
analytical procedures here introduced. In particular, each section ends with a subsection where
the theoretical concepts provided by the section are applied to the case study. Chapter 3 provides
a summary of our recent solution of the nonlinear UIO introduced in [2]. Chapter 4 introduces the
systematic procedure to obtain the identifiability of any ODE model (i.e., Algorithm 4). Chapter
5 introduces the set of differential equations to generate indistinguishable unknown inputs and
initial states, simultaneously (i.e., Equations (5.5) and (5.7)). Chapters 6, 7, and 8 investigate
the HIV model discussed in [3, 35, 40, 41, 42], the Covid-19 model introduced in [43, 44], and
the genetic toggle switch model discussed in [35]. Chapter 9 provides the study of further very
simple examples. Finally, Chapter 10 provides our conclusion.

A short version of this paper is also available in [47].



Chapter 2

Basic definitions and operations

2.1 System characterization

We start from the following very general ODE model:

{ X = f(X(t)> L, U(t)a Qu W(t)) (2.1)
y = h(X(t)7 t U(t)a Q, W(t)),

where: X (t) € R™ is the state!, y(t) € RP the output vector, U(t) € R™« the known system
input vector, @ € R? the set of the unknown constant parameters, and W (t) € R™w the set of
the unknown parameters that depend on time. Note that W(¢) can be regarded as a system
input vector that, precisely as U(t), acts on the system dynamics. However, it differs from U(¢)
in two fundamental respects: (i) it cannot be assigned, and (ii) it is unknown.

The problem that we solve in this paper is the introduction of the analytic condition that
fully characterizes the identifiability of the system parameters, both constant and time-varying.
This is obtained by exploiting recent results on the unknown input observability problem. To
exploit these results, instead of (2.1) we adopt the following system characterization:

Tz = QO(x’t) Zmu fk(l‘ t)uk( )+ me gj (.I t)wJ (t)
{ y = [hi(x,1),..., hyp(x,1)], (2.2)

where:

e r ¢ R"™ is the state.

e y € RP is the output vector.

o uy(t),...,um, (t) are the known inputs.
o wi(t),...,wn, (t) are the unknown inputs or the unknown time-varying parameters.
o flo .. fme g% gt ..., g™ are my+my + 1 vector fields, which are assumed to be smooth

functions of z and ¢.

From now on, we denote the system in (2.2) by ¥. Note that the above characterization
can easily account for the presence of constant parameters (@) by including all of them in the
state « and by suitably setting oo fme, g% gt ..., g™, namely, by setting to zero all their
components that yield @) in (2.2). Note that many nonlinear systems have the structure in (2.2).
When this is not directly the case, it is possible to easily convert (2.1) to (2.2). This is obtained
by setting u(t) = U, w(t) = W (with u = [u1, . .., tm,] and w = [w1, ..., wm,]) and by including
U(t), W(t) and @ in the state (i.e., x = [XT, UL, WT, QT]T). In the rest of this paper, we
directly refer to the characterization given in (2.2).

n general, instead of R™, the state belongs to a differential manifold of dimension m. This also holds for the
other quantities that appear in (2.1) (and also in (2.2)), with the appropriate dimension. In this paper, for the
sake of simplicity, we avoid the concept of differential manifold (the reader familiar with this concept can simply
replace the Euclidean space of a given dimension with the differential manifold of the same dimension).



2.2 Problem statement

Given the system characterized by (2.2) (which is equivalent to (2.1)), the problem we solve
in this paper is the introduction of the systematic procedures to automatically perform the
observability analysis and the identifiability analysis.

2.2.1 Observability analysis

As we mentioned in the introduction, the paper summarizes (Chapter 3) the solution introduced
in our previous paper [2]. The solution provides the analytical condition to easily check whether
the state that characterizes the system in (2.2) is observable or not. It actually tells us more
than this. It builds the entire observation space, i.e., the set of all the observable functions. An
observable function is a scalar function of the state x whose value, at a given time ty, can be
expressed in terms of the values that the known inputs and the system outputs take on a given
time interval that includes to2. In practice, even when the state is unobservable, the solution
here summarized provides all the functions of the state that are observable. For instance, let
us suppose to have a vehicle that moves on a plane and let us suppose that, with respect to
a reference frame, we cannot obtain from the inputs and the outputs its Cartesian coordinates
(21, x2) but we can obtain its distance from the origin. If the state x that characterizes this
system contains z; and x2, the state is unobservable. However, the function of the state 6(z) :=
\/2? + 3 is observable. Note that this is precisely the case of our illustrative example introduced
in Section 2.6 (the case study), where, however, we adopt polar coordinates (p and ¢ instead of
x1 and z2).

2.2.2 Identifiability analysis

Chapter 4 provides the systematic procedure to check if a given time-varying parameter (or
unknown input) can be identified. If this is not the case, we analytically compute all the set of
continuous transformations that transform the value taken by a given unidentifiable parameter
in other indistinguishable values for that parameter. This is carried out in Chapter 5 and the
set of continuous transformations are the differential equations in (5.5) and (5.7).

Note that, the identifiability of constant parameters is actually obtained by performing the
above observability analysis. Indeed, the constant parameters are included in the state. To
check if a given constant parameter ¢ is identifiable, we need to trivially check if the function
0(z) := q belongs to the observation space (i.e., we need to check if its gradient (V6) belongs to
the observability codistribution (O), which is automatically computed by Algorithm 1).

2.3 Basic algebraic operations and notions

In accordance with the control theory literature, we use the term distribution to denote the span

of a set of d < n vector fields®, A =span{r!, 72,...,79}. It is basically a vector space that
depends on x € R™. Similarly, we also use the term codistribution to denote the span of a set
of s < n covector fields*, Q =span{w;, wa,...,ws}. Again, it is a vector space that depends

on x € R™. In this paper, we always consider non singular distributions and codistributions.
In other words, we always refer to an open set of R™ where the dimension of the considered
distribution (or codistribution) takes the same value.

2The definition of observation space is provided in [38], where Definition 2 defines this concept starting from
the concept of indistinguishability. An observable function is precisely an element of this function space.

3Simply speaking, a vector field is a column vector of dimension n whose components are functions of x.
Actually, the correct definition of vector field must take into account its tensor nature, i.e., how its components
change under a generic change of coordinates. In particular, a vector is a tensor of type (0, 1) (see Section 2.2 of
1),

4A covector field is the dual of a vector field. Simply speaking, it is a row vector of dimension n whose
components are functions of x. Actually, the correct definition of covector field must take into account its tensor
nature, i.e., how its components change under a generic change of coordinates. In particular, a covector is a tensor
of type (1, 0) (see Section 2.2 of [1]).



We remind the reader of the definitions of the Lie derivative along a vector field f of a scalar
field A, of a vector field 7, and of a covector field w. We have, respectively:

/JfA:%'f (2.3)
or 0
Lym=1f, T]:%'ffafi'T (2.4)
T
Liw=fT- (%“;) tuw (gi) (2.5)

The square brackets in (2.4) are called Lie brackets. In the special case when the covector
field w is the gradient of a scalar field (i.e., w = V), Equations (2.5) and (2.3) yield:

LyVA=VLA.

We use the following definitions/notation:

o Given a distribution A and a vector field f, we set £;A the distribution that is the span
of all the vectors Ly7 = [f, 7], for any 7 € A. Similarly, given a codistribution 2 and a
vector field f, we set L£;€) the codistribution that is the span of all the covectors Lyw for
any w € Q.

o We use the term integrable codistribution to denote the special codistribution that can be
generated by the gradients of a set of scalar fields (i.e., Q@ =span{V\;, Va,...,VAs}).
In this case, we often use the term generators to denote the scalar functions Aj,..., A
(instead of their gradients).

e Given two vector spaces V7 and V,, V1+V5 is their sum, i.e., the span of all the generators
of V1 and V5. When we have k(> 2) vector spaces Vi,..., Vi, we denote their sum in the

compact notation Ele V.

e Greek indices take non negative values (e.g., @« = 0,1,2,...). Latin indices take positive
values (e.g., 1 =1,2,...).

In addition, we remind the reader of a further algebraic operation introduced in [2] and called
the autobracket. Given a set of L 4 1 vector fields, 70,71, ..., 7%, and a non singular two-index
tensor o, a, 8 =0,1,..., L, the autobracket of a vector field f along y (y=0,1,...,L), denoted

by 2[f]7, is defined as follows:

L
0
g[f]’Y:E Jg [Tﬁ, f] +§8/87{7 ’7:0717"'7L7 (26)
B=0

where the square brackets on the right hand side are the Lie brackets and §] (the Kronecker
delta) is 1 when v = 0 and is 0 otherwise. In [2], and in this paper, we use this operation for two
settings (note that in [2] the operation was directly defined for these settings):

1. L=my, ™0 =g¢" 7' =g',..., 7™ = g™v, which are the m,, + 1 vector fields that appear

in (2.2)), and o = v, which is the inverse of u defined in Section 3.2.1 (see Equation (3.3)).
For simplicity, we denote this operation by [-]7 (instead of ;[]7)

2. L=m, 79 =¢° 7' =g',...,7™ = ¢, which are the first m + 1 vector fields that appear
in (2.2) (once the unknown inputs are re-ordered, in accordance with the R operation,
defined in Section 3.1.3), and o = ™v, which is the inverse of ™u defined in Section 3.3.1
(see Equation (3.6)). For simplicity, we denote this operation by ™[-]* (instead of m;HV).

We have L+1 possible first order autobrackets (y = 0,1, ..., L). By applying the autobracket
k consecutive times, we obtain (L + 1)* vector fields that we denote by 7[f](17) and we have
g[f]('Yl;H-/Yk—l/Yk) — ‘7[ g[f](’Ylw“x"/k—l)}FYk.

T

Finally, given a distribution A, we set ? [A]” the span of all the vectors 7 [f]7, for any f € A.



2.4 Minimal Invariant codistributions and distributions

Given a distribution A and a set of vector fields 71, ..., 7% defined on R™, we denote by
<7'1,...,7'd | A>

the smallest distribution that contains A and such that, for any f € A, we have L. f = [1%, f] €
<Tl, T ’ A), for any ¢ = 1,...,d. This minimal distribution can be easily computed by a
simple recursive algorithm, which is [10]:

{ Ay =A

Apyr =D+ Z?:l LA’
where we provide the initialization and the recursive step. This algorithm converges at the
smallest integer j for which A; = A,;_; and j < n—dim{A}+1. In addition, <Tl, Y | A> =
Aj_ls.

(2.7)

Similarly, given a codistribution Q and a set of vector fields 7',...,7¢ defined on R”, we
denote by
(] Q)
the smallest codistribution that contains  and such that, for any w € Q, we have L.iw €
<7'1, o7 ’ Q>, for any ¢ = 1,...,d. This minimal codistribution can be easily computed by a

simple recursive algorithm, which is [10]:

Q =0
{ 0 d ) (28)
Qg1 =+ L

This algorithm converges at the smallest integer j for which Q; = Q;_; and j < n—dim{Q}+1.
In addition, <71, T | Q> =Q;_1.

Note that the execution of the above algorithms only requires to compute the Lie derivatives
along 71,... 7% of the generators of the previous distribution / codistribution.

In the following, we also need two modified versions of the two above algorithms. In particular,
these new algorithms compute the following two quantities:

1

1. Given a distribution A, a set of vector fields 7°, 71, ..., 7 defined on R™, and a non singular

two-index tensor o, we denote by

(20 ] 4) (2.9)
the smallest distribution that contains A and such that, for any f € A, we have 7 [f]” €
(2[] | A), for any v = 0,1,...,L (where the operation ?[]" is defined at the end of

Section 2.3, by Equation (2.6)). This minimal distribution can be easily computed by a
simple recursive algorithm, which is:

{ Bo =4 (2.10)

L )

Apt1 =8 +320 0 T1AL]Y
where we provide the initialization and the recursive step. This algorithm converges at
the smallest integer j for which A; = A;_; and j < n — dim{A} + 1. In addition,
(21 | A) = Aj_1. Note that also the execution of the above algorithm only requires to
compute the autobracket along v = 0, 1,.. ., L of the generators of the previous distribution.

2. Given the codistribution © and the three sets of vector fields: 71, ..., 7%, &1, ... €%, and
¢t ..., (%, we denote by

<717,..,Td1,{ fj: : EZ } ‘Q> (2.11)

the codistribution computed by the algorithm in (2.8), where the sum Zle at the recursive
step includes all the d; vector fields 71, ..., 7% . In addition, by denoting with w a generator

5Throughout this paper, when we provide the convergence properties of iterative algorithms that build a family
of distributions or codistributions (one distribution or codistribution constructed at each iterative step), we always
refer to an open set where these distributions or codistributions are non singular.
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of Q, the codistribution Q1 also includes, among its generators, all the dy Lie derivatives
of w along the vector fields &1, ..., €% if and only if Liw vanishes for all [ = 1,...,d3. The
algorithm is then interrupted at the smallest integer j such that Q; = ;_;.

2.5 Unknown input degree of reconstructability

The derivations in [2] and in this paper need the definition of the wunknown input degree of
reconstructability (Definition 2.2 below), which is based on the definition of the unknown input
reconstructability matriz (Definition 2.1 below). These definitions were introduced in [2]. For
the sake of completeness, we report them below.

Definition 2.1 (Unknown input reconstructability matrix ). Given the system % in (2.2) and
k scalar functions of the state, Ai(x), ..., Ax(x), the unknown input reconstructability matriz of
Y from A1, ..., A is defined as follows:

Lohi Lah oo Lgmu
RMOsev ) o= | Bote Boda o Lgmada (2.12)
Lo LM oo Logmud

Definition 2.2 (Unknown input degree of reconstructability ). Given the system ¥ in (2.2),
and the functions \1,..., Mg, the unknown input degree of reconstructability of X from A1,..., A
is the rank of RM (A1,..., \g).

By construction, given the system characterized by (2.2), its unknown input degree of re-
constructability from any set of scalar functions cannot exceed m,,. In [2], we introduced the
definitions of Canonic system with respect to its unknown inputs and system in Canonical Form
with respect to its unknown inputs. The former is a system such that its unknown input degree
of reconstructability from all the observable functions is m,,. The latter is a system such that
its unknown input degree of reconstructability from the output functions (hi, ..., hy) is m,. As
the output functions are observable, a system in canonical form is certainly canonic. However,
the viceversa does not hold, in general. Given a canonic system that is not in canonical form,
we say that it has been set in canonical form, as soon as we are able to somehow determine a
set of observable functions such that the unknown input degree of reconstructability from them
is M.

2.6 Definition of the case study

A 4

Figure 2.1: The vehicle polar coordinates (p, ¢), the orientation (#), and the angle measured by
the camera (/3).

11



We introduce an elementary example of an ODE model that will be used in the rest of the
paper to illustrate all the concepts and methods that will be introduced.

We consider a vehicle that moves on a 2D-environment. The configuration of the vehicle in
a global reference frame can be characterized through the vector [p, ¢, 0], where p and ¢ are
the polar vehicle coordinates, and 6 is the vehicle orientation (see Figure 2.1 for an illustration).
We assume that the dynamics of this vector satisfy the unicycle model. In polar coordinates we
have:

p =wvcos(d —¢)
¢ = 7sin(f—¢) (2.13)
f =w

where v and w are the linear and the rotational vehicle speed, respectively, and they are the
system inputs. We assume that the vehicle is equipped with a monocular camera that provides
the bearing angle of the origin in the vehicle local frame (at the origin there is a landmark
perceived by the camera). In other words, the camera provides the angle £ in Figure 2.1. We
can express [ in terms of the vehicle configuration. We have: 5 =m — (6 — ¢). Throughout this
paper we will refer to the two scenarios defined by the following settings:

1. v is known and w is unknown.

2. w is known and v is unknown.

In both scenarios, the system is directly a special case of (2.2). In particular, z = [p, ¢, 0]7,
g° = [0,0,0]T, my, = my =1, p = 1, hy(x) = ¢ — 6 (we ignore the constant term 7
in B, which does not affect the observability of the state), and, in the first scenario f! =

sin(0—¢) T 1 _ T . . . 1 _ T
{cos(@—qb), =, O} ,and g' = [0, 0, 1]", while, in the second scenario, f' = [0, 0, 1]",

: T
and g' = [cos(@ - 9), Ll(iﬂb), O} .
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Chapter 3

Systematic procedure to perform
the observability analysis

This section provides a very concise summary of the solution of the nonlinear unknown input
observability problem. In particular, it is written to make a non specialist able to implement it.
The interested reader can find all the theoretical foundation and proofs in [2].

The solution consists of a recursive algorithm (Algorithm 1!) that, given a system charac-
terized by (2.2), automatically builds the entire observation space in a finite number of itera-
tions. In particular, it builds the so-called observability codistribution, which is, by definition,
the span of the gradients of all the observable functions. Algorithm 1 builds the generators
of the observability codistribution. To this regard, note that, in the algorithm, statements like
"Q =span{Vhi,...,Vh,}" (e.g., Line 2 of Algorithm 1) require no action. The algorithm builds
the codistribution by building a set of its generators. When it recursively updates the codistribu-
tion it simply computes its new generators (and this is obtained by applying certain operations
directly on the generators of the previous codistribution or by computing new covectors starting
from the quantities that define the original system ¥ in (2.2)). In the following subsections, we
provide all the ingredients necessary to implement Algorithm 1.

3.1 Basic operations in Algorithm 1

3.1.1 deg,(2) operation

In Section 2.5, we provided the definition of unknown input degree of reconstructability from
a set of scalar functions. Given an integrable codistribution Q@ = span{VAy,...,VAi}, we
define the unknown input degree of reconstructability of ¥ from ) the unknown input degree of
reconstructability from a set of generators of Q (e.g., from Ay,..., A\;). We denote it by deg,, (92).

The main loop of Algorithm 1 starts by checking if deg,, () == m,,. If this is the case, the
main loop is interrupted. Then, Lines 45-47 of Algorithm 1 are executed and Algorithm 1 ends.
For the clarity sake, we devote Section 3.2 to describe the behaviour of Algorithm 1 in this case.
Before, we provide the definition of further operations adopted by Algorithm 1.

3.1.2 S(X, Q) operation

Let us consider a system X that is characterized by (2.2) and an integrable codistribution . Let
us set m = deg,, (©2). The S(X, Q) operation provides a set of m scalar functions, denoted by
El, . ,Em, that make the unknown input reconstructability matrix full rank. The operation is
denoted by & because is the Selection of the aforementioned hq, ..., h, from the generators of
2. The execution of this operation is immediate because the generators of 2 are always available
when executing Algorithm 1. In this paper, we use the notation [h1,...,h,] = S(E, ) to
denote the outputs of this operation.

LAlgorithm 1 uses the automatic procedures provided by Algorithm 2 and Algorithm 3. Often, when we refer
to Algorithm 1, we actually mean all the three algorithms (1, 2, and 3).

13



Algorithm 1: The algorithm that builds the observable codistribution (O) for any non-
linear system characterized by (2.2). Line 19 runs Algorithm 2 and 3. All the func-
tions/operations that appear in the algorithm are defined in Sections 3.1-3.3. Note that,
for TV systems, the Lie derivative operator along g° and ™g°, i.e., Lgo and Lmgo, must be

replaced by Efo = Lgo + % and ;C.mz]‘() = Lmgo + %, respectively.

1: Set X the system in (2.2).

2: Q =span{Vhy,...,Vh,}.

3: boolean Continue=true.

4: while 1 { This is the MAIN loop} do
5. if deg, (2) == m,, then

6 break main loop.

7. end if

8 m=deg, () — 1.

9:  while deg,, (Q) > m & deg,, () # m,, do

10: m = deg,, ().
11: [hi, . hm] =8(%, Q), S=R(Z, h1,...,hnm).
12: Compute "p, mv, "g* (Egs (3.6-3.7)).
SRR LN L)
13: Q=(fH..., frd o0 o m
f gntl L g

14:  end while
15:  if deg,, () == m,, then

16: break main loop.

17 end if

18:  if m, # 0 then R

19: Run Algorithms 2 and 3 to compute k™ = sI* 4+ r™.
20:  else

21: E™ = 0.

22: end if

23:  Set k=0and Qo=
24:  while 1 {This is the NESTED loop} do

25: kE=k+1
26: Reset [E, Qk_ﬂ = A(E, m, Qk—1)~
27: Compute "u, v, mg® (Egs (3.6-3.7)).
28: O = Qp_q.
2. if (k< k™)&(k > 2) then
30: Q* = Q* + 221:1 Zziul ZZ:O T sz,lzo Spal {‘Cm[fi]('ll ----- uIc—1)th}
31: end if
32: (9] <f1 fmu{m./g\ov oy m’g\m}‘ﬁ*>
: k — PRI ) gm-&-l, . gmw .
33: if (k—1> k™)&(Q) == Q_1){ The highest unknown input degree of

reconstructability is m < m,, (system not canonic), and the observability
codistribution is Q;} then

34: Set O = Q.

35: Continue=false.

36: break main and nested loop
37 end if

38: if deg,, () > m then

39: Set Q = Q.

40: break nested loop

41: end if

42:  end while
43: end while
44: if Continue then

450 (B, b, ] = S(T, Q).
46:  Compute p, v, g%, and O (Egs (3.3-3.5)).
47: (9:<f1,...,fmu,§0,§1,...,@V’”w ‘Q+5>

48: end if
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Algorithm 2: The algorithm that returns the integer s7' at Line 19 of Algorithm 1.

1: Set X/ =X, m, 7L1, ..y hpy, as at Line 11 of Algorithm 1.
2: Set k=0, QI = span{vﬁl, o vﬁm}, and *QE' = Q1.
3: loop
4: Set k=Fk+ 1.
Reset [X/, Q] =A%, m, Q)
QF =Qf | + Lo + Z;n:l Ly .
T = D ().
if Q' == *Q" | then
Set s' = k then exit.
10:  end if
11: end loop

Algorithm 3: The algorithm that returns the integer "™ at Line 19 of Algorithm 1.
1: Set ¥ = ¥ and m as at Line 11 of Algorithm 1.
2: Set k=0, "Ag = span{fl,...7fm'“}.
3: loop
: Setk=k+1.

4
5: Reset [E/, mAk_l] = A(E/, m, mAk_l)
6: MAL= "Ap_1+ ZZ;O m [ mAkfl]B
7 if A, == ™Ag_; then
8 Set r™ = k — 1 then exit.

9: end if

10: end loop

3.1.3 R(X, A1,...,A,) operation

Let us consider a system X that is characterized by (2.2) and a set of m < m,, scalar functions,
ALy .-y Am, such that rank (RM (A1,...,\pn)) = m. The R(X, A1,...,\,) operation provides
a new system that is obtained from ¥ by reordering the unknown inputs. In particular, they
are reordered in such a way that the square submatrix that consists of the first m columns of
the unknown input reconstructability matrix from A1, ..., A, is non singular. The operation is
denoted by R because it is a Reordering of the unknown inputs, as explained above. Its execution
is immediate. It suffices to extract from RM (A1,..., Ay) a set of m independent columns. In
this paper, we use the notation ¥’ = R(X, A1,...,\,) to denote the new ordered system.

3.1.4 A(X, m) operation

Let us consider a system 3 that is characterized by (2.2) and an integer m < m,,. This operation
provides a new extended system, defined as follows. It is obtained by introducing a new extended
state that includes the last d = m,, — m unknown inputs. We have:

T — [:ET,me,...,wmw]T (3.1)

Starting from (2.2) we obtain the dynamics of the above extended state. We obtain a new
system that still satisfies (2.2). It is still characterized by m,, known inputs and m,, unknown
inputs. All the m,, known inputs and the first m unknown inputs coincide with the original ones.
The last d unknown inputs are W+, j = 1,...,d. Regarding the new vector fields that describe
the dynamics we obtain:

i I 0 90 + Z;Tz:n+1 glwl
reli ] e = , (32)
F m—+j On
gk — |: gd :| ’ g + - l: ej ’
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withi=1,...,my, k=1,...,m, j=1,...,d. In addition, 04 and 0,, denote the zero d-column
vector and the zero n-column vector, respectively, and e/ denotes the d-column vector with the
4" entry equal to 1 and the remaining d — 1 entries equal to 0.

The operation is denoted by A because it consists of a state Augmentation and the consequent
re-definition of all the key vector fields that characterize the new extended system, as specified
above. In this paper, we use the notation ¥’ = A(X, m) to denote the new extended system.

In Algorithms 1, 2, and 3, we also use this operation by including further outputs and further
inputs. Specifically, we consider the following two cases:

1. [¥, ] = A(Z, m, ), where the second output (') is trivially the augmented codistri-
bution obtained by extending all the covectors of Q with d zero entries.

2. [¥', A’ = A(%E, m, A), where the second output (A’) is trivially the augmented distribu-
tion obtained by extending all the vectors of A with d zero entries.

We can apply this operation multiple consecutive times (and this is the case of Algorithms
1, 2, and 3, as the operation appears in a loop). The resulting systems still satisfy (2.2) and
they are all characterized by m,, known inputs and m,, unknown inputs. In [2], we called these
extended systems Finite Unknown Inputs Extensions. In addition, in [2], we introduced the
following definition:

Definition 3.1 (Highest UI Degree of Reconstructability). Given the system in (2.2), the highest
unknown input degree of reconstructability is the largest unknown input degree of reconstructability
of all its finite unknown input extensions.

Finally, in [2] we called a system Canonizable with respect to its unknown inputs if its highest
unknown input degree of reconstructability is equal to m.,,.

3.2 Algorithm 1 for systems canonic with respect to the
unknown inputs

When a system is canonic with respect to its unknown inputs, Algorithm 1 ends with the exe-
cution of Lines 45-47 (the boolean variable Continue remains set to ”true”). The system could
be directly in canonic form with respect to its unknown inputs or {2 was obtained in other
parts of the algorithm (e.g., during the execution of the nested loop) and the system has been
set in canonical form after the determination of one or more observable functions that are not
among the outputs. The execution of Line 45 of Algorithm 1 provides the m,, scalar functions
hi,. . hm, ([P1y-..s hm,] =S(2, Q)). Then, the algorithm computes the following quantities:
i, v, g%, and the codistribution 0.

3.2.1 p and v

The two-index tensor u is defined as follows:

ph = Lyihy, i, j=1,...,my (3.3)
. Oh; -~
/ng]., po =0, pd = 8—;+£gohi, 1=1,...,My.
Note that the entries with i, j = 1,...,m,, are the same entries of the unknown input
reconstructability matrix from hq,..., Ay, , which is full rank. As a result, the tensor y is also

non singular and we denote by v its inverse.

3.2.2 g©
Starting from v the algorithm builds the new vector fields g, ..., g™, defined as follows:
QO‘:ZVg‘gﬂ, a=0,1,...,my. (3.4)
B=0

16



3.2.3 The codistribution O
The codistribution @ is defined as follows:

My S+T Moy My My,

0:=3 33 3 S swan VL By (3.5)

g=1 j=0 a1 =0 a;=0i=1

where the second sum is up to s + r, and the integers s and r are defined as follows:

e s is the smallest integer such that Q, = Q,_;, where € is the codistribution at the k'"
step of the algorithm in (2.8), when computing:

<g0,gl7 ...,g™ | span {Vﬁl, . .,Vﬁmw}>

Note that, for TV systems, the Lie derivative operator along ¢°, i.e., L g0, must be replaced
by Lgo := Lo + %. Note that s <n —m,, + 1.

e 7 is the smallest integer such that A, = A,, where A}, is the distribution at the k** step
of the algorithm in (2.10), when computing:

<[] |Span{fla"'7fmu}>
Note that 7 <n — 1 (it is even » < n — dim {span { f*,..., f™}}).

3.2.4 Final step

The last operation of Algorithm 1, when the system is canonic with respect to its unknown
inputs, is the computation of the observability codistribution:

0= <f1,...,fmu,y),gl,...,gmw jQ+6>

This is obtained by running the algorithm in (2.8) for the specific case (note that, for TV
systems, the Lie derivative operator along g°, i.e., Lgo, must be replaced by Lo := Lo+ %). The
convergence of the algorithm in (2.8) is attained at the smallest integer j such that Q; = Q;_;.

Note that j cannot exceed n — dim (Q + 6) + 1.

3.3 Algorithm 1 for systems that are not in canonical form

Let us back to the first part of Algorithm 1, at the beginning of the main loop, and let us
consider now the case when deg,, () < m,,. The system is not in canonical form with respect
to its unknown inputs. Algorithm 1 proceeds in this case with the loop at lines 9-14. The body
of this loop is executed at least once. The set of scalar functions hq,...,h,, are obtained by
executing the operation S(%, Q) defined in Section 3.1.2, and the unknown inputs are reordered
accordingly (R(, hi,...,hm), Section 3.1.3). Then, the algorithm computes the following
quantities: ™u, ™v, and ™g*.

3.3.1 ™p and v

The two-index tensor " is defined as follows:

Mt = Lyhy, i, j=1,...,m (3.6)
: oh; ~
S =1, Muh =0, ™ud = 8—;+£gohi, i=1,...,m.
Note that the entries with 4, j = 1,...,m are the same entries of the matrix that consists
of the first m columns of the unknown input reconstructability matrix from hq,...,h,. By

construction, this submatrix is full rank. As a result, the tensor " u is also non singular and we
denote by ™v its inverse.
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3.3.2 mge

Starting from ™v we build the new vector fields ™gY,...,™ g™ defined as follows:
m
mﬁazzmyggﬁ, a=0,1,...,m. (3.7)
=0

Once all the quantities ™pu, ™v, and ™g® are computed, the loop at lines 9-14 of Algorithm

1 ends by computing
m0 mom
. g g
<f1,..-,fm 7{ g'rn—i-’l7 : gmw } ’Q>

9°

Q

(note that, for TV systems, the Lie derivative operator along ™g", i.e., Lmgo, must be replaced

by ﬁmgo = Lmgo + %). The loop is executed when the conditions given at Line 9 are satisfied.
Note that, as deg,, (?) cannot exceed m,,, the loop cannot be repeated more than m,, — 1 times.

After the execution of this loop, Algorithm 1 computes the integer = sit+ 1™ where the
integers r™ and sI* are defined similarly to the integers r and s introduced in Section 3.2.3:

e s;" is the smallest integer such that “CQf. = Q. _;, where “€}" is the codistribution at
the k'" step computed by Algorithm 2. Note that s™ <n —m + 1.

e ™ is the smallest integer such that ™A,my; = ™A,m, where "Ay is the distribution
at the k" step computed by Algorithm 3. Note that r™ < n — 1 (it is even ™ < n —

dim {span { f*,..., f™}}).

We have k™ =547 <2n—m+1—dim {span{f!,..., f™}} <2n—m.
Below, we provide a description of Algorithms 2 and 3.

Algorithm 2

It computes the codistribution Q™. This algorithm uses a new operation denoted by D, ().
The input of this operation is a codistribution that is defined in a given augmented space (in the
algorithm, before this operation, the A(X, m) operation is applied). The operation D, (), first
detects a basis of 2. As () is an integrable codistribution, it detects a set of scalar functions:
01,...,0p, where D is the dimension of . In other words, 2 = span{V#y,...,VOp}, where V
is the gradient with respect to the new extended state (i.e., the state defined at the last A(X, m)
operation). The output of the operation D, (), is *Q = span {961, ...,0.0p}, where 9, is the
gradient with respect to the original state, i.e., the state of ¥ defined at the first line of Algorithm
2.

The initialization step sets the codistribution equal to the span of the gradients of the selected
functions hq,...,hm. As a result, the dimension of Qf* is m. Then, each iteration of the loop
executes the following operations:

1. System augmentation, as explained in Section 3.1.4.
2. Computation of 2" by adding to ;" ; the term E.go o, + ZT:I ng Q.

3. Computation of *Q" = D, (Q7).

The convergence of Algorithm 2 occurs at the smallest integer j such that “Q" = *QT" ; and
j<n—m+1 Weset s’ = j. Note that, because of the presence of the state augmentation
in the loop (Line 5 of Algorithm 2), proving the validity of the above convergence property is
very demanding (see Appendix E of [2] and in particular the proof of Proposition 11 in that

appendix).
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Algorithm 3

It computes the distribution " A. The initialization step sets the distribution equal to the span of
the vector fields f1,..., f™«. Then, the recursive step adds to ™Aj_; the term ZZL:“’O [ "‘Ak_l]ﬂ.
The convergence is attained at the smallest integer j such that ™A; = ™A;_; and j < n —
dim {Span {fl, cey [ } } +1. We set r""+1 = j. Note that, because of the presence of the state
augmentation in the loop (Line 5 of Algorithm 3), proving the validity of the above convergence
property is non trivial (see Section 6.2.1 of [2] and in particular the proof of Proposition 1 given
in Appendix D of [2]).

Note that, the system augmentation performed by the A operation executed by Algorithms 2
and 3, does not reset the system in Algorithm 1. The system defined in Algorithm 1 can only be
reset (augmented) by the operation A that is executed at Line 26 of Algorithm 1. The execution
of Algorithm 2 and Algorithm 3 only returns the integer km = sit+r™. All remaining quantities
remain unchanged.

3.3.3 The nested loop

Algorithm 1 continues by computing the codistributions Q, k = 0,1, .... For positive k, this is
obtained by executing the nested loop (Lines 24-42). Each iteration, first augments the system
(Line 26 of Algorithm 1). Note that, this operation updates the set of vector fields ¢°, ¢*,..., g™,
in accordance with (3.2). As a result, it is necessary to recompute ™g%, ™g!,..., ™g™ by using
(3.7). This is carried out at the next line (Line 27). Then, Algorithm 1 computes € (Lines
29-32). The last part of the loop contains two if statements (Line 33, and Line 38). Each of
them, when the condition is met, interrupts the loop. In [2], we proved that at least one of these

two conditions is met in at most

Em—l—n—dim(ﬂo)§E7’L+n—m§3n—2m

steps, where n is the dimension of the original state, i.e., the state of the system before entering
the nested loop. Note that, in [2] (Section 7), we actually proved that one of the two if conditions
is met in at most n — m. This because the first &™ steps were included in the initialization step
(this is less efficient because the condition of the second if can be met during the execution of
these first k™ steps).

When the condition of the first if statement (Line 33) is met, not only the loop is interrupted
but also the execution of Algorithm 1 terminates. In this case, the system is not canonic with
respect to its unknown inputs. Algorithm 1 provides the entire observable codistribution. In
addition, the augmented system is the one with the highest unknown input degree of recon-
structability (see Definition 3.1). When the loop is interrupted by the second if statement (Line
38), the execution of the nested loop is interrupted. Again, as m < m,,, the condition at Line
38 cannot be met more than m,, — 1 times.

3.4 Illustration by the case study

We execute Algorithm 1 to obtain the observability codistribution in the two scenarios of our case
study defined in Section 2.6. Note that, in both scenarios the system is in canonical form. The
systems investigated in Chapters 6 and 7 are not in canonical form and, to see the implementation
of Algorithm 1 on a system that is not in canonical form, the reader is addressed to Section 6.1
or to Section 7.1.

First scenario

‘We have:
0 CO§(99 —¢) 0
go - 0 5 fl SIH(p7¢) ) gl = 0 )
0 0 1
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and hy = ¢ — 6. We run Algorithm 1. Line 2 provides Q = span{Vh;} = span{[0, 1, —1]}, and
deg,, () = 1, as the unknown input observability matrix from hy is the 1 x 1 matrix equal to
Lghy = —1# 0 (its rank is 1). The system is in canonical form with respect to its unknown

input. Line 45 trivially selects hy = hy. Then, Line 46 provides:

|10
M_V_ 071 )

obtained from (3.3). In addition, from (3.4) we obtain: g° = 1J¢° + 1{g' = ¢° = [0,0,0]7,
and gt = }g° + vig! = —g' = [0,0,—1]T. Finally, we need to compute O from (3.5). This
requires, first of all, to compute the two integers s and 7:

e s is the smallest integer such that Q, = Q,_;, where , is the codistribution at the k"
step of the algorithm in (2.8), when computing:

0

<gl ‘span{Vﬁ1}> = < 0 span{[O,l,—l]}>

1

We immediately obtain s = 1.

e ris the smallest integer such that A, ; = A,, where A}, is the distribution at the k" step
of the algorithm in (2.10), when computing:

co_s(ﬁ - 9)
<[-]- | span{f1}>: <H' span W >
0

We obtain r =1 (see the calculation details below).

Detail of computation of r

The algorithm in (2.10), for the specific case, provides: Ag = span{f'}. We need to com-
pute [Ag]”, for &« = 0,1. On the other hand, [fl]o = 10¢° £+ 1Qg', f] vanishes (the

: . . 1
first term vanishes because ¢° is null, the second term vanishes because v{ = 0). [f!]" =

vilg°, 1 +vilgt, 1 =-lg", fY = x', with x! := [sinl(é? — ), —cos(0 —¢)/p, 0]". Hence,
A = Span{fl, Xl}. Finally, [Xl] vanishes and [Xl] = —f!. Therefore, Ay = A; and
r+1=2.

Let us compute O. From (3.5), and from the above computation, we obtain that the genera-
tors of O are Ly1hy = W and Ly1hy = —%p_@. Hence:

Fo span{ {_ sm(92— (;5)7 ~ cos(f — (b), cos(f — q[))] 7
p p p
[cos(@ —¢)  sin(0 —¢) sin(d-9) ] }
P2 p p

The final step of Algorithm 1 is the execution of Line 47, namely:

cos0-8) 7 [ 0
0= < m=9) 1o span {[0,1, —1]} +0>

0 —1

as g° vanishes and g' = —g'. The algorithm in (2.8) converges at the first step (2; = Qq), and
O —

)

p? P p
The above codistribution contains all the observability properties of our system. We postpone
a discussion about them to Section 4.4.1.

smnﬁmL—m Lame—@ _cw@—¢>cm@—¢q}.
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Second scenario

With respect to the previous scenario, we now have:

cos(f — @) 0
gl — Sln(i7¢) , fl _ 0
0 1

We run Algorithm 1. Line 2 provides 2 = span{Vh, } = span{[0, 1, —1]}, and deg,, () = 1, as
the unknown input observability matrix from h; is the 1 x 1 matrix equal to L,1hy = w #0
(its rank is 1). The system is in canonical form with respect to its unknown input. Line 45
trivially selects 711 = h1. Then, Line 46 provides:

1 0 1 0
=10 sin(9—¢)/p}’ V:[O p/sin(d — @) |’ (3.8)

obtained from (3.3). In addition, from (3.4) we obtain: g° = vJ¢° + V?gi =¢° =10,0,0]T,

and g = vig" + vigt = [pzfj((g:i)), 1, 0]7. Finally, we need to compute O from (3.5). This

requires, first of all, to compute the two integers s and 7:

e s is the smallest integer such that Q, = Q,_1, where Q, is the codistribution at the k"
step of the algorithm in (2.8), when computing:

cos(f — ¢)
<g1 ) span{Vﬁ1}> = < w span{[O,l,—l]}>
0

By a direct computation, we obtain Q5 = {27 = span {th VW} and, consequently,
s =2.

e 7 is the smallest integer such that A, = A,, where Ay, is the distribution at the k* step
of the algorithm in (2.10), when computing:

0
<[~]‘|span{f1}><[~]- wand | 0 >

1

We obtain r = 2. We do not provide the detail of the computation. We only mention that,

cos(0—¢) T cos(0—¢) cos?(0—¢) T
BETICEDE 07, and [psin(a—qb)’ T sinZ(9—4)° 0]

in this case, the generators of A are: f*, [p,

Finally, Line 46 computes O. From (3.5), by a direct computation we obtain:
~ cos(f — ¢)
0= —_— 5.
Spatt {V sin(6 — ¢) }
The final step of Algorithm 1 is the execution of Line 47, namely:

cos(0—¢)

0 psin(efgb)
o= 01, 1 span {[0,1, -1]} ),
1 0

as O C span{[0,1,—1]}, and §° is null. The algorithm in (2.8) converges at the first step
(Ql = Qo), and:

O =span{[0,1,—1]}.

The above codistribution contains all the observability properties of our system. We postpone
a discussion about them to Section 4.4.1.
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Chapter 4

Systematic procedure to perform
the identifiability analysis

This section is devoted to the problem of the identifiability of the time-varying parameters,
or, equivalently, to the reconstructability of the system unknown inputs. As we will see, this
problem is strongly related with the problem of state observability in the presence of unknown
inputs (whose solution was provided in Chapter 3). We provide the general solution to obtain
the reconstructability of the unknown inputs.

This section consists of four subsections. In 4.1, we extend a preliminary result provided in
[2] and we obtain the answer to our problem when the state that characterizes our system is
observable. In 4.2, we remind the reader of the concept of continuous symmetry introduced in
[1]. In 4.3, we extend this concept to the unknown input vector and we provide the complete
answer to our problem. In practice, we obtain the general systematic procedure that solves the
problem of the identifiability of the time-varying parameters. The procedure is Algorithm 4.
Finally, in 4.4, we illustrate all these concepts by using our case study.

4.1 Identifiability when the state is observable

In [2] we proved that when the state that characterizes the system is observable, if the system is
canonic with respect to its unknown inputs, then all the unknown inputs can be reconstructed
(Theorem 4 in [2]). It also holds the viceversa and, consequently, when the state is observable,
we obtain a complete answer to our problem which is given by the following theorem:

Theorem 4.1. If the state of the system characterized by (2.2) is observable, the unknown inputs
can be reconstructed if and only if the system is canonic with respect to its unknown inputs.

Note that, checking if a system is canonic with respect to its unknown input is immediate.
It suffices to compute the rank of the reconstructability matrix from any set of generators of the
observability codistribution (and Algorithm 1 provides a set of generators of this codistribution).
Therefore, Theorem 4.1 provides a full answer to the problem of unknown input reconstruction
when the state is observable.

Proof. Based on the result stated by Theorem 4 in [2], it remains to prove that if the unknown
inputs can be reconstructed then the system is canonic with respect to its unknown inputs.

We proceed by contradiction. We assume that the system is not canonic with respect to its
unknown inputs.

As the state is observable, all its components belong to the observation space and we have:
O = span{Vzy,...,Va,}. As we assumed that the system is not canonic, deg, (O) < my,.
Therefore, the matrix RM (x1,...,x,) has rank smaller than m,,. On the other hand, by an
explicit computation we obtain
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[91]1 [92]1 [g™ ]
RM (21, .., 20) 92 [9°]2 lg™ )2 | _
9] [9%]n g™ ]
[ gt g ... g™ ]
where [g']; is the 4" component of the vector field g* (i = 1,...,my and j = 1,...,n). Therefore,

as rank(RM (x1,...,2,)) < M., the vectors g* g2 ... g™« are linearly dependent. We denote
by 7 a non trivial vector that belongs to the null space of the above matrix. Let us consider the
dynamics:

m Moy
T :go +kauk +Zg]wj.
k=1 j=1
For any w = [wy, wa,...,Wn,], we obtain the same dynamics by transforming the UT as

follows:

w—w =w+n
As result, w cannot be distinguished from w’ and, consequently, cannot be reconstructed. «

As we said, when the state is observable, the above theorem provides a full answer to our
problem. It remains to find the solution when the state is not observable. Unfortunately, we
need a complete different approach. In other words, in the presence of the state unobservability,
we cannot exploit the result stated by Theorem 4.1. We provide an explanation of this fact.

Let us suppose that the state is not observable. In order to exploit the result stated by
Theorem 4.1, we need to characterize our system by an observable state. Algorithm 1 provides
the entire observable space. We could introduce a new state whose components are the generators
of this space, i.e., the generators of @'. This new state is certainly observable and its components
are expressed in terms of the old state. To use Theorem 4.1, we need to describe our system by
using this new state starting from the description that is characterized by the old state. This
means to obtain a set of equations of the same format of (2.2) where the state x is the new state.
In other words, the dynamics of x, precisely as in (2.2), must be expressed only in terms of the
components of the new z (and not in terms of the old state). On the other hand, when we try
to obtain this description, we often encounter two fundamental difficulties that make it critical,
and even useless:

e Critical issues: This description cannot be determined automatically. In some cases, its
determination can be a very demanding and laborious task, based on enormous inventive-
ness (e.g., see Section 6.3 where, although the state is small, the determination of this
description requires ability and inventiveness).

e Uselessness: In many cases, obtaining this description requires a re-definition of the
unknown inputs. In other words, this task cannot be performed by maintaining the same
original unknown inputs (see the discussion of the second scenario of our case study in
Section 4.4.2; and our applications in Sections 6.3 and 7.3). When the final goal is precisely
the reconstruction of the original unknown inputs, performing this task (i.e., describing the
system by an observable state) can be useless.

The above discussion showed that, in general, we cannot exploit the result stated by Theorem
4.1 to deal with systems characterized by an unobservable state. In this case, we need a different
approach. This method will be introduced in Section 4.3. It is based on the concept of continuous
symmetry introduced in [48] and here summarized in Section 4.2.

LClearly, with generators, here we mean the scalar functions whose gradients generate O.
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4.2 Unobservability of the State, State Symmetries and
Indistinguishable States

In [48], and more exhaustively in [1], we introduced the concept of system symmetry in the
presence of unobservability. When we are in the presence of unobservability, the dimension of
the observability codistribution (O) is smaller than the state dimension, n. Let us denote it by
no. The null space of O is not empty and it is a distribution (the orthogonal distribution, from
now on denoted by O~), with dimension n —n,. In [1, 48], we defined symmetry any vector field
that belongs to O+. In Section 4.6 of [1] we showed that the generators of O~ are the generators
of a Lie algebra associated to a Lie group. Given a state z, all its indistinguishable states can
be obtained by the action of this Lie group on x. Specifically, in [1], we showed that, starting
from a system symmetry £ € O and a given state T we can generate a set of states which are
indistinguishable from T by solving the following differential equation:

dz =&(x(T
{%) = €(a(r) 1)

In particular, if this equation admits solution on the interval 7 € [0, T, then all the states
x(7), obtained by integrating the above equation up to 7, are indistinguishable from each other.
The above procedure defines a one parameter Lie group. The parameter is 7 and its action on
the state T returns the state z(7):

T — x(7) (4.2)

As usual, when dealing with Lie groups, it is very useful to refer to the action of the group
when the parameter takes infinitesimal values. The above transformation becomes:

T T+el (4.3)

where € is an infinitesimal?. Given a symmetry & of the system in (2.2), the two states T and
Z + € are indistinguishable. Note that we have a symmetry if and only if the distribution O+
is non trivial, i.e., if and only if the dimension of O is strictly smaller than n. Hence, we can
say that the state is observable if and only we do not have symmetries. The symmetries can be
computed automatically (it suffices to compute the nullspace of O). Starting from them, we can
also try to obtain the indistinguishable states, by solving the differential equation in (4.1). On
the other hand, this last step cannot be performed automatically. When it can be performed
analytically, it provides further useful insights on the ODE model. Finally, note that when the
dimension of O is strictly larger the 1, the states indistinguishable from a given state  can be
obtained by the action of a multi parameters Lie group (instead of a simple one-parameter Lie
group). We do not provide details on this Lie group. We only mention that a set of generators of
its associated Lie algebra is precisely the set of generators of O+ (note that, as O is an integrable
codistribution, because of the Frobenius Theorem, O+ is involutive, i.e., closed with respect to
the Lie brackets). We also emphasize that, in this case of multiple independent symmetries, we
can still consider each symmetry independently and obtaining 1-dimensional indistinguishable
sets by the action of the corresponding one-parameter Lie group (i.e., by solving the differential
equation in (4.1)). We get a 1-dimensional indistinguishable set for each symmetry.

In Section 4.3, we extend the concept of symmetry to the unknown input vector and we
obtain a full answer to the identifiability problem.

4.3 Identifiability for any system

We start by running Algorithm 1. By doing this, we automatically obtain the observability
codistribution, O. In addition, the algorithm provides a new system, which is an unknown input
extension of the original system with the highest unknown input degree of recostructability. From
now on, we refer to this system. Its structure still satisfies (2.2). We denote the dimension of its
state by n and we denote its unknown input degree of recostructability (which is the highest) by

2The reader is addressed to [49, 50, 51] for the definition of infinitesimal (or infinitesimal number) and its use
in calculus.

24



m. Note that, a set of m observable functions, El, ...y han, is also available, after the execution
of Algorithm 1. The new system could coincide with the original system, meaning that the UI
degree of reconstructability of the original system is already the highest. In this case, Algorithm
1 returns the original system where only the order of the unknown inputs could have changed.
Indeed, when m < m,, the system returned by Algorithm 1 is ordered in accordance with
the R operation, defined in Section 3.1.3. In other words, the rank of the first m columns of

RM (ﬁl, . ,hm> is m.
In this section we provide the expression of all the symmetries that characterize the unknown

input vector of the system returned by Algorithm 1. In other words, we provide the expression
of all the vectors x = [x1,- -, Xm, ] such that:

w' =w+ey (4.4)

is indistinguishable from w. In Section 4.3.1, we provide the expression of a first set of such
symmetries that exist when the system is not canonic with respect to its unknown inputs (i.e.,
m < My, ). They will be denoted by €x, where ¢ stands for system non-Canonicity. In Section
4.3.2 we provide the expression of a second set of such symmetries that may exist when the state
is unobservable. They will be denoted by “y, where u stands for state Unobservability.

Note that, the characterization of unknown input symmetry provided by (4.4) was also very
recently introduced in [45, 46]. In these works, this definition was used by working in the
augmented space, i.e., by characterizing the system with a state that includes the unknown
inputs together with their time derivatives up to a given order. As we mentioned in Chapter 1,
using this extended state has two limitations: (i) the computational burden can easily become
prohibitive, and (ii) some of the symmetries could be actually spurious because we did not
include enough time derivatives of the unknown inputs (and no criterion to establish which is
the maximum order to be included was provided). In addition, working with the augmented
state does not allow us to distinguish between the two aforementioned categories of unknown
input symmetries (i.e., to distinguish between ¢y and “x) and can also make more difficult the
physical interpretation of a given symmetry.

4.3.1 Unknown input symmetries due to the system non canonicity

We provide the expression of a set of symmetries of the unknown input vector that certainly
exist when the system is not canonic with respect to its unknown inputs. In particular, this set
consists of m,, — m independent symmetries.

Theorem 4.2. Let us consider the system returned by Algorithm 1 and let us suppose that
m < My, (system not canonic with respect to the unknown inputs). For this system, the following
My, —m column vectors:

Cxi:{om}, i=1,...,my —m, (4.5)

=)

with 0p, the zero m—column vector and e; the unit vector of dimension m,, — m with zero
everywhere except that the it component which is 1, are m,, —m independent symmetries of the
unknown input vector.

Proof. The proof is given in Appendix A.
4.3.2 Possible unknown input symmetries due to the state unobserv-
ability

When the state is unobservable, we have one or more nonnull symmetries of the state. We have
the following fundamental result.

Theorem 4.3. Let us consider the system returned by Algorithm 1, and let us denote by £ € O+
a given symmetry of the state. The m,,— column vector “x, with components:
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u — m m, i 0 m o)y —
{ Xk = =22 "V (fz‘ +254 55“@) k=1...,m (4.6)

“xr =10 k=m+1,...,my
where, for anyi=1,...,m:
9 74 O _
5‘?‘ _ B (ﬁgohiﬂ-ﬁ)) f a=0 (4 7)
‘ %cguhi).g a=1,...,m

is a symmetry of w.
When the system is canonic with respect to its unknown inputs (m = my, ), the unknown input
symmetry becomes:

Moy M

u _ i 0 J —

X’f—_z vy, 51—1—25110] , E=1,...,my.
i=1 j=1

Proof. The proof is given in Appendix B.
We provide the following remarks.

Remark 4.1. Given a symmetry £ of the state, the corresponding symmetry “x in (4.6) can be
trivial, i.e., can be a null vector. This is certainly the case when all the quantities £ in (4.7)
vanish. If for all the symmetries of the state the corresponding “x vanish, the first m component
of w can be reconstructed. This means that there are cases where the first m unknown inputs
can be reconstructed even in the presence of state unobservability. Hence, it is better to call the
vector “x in (4.6) a potential symmetry of the unknown input vector.

Remark 4.2. We have a potential symmetry of the unknown input vector for any symmetry of
the state.

Remark 4.3. If the state is observable, there are not state symmetries and the first m unknown
inputs can be reconstructed. This is consistent with the result stated by Theorem 4.1. Indeed,
when the state is observable we only have the unknown input symmetries that characterize the
last my, — m unknown inputs. These symmetries disappear if and only if m = m,, (i.e., the
system is canonic with respect to the Uls).

4.3.3 The systematic procedure

The systematic procedure to automatically obtain the identifiability of all the time-varying pa-
rameters (or the reconstructability of all the unknown inputs) is Algorithm 4. It is based on the
results stated by Theorems 4.2 and 4.3. It starts by running Algorithm 1 on the system under
investigation (Line 1). This provides the observability codistribution O, the highest UI degree
of reconstructability with respect to the unknown inputs, m, and a new system X’ which is an
unknown input extension of the original system with the highest UI degree of reconstructability.
Note that, the identifiability analysis regards the new system Y’. Hence, we investigate the
reconstructability of the unknown inputs of this system. These unknown inputs may differ from
the original ones for the following two reasons:

1. Their order may have been changed.
2. Some of them could be the time derivatives (of a given order) of the original ones.

Note that, in any case, we also obtain the reconstructability properties of the original unknown
inputs. Indeed, if a given UI of ¥’ is the time derivative of a given UI of the original system,
it certainly means that the original Ul was included in the state. To check its identifiability it
suffices to verify if its differential belongs to O@. Algorithm 4 will tell us if the corresponding Ul
of 3’ is identifiable (i.e., if the time derivative of a given order of the original UT is identifiable).

Line 3 of Algorithm 4 provides a set of m,, — m symmetries of the unknown input, which are
the m,, —m unit vectors defined in (4.5). This set is empty if and only if the system is canonic
with respect to its unknown inputs (m = my,).
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Lines 5 and 6 compute the orthogonal distribution O+ and a basis of it. In particular, its
generators are &', ..., &9, Then, the loop at Lines 7-9 computes the corresponding symmetries
of the unknown input vector, i.e., “x!,..., “x°, on the basis of Theorem 4.3.

At this point, we have obtained all the symmetries that characterize the unknown input

vector. They are the following S + m,, — m vectors:

Cxl’ s CXm,,,,f’ITL? uxl’ o uXS.
Finally, the loop at Lines 10-16 checks the reconstructability of all the unknown inputs
W1, -, W, - Specifically, the j* unknown input (w;) can be reconstructed if and only if:
CX; =...= CX;"“’_m = “X; =...= "szo,

i.e., the j*" components of all the unknown input symmetries, vanish, simultaneously.

Note that, when S = 0 (and this is the case when the state that characterizes ¥’ is observable)
the first m unknown inputs, wi,...,w,,, can be reconstructed. If in addition the system is
canonic with respect to its unknown inputs, all the unknown inputs can be reconstructed. Note
that the observability of the state is a sufficient (but not a necessary) condition to have the
reconstructability of the first m unknown inputs. Indeed, there are cases where the state is
unobservable (i.e., S > 0) but all the symmetries “x*, ..., “x* vanish, simultaneously (e.g., this
occurs in the first scenario of our case study, as discussed in Section 4.4.3).

Algorithm 4: The algorithm that builds the symmetries of the unknown input vector and

check the reconstructability of all its components (w;, j=1,...,my).

1: Run Algorithm 1 and compute O, m, ¥’ .

2: if m < m,, then

3. Set °xl,..., ¢X™w ™™ asin (4.5).

4: end if

5. Compute O+.

6: Set O+ :span{él, e ,55}.

7. for iz =1:5 do

8 Set & = &% and compute the corresponding “x (from (4.6) and (4.7)), and denote it by
’U.X’Ls.

9: end for

10: for j =1:m, do

11:  if Cx}:...: oG = “X} =...= uxf:Othen

12: w; can be reconstructed

13:  else

14: w; cannot be reconstructed

15:  end if

16: end for

4.4 Illustration by the case study

We illustrate all the concepts introduced by this section by applying them to our case study.
Note that, for educational purposes, we provide the indistinguishable states and we also obtain
a description of our system by an observable state. On the other hand, the implementation of
Algorithm 4 requires neither the determination of the indistinguishable states nor a description
of the system by an observable state. It only requires the computation of all the independent
symmetries of the state, i.e., a basis of the orthogonal distribution O+,

4.4.1 Symmetries and Indistinguishable states

First scenario

From the expression of O, provided in Section 3.4, we obtain:
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0
Ot = span 1 ,
1

which is the generator of the rotations around the vertical axis. This agrees with our intuition
as all the measurements (the linear velocity, v, and the bearing angle, 3) are invariant under any
rotation of the system around the vertical axis.

Let us consider a given state, [p, ¢, 6]7 and let us compute its indistinguishable states. This
computation cannot be performed automatically, as it requires to solve a differential equation.
On the other hand, it is only provided for educational purposes. From Equation (4.1), we need
to solve the following differential equation:

U
1)
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0
1
1
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¢(0) = ¢, 6(0) =0

—~9

0)
We obtain that all the states:

P
¢p+T
0+

are indinstinguishable. For a given 7, the above state is obtained by rotating the state
[0, ¢, 0] by an angle of magnitude 7 around the vertical axis.

Second scenario

From the expression of O, provided in Section 3.4, we obtain:

0 1
Ot = span 1], 0
1 0

The first generator is again the generator of the rotations around the vertical axis. It agrees
with our intuition as also the measurements of the angular speed w are invariant under any
rotation of the system around the vertical axis. The new symmetry is the generator of the
absolute scale transformations. Its presence is not surprising. When the linear speed is unknown,
all the available measurements are angular measurements (w and () and there is no metric
information. In other words, all the measurements are also invariant to the scale.

Let us consider a given state, [p, &, 0]7 and let us compute the indistinguishable states
obtained by using the second generator. Equation (4.1) becomes:

SISSESE

‘We obtain that all the states:

are indinstinguishable. As p is the only metric component of the state (the other two,
and ¢, are angles), the above state can be regarded as a scale transformation of [p, ¢, 6]7 (in
particular, it is rescaled by the factor 5-5-77)_ Note that, a symmetry is defined up to a multiplying
factor (for any vector in O+ also the vector obtained by multiplying it by a given scalar is in
O%1). Hence, the transformation on the state defined by ¢ = [1, 0, 0]7 can also be defined by the
same symmetry multiplied by p. In other words, we could consider the symmetry: [p, 0, 0]7. By
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using this symmetry, Equation (4.1) provides, Z—‘T’ = p, whose solution is p(7) = pe”. This second
option makes more readable that it is a scale transformation (in particular, the scale factor is
en).

4.4.2 Characterization by an observable state

This step cannot be performed automatically but, as the system is very simple, its execution
is trivial. In addition, as we mentioned, this step is not required for the implementation of
Algorithm 4.

First scenario

The dimension of the observability codistribution is 2 and two independent generators are: p,
and 1 := 0 — ¢. Hence, a possible observable state is precisely = = [p, ]T. From (2.13), we
easily obtain:

p =wvcosy
P :w—%sinw

where w(= w) is the unknown input and v(= «) the known input.

(4.8)

Second scenario

The dimension of the observability codistribution is 1 and one generator is ¥. Hence, a possible
observable state is precisely x = [¢)]. From (2.13), we easily obtain: = w— %sin 1, where
v(= w) is the unknown input and w(= u) the known input. Note that, by using w, we cannot
obtain a description of the system in terms of the solely observable state, because the expression
of the dynamics needs the quantity p. We must redefine the unknown input. A possible choice
isw:= % = %. The system dynamics become:

[ Y =w—Wsiny (4.9)

4.4.3 Identifiability

We use Algorithm 4 to obtain the identifiability of the time-varying parameters for our case
study. In particular, for the first scenario, the unknown time-varying parameter is the angular
speed w(t) while, in the second scenario, is the linear speed v(t). In both scenarios, the system
is canonic with respect to its unknown input. Hence, we can only have the unknown input
symmetries due to the state unobservability (*x).

First scenario

We have a single symmetry of the state that is ¢ = [0, 1, 1]7. We compute the corresponding
symmetry of the unknown input, “x, by using (4.6). We need, first of all, to compute the terms
£ by using (4.7), for a« = 0,1, and i = 1. We have hy = h = ¢ — 0. As ¢° is null, Lpoh = 0.
Hence:

&g =0
Let us compute £1. We have g' = [0, 0, 1]7. We obtain: Eglﬁ = —1. As a result,

& =0

From (4.6), we obtain that the symmetry of the unknown input vanishes.

Therefore, we do not have non trivial symmetries of the unknown input. This means that
the unknown input can be reconstructed (or, in other words, the time-varying parameter w(t) is
identifiable).

Note that the same result is obtained by using Theorem 4.1 on the system in (4.8). Indeed, the
state that characterizes this system is observable and the system is canonic with respect to its
unknown input. Hence, the unknown input can be reconstructed.
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Second scenario

We have two independent symmetries: ¢! = [0, 1, 1]7, and &2 = [p, 0, 0]7. Note that, for
the second symmetry, on the basis of the remark at the end of Section 4.4.1, we use [p, 0, 0]7
instead of [1, 0, 0]7. To compute the corresponding “y, we need the terms ¢ and &1, For

both symmetries, we need to compute Lgohy and L,ihy. On the other hand, g% is null, g' =

sin(6—¢) T 7 7 .
cos(f — ¢), — O} ,and hy = h = ¢ — 0. Hence, we obtain:

~ ~  sin(6 —
Loh—0, £ph=00—9)
p
Let us consider the first symmetry: ¢ = [0, 1, 1]7. From (4.7), and the above expressions

of Lgoﬁ and ,Cglﬁ, we obtain:

g=6&=0
From (4.6), we obtain that the corresponding symmetry of the unknown input vanishes, i.e.,
u,, 1
x =0.
Let us consider the second symmetry 2 = [p, 0, 0]7. From (4.7), and the above expressions
of Lgoh and Lg1h, we obtain:

AL, h sin(6 — ¢)
0 _ 1 _ g 2 _
G=0 =7 =—"—
1

We use (4.6) to compute “x. Note that, in this case m = m,, = 1, and, from (3.8), "v] =

v = We obtain:

[
sin(0—¢) *
U? =w.

This means that, although we have two symmetries of the state, we have a single non trivial
symmetry of the unknown input. The unknown input cannot be reconstructed (or, in other
words, the time-varying parameter v(t) is not identifiable).

In this case, by applying Theorem 4.1 on (4.9), we only conclude that the unknown input
w = % can be reconstructed. However, the Theorem does not allow us to take a conclusion
about the identifiability of the original time-varying parameter w = v(t).
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Chapter 5

Indistinguishable states and
parameters and minimal missing
information to achieve
observability /identifiability

In this chapter we focus our attention to the systems that are unobservable and/or unidentifiable.
We start by providing a general procedure that generate indistinguishable states and parameters
(Section 5.1). Then, in Section 5.2 we exploit the determination of these indistinguishable states
and parameters to characterize the minimal missing information to achieve observability and/or
identifiability. In particular, we provide a preliminary result that allows us to obtain the above
characterization in the presence of a single symmetry.

5.1 Indistinguishable states and parameters

Algorithm 4 can be executed automatically and provides a full answer to the problem of the iden-
tifiability of the time-varying parameters (or unknown input reconstruction). It uses the results
stated by Theorems 4.2 and 4.3, which are based on the powerful concept of infinitesimal trans-
formation. In this section, we want to discuss the case of finite transformations. In other words,
we want to extend the same analysis provided in Section 4.2 to the unknown inputs. In that
case, the infinitesimal transformation was given by Equation (4.3) and the finite transformation
was given by Equation (4.2), where x(7) is the solution of the differential equation in (4.1). Note
that, the solution of the differential equation in (4.1) cannot be obtained automatically, and,
in many cases, it can only be determined numerically. On the other hand, its determination is
unnecessary to perform both the observability and the identifiability analysis. The same remarks
hold for the differential equations given in this section (i.e., Equations (5.5) and (5.7)), which
provide the finite transformations to build indistinguishable unknown inputs and initial states,
simultaneously. On the other hand, their solution can provide useful insights on a given ODE
model (in Sections 6.4 we provide the analytical solution for a model in the framework of HIV
dynamics and, in Section 7.4, we provide the analytical solution for a model in the framework of
Covid-19 dynamics).

Let us consider the system ¥’ returned by Algorithm 1. It still satisfies Equation (2.2). Let
us assume that the initial time is ¢ = 0 and the initial state is 2(0) = x¢. The state at time ¢
is obtained by solving the following differential equation (where all the quantities are the ones
that characterize the system Y’ returned by Algorithm 1):

a(t) =g, t) + 30 fr @ u(®)+
+ 300 g7 (, t)w, (1) (5.1)
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We consider any choice of the known inputs, uy(t), ..., um, (¢), such that the above differential
equation admits a solution in the time interval [0, T7.
Now, we introduce the state a’(¢) obtained by solving the following differential equation:

@'(t) =gl t) + S R tug(t) 4
+ 200 g (2 t)w)(t) (5.2)
2'(0) = x|

We emphasize that the state z’(t) is obtained by solving the same differential equation that
provides z(t) but with the following two differences:

e The initial state is z(, instead of xy.

e The unknown input is w'(t) = [w(?),...,w}, (t)]7 instead of w(t) = [wi(t), ..., wm, ()]"
(and this second difference involves the unknown input at any time in the considered time

interval and not simply the initial time).

We are interested in detecting all the initial states z{, and all the unknown input functions
w'(t) such that, independently of the choice of the known input functions, the states 2’(t) produce
exactly the same outputs of the states z(t), i.e.:

hi (z(t), t)=h; (2'(t), t), i=1,...,p,

for any t € [0, T.

On the basis of Theorems 4.2 and 4.3, we have two sets of solutions, which are provided by
the two types of unknown input symmetries, ¢y and “y. Specifically, on the basis of the result
stated by Theorem 4.2, we obtain the following first set of solutions:

zh =z, wt)=wt)+ex, i=1,....,my—m (5.3)

On the basis of the result stated by Theorem 4.3, we obtain the following second set of
solutions:

zh=xo+e&, w(t)=wlt)+e X', i=1,...,8 (5.4)

%

where ¢! € O+ is the symmetry of the state that provides “x?, in accordance with (4.6) (i.e., “x

is obtained by setting & = % in (4.7)).

Starting from the infinitesimal transformations given in (5.3) and in (5.4), we can compute
the corresponding finite transformations. For the m,, — m infinitesimal transformations given
in (5.3), the corresponding finite transformations are the following. Regarding xf, it trivially
remains the same for all of them, i.e.:

176:580

Regarding the unknown inputs, we have m,, — m independent w’ = w’(t, ), which are the
solutions of the following differential equations:

dw’ _ cXi
dr 5.5
Ul Za 55
i=1,...,my —m. In the above equation, the time t is a fixed parameter. In other words, to

obtain w’(t, 7), we first set the time to the desired value t. Due to the trivial expression of ¢y
in (4.5) (and in particular its independence of the specific case), this differential equation can be
solved once forever and provides:

it ) =wy(t),  jAmei
Wit 7) = i)+ 7, j=m+i

For the S infinitesimal transformations given in (5.4), the corresponding finite transformations
now involve simultaneously the initial state and the unknown inputs. To analytically compute
the corresponding finite transformations, we need the following condition to be satisfied:
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&, gO+Zfiui—|—Zgjwj +Zgj “x; =0, (5.6)

where the square brackets are the Lie brackets. This condition expresses the commutativity
between the temporal shift and the shift generated by the considered symmetry.

If the condition in (5.6) is honoured, the result of many consecutive applications of the S
infinitesimal transformations in (5.4) can be analytically computed. Specifically, for the i'"
transformation in (5.4) we obtain the new xf, = x{(7), and w’ = w’(¢,7) by solving the following
differential equations:

s §i(a'(t, 7))
W= e ), Wit 1) (5.7)
2'(t, 0) =x(t), w(t, 0)=w(t),

i =1,...,5. Again, in the above equation, the time t is a fixed parameter. In other words, to
obtain z'(t, 7), and w'(t, 7), we first set the time to desired value t. If, for any ¢t € [0, T, the
above equation admits a solution in the interval [0, T, then, for any 7 € [0, 7], the unknown
input vector w’(¢, 7) is indistinguishable from the unknown input vector w(t). Note that, in the
above equation, the value of x(t), which appears at the initial condition 2/(¢, 0) = z(t), is the
solution of (5.1) at the time t. From 2/(¢, 7) we obtain the finite transformation of the initial
state, which is the value of this function at the initial time, i.e., zj, = z{(7) = 2’(0, 7).

The solution of (5.7) is obtained by first determining 2/(¢, 7) (i.e., by first solving % =
€42’ (t, 7)), with initial condition 2/ (¢, 0) = x(t)), and then by using it in ‘%ﬁl = U2/ (t, T), W (t, 7)),
which becomes a differential equation of only w’(¢, 7). Note that the solution of % =&/ (t, 7)),
with initial condition (¢, 0) = z(t), is precisely the solution of (4.1) with T = x(t) and for the
same state symmetry (i.e., & = £°).

5.2 Minimal missing information to achieve observability /identifiability

We discuss a fundamental issue that arises every time we are in the presence of unobservability
and/or unidentifiability. We wish to answer to the following practical question: What is the
minimal external information (external to the available measurements of the system outputs)
required to make observable the state and identifiable all the model parameters?

In particular, we would like an automatic answer, which holds for any system, as in the case
of the observability and identifiability analysis that are obtained by simply running Algorithm 1
and 4.

Unfortunately, we do not have a general answer yet (this will be the matter of a future
investigation). For the moment, we have a preliminary result that provides an answer to our
question when the state is characterized by a single symmetry (i.e., the orthogonal distribution
O+ has a single generator). The key is that, in the presence of a single symmetry, we are able to
determine all the indistinguishable states by solving the differential equations in (4.1) (or even
to determine all the indistinguishable states and unknown inputs by solving (5.7)).

Let us denote the components of the true state at time ¢ by x1(t), x2(t), ..., x,(t). As the
system is characterized by a single symmetry, all the indistinguishable states are:

2y (t, 7) = s1(x1(t), xa(t), ..., xn(t), T)
x2h(t, 7) = s2(x1(t), x2(t), ..., xn(t), T) (5.8)
2ty 7) = su(@r(D), wa(t), ..., @alt), 7)

where s1,...,s, are specific functions determined by solving the differential equations in (4.1)

(or (5.7), in which case the system in (5.8) includes the components of the state and the unknown
inputs).

We know that, by using all the available measurements, we cannot determine x1(t), x2(t), ..., z,(¢),
but we can determine z(¢t, 7), z5(¢, 7), ..., z,,(t, 7). The latter are related to the former
by the equation system in (5.8). In particular, this system can be regarded as a system of n
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equations in the n 4+ 1 unknowns, which are the n components of the true state and 7. Note that
we have such a system of equations for any ¢ in our time interval. On the other hand, while the
components of the state are in general time dependent, 7 is independent of ¢. Let us suppose
that we add a measurement, at a single time ¢*, on one of the unobservable components of the
true state. Without loss of generality, let us assume that this is the last component of the state,
(i.e., we are measuring z,(t*)). The fact that xz, is unobservable, means that the function s,
depends on 7. Now we consider our equation system in (5.8) at ¢t = ¢*. This system consists of
n equations in n unknowns, which are the first n — 1 components of the true state at time ¢*,
and 7. In general, this allows us to obtain the n unknowns, and in particular, to obtain 7. But
once 7 has been determined, our equation system in (5.8) for any ¢ # t* consists of n equations
in n unknowns, which are the n components of the true state at time ¢. In general, this allows
us to obtain the n unknowns, i.e., to obtain the components of the state at any time .

In Section 5.3 we provide a trivial application of this procedure for the case study. In Section
6.7 we will see a more complex application of this procedure for a model that characterizes the
HIV dynamics.

5.3 Illustration by the case study

We determine the set of indistinguishable unknown inputs for our case study. Note that, when the
system parameters are identifiable, this set is trivial and consists of a single (the true) unknown
input. Hence, we only consider the second scenario for which we obtained a single non trivial
symmetry of the unknown input vector. Specifically, in Section 4.4.3 we obtained & = [p, 0, 0]7
and “x = v. By an explicit computation, it is possible to check that the condition in (5.6) is
honoured. The differential equation in (5.7) becomes:

dr, = ,Ol(t, T)
£ -
o =0
%JT, T (5.9)
Pl(t, 0) = p(t)7 d)/(ta 0) = ¢(t)7 9/(t7 0) = e(t)
v'(t, 0) =o(t)
and its solution is:
G a0,
'(t, 7) = o(t),
0'(t, 1) = 6(t), (5.10)
v'(t, ) =w(t) e,

which is a scale transformation with factor e”. As expected, the unknown input v(¢) can only
be reconstructed up to a scale. By computing the above p'(t, 7) at ¢ = 0 we obtain that the
initial state is only observable up to the same scale, p{, = p'(0, 7) = pg €”.

Note that, by using ¢ = [1, 0, 0]7 instead of £ = [p, 0, 0], we would obtain the same result.
The corresponding “x is % and the differential equation in (5.7), becomes:

g !
do” -0
do’

o 0
dv’ v

)
p(t, 0) = p(t), ¢(t, 0) = o(t), 0'(t, 0) =0(t)
V'(t, 0) =o(t)

where we used o instead of 7. The solution is:

Pt o) =p(t)+o,
o(t, o) =g(1),
0'(t, o) 0(t),
vt 0) =23 (p(t) +0),



which coincides with the previous solution by setting o = p(t)(e™ — 1).
We conclude by remarking that, in accordance with the above results, the ratio % is unaffected
by the above scale transformation. Indeed, we have:

v ve” v

- — :
p o peTp

This means that this ratio is observable. This result is consistent with the result that we
obtain by applying Theorem 4.1 on the system in (4.9), which is characterized by an observable
state. As this system is also canonic with respect to its unknown input, it means that the

unknown input w = % can be reconstructed.

We conclude this section by characterizing the minimal missing information to achieve ob-
servability and identifiability. Clearly, due to the simplicity of the system, we obtain an answer
by proceeding intuitively. Specifically, we know that to have observability and identifiability we
need to know the absolute scale. This is provided by a single measurement of the distance p or
by a single measurement of the speed v. We show that we obtain the same result by applying
the procedure provided in Section 5.2. Note that we are allowed to use this procedure because
the system is characterized by a single symmetry.

Equation (5.8) becomes, in this case, (5.10). In order to determine the true state and the
true parameter, we must determine the value of 7. This can be determined by knowing p or
v at a single time (¢*). In the first case, 7 is obtained from the first equation in (5.10), which
provides p(t*)e”. The knowledge of p at t*, i.e. p(t*), makes immediate the determination of e”,
and then 7. Once 7 has been determined, we determine the remaining quantities at any ¢t € Z.
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Chapter 6

HIV infection

We investigate the observability and the identifiability properties of a simple ODE model widely
used to describe HIV dynamics in HIV-infected patients with antiretroviral treatment [3, 35,
40, 41, 42]. The model is characterized by the following three equations and the following two
outputs:

Ty =X—ply —n(t)TyV
T[ = n(t)TUV - 6T[

V.  =NoT; —cV

y =[V, Ty +Tj],

(6.1)

where, Ty is the concentration of uninfected cells, T the concentration of infected cells, and V'
the viral load. The model is also characterized by the time-varying parameter 7(t) and the five
constant parameters A, p, d, N, c. They are defined as follows:

e 7)(t) is the infection rate, which is a function of the antiviral treatment efficacy.

A is the source rate of uninfected cells.

p is the death rate of uninfected cells.

0 is the death rate of infected cells.

N is the average number of virions produced by a single infected cell during its lifetime.

¢ is the clearance rate of free virions.

All these parameters are assumed to be unknown.

To proceed, we need, first of all, to introduce a state that includes both the time-varying
quantities (i.e., Ty, Ty, V) and the constant parameters (i.e., A, p, §, N, c¢). We set:

=Ty, T1, V, \, p, 6, N, " (6.2)
The system is directly a special case of (2.2). In particular, m, = 0, m, = 1, p = 2,
hl(l’) =V, hg(.’L‘) =Ty + 17,
AN—ply ] [ —TyV ]|
=0Ty TyV
N&Tp —cV 0
0o_ 0 1 0
0 0
0 0
L O - L 0 -
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6.1 Observability analysis

We run Algorithm 1 to obtain the observability codistribution. Line 2 provides:

Q= span{Vhl, Vh2}
= span{|0,0,1,0,0,0,0,0], [1,1,0,0,0,0,0,0]}.
deg,, (Q) = 0 (< my), as Lghy = Lyhy = 0 (and the rank of the unknown input recon-
structability matrix from h;, ho vanishes). The system is not in canonical form with respect to
its unknown input. We enter the loop at lines 9-14.
Line 11 provides no functions (m = 0). Line 12 provides: ™u) = ™) = 1 obtained from

(3.6) (these tensors have a single entry as the indices only take the value 0). In addition, from
(3.7) we obtain: mg® = ™p0¢% = ¢°. Line 13 computes

(]

as g% = ¢Y. By a direct computation, we obtain:

span {Vhq, Vh2}> )

Q= span{Vhl, Vha, VLyohy, Vﬁgohg} =
Span {th th, th, Vh4}
where we adopted the following notation:
h3 = Eg(lhl, h4 = ,Cgohg

Now, deg,, () = 1 = m,. Hence, the second condition at Line 9 is not met and the
loop is interrupted. In addition, as the condition at Line 15 is met, also the main loop is
interrupted. The execution of Algorithm 1 continues with Line 45. The operation at this line
([his--eyhm,] = S(X, Q)) sets

El :h4:£goh2 :)\—pTU—éT[

(we would obtain the same final result by setting El = h3 = Lgohy). Then, Line 46 provides:

1 0
h= { Tr6* — p(A = Tup) —TuV (6 —p) } ’

1 0
v= [ T18+Typ’=Ap  _ 1 ] ) (6'4)
Ty V(6—p) Ty V(6—p)

obtained from (3.3). In addition, from (3.4) we obtain:

. 6(T157>\+TUP) 7]

1
-
I

7
s

d—p
p(T10—A+Typ)

d—p
NT;6 —Ve

>
|
he)

<L

o o o oo
OO O O oo

Finally, from (3.5) we obtain that, when m, = 0, the codistribution O vanishes. The final
step of Algorithm 1 is the execution of Line 47, namely:

0 =(3° §'| span{Vhy, Vhy, Vhs, Vhy}).
The algorithm in (2.8) converges at the third step (5 = Qs3), and O =

span {Vhy, Vhy, Vhs, Vhy, VLgohs, VL hs, VLhs} .
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Its dimension is 7, which is smaller than the dimension of the state in (6.2). Hence, the
state is not observable. In particular, regarding the constant parameters, it is immediate to
check that two of them (§ and N) are unidentifiable (it suffices to show that their gradient, i.e.,
the two covectors [0,0,0,0,0,1,0,0] and [0,0,0,0,0,0,1,0], does not belong to O). This result
contradicts the result available in the state of the art (e.g., see Section 6.2 of [3] or Section 3.3
of [35]). In Section 6.6, we discuss the above result by referring to the same data set adopted in

[35].

6.2 Symmetries and indistinguishable states

Once we have O, the symmetries are immediately obtained by computing the orthogonal distri-

bution. We have:

176
=176
0

Ot =span 8 . (6.5)
5(6 = p)
Np

0

As for the case study, starting from the generators of O+ we compute the indistinguishable
states (although the determination of the indistinguishable states is not requested by Algorithm
4). We need to solve the differential equation in (4.1). Given astate [Ty, T7, V, A, p, 6, N, 7T,
the solution of this differential equation provides states which are indistinguishable. For the
specific case, by using the generator in (6.5) for £, Equation (4.1) becomes:

dTy
L =Ty
& =
K .
Ho
) (@5)
v _ N,
Tu(0) =Tu, Ti(0) =Ty, V(0) =V, A(0) = X,
p(0) =7, 6(0) =4, N(0)=N, c(0)=¢

This equation can be solved analytically. The solution is:

Ty+Tr—Z (67 +5-10) ]
L (6e7P" +p—9)

S > <ys
—
D
\]
N~—

((p—0)eP™ +9)

eﬁ

ol 2‘

All the above states (z(7)) are indistinguishable for any 7 (in particular, they are indistin-

guishable from [Ty, Tr, V, A, p, 6, N, ¢7T). In Section 6.6 we explicitly show that they
produce the same outputs.
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6.3 Characterization by an observable state

Note that this task is not requested by Algorithm 4, to obtain the identifiability of the parameters.
In addition, this task cannot be performed automatically. On the other hand, we were able to
obtain this description that can be useful for further investigations.

The original state has dimension 8 and the observability codistribution 7. This is the reason
why we have a single symmetry (8 = 7+ 1). A possible observable state consists precisely of a
set of generators of the observability codistribution. Algorithm 1 automatically returns a set of
generators. We obtained:

hn, ho, Looh1, Lyoha, LooLyohy, LgiLyphy, L20Lgo0h:.

On the other hand, by setting the state entries equal to these functions, obtaining the expression
of its dynamics in terms of the same state components is definitely prohibitive (although possible).
To simplify this task, first of all, we try to determine 7 independent and simple functions, which
are observable and that generate the observability codistribution. By using the expression of the
above generators and the expression of the above symmetry, by using our inventiveness, we were
able to select the following observable functions:

— \Ill = V

— Uy =Ty +17

- \113 = N5T]

- =P (6.8)
- A

— C

- p

(by a direct calculation it is possible to verify that their gradients generate ). As their
expression is much easier than the expression of the generators automatically selected by Algo-
rithm 1, we have the possibility to describe our system by using them. After some trials, by
using (6.1), we were able to obtain the following dynamics:

\I’l = \113 — C\Ill

Wy =A—p¥s— U3 p

U3 =7

o =0

5 —o (6.9)
¢ =0

P =0

y =¥, W

The correctness of the above expression can be easily verified by using in (6.9) the expressions
of Uy, Wy, U3, and p given in (6.8) and by using Equation (6.1). Note that, in order to achieve
this description, we had to redefine the unknown input (77 := NoTy¥in — §U3). By using the
original unknown input 7, we would obtain W5 = N&Ty Wiy — §¥5. This equation cannot be
expressed only in terms of the components of the new observable state. It needs the product
No6Ty and §, which cannot be expressed in terms of the selected observable functions because
both NéTy and § are unobservable.

6.4 Identifiability analysis

We execute Algorithm 4. First, as the system is canonic with respect to its unknown inputs, we
do not have symmetries of the unknown input due to the system non canonicity (“x). On the
other hand, we have a single symmetry of the state (£), which is the single generator of O+ in
(6.5), and, as a result, we may have a non vanishing symmetry “y of the unknown input. Let
us compute it. In accordance with Equation (4.6), we need to compute £ and &f. We have:
h=hy = X— pTy — 6T;. From (6.3) we obtain:
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ﬁgoffl = T152 - p(/\ - TUp), £g17l = —TUV(5 - p).

From Equation (4.7), by using the generator of O+ in (6.5) for ¢, we obtain:

& =Tr8(5—p)?, & = —V5(Tr +Tv)(S - p).

In addition, from Equation (6.4) and by knowing that m = m,, = 1 (canonic system), we
m,1 _ 1 _ 1
have vy =vy = —m

By using (4.6) and the above expressions, we obtain:

1
wy, — 4,100 1 —_ T:5(5 — 2
X Vl(gl +§1w1) TUV(é—p) I ( p)

1

—meS(TI +Tu)(0 = p)n-

Hence:

Ti6(65—p)  S(T1+Tv)

P —_— . .1
X oV 7, " (6.10)

u

We have obtained a non trivial symmetry (“x) of the unknown input. This means that the
unknown input cannot be reconstructed (or, in other words, the time-varying parameter 7(t)
is not identifiable). This result contradicts the result available in the state of the art (e.g., see
Section 6.2 of [3] or Section 3.3 of [35]). In Section 6.6, we prove the validity of the above result
by quantitatively providing more unknown inputs that are consistent with the same outputs.

6.5 Indistinguishable states and unknown inputs

In order to obtain the indistinguishable states and unknown inputs we need to solve the differ-
ential equation in (5.7), for the specific case. We first need to check if the condition in (5.6) is
honoured. By using the expression of ¢ (which is the generator of O+ in (6.5)) and the expression
of *x in (6.10), it is possible to check that this condition is satisfied and the differential equation
in (5.7) becomes:

o =15

7 - T

dd)\T’ ; 0

i 5~ )

i Ny g (6.11)
b o

dr

dn’ _ T§ ' =p) 8 (TiATy)

dr =TTV T

Tl/] (t, O) =Ty (t)’ TI/ (t’ O) =17 (t)7

V'(t, 0) =V(),

N(@©) =X, p'(0) =p, §'(0)=46, N'(0)=N, (0)=c
n'(t, 0) = (1)

where we only provide the explicit dependence on ¢t and 7 at the initial conditions and we
omit it for the differential equations, for the simplicity sake. These equations can be solved
analytically. The solution for the first eight components (which are the components of the state)
is the same solution of (6.6) given in (6.7), with the appropriate values for the initial conditions.
In other words, «/(t, 7) is:
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Tt 7) = Tu(t) + Ty(t) — T8 (6e~77 + p - 9)

Ti(t, 1) =T (Gemm + p—5)

VI(t, T) =V(t)

() =A (6.12)
pr)  =p

&'(r =0p/((p—0)e’T +9)

N'(r) = Nef"

(1) =c

Regarding the unknown input, we obtain:

N Ty (OV (per™ + [Ty(£)5* = Ty(£)5p — n(t)Tu ())V (1)3] [ — 1]
V() [T1(8)8 + Ty (t)p] er™ — V()T (£)6

n'(t, ) = (6.13)

We have obtained the following fundamental result. Let us consider the ODE model in (6.1)
and let us consider a given time interval Z := [ty, T]. Let us suppose that the initial conditions
and the values of the model parameters are:

o Ty(to) = Tu,, Ti(to) = T1,, and V(to) = V.

e The values of the constant parameters are A, p, §, N, and c.

e The time-varying parameter on Z is 7(t).

Then, the following initial conditions and the values of the model parameters:

[ ]

Ti(to, ) =Ty, + Thy — —2 (5™ + p—0)
Ti(to, ) = = (3™ +p =)

V/(t07 T) = Vb

N(7) =A (6.14)
g0 =

'(7) =0p/((p—6)e’™ +9)

N'(r) = New

d(r =c

e the time-varying parameter given in (6.13), with Ty (¢), T7(t), and V (t) the values of Ty, 17,
and V obtained by integrating (6.1) with initial conditions Ty,, T7,, and Vo, and unknown
input 7(t),

produce exactly the same outputs yi(t), y2(t), on the entire time interval Z. This holds
for any value of the parameter 7 that belongs to an interval &/ C R, which includes 7 = 0. In
addition, the interval U is such that, for any 7 € U, the solution in (6.14) must exist. On the other
hand, even if the above requirements on U ensure the validity of our result (i.e., that the solution
in (6.13) and (6.14) produces the same outputs at any time) we have a further requirement, due
to the physical meaning of our states and parameters. For any 7 € U the quantities §'(7), N'(7),
n'(t, 1), T, (¢, 7), and T7(¢, 7) must be positive.

In Section 6.6, we test the validity of the above fundamental result by using the same data
set adopted in [35].

6.6 Comparison with the state of the art results
As we aforementioned, our results contradict the result available in the state of the art for

exactly the same ODE model characterized by (6.1) (e.g., see Section 6.2 of [3]! or Section 3.3
of [35])). Specifically, in contrast with the state of the art, we obtained that both the state and

IThe reader can find a detailed explanation of the serious error made by the authors of [3] in [5].
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the unknown input (or the time-varying parameter) n(t), cannot be recovered from the outputs.
In addition, we also obtained a one dimensional set of indistinguishable states, x{(7), and a one
parameter set of functions n’(¢, 7) such that, by only using the outputs, it is not possible to
distinguish among the elements of these sets. In other words, the outputs obtained by using
the initial state z((7) and by using the unknown input function 7’(¢, 7), are independent of the
parameter 7, and this holds for any 7 € U.

In this section, we explicitly provide these sets by referring to the same data available in the
literature (e.g., see the electronic supplementary material of [35]) and we show that any choice
in these sets produces the same outputs.

The data set is characterized as follows:

e The time interval is Z = [0, 201] (in days).
o Ty(0) = 600, T7(0) = 0, V(0) = 105, A = 36, p = 0.108, § = 0.5, N = 10%, and ¢ = 3.

e The time-varying parameter is:

n(t) = k (1 — 0.9cos (ﬁt)) , (6.15)

with k& = 0.00009.

%107

1.2

0 50 100 150 200
days

Figure 6.1: Several indistinguishable profiles for the time-varying parameter n’(¢, 7) for several
values of the parameter 7 ranging from —3 up to 7. = 2.2532. The dashed purple line is the
profile given by (6.15), i.e., (¢, 7) for 7 = 0.

We provide indistinguishable initial states and indistinguishable unknown inputs for several
values of the parameter 7 € Y. First of all, let us characterize U.
From the expression of §’(7) in (6.14) and the values of our data set, we obtain that

lim ¢'(7) = +o0, lim §(7) = —0
T—Tw 7'—)7'*+

o )
with 7, = - g(;—ﬁ) ~ 99539,
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0 50 100 150 200

days

Figure 6.2: The profiles T{;(t, 7) for several values of the parameter 7 ranging from —3 up to
T, &2 2.2532. The dashed purple line is the profile for 7 = 0.

0 50 100 150 200

Figure 6.3: The profiles T}(¢, 7) for several values of the parameter 7 ranging from —3 up to
Ty =2 2.2532. The dashed purple line is the profile for 7 = 0.
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In addition, we found that, for 7 = —4 the function #'(¢, 7) in (6.13) takes negative values
for ¢ € [2, 6]s. Finally, we verified that in the interval

Uy = [—3, 7'*)

all the quantities ¢'(7), N'(7), #'(t, 7), T{;(t, 7), and T}(¢, 7) take positive values (the last three
on the entire time interval Z). The condition Uy C U is ensured and we are allowed to use any
T € Up. Hence, we consider the indistinguishable initial states and unknown inputs obtained by
varying 7 in this interval U.

Figure 6.1 displays the profiles of #'(¢, 7). The profile for 7 = 0 (purple dashed line) is
precisely the one set in (6.15). By varying 7 we obtain a significant change of the profile meaning
that this parameter is ”strongly” unidentifiable.

Figures 6.2 and 6.3 display the profiles of T};(t, ) and T}(¢, 7), respectively. The initial
conditions of Ty and 77 are obtained by these profiles at ¢ = 0. By chance, in this case, these
initial conditions are independent of 7. This because the part that depends on 7 is linear in
Ty, (see the first two equations in (6.14)) and we set 77, = 0. Note that, by changing the
values of T7,, the initial conditions significantly depend on 7 meaning that also the initial state
is ”strongly” unobservable. In addition, by varying 7, the two constant parameters that are
not identifiable (i.e., § and N) significantly change. For instance, in accordance with (6.14), for
7= —3 and 7 = 7, we obtain the following changes:

§=060)=05 —=§(-3)=2025 =t —>71)=+x
N = N'(0) =10 — N'(-3) 2723 — N'(r.) = 1276.

The variation of §’ is even divergent.

We verified that the two outputs, y1(t) = V and y»(t) = Ty + 17, are independent of 7, at
any t. This is obtained by proceeding as follows.

We considered several values of 7 in Uy. For each 7, we integrated the differential equation
in (6.1) with the initial conditions given in (6.14) for that 7 and by setting the unknown time-
varying parameter as in (6.13) for the same value of 7 (that is one of the profiles plotted in
Figure 6.1). Both the initial conditions in (6.14) and the unknown input significantly depend on
7. However, the two outputs (which are displayed in Figure 6.4) are independent, in accordance
with our results.

We also check the validity of the same results by considering other settings (e.g., by setting

Ty, #0).

6.7 Minimal external information

Our analysis showed that only three parameters are identifiable. They are A, p, and c¢. The
remaining constant parameters, §, and N, and the time varying parameter, n(t), cannot be
identified. It is possible to prove that, by also including the output y3 = Ty (or y3 = 1), the
state becomes observable and all the parameters identifiable. This can be proved by repeating
the analysis for the new system characterized by this further output. On the other hand, from
our analysis, it is immediate to obtain a more interesting result.

The system is characterized by a single symmetry. As a result, we can apply the general
procedure described in Section 5.2 and we can conclude that it suffices to have Ty (or T7) at
a single time t* € Z (and not necessarily on the entire time interval) to make possible the
identification of all the parameters (and the observability of the state). Equation (5.8) becomes,
in this case, (6.12) together with (6.13). In order to determine the true state and the true
parameters, we must determine the value of 7. This can be determined by knowing Ty (or
equivalently T; = ya — Tyy) at a single time. First of all, Equation (6.12) tells us that we have

the true V, A, p, and c¢. Now let us suppose that we know 77 at a single time. From the second
_ T, Tt p
—0= ITI(t*)
two unknowns ¢ and 7. On the other hand, the sixth equation in (6.12) is a further equation
in the same two unknowns. From them, we obtain both § and 7. Finally, once 7 has been

determined, we determine the remaining quantities at any ¢ € 7.

equation in (6.12) we obtain the quantity de " — p, which is an equation in the
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Figure 6.4: The two outputs y;(¢t) = V (solid blue line) and ya(t) = Ty + T7 (dashed red line).
The profiles are independent of the parameter 7, as expected.
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Chapter 7

Compartmental SEIAR model of
the epidemic dynamics of
Covid-19

We consider a simple model that generalizes the SEIR model commonly used for virus disease.
This more general ODE model includes a further compartment, A(t), that is the asymptomatic
infected, [44]. The other compartments are the same of a SEIR model, i.e.: S, Susceptible; E,
Exposed; I, Infected (symptomatic infected); R, Removed (i.e., healed or dead).

The differential equations of this model describe the movement of individuals of the population
between the five aforementioned classes, i.e.: S(t), E(t), I(t), A(t) and R(t).

The dynamics and the outputs are given by the following set of equations (e.g., see [44]):

S =-BSI+ A)

E =8S(I+A)-E

I =~pE—ml

. 7.1
A =9(1-pE-pA (71)
R :u1[+u2A

y =1, A S+FE+R)]

This model includes the following constant parameters, which are assumed to be unknown:

e 1p and po that are the remove rates from the infected symptomatic individuals (I(t)) and
the infected asymptomatic individuals (A(t)), respectively.

e v that is the rate at which the exposed individuals (E(t)) are infected.

e p that is the probability that infected individuals are symptomatic (and 1 — p is the prob-
ability that infected individuals are asymptomatic).

The model also includes the following unknown time-varying parameter:

e 3 = [(t) that is the probability of disease transmission in a single contact times the average
number of contacts per person, due to contacts between an individual of the class S and
an individual that belongs to one of the two classes I and A. This parameter is assumed to
be time-varying as it can be modified by government measures (e.g., , using masks, closing
schools, remote working).

We assume that we can measure the infected symptomatic individuals (I(t)), and the infected
asymptomatic individuals (A(¢)). Hence, our model is characterized by the first two outputs in
(7.1). Finally, as we know the total population, S(t)+ E(t)+1(t)+ A(t) + R(t), by removing from
this the above two measurements, we obtain the third output in (7.1), i.e., S(¢) + E(t) + R(¢).

To proceed, we need, first of all, to introduce a state that includes both the time-varying
quantities (i.e., S, E, I, A, R) and the constant parameters (i.e., u1, g2, v, p). We set:
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T = [57 E7 17 Aa R7 M1, M2, 7, p]T (72)

The system is directly a special case of (2.2). In particular, m, = 0, m,, = 1, p = 3,
hl(iL’) =1, hg(fE) =A, h3(113) =S+ FE+R,

0 [ —S(I+A) ]
—~E S(I+ A)
YPE — pn I 0
Y1 =p)E - p2A 0
9’ = pl + p2A , gl = 0 (7.3)

0 0
0 0
0 0

L O - L 0 .

7.1 Observability analysis

We run Algorithm 1 to obtain the observability codistribution. Line 2 provides = span{Vhy, Vha, Vhs},
and deg,, (2) =0 (< my), as Lghy = Lyhy = Lyhg =0 (and the rank of the unknown input
reconstructability matrix from hy, he, hs vanishes). The system is not in canonical form with
respect to its unknown input. We enter the loop at lines 9-14. Line 11 provides no functions

(m = 0). Line 12 provides: ™u) = ™v§ = 1 obtained from (3.6) (these tensors have a single
entry as the indices only take the value 0). In addition, from (3.7) we obtain: ™g" = ™u{¢% = ¢°.

Line 13 computes

Span {Vhl, th, Vh3}>,

(1)

as g% = ¢Y. By a direct computation, we obtain:

Q= span{Vhl, Vha, Vhs, VLyohy, Vﬁgohg} =

Span {Vhl, th, th, Vh4, Vh5}

where we adopted the following notation:
h4 = Egohl, h5 = ﬁgohg

Now, deg,, () = 1 = m,. Hence, the second condition at Line 9 is not met and the
loop is interrupted. In addition, as the condition at Line 15 is met, also the main loop is
interrupted. The execution of Algorithm 1 continues with Line 45. The operation at this line

(1 o] = S(S, Q) sets

7L1 = h,4 = ﬁgohl = ’)/pE - ,U,ll

(we would obtain the same final result by setting hy = hs = Lyohy). Then, Line 46 provides:

1 0
= [ p(Ipy — Evp) — Ex*p Syp(A+1) }

b

1 0
V= Epy’+Epym—I13 1
Syp(A+1I) Syp(A+1I)

obtained from (3.3). In addition, from (3.4) we obtain:
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[ Epy’+Epyp—Iu3 r
P
_mp1—Eqp)
AP
E~p — I
—Apz — Ex(p—1) .
= A/J/Q + IMI 5 g =
0

2|

<L
|
S ooo oo oL

0
0
0

Finally, from (3.5) we obtain that, when m, = 0, the codistribution O vanishes. The final
step of Algorithm 1 is the execution of Line 47, namely:

0= <§O, §1 | span{Vhl, th, th, Vh4, Vh5}>

The algorithm in (2.8) converges at the second step (22 = €1), and

Ozspan{th th, th, Vh4, th), Vﬁ’gﬂh5, Vﬁglh;;}.
Its dimension is 7, which is smaller than the dimension of the state in (7.2). The state is

unobservable.

7.2 Symmetries and indistinguishable states

Once we have O, the symmetries are immediately obtained by computing the orthogonal distri-
bution. We have:

oo o

—_

Ot = span —

o 2 ooooobljtq

o O o o

As for the case study, starting from the generators of O+ we compute the indistinguishable
states (although the determination of the indistinguishable states is not requested by Algorithm

the solution of this differential equation provides states which are indistinguishable. For the spe-
cific case, we have two distinct independent symmetries that are the two generators of O+ in
(7.4). Let us discuss the two cases separately.

7.2.1 First symmetry

Equation (4.1) becomes:
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|
& =0
gl =
dk
o =0 (7.5)
d =0
-
& =0 _ _ _
S(0) =S8,E(0)=EFE,I(0)=1,A(0)=A,R(0) =R,
[1,1(0) = My, UQ(O)ZE% 7(0)_7’ ( ):p
This equation can be trivially solved analytically. The solution is:
F ST
E
1
A
z(r)=| R—71 (7.6)
Hq
o
5
L P ]

All the above states (x(7)) are indistinguishable for any 7 (in particular, they are indistin-

guishable from [S, E, I, A, R, [y, fis, 7, D)7 ).

7.2.2 Second symmetry

Equation (4.1) becomes:

das = F
iZ,
o
=0
—R frg
4n =0 (7.7)
A
&
1 =y
5o
dr - _ _ _
S(0) =8,B(0)=E,1(0)=1, ( ) =A,R(0) =R,
p1(0) =Ty, p2(0) =Ty, ¥(0) =7, p(0) =p
This equation can be solved analytically. The solution is:
[ —Ee ™+ S+E ]

Ee ™

1

A

z(r)=| R (7.8)

Hq

Ho

ver

L P ]

All the above states (z(7)) are indistinguishable for any 7 (in particular, they are indistin-

guishable from [S, E, I, A, R, [y, fig, 7, D|*).
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7.3 Characterization by an observable state

Note that this task is not requested by Algorithm 4, to obtain the identifiability of the parameters.
In addition, this task cannot be performed automatically. On the other hand, we were able to
obtain this description that can be useful for further investigations.

The original state has dimension 9 and the observability codistribution 7. This is the reason
why we have two independent symmetries (9 = 7 4+ 2). A possible observable state consists
precisely of a set of generators of the observability codistribution. Algorithm 1 automatically
returns a set of generators. We obtained: hy, ha, hs, hy, hs, Lgohs, Lz hs. On the other hand,
by setting the state entries equal to these functions, obtaining the expression of its dynamics in
terms of the same state components is definitely prohibitive (although possible). To simplify this
task, first of all, we try to determine 7 independent and simple functions, which are observable
and that generate the observability codistribution. By using the expression of the generators of
O and the expression of the generators of O+, by using our inventiveness we were able to select
the following observable functions:

- ¥, =S+E+R

— Uy, :=~F

- I

— A (7.9)
- M

)

- D

(by a direct calculation it is possible to verify that their gradients generate ). As their
expression is much easier than the expression of the generators automatically selected by Algo-
rithm 1, we have the possibility to describe our system by using them. After some trials, by
using (7.1), we were able to obtain the following dynamics:

\ifl = :\1’2 + ,U,ll + 'LLQA

W =§

I = p\Ilg — ,UJ1[ (710)
A = (l—p)\lfg —/J,QA

y =1, A ¥4,

Note that, in order to achieve this description, we had to redefine the unknown input. By
using the original unknown input 3, we would obtain Uy = vE = BSy(I + A) — v¥,. This
equation cannot be expressed only in terms of the components of the new observable state. It
needs the product S+ and v, which cannot be expressed in terms of the selected observable
functions because they are unobservable.

7.4 Identifiability analysis

We execute Algorithm 4. First, as the system is canonic with respect to its unknown inputs, we
do not have symmetries of the unknown input due to the system non canonicity (“x). On the
other hand, we have two independent symmetries of the state, which are the generators of O+
in (7.4), and, as a result, we may have non vanishing symmetries “x of the unknown input. Let
us compute them. We use Equation (4.6) twice, by setting & equal to the two generators of o+
in (7.4), respectively. In both cases, we have:

and from (7.3), we obtain:
Looh = py(Ipy — Eyp) — Ev*p, Lgth = Syp(A+1). (7.11)
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7.4.1 First symmetry
We set

In accordance with Equation (4.6), we need to compute &) and £1. From Equation (4.7), by
using the above £ and (7.11), we obtain:

&=0, & =p(A+1).
and, by substituting in (4.6), we obtain:

1
w,, _ _ m, 170 1 - _ 61 — _l
X = V1(§1+€1w1) S'Yp(A“rI)wl Sﬁ
because "vi = vl = m. Hence, we have the following first symmetry of the unknown
input:
=g (712)
5 .
7.4.2 Second symmetry
We set
S
—F
0
0
g=¢=| 0
0
0
v
O -

In accordance with Equation (4.6), we need to compute &9 and £1. From Equation (4.7), by
using the above £ and (7.11), we obtain:

§=-7pE, &=wA+)(E+S).
and, by substituting in (4.6), we obtain:

u m._ 170 1 5? 5%
X= O ) = e AT T SeAr )
v E E+S
S(A+I) S p
because "vi = v} = m. Hence, we have the following second symmetry of the unknown
input:
weo 1B E+S, (7.13)

S(A+1) S

We conclude by remarking that the unknown input is characterized by two symmetries.
Hence, B(t) is unidentifiable.
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7.5 Indistinguishable states and unknown inputs

We have two generators of O+ and we discuss the two cases separately.

7.5.1 First set of solutions

By using the first generator of O+ in (7.4)) and the expression of “x in (7.12), it is possible to
check that the condition in (5.6) is satisfied and the differential equation in (5.7) becomes:

’
as -1

d
e =0 (7.14)

where we only provide the explicit dependence on ¢t and 7 at the initial conditions and we
omit it for the differential equations, for the simplicity sake. These equations can be solved
analytically. The solution for the first nine components (which are the components of the state)
is the same solution of (7.5) given in (7.6), with the appropriate values for the initial conditions.
In other words, z’(t, T) is:

S'(t, T) =St)+T

E'(t, ) =E(%)

I'tt, ) =1(t)

A(t, T) = A(t)

R'(t, ) =R(t)—T (7.15)
m(r)  =m

pa(t) = pe

V() =9

p'(7) =p

Regarding the unknown input, we obtain:
g, )= m (7.16)

We have obtained the following fundamental result. Let us consider the ODE model in (7.1)
and let us consider a given time interval [ty, T]. Let us suppose that the initial conditions and
the values of the model parameters are:

L S(to) = 507 E(to) = EQ, I(to) = I(), A(to) = Ao, and R(to) = Ro.

e The values of the constant parameters are 1, o, v, and p.

e The time-varying parameter on the considered time interval [tg, T is 3(t).

Then, the following initial conditions and the values of the model parameters:
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Sl(to, T) =Sy+T1
E'(to, ) = Eo
I/(to, 7') = IO
Al(to, T) = AO
R/(to, 7') = RO — T
m(r)  =m
15(T) = p2
v'(7) =7

L P(7) =p

e the time-varying parameter given in (7.16), with S(t),

E(t), 1(t),

(7.17)

A(t), and R(t) the values

of S, E, I, A, and R obtained by integrating (7.1) with initial conditions Sy, Fo, Iy, Ao,

and unknown input 5(¢),

produce exactly the same outputs vy (t), y2(t), ys(t), on the entire time interval [to, T]. This
holds for any value of the parameter 7 that belongs to an interval & C R, which includes 7 = 0,
and all the values of 7 for which 8'(t, 7), S’(t, 7), and R'(¢, 7) are positive.

7.5.2 Second set of solutions

By using the second generator of O+ in (7.4)) and the expression of “y in (7.13), it is possible
to check that the condition in (5.6) is satisfied and the differential equation in (5.7) becomes:

:E/
:—E/

Lt — 50
, E'(t, )
, R'(t, 0) =
7'(0) =", p

dr S’
S'(t, 0) = S(t)
0) =A(®)

2,
= B(t)

<

( (t)
15(0) '(0) =
gt 0)

|
7;

(7.18)

E(t), I’(t 0) = I(t),
1(0) = p1,

where we only provide the explicit dependence on ¢t and 7 at the initial conditions and we

omit it for the differential equations, for the simplicity sake.

These equations can be solved

analytically. The solution for the first nine components (which are the components of the state)
is the same solution of (7.7) given in (7.8), with the appropriate values for the initial conditions.

In other words, «/(t, 7) is:

(7.19)

vE(t)

S't, ) =SE)+E®F) (1—e7)

E'(t, 7) =E()e "

e, r) =1I@)

Al(t, 7) = A(¥)

R (t, 7) = R(t)

p1(7) =M

po(t) = pe

7 (7) =ve

P'(7) =p
Regarding the unknown input, we obtain:

/ p(t)(1—e™) = S(E)B()
P D =B Ew + st)er
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We have obtained the following fundamental result. Let us consider the ODE model in (7.1)
and let us consider a given time interval [tg, T]. Let us suppose that the initial conditions and
the values of the model parameters are:

L] S(to) = 507 E(to) = EQ, I(to) = I(), A(to) = Ao, and R(to) = Ro.
e The values of the constant parameters are p1, po, 7, and p.

e The time-varying parameter on the considered time interval [tg, T is 3(t).
Then, the following initial conditions and the values of the model parameters:

[ S'(to, ) =So+FEo (1—e7)
El(to, 7') =Fye T
Il(to7 7') = I()
A/(to, T) = AO
R/(to, T) = RO (721)
mr)  =m
) =p
7' (7) =7ye’
L P'(7) =p

o the time-varying parameter given in (7.20), with S(t), E(t), I(t), A(t), and R(¢) the values
of S, E, I, A, and R obtained by integrating (7.1) with initial conditions Sy, Eo, o, Ao,
and unknown input 3(¢),

produce exactly the same outputs y1 (¢), y2(t), ys(t), on the entire time interval [tg, T]. This
holds for any value of the parameter 7 that belongs to an interval &/ C R, which includes 7 = 0,
and all the values of 7 for which v/(7), 8'(¢t, 7), S'(t, 7), and E’'(t, 7) are positive.

7.6 Numerical results

In this section, we provide some numerical results. We consider a given data set for our ODE
model in (7.1) and we compute the outputs. Then, by using our results in Section 7.5, we
produce other initial states and model parameters that produce exactly the same outputs. This
unequivocally prove the state unobservability and the parameters unidentifiability.

The considered data set is characterized as follows. For the ground truth of the model
parameters, we use the values available in [44]. We set:

e The time interval is Z = [0, 200] (in days).

o S(0) = 11071, B(0) = 0, 1(0) = 1071, , A(0) = 0, R(0) = 0, pur = 4, iz = 5, 7 = 1,
and p = 0.14.
e We consider separately two distinct profiles of the time-varying parameter, which are:
1. B(t) =1, i.e., independent of time.
2.
B(t) = cos (lt) (7.22)
400 /- '

We provide indistinguishable initial states and indistinguishable unknown inputs. We have
two distinct sets of solutions, which are the ones provided in Sections 7.5.1, and 7.5.2, respectively.
However, we only provide the results obtained by using the second set. This because, by using
the first set, independently of the choice of 7 € R, the solution in (7.15) provides a negative first
component (S(¢t) + 7) and/or a negative fifth component (R(¢) — 7). Indeed, with our data set,
by integrating (7.1) in the time interval Z, the solutions S(t) and R(t) take all the values in the
interval [0, 1]. As a result, there exists ¢ € Z such that, for any 7 € R, at least one of the two
components S(t) + 7 and R(t) — 7 is negative. In few words, for the first set of solutions given in
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Section 7.5.1, the interval U that characterizes the parameter 7 is empty. Note that this holds
for the specific data set.

Let us consider the second set of solutions given in Section 7.5.2. We will discuss the two
cases of constant 8 (8 = 1) and S(t) given in (7.22), separately.

76.1 B=1

First of all, let us characterize . By performing several runs, we obtain that all the states
and parameters in (7.19) and £'(¢, 7) in (7.20) take positive values, for any ¢ € Z, when 7 €
[—0.05, o). Hence, we set:

Uy = [—0.05, 10].

The condition Uy C U is ensured and we are allowed to use any 7 € Uy. We also find that the
plots obtained with 7 > 10 cannot be distinguished one each other, showing that we achieved a
convergence. We consider the indistinguishable initial states and unknown inputs obtained by
varying 7 in Up.

0 I L I
0 50 100 150 200
time in days

Figure 7.1: Several indistinguishable profiles for the time-varying parameter 8'(t, 7) for several
values of the parameter 7 ranging from —0.05 up to 10. The dashed purple line is the profile
given by f =1, i.e., 8'(t, 7) for 7 = 0.

Figure 7.1 displays the profiles of (¢, 7). The profile for 7 = 0 (purple dashed line) is
precisely the constant value 3(¢) = 1. By varying 7 we obtain a significant change of the profile
meaning that this parameter is ”strongly” unidentifiable.

Figures 7.2 and 7.3 display the profiles of S’(¢, 7) and E’(¢, 7), respectively. The initial
conditions of S and E are obtained by these profiles at t = 0. In addition, by varying T,
the constant parameter that is not identifiable (i.e., ) significantly changes. For instance, in
accordance with (7.21), for 7 = —0.05 and 7 = 10 we obtain the following changes:

v =+/(0) = 0.25 = v/(—0.05) = 0.2378 — +/(10) = 5506
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S'(t, 7)
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o
N

50 60 90 100
time in days

Figure 7.2: The profiles S’(t, ) for several values of the parameter T ranging from —0.05 up to
10. The dashed purple line is the profile for 7 = 0.

0.25

7=10

50 60 70 80 90 100
time in days

Figure 7.3: The profiles E’(t, 7) for several values of the parameter 7 ranging from —0.05 up to
10. The dashed purple line is the profile for 7 = 0.
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Figure 7.4: The three outputs y;(t) = I (solid blue line), y2(t) = A (dashed red line), and
y3(t) = S+ E + R (dotted yellow line). The three profiles are independent of the parameter 7,
as expected.
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We verified that the three outputs, y1(t) = I, y2(t) = A, and y3(t) = S+ E + R are
independent of 7, at any ¢. This is obtained by proceeding as follows.

We considered several values of 7 in Uy. For each 7, we integrated the differential equation
in (7.1) with the initial conditions given in (7.21) for that 7 and by setting the unknown time-
varying parameter as in (7.20) for the same value of 7 (that is one of the profiles plotted in
Figure 7.1). Both the initial conditions in (7.21) and the unknown input significantly depend on
7. However, the three outputs (which are displayed in Figure 7.4) are independent, in accordance
with our results.

7.6.2 [(t) = cos (£5t)

We proceed exactly as in the previous case. In this case we are allowed to also include smaller 7
and we set:

Uy := [—0.10, 10].

7=10

1.5

p'(t, 1)

05]

7=-0.10

5 | | | ‘
0 50 100 150 200
time in days

Figure 7.5: Several indistinguishable profiles for the time-varying parameter 8'(¢, 7) for several
values of the parameter 7 ranging from —0.1 up to 10. The dashed purple line is the profile given
by B(t) = cos (F5t), ie., B (t, ) for 7 =0.

Figure 7.5 displays the profiles of (¢, 7). The profile for 7 = 0 (purple dashed line) is
precisely the one set in (7.22). By varying 7, we obtain a significant change of the profile
meaning that this parameter is ”strongly” unidentifiable.

Figures 7.6 and 7.7 display the profiles of S’(¢, 7) and E’(t, 7), respectively.

Also in this case we verified that the three outputs, y1 (t) = I, y2(t) = A, and y3(t) = S+ E+R
are independent of 7, at any ¢. They are displayed in Figure 7.8.
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Figure 7.6: The profiles S’(¢, 7) for several values of the parameter 7 ranging from —0.1 up to
10. The dashed purple line is the profile for 7 = 0.

0.3 | | 7= -0‘.10 | | l

7=10
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time in days

Figure 7.7: The profiles E'(t, 7) for several values of the parameter T ranging from —0.1 up to
10. The dashed purple line is the profile for 7 = 0.

99



0.8 i y3(t) ]
0.6 - 1
0.4 - y,(t) 1
-~
V4 N
/ N
0.2 - F: N N |
~
PREA") ¥ g
0 . : ‘ —

50 60 70 80 9 100 110 120
time in days

Figure 7.8: The three outputs y;(t) = I (solid blue line), y2(t) = A (dashed red line), and
y3(t) = S+ E + R (dotted yellow line). The three profiles are independent of the parameter 7,
as expected.
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Chapter 8

Genetic toggle switch

This example is provided to illustrate the use of our results when the dynamics of the system
are not affine in the inputs. We study the observability and the identifiability properties of the
ODE model characterized by the following dynamics and outputs:

1 :k01+wfﬂﬂ1

-i'2 = k02 + W — X9 (8.1)

e

Yy :[1'17 mQ]v

This model includes two TV-parameters, W; and W5, and six constant parameters, kg1, koo,
ki, ko, m1, ny. All of them are assumed to be unknown. This model is commonly adopted to
characterize the genetic toggle switch. The interested reader is addressed to Section 3.2 of [35]
to find a biological description of this system, which includes the physical meaning of all the
above states and parameters. Note that, (8.1) coincides with Eq. (3.5) in [35] with n1 = Nretr,
N = Npaer, W1 =14+ wq, and Wy = 1 + ws.

The model in (8.1) is a special case of (2.1) but not directly a special case of (2.2). In
accordance with what we mentioned at the end of Section 2.1, we need to introduce a state that,
in addition to the six constant parameters, also includes W7 and Ws. In other words:

x = [21, 22, Wi, Wa, ko1, k1, n1, koo, k2, ma]” (8.2)
and the dynamics are:
i1 =k + —r —x
1 01 1+(W721) T 1
-2 02 1+(W712) 2 2
Wl = w1 (8.3)
W2 = W2
kot =ki=n1 = kop = ky =12 = 0.
Y = [z1, 22,

The system is now a special case of (2.2). In particular, m, =0, m, =2, p =2, hi(z) = z1,
hg ((E) = T,

k ky
01 + 1+(JV721) 1 1 0 0
ko2 + ]ffl s — T2 0 0
9’ = (%) L9t=|11],¢=]0 (8.4)
8 0 1
0 0
06 6 6

8.1 Implementation of Algorithm 1

We run Algorithm 1 to obtain the observability codistribution. Line 2 provides:
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Q = span{Vhy, Vhy} = span{[1,0,0,0,0,0,0,0,0,0], [0,1,0,0,0,0,0,0,0,0]}.

deg,, (2) =0 (< M), as Lahy = Lyhy = Lyphy = L2hy = 0 (and the rank of the unknown
input reconstructability matrix from hq, he vanishes). The system is not in canonical form with
respect to its unknown input. We enter the loop at lines 9-14.

Line 11 provides no functions (m = 0). Line 12 provides: ™u9 = ™ = 1 obtained from
(3.6) (these tensors have a single entry as the indices only take the value 0). In addition, from
(3.7) we obtain: g% = Mp0¢° = ¢°. Line 13 computes

0
Q:<{ o g }
m-0

as g% = ¢%. By a direct computation, we obtain:

span {Vh, Vh2}> :

Q= span{Vhl, Vha, VLyohy, Vﬁgohg} =
span {Vhl, th, th,, Vh4}

where we adopted the following notation:
h3 = £goh1, h4 = ﬁgohg

Now, deg,, (2) = 2 = m,,. Hence, the second condition at Line 9 is not met and the loop is
interrupted. In addition, as the condition at Line 15 is met, also the main loop is interrupted.

The execution of Algorithm 1 continues with Line 45. The operation at this line ([h1, ..., hn, ] =
S(X, ) sets

E1:h3:k01+ -1, E2:h4:k02+

Then, Line 46 provides:

1 0 0
n = ﬁgoﬁl £917L1 ,ngﬁl y
Lyohy Lghy Lghy
whose expression is obtained by using (8.4) and (8.5). From u we obtain v (by computing its
inverse). Finally, from v, we obtain g°, g*, and g2, by using (3.4).
From (3.5) we obtain that, when m, = 0, the codistribution O vanishes. The final step of
Algorithm 1 is the execution of Line 47, namely:

O: <§07 /9\17 §27| Span{Vhla th, th, vh4}>
The algorithm in (2.8) converges at the first step (; = Qp), and

O =span{Vhy, Vha, Vhs, Vhy}.

The rank of O is 4, which is smaller than the dimension of the state in (8.2). Hence, this
state is not observable. Note that x; and z5 are observable and we know this even without the
implementation of Algorithm 1, as they are the outputs.

8.2 Identifiability analysis and indistinguishable states and
parameters

Regarding the constant parameters, it is immediate to check that none is identifiable (it suffices
to show that their gradient does not belong to O). This result contradicts the result available in
the state of the art (e.g., see Section 3.2 of [35]). In Section 8.3, we explicitly prove the validity
of our result.

Let us study the identifiability of the time varying parameters.
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First of all we remark that the two original TV-parameters, W; and W5, were included in
the state (defined in Eq. (8.2)). As result, their identifiability is obtained by simply checking
if their differential belongs to O. It is immediate to check that this is not the case. This result
contradicts the result available in Section 3.2 of [35]. In Section 8.3, we explicitly prove the
validity of our result.

Let us check the identifiability of their time derivatives, i.e., w; and ws.

We execute Algorithm 4. First, as the system is canonic with respect to its unknown inputs,
we do not have symmetries of the unknown input due to the system non canonicity (¢y).

Let us compute the distribution orthogonal to the observable codistribution. We have:

O+ =span{éy, &, &, &, &, & (8.6)
with:
02 0, 0,
Wi((za/Wi)"141)* Wi ((za/W1)™ +1) ,
~ Tk (e /W T ki (e /W Wilog (%)
61 = 0 ) 52 = 02 ) 53 = 03 3
1 1 ny
05 04 03
03 O3 03
Wa((@1/Wa)"2+1)> _ Wa((a1 /Wa)"241) z
_W noks (31 /Wa)2 W log (Wg)
= 03 » &5 = 04 , &6 = 04
1 1 0
02 0 T

Hence, we have six symmetries of the state. From them, it is immediate to compute the
symmetries of the unknown inputs (i.e., by using Eq. (4.6)). It is easy to check that they do not
vanish. We conclude that also w; and ws are unidentifiable, even locally.

As for the case study, starting from the generators of O+ we compute the indistinguishable
states (although the determination of the indistinguishable states is not requested by Algorithm
4). We need to solve the differential equation in (4.1).

As we have six generators, we obtain six distinct sets of solutions. We directly provide the
results.

Let us denote the true state and parameters as follows: x1(t), za2(t), Wi(t), Wa(t), wi(¢),
wa(t), ko1, k1, n1, ko2, ka2, and ny. The new parameters will be denoted by

Wll(t)v WQI(t)7 wi(t)’ wé(t)’ké)h 17 nllv k(/)27 k/2’ n/2
They will depend on a given parameter, denoted by 7, that can take all the values in a given

interval (—¢,€) (for a given € € R™).

First set

1
ni e
1—n (1 + (%) ) T !
L e , (8.7)
(le(t)) +m (Wlit)) T mT
]{361 = k()l —|— nlle,

and the remaining parameters do not change, i.e.. Wi(t) = Wa(t), ki = k1, nj = n1, ki =
]{7027 k/Q = kz, ’I’L/2 = Na.

Second set

_ 1
Wi(t) = xo (1 N (#Q(ﬂ)m) T (8.8)
ki = kie™7

and the remaining parameters do not change, i.e.: Wi(t) = Wa(t), k{; = ko1, njy = n1, ki, =
ko2, ky = ka, nj = na.
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Third set

—r (t)
Wi = g o6 0552)

(8.9)
ny =mnie’

and the remaining parameters do not change, i.e.:. Wi(t) = Wa(t), kj; = ko1, k) = k1, ki =

k‘()g7 k'lz = kig, n'2 = No.

Fourth set
As the first set, with the change 1 <> 2.

Fifth set

As the second set, with the change 1 < 2.

Sixth set

As the third set, with the change 1 <> 2.

8.3 Direct proof

We provide an unequivocal proof of the validity of our results. In particular, we directly prove
that the values of the parameters in the six sets are indistinguishable from the true values.

The indistinguishability will be proved by showing that, for any 7, the new parameters provide
exactly the same dynamics of z1 and zo, obtained with the true parameters, i.e, from (8.1), by
proving the following two equalities:

% k
ko1 + 1( ) - = ko1 + :(t) o (8.10)
T t 1 xr
1+ (#%) 1+ ()
% k
ko2 + 2 = ko2 + 2 (8.11)

8.3.1 First set

By a direct substitution of (8.7) in (8.10), we obtain the validity of (8.10). The validity of (8.11)
is trivial. The existence of this set of indistinguishable parameters proves the unidentifiability of
Wi (t) and ko;. In addition, as wy (t) = Wi (t) # W{(t) = w)}(t), it also proves the unidentifiability
of wy(t). Finally, as 7 can take infinitesimal values, and lim,_,o W1 (¢)" = Wy (t), and lim,_,¢ k{; =
ko1, the unidentifiability is even local.

8.3.2 Second set

By a direct substitution of (8.8) in (8.10), we obtain the validity of the equality in (8.10). The
validity of (8.11) is trivial. The existence of this set of indistinguishable parameters proves
the unidentifiability of Wi (t), k1, and w;(¢). Finally, as 7 can take infinitesimal values, and
lim, 0 W1(t)) = W1 (t), and lim,_,o k] = k1, the unidentifiability is even local.

8.3.3 Third set

By a direct substitution of (8.9) in (8.10), we obtain the validity of the equality in (8.10). The
validity of (8.11) is trivial. The existence of this set of indistinguishable parameters proves
the unidentifiability of Wy (t), ny, and wy(¢). Finally, as 7 can take infinitesimal values, and
lim, 0 W1(t)) = Wi(t), and lim,_,o n} = ny, the unidentifiability is even local.

64



8.3.4 Fourth set

In this case the validity of (8.10) is trivial while to prove the validity of (8.11) we need to use
(8.7) with the change 1 <» 2. The existence of this set of indistinguishable parameters proves
the unidentifiability of Wa(t), ko2, and ws(t). Finally, as 7 can take infinitesimal values, and
lim, o Wa(t) = Wh(t), and lim,_,0 ks = ko2, the unidentifiability is even local.

8.3.5 Fifth set

In this case the validity of (8.10) is trivial while to prove the validity of (8.11) we need to use
(8.8) with the change 1 <+ 2. The existence of this set of indistinguishable parameters proves
the unidentifiability of Wa(t), ke, and ws(t). Finally, as 7 can take infinitesimal values, and
lim,_o W1 (t) = Wa(t), and lim,_,o k) = ks, the unidentifiability is even local.

8.3.6 Sixth set

In this case the validity of (8.10) is trivial while to prove the validity of (8.11) we need to use
(8.9) with the change 1 ++ 2. The existence of this set of indistinguishable parameters proves
the unidentifiability of Wh(t), na, and wo(t). Finally, as 7 can take infinitesimal values, and
lim, 0 Wa(t)" = Wa(t), and lim,_,q n5 = no, the unidentifiability is even local.
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Chapter 9

Further simple examples

This chapter provides three simple examples. In particular, the former is a time varying system.
We only study the observability of the state and the identifiability of the parameters, constant
and time varying. In other words, we simply run Algorithms 1 and 4.

9.1 First Example

We consider the system characterized by the following equations:

z; =1
Ty =wr (9.1)
Y =1 + Tal

The system is directly a special case of (2.2). In particular, m, = 0, m, = 1, p = 1,

hi(z) = o1 + 2ot
] . 9.2)

9.1.1 Observability analysis
We run Algorithm 1 to obtain the observability codistribution. Line 2 provides:

2 = span{Vhy} = span{[1,]}.

deg,, (2) =1 (= my), as Lyrhy =t (and the unknown input reconstructability matrix from h;
is full rank). The system is in canonical form with respect to its unknown input and the main
loop is immediately interrupted. The execution of Algorithm 1 continues with Line 45. The

operation at this line ([hy,. .., hm,] = S(Z, Q)) sets

711 =h1 = x1 + 22t (93)

Then, Line 46 provides:

= O
1

B R S T I R S B B
R= bpohy Lphy |~ [ 14a ¢ VT |~z
Finally, from v, we obtain g°, and g*, by using (3.4):

14+ 2o 1 R 1 0
§'=9" - — 91:|:_1+m2:|a91:t91:|:1:|
t t

From (3.5) we obtain that, when m, = 0, the codistribution O vanishes. The final step of
Algorithm 1 is the execution of Line 47, namely:

0= (g, §1| span {Vh;}).
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Note that, E.gohl = Lgohi + % =0, and Lz h; = 1. The algorithm in (2.8) converges at the
first step (21 = ), and

O = span {Vh; } = span{[1,t]}.

The rank of O is 1, which is smaller than the dimension of the state. Hence, the state is not
observable.

9.1.2 Identifiability analysis

Let us check the identifiability of w;.

We execute Algorithm 4. First, as the system is canonic with respect to its unknown inputs,
we do not have symmetries of the unknown input due to the system non canonicity (¢y).

Let us compute the distribution orthogonal to the observable codistribution. We have:

O+ = span {[ ;t } } , (9.4)

We have a single symmetry of the state. It is immediate to compute the symmetry of the
unknown input.
In accordance with Equation (4.6), we need to compute £, £1. We have:
.~ ~  Oh -
Lyohi = Lyohi + aTl =1+4x9, Lgphi =t

From Equation (4.7), by using the generator of O+ in (9.4) for £, we obtain:

=1 &=0,
and, from (4.6),
1
“X1= i #0

Hence, w; is not identifiable, even locally.

9.2 Second example

We study the system characterized by the following equations:

i‘l = I3
.’,‘CQ = T3W1
T3 = ws + T1wWs (95)
y =z, w2
It is a special case of (2.2) with: m, =0, m,, = 3, p =2, hy(x) = 21, hao(z) = 2,
T3 0 0 , 0
=10 |, g'=]a |,?=|0]|,9=] 0 |. (9.6)
0 0 1 T

9.2.1 Observability analysis
We run Algorithm 1 to obtain the observability codistribution. Line 2 provides:

Q = span{Vh;, Vhy} = span{[1,0,0], [0,1,0]}.

ngw (Q) =1 (< mw), as Eglhl = £g2h1 = [-:g3h’1 = £g2h2 = Eg.‘shg = O7 and Lglhg = I3 (and
the rank of the unknown input reconstructability matrix from hy, hs is 1). The system is not in
canonical form with respect to its unknown input. We enter the loop at lines 9-14.

Line 11 provides:
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Elzhgzl‘g

Line 12 provides: ™u$ = 1, ™ul = 0, ™pl = 0, mpui = 23 and ™0 = 1, ™} =0, ™ = 0,
"Myt = 1/z3. obtained from (3.6).
In addition, from (3.7) we obtain: ™g% = ¢ and ™g' = g'/x3. Line 13 computes

o=({ % 7}

By a direct computation, we obtain:

span {Vhy, Vh2}> ,

Q = span {Vhl, Vha, Vﬁgohl} = span{Vzy, Vg, Vzs}.

We have deg,, () = 2. Hence, it is larger than the previous m (= 1) but still smaller than
My (= 3). As a result, the loop at lines 9-14 is repeated again.
Line 11 provides:

hg = Is3.

The tensor ™u has 9 components. In particular, the values of the new components are:
mud = mpd = mp2 = mu? =0, and ™ud = 1. The values of the new components of its inverse
are: M8 = Myl = ™2 = My =0, and "3 = 1.

AS result, 7n§0 — mV890+ ml/?gl‘i’ mVSQQ _ gO’ "l§1 — m,yégo_"_ mV1191+ ml/2192 _ gl/l‘g, —
[0,1,0]7, and mg? = ™12¢° + ™v2gt + ™12g? = ¢g2. Line 13 provides:

m50 mil  m2
0= < { 9°, gsg g }

As a result, deg,, (©2) = 2 = m and the loop at Lines 9-14 is interrupted. As m, = 0, Line 21
sets k™ = 0.

Then, the nested loop is executed. The state is augmented, by including the third UI (ws).
The vectors that characterize the dynamics of the augmented state are:

span {Vzx, Vs, Vm3}> = span {Vzy, Viy, Vrs}.

T3 0 0 0
0 T 0 0
0 _ 1 3 2 _ 3 _
e R e B R I R (9.7)
0 0 0 1
Line 27 provides the new ™pu. It only changes its 02 component, which becomes: ™u3 = z1ws.
Similarly, the new ™v only differs for its 02 component, which becomes: ™19 = —z1w3. Finally,

we obtain:

m/g‘O — mV890+ myi]gl_'_ ml/ggZ — gO_irlegQ — [(E3,0,0,0]T, m/g\l — mlj&go_’_ mV1191+ ml/2192 —
g'/xs =10,1,0,0]7, and ™g? = ™g¢" + ™vigt + ™vig® = ¢* =10,0,1,0]T.

Line 32 provides 21 = Q. As a result, the condition at Line 33 is met, the nested and the
main loop are terminated.

O =span{Vzy, Vo, Vrs} (9.8)

The system is not canonic.

9.2.2 Identifiability analysis

First of all, the observability codistribution of the extended state that includes ws, is given in
(9.8). Hence, the identifiability of ws is directly obtained by checking if Vws € O. This is not
the case and, as a result, ws is not identifiable, even locally.

Let us check the identifiability of wi, ws, and w3. We execute Algorithm 4. First, as the
system is not canonic with respect to its unknown inputs, we have symmetries of the unknown
input due to the system non canonicity (“x). In particular, from (4.5). we have a single symmetry:
°x = [0,0,1]7, which expresses the unidentifiability of the third UL, i.e., ;.
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For the remaining parameters, we compute the distribution orthogonal to the observable
codistribution. We have:

O+ = span , (9.9)

= O O O

We have a single symmetry of the state. It is immediate to compute the symmetry of the
unknown input.

In accordance with Equation (4.6), we need to compute &9, &1, €2 for wy, and &9, €1, €2 for
we. By a direct computation, we obtain: ¢ = ¢ = €2 =0, ) =21, and & = €2 =0. As a
result:

uX1 = 0, uXQ = —I 7é 0.

Therefore, only w; is locally identifiable.

9.3 Third example

We study the system characterized by the following equations:

T1 = X3+ wi + wo
j,‘g =Uu
PSR, (9.10)
y =z, 3]
It is a special case of (2.2) with: m, =1, m,, =2, p =2, hy(x) = 1, hao(z) = 3,
I3 1 0
=10 |, g'=g=0]|, fl=|1 (9.11)
I 0 1

9.3.1 Observability analysis
We run Algorithm 1 to obtain the observability codistribution. Line 2 provides:

O = span{Vhy, Vhao} = span{[1,0,0], [0,0,1]}.

deg, () = 1 (< my), as Lghy = Lphy =1, and Lphy = L2hy = 0 (and the rank of the
unknown input reconstructability matrix from hq, hg is 1). The system is not in canonical form
with respect to its unknown input. We enter the loop at lines 9-14.

Line 11 provides:

El = hl =T
Line 12 provides: ™ud =1, ™
Myl = 1. obtained from (3.6).

In addition, from (3.7) we obtain: ™g" = ¢° — 239" = [0,0,2;]7 and ™g' = g'. Line 13

computes
m-~0 m5l
g g
0= <f E { 9 }

because Lyxy =0, Lypaz =1, Lmgoxy =0, Lmgoxz = 21, Lmgnzy = 1, and Lmgixg = 0.
As a result, deg, (2) = 1 = m, and the loop at Lines 9-14 is interrupted.

ps =0, ™ud = z3, ™mpi =1 and ™ = 1, ™ug =0,

span {Vxy, Vx3}> = span{Vz1, Vas}.

As m, =1 > 0, Line 19 runs Algorithms 2 and 3 to determine Em = sit 4+ ™. In particular,
by running Algorithm 2 we obtain s' = 2 and by running Algorithm 3 we obtain r™ = 2.
Therefore, km o= 4.

Then, the nested loop is executed. The state is augmented, by including the second UT (ws).
The vectors that characterize the dynamics of the augmented state are:
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o (9.12)

Q
I
Q
Il
O O O
Q
[\v]
Il
—_= o O O
~
I
O = = O

Line 27 provides the new ™pu. It only changes its 01 component, which becomes: ™u{ = 3 +
wo. Similarly, the new ™v only differs for its 01 component, which becomes: ™19 = —(z3 + ws).
Finally, we obtain:

gl = mV(())gO + my?gl =g°- (3 +w2)91 = 10,0, 21, O]T’ and Mg = myégo + myllgl =g".

Line 32 provides 21 = Q. R

The condition at Line 33 is not met because k = 1 < k™ = 4. On the other hand, it is
immediate to realize that the codistribution O in (3.5) is empty. As a result, the convergence is
achieved and the nested and the main loop are terminated.

O =span{Vzy, Vaz} (9.13)

The system is not canonic.

9.3.2 Identifiability analysis

First of all, the observability codistribution of the extended state that includes ws, is given in
(9.13). Hence, the identifiability of ws is directly obtained by checking if Vwy € O. This is not
the case and, as a result, wsy is not identifiable, even locally.

Let us check the identifiability of wy, and . We execute Algorithm 4. First, as the system
is not canonic with respect to its unknown inputs, we have symmetries of the unknown input
due to the system non canonicity (“x). In particular, from (4.5). we have a single symmetry:
¢x = [0,1]7, which expresses the unidentifiability of the second UL, i.e., 1.

For the remaining parameter, we compute the distribution orthogonal to the observable codis-
tribution. We have:

O+ = span : (9.14)

o o= O
— o O O

In accordance with Equation (4.6), we need to compute &7, &, By a direct computation,
we obtain, for the first generator: &) = ¢ = 0, and, consequently “x; = 0. For the second
generator we obtain: ¢ = 1, ¢} = 0, and, consequently “x; = —1 # 0. Therefore, w; is not
locally identifiable.
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Chapter 10

Conclusion

In this paper we provided the following four main contributions:

e First contribution: Compact presentation of the systematic procedure introduced in
[2] to determine the observability of the state of any nonlinear system in the presence of
time-varying parameters (or unknown inputs). In particular, the systematic procedure was
presented to make it usable by a non specialist user.

e Second contribution: Introduction of the systematic procedure to determine the identi-
fiability of all the time-varying parameters of any ODE model.

e Third contribution: Introduction of the continuous transformations (one parameter Lie
groups) that allow us to build the set of indistinguishable states and indistinguishable
unknown inputs in the presence of unobservability and unidentifiability.

e Fourth contribution: Introduction of new important results about the observability and
the identifiability of a very popular HIV model, a Covid-19 model, and a genetic toggle
switch model. The results on the HIV model and the genetic toggle switch model are in
contrast with the current state of the art.

10.1 First contribution

The systematic procedure was provided in Chapter 3 and is Algorithm 1. This algorithm can
be executed by a non specialist user. All the functions/operations that appear in the algorithm
were defined in Sections 3.1-3.3. Algorithm 1 can be executed without restrictions on the system
investigated. It provides the so-called observability codistribution (denoted by @) for any ODE
model in the presence of time-varying parameters, independently of its complexity and type of
nonlinearity. Note that the system was modelled by Equation (2.2), and, in Section 2.1, we
showed that any system modelled by (2.1) can be easily converted to a system modelled by (2.2).

Once O is computed, we can easily check whether a given physical quantity, which can be
analytically expressed in terms of the state, is observable or not. It suffices to compute its gradient
with respect to the state and verify if this gradient belongs to O. This holds for any physical
quantity that can be analytically expressed in terms of the state. In particular, it holds for the
unknown constant parameters, which were included in the state. To check their identifiability
it suffices to compute their gradient. This is trivial. The gradient of a given parameter is a
row vector with zero everywhere with the exception of the entry that has the same index of the
parameter in the state, which is 1.

The theoretical foundation that ensures the general validity of Algorithm 1 is available in [2].

10.2 Second contribution

The systematic procedure was provided in Chapter 4 and is Algorithm 4. Also in this case, to
obtain the identifiability of all the time-varying parameters, is sufficient to simply follow the
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steps of this systematic procedure (Algorithm 4). The validity of the algorithm was ensured by
two new theoretical results which are Theorems 4.2 and 4.3.

Algorithm 4 determines the identifiability of the unknown time-varying parameters without
restrictions on the system investigated. It can handle any system, regardless of its complexity
and type of nonlinearity (as for Algorithm 1, the system was modelled by Equation (2.2), which
is equivalent to (2.1)).

For the special case when the system is characterized by a state that is observable, Chapter
4 provided a simpler theoretical result, which was Theorem 4.1. In this special case, the identi-
fiability can be easily verified by checking if the system is canonic with respect to its unknown
inputs. Chapter 4 showed that the results stated by Theorems 4.2 and 4.3 include the result of
Theorem 4.1, as a special case.

10.3 Third contribution

When the state is unobservable and/or a set of parameters (constant and/or time-varying) is
unidentifiable, there are more values for all these unobservable and unidentifiable quantities
that reproduce exactly the same outputs (and also agree with the same known inputs, when
present). Chapter 5 introduced the mathematical tool that quantitatively allows us to determine
all these indistinguishable values. This tool consists of two sets of first order ordinary differential
equations. Specifically, they are Equations (5.5) and (5.7). The former is a consequence of the
system non-canonicity with respect to its unknown inputs and only regards the time-varying
parameters (and not the state). The solution of this first set of differential equations is trivial
and can be obtained analytically (and automatically) for any system. Note that this set of
equations exists if and only if the system is not canonic with respect to its unknown inputs.
In addition, if the system is not canonic with respect to its unknown inputs, we certainly have
simple analytical solutions of (5.5). In other words, we can certainly generate values of the time-
varying parameters that agree with the same system known inputs and outputs. In particular,
this regards the last m,, — m time-varying parameters, where m,, is the total number of them
and m the highest unknown input degree of reconstructability (note that the order of the my,
time-varying parameters may have changed after the execution of Algorithm 1 and, moreover,
after this execution some of these parameters may have been redefined as the time derivatives of
the original ones, of a given order).

In contrast, the second set of differential equations (i.e., (5.7)) regards the time-varying pa-
rameters and the state, simultaneously, and provides their indistinguishable values provided that
the condition in (5.6) is honoured. This set of equations exists only when the state is unobserv-
able (i.e., when the dimension of O is strictly smaller than the dimension of the state). The state
unobservability is a necessary but not a sufficient condition for the existence of indistinguishable
time-varying parameters of this second type. In other words, there exist cases for which the set
of equations in (5.7) only regards the state (i.e., the quantities “x* in (5.7) vanish for all the
values of ¢ (i.e., for i = 1,...,S5). This was for instance the case of the first scenario of our case
study (see Section 4.4.3).

Unfortunately, in contrast with the equations system in (5.5), the system in (5.7) is complex
and its solution cannot be obtained automatically. Even worse, in many cases the solution can
only be obtained numerically. On the other hand, when it is possible to obtain an analytical
solution, we obtain very useful properties about the ODE model under investigation. This was
the case of our viral applications in Chapters 6 and 7. On the other hand, the solution of both the
sets of differential equations in (5.5) and (5.7) was not requested to determine the observability of
the state and the identifiability of all the time-varying parameters. The determination of them
was obtained by simply following the steps of the two systematic procedures (i.e., Algorithm
1 and Algorithm 4, respectively). This is always the case and makes possible to obtain the
observability and the identifiability of any ODE model, automatically.

10.4 Fourth contribution

Chapters 6, 7, and 8 provided a detailed study of the observability and identifiability properties
of two viral ODE models and a genetic toggle switch model. In particular, the ODE model
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investigated in Chapter 6 is very popular and regards the HIV dynamics. It was studied in many
previous works (e.g., [3, 35, 40, 41, 42]). The second ODE model, studied in Chapter 7, was a
Covid-19 model adopted in [43, 44]. The third model was investigated also in [35].

We started by simply executing Algorithm 1 and 4 to obtain the observability of the state
and the identifiability of the time-varying parameters. In the first two models, the state is
unobservable and the time-varying parameters unidentifiable. In the third case, all the model
parameters are unidentifiable. In the case of the HIV ODE model, and in the case of the genetic
toggle switch model, the results are in contrast with the current state of the art!.

For all these ODE models, it was possible to obtain an analytical solution of the differential
equations in (5.7) (the set of equations in (5.5) does not exist because these systems are canonic
with respect to their unknown input). This allowed us to determine indistinguishable unknown
inputs that agree with the same outputs of the model (these models do not contain known inputs
and, consequently, the only source of information about the state and the model parameters
comes from the outputs).

Regarding the HIV ODE model, the differential equations in (5.7) become the system in
(6.11). This system is complex and it is not surprising that, in the state of the art, no value of the
time-varying parameter, different from the true one but indistinguishable from it, was detected,
and the model was classified identifiable. In other words, the solution of (6.11), although obtained
analytically, is complex and not possible to be determined by following an intuitive reasoning,
as for the second scenario of our case study. In this last case, the differential equations in
(5.7) become the system in (5.9), which is trivial. Its solution is (5.10) and could have been
obtained with intuitive reasoning (basically, the physical meaning of this solution is that we
cannot reconstruct the absolute scale, which was intuitive).

In Section 6.6, we used a data set available in the literature and, by using the solution of (5.7),
we generated infinite different unknown inputs that produce the same outputs, starting from the
true unknown input and the true states. This unequivocally showed the unidentifiability of the
system, in contrast with the results available in the state of the art. Finally, we determined the
minimal external information (external to the knowledge of the outputs) requested to uniquely
determine the system parameters. In Section 7.6, we performed a similar analysis for the Covid-
19 ODE model here investigated.

Finally, for the first two ODE models, we provided a description based on observable states
(Eq. (6.9) and (7.10), respectively). This may be useful for future investigations on the HIV and
Covid-19 dynamics.

We conclude by emphasizing the generality of the two algorithms (Algorithms 1 and 4)
introduced in this paper. They provide, automatically, the state observability and the parameters
identifiability, of any nonlinear system, independently of its complexity and type of nonlinearity
and in the presence of time-varying parameters (or unknown inputs). This generality also regards
the two sets of equations in (5.5) and (5.7) here introduced, which allow us to build the set of
indistinguishable states and indistinguishable unknown inputs in the presence of unobservability
and unidentifiability. This paper provided a first application of all these theoretical results on
two viral models and several important new properties (and also an error in the state of the art)
were automatically discovered. Due to the aforementioned generality, we strongly believe that our
theoretical results can be very useful in many other scientific domains, basically to investigate any
system that can be described by a an ODE model with time-varying parameters. This occurs in
many scientific domains, ranging from the natural and applied sciences up to the social sciences.
In particular, we are interested in studying the identifiability of different astrophysical models
in the context of the G-dwarf problem [52]. To solve this problem, several models have been
proposed since more than half century. Many of them are based on time-varying parameters.
For instance, these time-varying parameters characterize the star formation rate, the presence
of gas radial flows through our galaxy, and even the possibility that the Initial Mass Function

I The interested reader can find a detailed explanation of the serious error made by the authors of [3] in [5]. Note
that Section 6.2 of [3] contains two distinct errors. The former, which is a simple typo, was recently acknowledged
by the authors (see [4]). However, in [4], the authors still concluded that the system is observable/identifiable.
The very serious error committed by the authors is highlighted in Section 3.2 of [5] and lies in an incorrect use
of the Inverse Function Theorem. In particular, when using this theorem, the authors did not take into account
the constraints due to the dynamics of the system, as shown in Section 3.2 of [5].
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(IMF) is time-varying, as we suggested long time ago, in [53]. It would be interesting to use the
results introduced by this paper to investigate the identifiability of the time-varying parameters
that characterize these models in order to determine which measurements are suitable to provide
sufficient information that makes these parameters identifiable and, eventually, to discriminate

between all the models proposed so far.
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Appendix A

Proof of Theorem 4.2

We start by proving the following property:

Lemma A.1. Let us consider the system returned by Algorithm 1 and let us suppose that m <
my. We have:

£gm+j9207 j=1...,my —m,

for any observable function 0 (i.e., for any 0 such that V0 € O).

Proof. We remind the reader that, when the system is not canonic, the observability codistribu-
tion is the limit codistribution of the series O75° defined in Section 6.2 of [2], which are computed
by Algorithm 1 in this paper and denoted by €. From Proposition 2 in [2] we know that the
series of codistributions Of° converges and the limit codistribution is precisely O (see also Line

36 of Algorithm 1). Hence, the codistribution O is invariant under the Lie derivatives along the

vector fields ™g5. , which are defined by Equation (31) in [2], for any o = 0,1,...,m. As a
result, for any function 6, such that V8 € O, we obtain that [,mggooﬂ is independent of wyy,y;, for
any j = 1,...,m —m,, and for any o = 0,1,...,m (note that, for a time varying system, and

for a = 0, this result actually regards £m§2 0, with L',gg = L',mgg + %). Let us consider the
above function when a = 0. From Equation (31) in [2], and by knowing that ™v{ = 1, we have:
d
~0 0 0.7
mgcloo = Ydeo + Z ml/j géoo’
=1

with d = m,, — m. From Equations (27) and (28) in [2], we remark that, in the above
expression, only ¢Y_ depends on wy,1; (j =1,...,my —m). On the other hand:

d
_ § { m_ 0,
ﬁmﬁgooe = [,ggooe + v £géw9
j=1

and, in this function, only the first term, Egg 6, can depend on wy,4;.
From Equation (27) in [2], we have:

d
Ly 0="Lp0+ Y (Lynrsf) Wiy
j=1

Since this function must be independent of wy,;, for any j =1,...,m —m,,, we obtain:
£g7rL+j0 - O

for any j =1,...,m — m, and for any function 6 such that V6 € O. «

Now, we are ready to prove Theorem 4.2.
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Proof. To check the reconstructability of the m,, unknown inputs, we consider the extended
state:

X =27, wi,... w0, )" (A1)

and we compute its observability codistribution. We denote it by OX. To obtain O we
could run again Algorithm 1 for the extended system characterized by X. However, as we will
see, it is unnecessary because we already have the observability codistribution O of the system
characterized by x.

Starting from the expression of the vector fields that characterize the dynamics of z, it is
immediate to obtain the expression of the vector fields that characterize the dynamics of X. In
particular, the drift, which will be denoted by G, has the following expression:

0 w j
(I
where 0,,,, is the zero m,,-column vector.
We know that, for any observable function of z, namely a function 8(x) such that VO € O,
its first order Lie derivative along G is observable. In other words, we have:

VL0 € OX

Wlth ;C.(;O = [,(;0 —+ %
We denote the dimension of O by n,(< n). Algorithm 1 builds the n, generators of O. They
will be denoted by 01 (x),...,0,, (z). We have:

O =span{V#by,..., V0, }.

Algorithm 1 also provides the functions El, e ,Em, which are m observable functions of x such
that the reconstructability matrix has full rank. As they are observable, Vh; € O,i=1,...,m,
and, consequently,

Vﬁ.goﬁiGOX, i=1,...,m.

In addition, as the the reconstructability matrix from them has full rank, the covectors
Vﬁgo hi,..., Vﬁ‘go hp, are independent and they are also independent from the generators of O
(because the latter are independent of the unknown inputs). As a result, the n, + m covectors
Vby,...,V,,, Vﬁgoﬁl, cee Vﬁgo%m are independent.

On the other hand, we know that the functions 711, e ,Em are observable functions, i.e., their
gradient belongs to O. From Lemma A.1, and from the structure of G° in (A.2), we obtain that
all the functions ﬁgoﬁl, ceey L.Zgoﬁm are independent of the last m,, — m unknown inputs (i.e.,
the last m,, — m entries of X). As a result, the dimension of OX cannot exceed n, + m.

Therefore:

OX = Span {VGl, ey VHno, V,C.GO}VLM ey Vﬁcoﬁm} . (A3)

Now, by definition, any vector field that belongs to the null space of OX is a simultaneous
symmetry of both the state and the unknown input. Let us study the structure of this null space.
As all the n, + m functions 04,...,60,,, ,égo hi,..., égo h,, are independent of the last m,, — m
unknown inputs, any vector with dimension n + m,,, with the first n + m,, — m entries equal to
zero, certainly belongs to the null space of OX. Therefore, the vectors “y in (4.5) are m,, —m
independent symmetries of the unknown input. <«

76



Appendix B

Proof of Theorem 4.3

Proof. We proceed as in the proof of Theorem 4.2. We need to prove that the vector field:
X 3
— 7 B.1
|| (B.1)

with %y defined in (4.6), belongs to the null space of OX in (A.3).
Let us consider the first n, generators of OX. As ¢ € O, we have:

00;
€= =1,... .
ax 0’ Z b 7n0
Hence,
00 00;
e X 7 [ Uy,
VO -¢ oz §+8w
0+10,...,0]-“x=0, i=1,...,n,
——

as 6; is independent of w (it only depends on z).
Let us consider the remaining m generators. We have:

.~ 8/3 oh L coh
Vigoh - €X G Loet Z GOy (B.2)
On the other hand,
L'Goﬁl = ,C.goﬁl + Z(ﬁgjﬁl)wj, l=1,...,m (B.S)
j=1

By using (B.3) in (B.2) and by using (4.7) we obtain:

Vﬁgo%l . EX = €l0 + Zfljwj + Zﬁgkﬁl Uk =

j=1 k=1
m ) m
§+> &uw+> "up
j=1 k=1

Now, by using the expression of “x in (4.6) and that ™ is the inverse of ™v (i.e., Y jo, ™uy ™vi =
57), we finally obtain:

V[igoﬁl -§X =0.
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