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Nonlinear Unknown Input Observability and Unknown Input Reconstruction: The General
Analytical Solution

Agostino Martinelli

“Univ. Grenoble Alpes, INRIA, Avenue de I’Europe, Grenoble, F-38000, FRANCE

Abstract

Observability is a fundamental structural property of any dynamic system and describes the possibility of reconstructing the state
that characterizes the system from fusing the observations of its inputs and outputs. Despite the effort made to study this property
and to introduce analytical criteria capable of verifying whether or not a dynamic system satisfies this property, there is no general
analytical criterion to obtain the observability of the state when the dynamics are also driven by unknown inputs. Here, we introduce
the general analytical solution of this fundamental open problem, often called the unknown input observability problem. We provide
the systematic procedure, based on automatic calculation (differentiation and determination of the matrix rank), which allows us
to check the observability of the state even in the presence of unknown inputs. One of the fundamental ingredients to obtain this
solution is the characterization of the group of invariance of observability. We have very recently introduced this group, together
with a new set of tensor fields with respect to this group of transformations [31]. The analytical solution of the unknown input
observability problem is expressed in terms of these tensor fields. In [31] we provided the solution by restricting our investigation
to systems that satisfy a special assumption that is called canonicity with respect to the unknown inputs. Here, after an exhaustive
characterization of the concept of canonicity, we also account for the case when this assumption is not satisfied and we provide the
general solution. This solution is also provided in the form of a new algorithm. In addition, even in the canonic case dealt with in
[31], here we provide a new fundamental result that regards the convergence properties of the solution. Finally, as a consequence of
the results obtained here, we also provide the condition to reconstruct the unknown inputs, and, when this condition is not met, what
can be reconstructed on the unknown inputs. We illustrate the implementation of the new algorithm by studying the observability
properties of a nonlinear system in the framework of visual-inertial sensor fusion, whose dynamics are driven by two unknown
inputs and one known input. In particular, for this system, we follow step by step the algorithm introduced by this paper, which
solves the unknown input observability problem in the most general case.

Keywords: Nonlinear observability; Unknown Input Observability; Observability Rank Condition; Unknown Input
Reconstruction; Visual-Inertial Sensor Fusion

1. Introduction that are not close!. This is the reason why, for nonlinear sys-
tems, the concept of weak local observability has been intro-
duced [4]. In this paper, with the word observability we actu-

Observability refers to the state that characterizes a dynamic ally mean the concept of weak local observability, as defined in
system (e.g., if the system is an aerial drone, its state, under [4, 5] (definitions 8, 9, 10, 11, in [5]). Third, unlike the linear
suitable conditions, can be its position and its orientation). A case, observability depends on the system inputs.

system is also characterized by one or more inputs, which drive The analytical condition to check if a nonlinear system sat-

its dynamics and one or more outputs (e.g., for the drone, the in- isfies this property has also been introduced [4, 5, 6, 7]. It is

puts could be the speeds of its rotators and the outputs the ones  known as the observability rank condition. The observability
provided by an on-board monocular camera and/or a GPS). A rapk condition is a fundamental result that has extensively been

state is observable if the fusion of knowledge of system inputs used in many application domains, ranging from computer vi-

and outputs, during a given time interval, allows us its determi-  gjon (e.g., [8]), robotics (e.g., [9, 10, 11]), calibration (e.g.,
n.ation. In other Wor(.is, observability is a fundamental prerequi-  [12]), mechanical engineering (e.g., [13]) up to biology (e.g.,
site that a sensor fusion problem must satisfy. [14, 15, 16, 17, 18]) and chemistry (e.g., [19]). It has also been

The concept of observability was first introduced for linear  used in the context of estimation theory [20, 21, 22]. It is a
systems [1, 2] and the analytic condition to check if a linear
system satisfies this property has also been obtained. The non-
linear case is much more complex. First, this concept becomes I'This difference between the linear and the nonlinear case should not sur-
local. ie.. the state can be observable in a given region of the prise. The observability concept is strongly related to the inverse function prob-

’ i K . lem [3]. A nonlinear function, even when its Jacobian is nonsingular, can take
space of the states and unobservable in other regions. Second, the same value at two or more separated points and, consequently, cannot be
in general, in the nonlinear case we cannot distinguish states inverted. Invertibility becomes a local property.
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simple systematic procedure that allows us to give an answer
to the previous fundamental question, i.e., whether the state is
observable or not. It is based on very simple systematic com-
putation (differentiation and matrix rank determination) on the
functions that describe the system. The observability rank con-
dition can deal with any system, independently of its complex-
ity and type of nonlinearity. It works automatically, i.e., it is
a systematic procedure that can be performed without supervi-
sion (it only requires to perform differentiation and to compute
matrix ranks).

On the other hand, the observability rank condition presents
an important limitation: it does not account for the presence
of unknown inputs. This is a severe limitation. The dynam-
ics of most real systems are driven by inputs that are usually
unknown. This holds in robotics, in biology, in chemistry, in
physics, in economics, etc. For instance, in the case of our
drone, its dynamics could be driven also by the wind, which
is in general unknown. The wind is a disturbance and acts on
the dynamics as an (unknown) input. The problem of unknown
input observability (i.e., the problem of obtaining the analytical
and automatic criterion that extends the observability rank con-
dition to the case when some of the inputs are unknown) was
defined long time ago [23, 24] and remained unsolved for half
a century. The control theory community has spent a huge ef-
fort to design observers for both linear and nonlinear systems
in the presence of unknown inputs, in many cases in the context
of fault diagnosis. In this framework, interesting conditions for
the existence of an unknown input observer were introduced.
On the other hand, these conditions refer to a restricted class of
systems. In particular, the considered systems are often charac-
terized by linearity (or some specific type of nonlinearity) with
respect to the state in some of the functions that characterize the
dynamics and/or the system outputs’. No condition refers to
any type of nonlinearity in the aforementioned functions. This
is the case of a recent work [25], where the observability anal-
ysis adopts a linear model (see Equation (3) in [25]). Note that
the observability rank condition in [4, 7] can deal with any non-
linear model. However, as we mentioned, this condition cannot
be used in the presence of unknown inputs. The solution of the
unknown input observability problem is the extension of the
observability rank condition to the unknown input case, i.e., the
analytic condition able to provide the state observability in the
presence of unknown inputs for any nonlinear model.

Recently, this problem has been approached by introducing
an extended state that includes the original state together with
the unknown inputs and their time derivatives up to a given or-
der [26, 27, 28, 29]. All these works proposed automatic it-
erative algorithms able to study the observability properties of
nonlinear systems driven by also unknown inputs. On the other
hand, all these algorithms suffer from the following fundamen-
tal limitations:

e They do not converge, automatically. In particular, at each
iterative step, the state is extended by including new time

These are the functions that appear in (1). Specifically, for the dynamics,
these functions are go(x), gl(x), L8 (x), fl(x), ..., f™(x). For the outputs,
they are A1 (x), -+, hp(x).

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 inconclusive.

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

Both of these drawbacks have recently been overcome in [30]
and in [31]. The solutions proposed in [30] and in [31] do not
need to extend the state and, as a result, do not encounter the
above limitations. On the other hand, these solutions are not
general. In particular, the solution introduced in [30] has a very
limited range of applicability: it can only be applied to systems
without drift and in the presence of a single unknown input.
In other words, this solution applies only to systems charac-
terized by (1) with a null gO and with m,, = 1. The solution
introduced in [31] applies only to systems that satisfy a fun-
damental assumption, called canonicity with respect to the un-
known inputs. In addition, both the solutions introduced in [30]
and [31] present a further important limitation. These solutions
were provided in the form of algorithms (Algorithm 3 in [30]
and Algorithm 8.3 in [31], respectively). The criteria that were
provided to check the convergence of these algorithms do not
hold always. In particular, the validity of the stopping crite-
rion provided in [30] is limited to the systems that satisfy the
condition given by Equation (31) in [30]. The problem is that,
not only there are systems that do not meet this condition but,
more importantly, checking if a system satisfies this condition
can be very difficult (in [32], some examples of systems that
violate Equation (31) in [30] are shown, together with a general
convergence criterion that holds for driftless systems and with
a single unknown input). The same holds for Algorithm 8.3 in
[317°.

This paper provides the general analytical solution of the un-
known input observability problem. In addition, it also provides
the condition to reconstruct the unknown inputs, and, when this
condition is not satisfied, what can be reconstructed on the un-
known inputs. These answers are automatically obtained by the
usage of an algorithm that converges in a finite number of steps.

One of the ingredients to achieve this solution is the introduc-
tion of a group of transformations that must preserve observ-
ability. The concept of observability is invariant under several
transformations, in addition to any coordinates change that we
are allowed to operate to characterize the state*. We have very

3In this case, the analogous of Equation (31) in [30] is not provided. The
condition that ensures the validity of the convergence criterion proposed in [31]
coincides with the condition that ensures the possibility of inverting Equation
(8.67) in [31]. Note that the case treated by Lemma 8.11 is not the only excep-
tion in which the invertibility of Equation (8.67) does not hold. There are other
exceptions that are not taken into account in [31].

4Clearly, we are free to characterize the state of a system by choosing the
coordinates (e.g., Cartesian, spheric, etc). The result of the observability anal-
ysis must be independent of this choice. This is automatically ensured by the
fact that the observability rank condition is based on Lie derivatives which are
scalar functions with respect to any coordinate change.



recently introduced this group, together with a new set of ten-
sor fields with respect to this group of transformations [31]. The
analytical solution of the unknown input observability problem
is expressed in terms of these tensor fields.

This paper is organized as follows. In section 2 we provide
the general characterization of the systems here investigated,
together with some reminders on basic algebraic operations.
Section 3 provides a new set of definitions to characterize the
complex concept of canonicity with respect to the unknown in-
puts. This new characterization allows us to achieve the solu-
tion of the unknown input observability problem even for sys-
tems not canonic and not even canonizable. Specifically, we
provide the new definitions of unknown input reconstructability
matrix from a set of scalar functions and unknown input degree
of reconstructability. Based on them, we introduce the defini-
tions of canonic system with respect to the unknown inputs and
canonical form with respect to the unknown inputs (Definition
3 and Definition 4, respectively).

Section 4 provides the solution for systems that are in canon-
ical form with respect to their unknown inputs. The solution is
given in the form of an algorithm (Algorithm 1). This solution
differs from the one introduced in [31], which is reported here
(Algorithm 4). The advantage of the new algorithm consists in
a simpler criterion for verifying its convergence and in the fact
that this criterion always holds. Section 4, together with the
results derived in Appendix A, and Appendix B, proves the
validity of the new algorithm (Theorem 1). In Sections 5, 6,
and 7, we remove the assumption that the system is in canon-
ical form with respect to its unknown inputs. We provide the
automatic procedure that, in a finite number of steps, provides
all the observability properties in any case. This automatic pro-
cedure is Algorithm 9. It uses iteratively Algorithm 8, which is
a special implementation of Algorithm 1. This new algorithm
is a fundamental new result that provides the complete solu-
tion to the problems. Sections 5, 6, and 7, together with the
results derived in Appendix C, Appendix D, and Appendix E,
provide all the theoretical foundation for the analytical deriva-
tion of Algorithm 9 and all the steps to prove its validity and
generality. Section 8 provides a possible use of Algorithm 9
to solve a problem strongly interconnected with the problem of
state observability in the presence of unknown inputs. This is
the problem of unknown input reconstruction. Section 9 illus-
trates the implementation of Algorithm 9 by studying the ob-
servability properties of a nonlinear system in the framework of
visual-inertial sensor fusion. The dynamics of this system are
driven by two unknown inputs and one known input and they
are also characterized by a nonlinear drift. The system is not in
canonical form with respect to its unknown inputs. However,
by following the steps of Algorithm 9, it can be set in canonical
form. Section 10 provides our conclusion.

5To this regard, note that the Canonization procedure introduced in Ap-
pendix C of [31] can fail. It is incomplete and there are systems that are not
canonizable. Algorithm 9 is the complete and thorough solution of the un-
known input observability problem in the most general case.

2. System characterization and basic concepts

2.1. Basic equations

A general characterization of a dynamic system, which in-
cludes the presence of known and unknown inputs, is given by
the following equations:

{ io= 000 + T A0 D+ 2T 7k nw; o

y = [hl(xa t),”-’hp(xa t)]a

where:

e x € M is the state and M is a differential manifold of
dimension 7.

e ¢ 1is the time.

® uy,..., Uy, are the known inputs. They are m, independent
functions of time that can be assigned. In control theory
they are called controls or control inputs.

® Wi,..., Wy, are the unknown inputs or disturbances. They
are m,, independent functions of time. In particular, in this
paper we assume that they are analytic functions of time.

° fl, .. ,f”’“,go,gl, ...,g™ are m, + m,, + 1 vector fields,
which are assumed to be smooth functions of x and ¢.

e y is the output/s and it is characterized by p scalar func-
tions, Ay,...,h,, which are assumed to be smooth func-
tions of x and 7.

The vector field g° is often called the drift since, when all the
inputs vanish, the state evolution is still non-vanishing in the
presence of g°.

In many cases the system is time-invariant (from now on TI),
namely it has not an explicit time-dependence and all the func-
tions that appear in (1) do not depend explicitly on time. Nev-
ertheless, we also account for an explicit time dependence to
be as general as possible. From now on, we use the acronym
TV to indicate a system with an explicit time-dependence (TV
stands for Time-Variant). We also use the acronym UI to mean
unknown input and UIO to mean unknown input observability.

Finally, we show that the characterization given in (1) is
very general. In particular, we show that, apparently more gen-
eral characterizations, can be easily transformed into the above
characterization.

A first category of more general systems would also include
the presence of the inputs in the output functions, i.e.,

=820+ X0 A Dy + 27:”1 g(x, Hw;
y =[x, tu,w),. .. hy(x,tuw)l,

where u = [uy,...,u,,]" and w = [wy,...,wy,, 7. However,
this case can be easily converted to (1) by including the inputs
in the state and by considering the system driven by the new
inputs iy, ..., iy, and wi, ..., Wy,,.

A second category of more general systems would take into
account for a general nonlinear dependence of the dynamics



with respect to the inputs (both known and unknown). In accor-
dance with Equation (1), this dependence is affine. This second
category is characterized by the new dynamics:

X =f(x,t,u,w)

Again, also this case can be easily converted to (1) by includ-
ing the inputs in the state and by considering the system driven
by the new inputs i, ..., i, and Wi, ..., Wy,,.

2.2. Reminders on basic algebraic operations

In this section, we provide some basic algebraic operations
that will be widely used in the rest of this paper.

We remind the reader of the Lie derivative operation and of
some related fundamental properties. The Lie derivative eval-
uates the change of a tensor field® along a given vector field.
In this paper we only use this operation when the tensor field
is a scalar (i.e., a tensor of rank 0), when it is a vector (i.e., a
tensor of rank 1 and type (0, 1)) and when it is a row vector, or
covector (i.e., a tensor of rank 1 and type (1, 0)). We use the
following notation:

e We denote by V the differential operator. If h(x) is a scalar
field defined on the manifold M, Vi = %h. This is ev-
idently a row vector of dimension n. Note that, in some
cases we work in extended spaces that include the space
of the states (x) and some of the Uls together with their
time derivatives up to a given order. In this paper, with the
symbol V we always mean the differential with respect to
all the coordinates of the considered space. When we wish
to consider the differential with respect to a given subset
of coordinates, we adopt the symbol d,, where = stands
for the considered subset of coordinates. For instance, if
we work in the extended space that includes the original
state x together with the unknown inputs wy, ..., w,,, the
differential with respect to the original state alone (i.e., x)
will be indicated by the symbol 9, = [0,1,...,0,] and, in
this case, V = [3x, Qs evvs Oy, |-

e Given a vector field f (defined on M), Ly denotes the Lie
derivative along f. When applied to the scalar field h(x)
we obtain the following new scalar field

LihEVh-f

(the product of a row vector times a column vector is a
scalar). When applied to the covector field w, we obtain
the covector field

dw™\" Lo
Ox ox’

Lrw éfT(

®Note that, here, tensor is with respect to a coordinate change in our mani-
fold M. Later, the same concept of tensor will be referred to another group of
transformations, which is the group of invariance of observability.

where f7 is the transpose of f (i.e., a row vector) and
T . . ..
(a%) is the transpose of the Jacobian of wT, and it is
an n X n matrix. An important special case occurs when
w is the differential of a scalar field, i.e., w = Vh. In this

case, the above equation simplifies as follows:
LVh=VLh. 2

Finally, when applied to a vector field, g, we obtain the
following new vector field:

a0g . Of
-Efg—axf axg—[f, gl,

where the parenthesis [, -] are called Lie brackets.

e 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{f!, f2,...,f}. It is basically a
vector space that depends on x € M.

o Similarly, we also use the term codistribution to de-
note the span of a set of s < n covector fields,

Q =span{w;, ws,...,ws}. Again, it is a vector space that
depends on x € M.

e Given the codistribution Q and a vector field f, we set
L#Q the span of all the covectors Lyw for any w € Q.

e Given two vector spaces V| and V,, V|+V, is their sum,
i.e., the span of all the generators of V; and V,. When we
have k(> 2) vector spaces V1, ..., Vi, we denote its sum in
the compact notation Zf.‘zl Vi.

2.3. A simple illustrative example

We provide a simple example to illustrate the above concepts
and to highlight the goal of this paper. We consider a wheeled
robot that moves on a plane. By introducing on this plane a
global frame, we can characterize the position and orientation
of the robot by the three parameters xz, yg, g (see figure 1).

Under the assumption of the unicycle constraint, these pa-
rameters satisfy the following dynamics equations (unicycle dy-
namics)

Xr = vcosbg,
Yr = vsinbg, 3
9R = w,

where v and w are the linear and the rotational robot speed,
respectively. We assume that a landmark is placed at the origin
of the global frame. In addition, our robot is equipped with a
sensor that perceives the landmark and provides its bearing an-
gle in the local frame (i.e., the angle 8 in figure 1). This angle 8

"Note that, here, span is over the ring of the scalar functions which are
smooth in M (or in a given open set of M, when it is specified). In other words,
any element of A is a vector field, f, that can be expressed as follows: f =
ZL ci(x)f!, with ¢{(x), . . ., c4(x) scalar and smooth functions in M. When we
work in a given extended space, the ring is extended accordingly.



Xr
Figure 1: Wheeled robot moving on a plane.

can be expressed in terms of the robot position and orientation.
We have

B =m— 0k + atan2(yg, xg). 4

This system is a special case of the systems characterized by
(1). In particular:

e x =[xz, yr, Or1” is the state, it has dimension n = 3 and
it belongs to the manifold R? x S'.

e The vector g¥ is the zero 3-column vector.

e m,=2andu; =v,ur = w, f' = [cosbg, sinbg, 0]" and
A=10,0, 11"

e m, =0.

e y is the output and has a single component (p = 1), i.e.,
y = hi(x) = 1 — 6 + atan2(yg, xg).

We study the observability properties of this system by fol-
lowing an intuitive procedure. To check if the robot configu-
ration [xz, yg, 0z]7 is observable, we have to prove that it is
possible to uniquely reconstruct the initial robot configuration
by fusing the knowledge of inputs and outputs over a period of
time. When, at the initial time, the bearing angle S of the origin
is available, the robot can be everywhere in the plane but, for
each position, only one orientation provides the right bearing 3.
In fig. 2a all the three positions A, B and C are compatible with
the observation 3, provided that the robot orientation satisfies
(4). In particular, the orientation is the same for A and B but not
for C.

Let us suppose that the robot moves according to the inputs
v(t) and w(f). With the exception of the special motion consist-
ing of a line passing by the origin, by only performing a further
bearing observation it is possible to distinguish all the points
belonging to the same line passing by the origin. In fig. 2b
the two initial positions in A and B do not reproduce the same
observations after the movement, i.e., @ # vy (note that the seg-
ments AA” and BB’ have the same length, wich is known thanks
to the knowledge of the system inputs). On the other hand, all
the initial positions whose distance from the origin is the same,
cannot be distinguished independently of the chosen trajectory.
In fig. 2¢, the two indicated trajectories provide the same bear-
ing observations, at any time. Therefore, the dimension of the

unobservable region is 1. In particular, we introduce the fol-
lowing transformation

XR = Xp = €080 Xg — Sind yg,
YR = Yp = sind xg +cosd yg, (®)]
g — Q;Q =0r +0,

where ¢ € [, 7) is the parameter that defines the transfor-
mation. The system inputs and output at any time are compat-
ible with all the trajectories that differ because the initial state
was transformed as above.

We wonder what is possible to reconstruct. The answer is
immediate. All the physical quantities that are invariant with
respect to the transform given in (5). In other words, all the
functions of the following two quantities:

= V(XR, YR> HR) = \’xlzg +y12g, (6)

r =
0 = 0(xg, YR> 6r) = Og — arctan Z(yR,XR).

(b)

Figure 2: In (a), the three initial robot configurations are compatible with the
same initial observation (8). In (), the two initial positions (A and B) do not
reproduce the same observations (@ # ). In (c) the two indicated trajectories
provide the same bearing observations at every time.

Now, we assume that the first input, v, is unknown. In other
words, we have m, = m,, = 1 and g' coincides with f! in the
previous case and, the new f! is the old f>. We immediately
remark that, in addition to the invariance given by (5), we have
a new invariance, which is the scale. Indeed, both the known
input (w) and the output (8) are angular measurements. The
system has no source of metric information. Hence, the unob-
servable region is characterized by the further transformation

Xr = Xp = A Xxg,

YR = Yp=AYr, @)
GR - 9& = HR,

where 4 € R* is the parameter that defines the transforma-
tion. In this case, we cannot reconstruct the distance r and we
can only reconstruct any function of the only angle 6 in (6) since
6 is invariant both with respect to (5) and with respect to (7)
(arctan 2(Ayg, Axg) = arctan 2(yg, xg), for any 1 € R™").

The above analysis was possible because the system is triv-
ial: the state has dimension 3 and, both the dynamics and the
output have a very simple expression. We wish to provide the
analytic tool able to automatically perform such analysis, i.e.,
by following a systematic analytical procedure. Note that, in
the absence of unknown inputs, this procedure is the observ-
ability rank condition introduced in [4]. In the presence of a
single unknown input and for driftless systems, the solution has



very recently been obtained in [30]. Finally, for all the sys-
tems that satisfy the fundamental condition introduced in the
next section (i.e., for systems in canonical form with respect to
their unknown inputs) the solution is given in [31]. In this paper
we provide the general solution that can be also applied to non
canonic systems and even not canonizable (the concept of can-
onizable system will be given in Section 7). All these analytical
systematic procedures use the algebraic operations summarized
in section 2.2.

2.4. Observable Codistribution

When the state is not observable, there are functions of the
state that can be observable, i.e., functions for which we have
the possibility of reconstructing the value that they take at the
initial state. In the simple example discussed in section 2.3,
when all the inputs are known, we found that we cannot recon-
struct the initial state. However, we can reconstruct the initial
value of all the functions that depend on the state only via the
two quantities r and 6 in (6). In other words, for this system all
the observable functions are all the functions that depend on the

state only via r = /x% + y% and 6 = 0 — arctan 2(yg, xg) (€..g,
a function of xz and/or of ¢ is not an observable function).
When the input v is unknown, we can reconstruct the initial
value of the functions that only depend on 6. In this case, all
the observable functions are all the functions that depend only
on 68, The observable codistribution, or observability codis-
tribution, is the span of the differentials of all the observable
functions. By construction, the dimension of this codistribution
cannot exceed the dimension of the state (n). It is immediate to
remark that, if the dimension of this codistribution is n, every
component of the state x is observable.

The observability rank condition is precisely the analytical
procedure that allows us to compute the observable codistribu-
tion in the absence of unknown inputs. Our previous contri-
butions in [30] and [31] provide the automatic procedures that
compute the observable codistribution in the presence of un-
known inputs in some special cases, as we mentioned at the end
of Section 2.3. The procedure provided in [31] is here summa-
rized in Section 4 and it is Algorithm 4. Section 4 also provides
Algorithm 1, which improves Algorithm 4 by exhaustively ac-
counting for the convergence properties. The automatic pro-
cedure to compute the observable codistribution in the general
case is Algorithm 9. It uses iteratively Algorithm 8, which is
a special implementation of Algorithm 1. It will be given in
Section 7.

3. Canonic systems and canonical form with respect to the
unknown inputs

We now introduce the new concepts of unknown input de-
gree of reconstructability, canonic system with respect to its un-
known inputs and canonical form with respect to the unknown

8The general definition of observable function is provided in [30], where
Definition 2 defines the observation space in the presence of unknown inputs,
starting from the concept of indistinguishability. An observable function is
precisely an element of this function space.

inputs. This is obtained by introducing an important matrix
that will be called the Unknown Input Reconstructability Ma-
trix from a finite set of scalar functions.

Definition 1 (Unknown input reconstructability matrix ).
Given the k scalar functions of the state, A1(x),..., 4(x), the

unknown input reconstructability matrix from Ai,..., A is
defined as follows:
Lol LA Lo Ay
RM(A,... a2 | Lete Lo Lemda | (g
Lok Lok ... Lowk

This matrix depends on x and, for TV systems, on 7. Based
on this matrix, we introduce the following definition:

Definition 2 (Unknown input degree of reconstructability ).
Given the state that satisfies the dynamics in (1), and the func-
tions Ay, ..., A, the unknown input degree of reconstructability
from Ay,..., A is the rank of RM(Ay, ..., ).

By construction, the unknown input degree of recon-
structability from any set of functions cannot exceed m,,. In
addition, it depends in general on x and, for TV systems, also
ont.

Given the system characterized by (1), we consider two spe-
cial cases, depending on the set of functions 41, ..., 4:

o This set of functions consists of the output functions, i.e.,
hi, ... hy,.

e This set of functions consists of all the independent ob-
servable functions’.

In the first case, we refer to the unknown input degree of re-
constructability from the outputs. In the second case, we omit to
specify the functions and we refer to the unknown input degree
of reconstructability. We introduce the following definition:

Definition 3 (Canonic system wrt the Uls). The system in (1)
is canonic with respect to the unknown inputs if its unknown
input degree of reconstructability is m,,.

Let us consider the systems for which the unknown input de-
gree of reconstructability from the outputs is m,,. Since the
output functions are observable functions, these systems are
canonic with respect to their unknown inputs. We say that these
systems are in canonical form. In particular, we introduce the
following definition:

Definition 4 (System in canonical form wrt the Uls). The
system in (1) is in canonical form with respect to the unknown
inputs if its unknown input degree of reconstructability from
the outputs is m,,.

9Here, with independent we mean that their differentials with respect to the
state are independent. Hence, we can have at most n independent observable
functions (when there are n independent observable functions the entire state is
evidently observable).



Let us consider a system that satisfies (1). Its observability
properties are the same of the new system defined as follows:

o It is characterized by the same state.

e The time evolution of the state is the same (i.e., it satisfies
the first equation of (1)).

e The outputs are hy, ..., hp, hpe1, Where hp, is an observ-
able function for the first system.

Indeed, if the function h,,; is observable, its value can be
reconstructed and, as a result, for the observability analysis, it
can be set as an output of the system. For the simple example
in Section 2.3, it is easy to realize that, when both the inputs are
known, we can add to the single output by = 8 = 7 — 6 + ¢,
any function /, that depends on r and/or 6 — ¢. The observable
codistribution of the resulting system remains the same (e.g.,
we can add s, = r). Hence, for any system that is canonic with
respect to its unknown inputs there exists a system that shares
the same observability properties and that is in canonical form
with respect to its unknown inputs. However, for a canonic sys-
tem that is not in canonical form, a set of observable functions
that makes the reconstructability matrix full rank, is not nec-
essarily available. One of the outcomes of Algorithm 9 is to
automatically determine this set of functions.

Note that, as the rank of the matrix in (8) depends in general
on x and, for TV systems, on ¢, all the above definitions are
meant in a given open set where this rank takes the same value.

4. Systems in Canonical Form: the Analytical Solution

In this section we provide the analytical and automatic pro-
cedure that builds, in a finite number of steps, the observable
codistribution for systems characterized by (1) and that are in
canonical form with respect to their unknown inputs. This is
the case investigated in [31]. On the other hand, the solution
here derived (Algorithm 1) differs from the one introduced in
[31] (which is here Algorithm 4). In particular, the new solu-
tion overcomes the limits of the solution presented in [31] and
that regard the criterion of convergence of Algorithm 4, as we
mentioned in Section 1. The criterion to check the convergence
of Algorithm 1 is very simple and holds for any system. We
start by providing Algorithm 1. Then, we prove its validity
(Theorem 1). The general solution, i.e., for systems neither
in canonical form nor canonic and even not canonizable, is Al-
gorithm 9 and will be given in Section 7. It uses, iteratively, a
special implementation of Algorithm 1, which is Algorithm 8.

4.1. The solution

In accordance with Definition 1 and Definition 4, we know
that we can extract from the output m,, functions, which we
denote by Ay, ..., hy,, such that the reconstructability matrix is
full rank. We set:

W= L =1 ©)

Note that, the above object (u) is characterized by two in-
dices. On the other hand, these indices are unrelated to the di-
mension (n) of our manifold (M) and, consequently, they can-
not be tensorial indices with respect to a coordinates’ change in
M. In addition, with respect to a coordinates’ change, ,u;. be-
haves as a scalar field, for any i, j. On the other hand, and this is
the fundamental key to achieving a profound understanding, u
is a two index tensor of type (1, 1) with respect to a new group
of transformations. This is the group of invariance of observ-
ability, introduced in [31] and denoted by ST/7O. Actually, the
indices of the tensors associated to SUTO take m,, + 1 values.
The extra value is set to 0. The tensor ¢ must be completed as
follows:

oh;

on + Lo, i=1,....m,.  (10)

Iugzl’#f):o,u?:

We denote by v the inverse of . In other words, we have:

m,,

D=6 @ B=0,1,...m, an
y=0

where 7 is the delta Kronecker!?. We have:

my,
ngl? VE):O’ V?:_Zﬂgyf’ (12)
k=1

ny,

My,
D vidh = ik =6
k=1 k=1

As v is the inverse of a tensor field of type (1, 1) associated
to SUTO, it is a tensor of type (1, 1).

Note that, in our theory, we deal with two types of tensors,
simultaneously. This because observability is invariant both
with respect to a coordinates’ change in M and with respect
to SUIO". To avoid confusion, we use a matrix format for
the tensors associated to a coordinates’ change in M and we
use indices only for SUZO. In this notation, g%, for a given
a=0,1,...,m,, is a vector (i.e., tensor of type (0, 1)) with re-
spect to a coordinates’ change and the component « of a tensor
of type (0, 1) with respect to SUIO.

We set

ho = 1. (13)

h , for a given @ = 0,1,...,m,, is a scalar (i.e., tensor of

type (0, 0)) with respect to a coordinates’ change and the com-

ponent « of a tensor of type (1, 0) (i.e., a covector) with respect
to SUTO.

10 According to Einstein’s notation, Greek indices take the values 0, 1,2, ...
while Latin indices take the values 1,2, . ...

"This is similar to what happens in the Standard Model of particle physics.
Also in that case, two types of tensors coexist, simultaneously: tensors with
respect to the global Poincaré symmetry and tensors with respect to the local
SUQB)x SU2) x U(1) gauge symmetry.



We denote by g” the following vector fields in M:

My

=D vl a=0,1,..,m,. (14)
=0

Since they are obtained by an index contraction of two tensor
fields of SUT O, g" is the component « of a tensor of type (0, 1)
with respect to SUIO.

The analytical and automatic procedure that builds, in a finite
number of steps, the observable codistribution is Algorithm 1.

Algorithm 1: The algorithm that builds the observable
codistribution for systems in canonical form.

Oy = 0+ span {Vhl, .. .,Vhp}
Oks1 = O + L1 LO + L") LOx

where O is an integrable codistribution and is provided in (20)
in Section 4.2. Algorithm 1 can be easily extended to cope
with TV systems. Specifically, we simply need to introduce the
following substitution at the first term in the sum at the recursive
step (the term with 8 = 0):

. 0
L?az?ézgwa—t (15)
Algorithm 1 converges at the smallest k£ for which
Ok = Ok (16)

and this occurs in at most n — m,, steps (note that the dimen-
sion of Q is at least m,,). Note, however, that the computation
of O requires the calculation of the Lie brackets of the vector
fields f!,..., f™ along g°,g',...,¢"™, up to the 2n — m,,)"
order (see Section 4.2).

The limit codistribution of the series O, computed by Algo-
rithm 1 will be denoted by O.

4.2. Ingredients of the Solution

The initialization step of Algorithm 1 (i.e., the computation
of Op) requires the computation of the codstribution O. In this
section, we define this codistribution and we provide its expres-
sion (i.e., Equation (20)). It is based on the knowledge of two
integers, denoted by s and r. They are defined as follows:

e s is the smallest number of steps requested for the conver-
gence of Algorithm 2, which computes the codistribution
Qs.

e r+ 1 is the smallest number of steps requested for the con-
vergence of Algorithm 3, which computes the distribution
A.

Algorithm 2: The algorithm that builds the codistribution
Q8.

Qf = X" span {th}

Qi = + gt Loy

4.2.1. The codistribution Q8 and the integer s

Q8 is the smallest codistribution that includes VZI s Vizdmw
and is invariant with respect to L (8 = 0,1,...,m,,). Itis au-
tomatically constructed by Algorithm 2, which converges at the
smallest integer s such that Qf = Qf (= Qf). As the dimension
of Q8 cannot exceed n, we have:

s<n—m,+1 a7

In the TV case, we simply need to replace: Ly — .E.go =
.[:go + (%

The computation of O needs to know the value of s. This is
automatically obtained by running Algorithm 2.

4.2.2. The distribution A and the integer r
We introduce the following abstract operation'?:

Definition 5 (Autobracket). Given the quantity ¢*'»%, which
is a vector field with respect to a change of coordinates in M
and one component of a tensor of type (0, k) with respect to
SUIO, we define its autobracket with respect to the system
characterized by equation (1) the following object:

my,

[¢al ,,,,, ak](rkﬂ — Zv(rk+|[gﬂ ¢a| ,,,,, “"]+v“k+1 a¢m AAAAA a _
= B ’ 0 ot
M,
w O
g, g o (1)
=0

where, the square brackets on the right hand side are the Lie
brackets.

The output of this operation is still a vector field with respect
to a coordinates’ change and one component of a tensor of type
(0, k+ 1) with respect to SUIZO. The autobracket increases by
one the tensor rank with respect to SU7O. We can apply the
autobracket repetitively. We denote by

the vector field obtained by applying the autobracket repet-
itively m consecutive times, first along @; and last along «,,
(these operations are not commutative).

We introduce the distribution A. It is the smallest distribution
that includes f L f™ and is invariant under the autobracket
operation.

12The definition given here (Equation (18)) differs from the one given in [31]
(Equation (8.20)) by a minus sign. This simplifies the proof of Theorem 1,
given in Appendix A.



Algorithm 3: The algorithm that builds the distribution A.

Ao = span{fl,...,f’"“}
A = Aot + Xp [ VP

with:
NG Z span {[vI’},
veA
for any 8 = 0,1,...,m,. Itis immediate to remark that, if
Vi,..., v is a basis of Ag_1, then vi,..., v, [vilB, ..., [v/f is a

set of generators of Ay_; + (A1 P.

Algorithm 3 converges at the smallest integer k& such that
Ay = Aii(= A). Wesetk = r+ 1. As the dimension of A
cannot exceed n, we have:

r<n-1 (19)

The computation of O needs to know the value of r. This is
automatically obtained by running Algorithm 3.

4.2.3. The codistribution O
We are ready to provide O. It is:

my, Ss+r my

o2 Z Z Z Z span {VL[_fi](Lyl ,,,,, aj@q} (20)

q=1 j=0 ai,...a; i=1
where the sum 3, _,, stands for 3,7 ... ZZ/W:O. The com-
putation of O requires the computation of the Autobracket of
the vector fields f',..., f™ up to the (s + r)" order. From (17)
and (19) we obtain that this order cannot exceed 2n — m,,.

4.3. Validity of Algorithm 1

In this section we prove that Algorithm 1, with O defined in
(20), provides the observable codistribution for systems char-
acterized by (1) and in canonical form with respect to the un-
known inputs.

We start from the solution given in [31]. In [31] we proved
that the entire observable codistribution is computed by Algo-
rithm 8.3, that is here Algorithm 4.

Algorithm 4: The algorithm introduced in [31] to build the
observable codistribution, for systems in canonical form.

Qo = span {Vhi, ... Vh,)
Q1 = Qi + er"ill -Ef’Qk + ZZZO ‘Eg’ﬁQk + _
T Z S -+ oo Span {Lgyon..on Vg

q=

The following new fundamental result, establishes that we
can use Algorithm 1 to build the entire observable codistribu-
tion (we remind the reader that O is the limit codistribution of
the series of codistributions built by Algorithm 1).

Theorem 1. There exists k such that, for any k > 75, O C Q.
Conversely, for any k, &, C O.

Proof The proof is given in Appendix A and Appendix B. «

We wish to emphasize that the convergence criterion to check
the convergence of Algorithm 1 is trivially the condition in (16),
which holds always, and it ensures that, the limit codistribution
(O) is obtained in less than n — m,, steps.

We conclude this section by remarking that to run the algo-
rithm that provides the observable codistribution (Algorithm 1)
the system must be in canonical form with respect to its un-
known inputs. In other words, in acco;gance yith Definition 4,
the output must include m,, functions, Ay, ..., h,,, , such that the
the reconstructability matrix RM (fz Lyons ,Emw) is non singular
(or, equivalently, its rank is equal to m,,). But this is a special
case. We want to deal with the case where this is not possible
(e.g., when m,, > p). In addition, we also want to deal with sys-
tems that are not canonic with respect to their unknown inputs.
As we will see, in some cases, we can transform a non canonic
system into a canonic system by including in the state some of
the unknown inputs together with their time derivatives up to a
given order (Equation (21)). We will call these systems canon-
izable. We also want to deal with the case where the system is
not canonic and not even canonizable. In few words, we want
to deal with any system'3.

In the next sections we introduce the automatic procedure
that, in a finite number of steps, provides the observable codis-
tribution in any case. This automatic procedure is Algorithm
9. It uses iteratively Algorithm 8, which is a special implemen-
tation of Algorithm 1. Before providing these new algorithms,
we need to introduce several new concepts.

5. Unknown Input Extension (L 7E)

The procedure introduced in this section generalizes the state
augmentation adopted in many previous works (e.g., [26, 27,
28, 29]), where the state is extended by including all the un-
known inputs and their time derivatives up to a given order.

Here the inclusion of the unknown inputs is targeted, in the
sense that we include only those necessary to make the system
canonic, when this is possible, or to achieve the unknown in-
put highest degree of reconstructability (see later Definition 6).
As we will see, Algorithm 9 automatically selects which inputs
must be included.

Let us start by characterizing a generic inclusion, i.e., where
not necessarily all the inputs are included. Given the system
in (1), we can characterize the same system by introducing an
extended state that includes part of (or all) the unknown inputs,
together with their time derivatives up to a given order. Without
loss of generality, i.e., by reordering the unknown inputs, we
assume that we include the last d < m,, unknown inputs. In
particular, we include w,, 4.1 with its time derivatives up to

13Note that, in [31] we introduced some heuristic procedures to apply Al-
gorithm 4 to systems that are not in canonical form. These procedures are not
general and, moreover, the system must be imperatively canonic.



the order ki, wy,,, 4.2 With its time derivatives up to the order k
and so on and so forth up to wy,, and its time derivatives up to
the order k4. k; is the highest order time derivative of wy, 4. ;
included in the state. By using the usual notation:

k
RO d'wj
j - dtk

and

w®

L
J

w;j
the extended state is:

(0)
my—d+1> " °°

(k1)

T
Xd = [.X W me—d-*—l’ (21)

w©
mM —d+2° "

(k2)
my,—d+2° """

(0)

my,? b}

(kd)]

> W, > W mw

The extended state is fully characterized by the d(< m,,) inte-
gers ki, ..., ks. Each of them can take any non negative value.
If a given k; is equal to zero it means that the state only in-
cludes the unknown input w;,, _4; and no time derivatives of it.
We call the system characterized by the above extended state
an unknown input extension of the system in (1). Specifically,
it is the (ky, ko, . . ., k4) unknown input extension of the system
in (1).

We will need the following two types of unknown input ex-
tensions:

1. Finite unknown input extension, when all the integers
(ki,kp, ..., ky) take a finite value. In this case the unknown
input extension will be denoted by

UTE(ky, ks . .., kg).

2. Infinite unknown input extension, when all the integers
(ki,ky, ..., k) take an infinite value. In this case the un-
known input extension will be denoted by

UTE .

The first case will be fundamental to introduce the concepts
of unknown input highest degree of reconstructability and can-
onizable system with respect to its unknown inputs. The second
case will be fundamental to obtain observable functions when
the system is not in canonical form (or the system is even not
canonic).

5.1. Finite Unknown Input Extension

Let us consider the system characterized by (1) and its
(k1, k2, ..., kg) unknown input extension. We assume that all
the integers (ky,k»,...,k;) are finite numbers. The equations

that characterize the new system, i.e., UL E(ky, ks, . . . , ky), read
as follows:
X = gd + fdu + .
mW —d (kj+1)
+ Z g(jjwj Z =1 ed my—d+j (22)
y :[hl”"5hp]7

10

where:
r o0 my, 1
g+ Z] =m,,—d+1 g W]
()
my,—d+1
(kl)
m“—d+1
0
(1)
m“—d+2
0 A
§a = e ’ 23)
m“—d+2
0
. .l.
ani
ks
Wine
0
f[
Ok|+1
i A .
f(é - Ok2+1 E} 1= ]’ ’mu
| Ogyr1 |
gj
. 0k1+1
gé: Ok2+1 ’j=]7 5mw_d
| Ogyr1 |
[ 0, | [ 0, [ Oy
Ok] 0k| Okl
1 0 0
0 0 0
1 & k. N k. d A k
ed - 02 El ed - 12 ’ ’ ed - 02 ’
Ok, Ok, Ok,
(VN | 0 | | 1

and we denoted by O the K—dimensional zero column vec-
tor.

We remark that UTEk, ko, ..., ky) has still m, known in-
puts and m,, unknown inputs. However, while the m, known
inputs coincide with the original ones, only the first m,, — d
unknown inputs coincide with the original ones. The last d un-
known inputs of UL E(ky, ky, . . ., ky) are the time derivatives of

a given order of the original unknown inputs. Specifically, the
new j" &; +Z)+j ( .,d). The state
evolution depends on the known inputs via the vector fields f' [ﬁ,
(i=1,...,m,), on the first m,, — d unknown inputs via the vec-

tor fields g'{’l, (j=1,...,my, —d), and on the last d unknown

unknown input is w,

inputs via the unit vectors 62, (j=1,...,d). Finally, we remark
that only the vector field gg depends on the new state elements.

We introduce the following definition, which extends Defini-
tion 2:

Definition 6 (UI Highest Degree of Reconstructability).
Given the system in (1), the unknown input highest degree



of reconstructability is the largest unknown input degree of
reconstructability of all its finite unknown input extensions.

By construction, the unknown input highest degree of recon-
structability cannot exceed m,,. We introduce the following last
definition, which extends Definition 3:

Definition 7 (Canonizable System with respect to its Uls).
The system in (1) is canonizable with respect to the unknown
inputs if its unknown input highest degree of reconstructability
is equal to m,,.

In other words, the system is canonizable with respect to the
unknown inputs if there exists a finite unknown input extension
of it that is canonic with respect to the unknown inputs.

5.2. Infinite Unknown Input Extension

An infinite unknown input extension of the system in (1) is
obtained by including in the state d < m,, unknown inputs to-
gether with all their time derivatives. The state will be denoted
by X400, Which is defined as follows:

AT

Xdoo = [X", Wieo] (24)

with
21,0 (1) (2)

Wdeo = [me—d+l Win—ds1> Win—ds12 -+ (25)
(0) (1) (2) 0) (1) L (2)
Winw=d+2> Winy—d+2> Winy—ax22 =2+ = 02 Winys Wing s Win» -+ ]

The system is characterized by the following equations:

. —d

oo = g * B Lt + X gl (26)

y = [hl PR p]

where:
r 0 m, 7
8 +Z] m,—d+1g WJ
(D
my,—d+1
(2)
my,—d+1
3)
my,—d+1
(H
l(f%»—d+2
8o = my=d+2 : @7)
r;:w d+2
(1)

me
Wony
wi)
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Ed [ &

0 0

0 0

0 0

0 0

; 0 0
fa’ooé 0 ’ggooé 0 ’

0 0

0 0

0 0

withi=1,...,m,,and j=1,...,m, —d.

6. Implementations of Algorithm 1 and 4 on U1 Ey,,

Let us consider the system defined by (1) and let us sup-
pose that its unknown input degree of reconstructability from
all the availabl~e obserzable functions is m < m,,. In addition,
we denote by hy,...,h, a set of m available observable func-
tions such that the reconstructability matrix from them has rank
equal to m. Without loss of generality, we assume that the rank
of the matrix that consists of the first m columns of the recon-
structability matrix is m (this is general as it is always obtained
by re-ordering the unknown inputs). We consider the infinite
unknown input extension defined in Section 5.2 and denoted by
UT E o, where we include in the state the remaining d = m,,—m
unknown inputs together with their time derivatives up to any
order.

‘We introduce the two series of codistributions Q,‘:’, and O,f",
(k=0,1,...), by running two new algorithms, Algorithm 5 and
Algorithm 8, respectively. These algorithms are obtained by
proceeding as follow. Basically, we introduce some modifica-
tions in order to run Algorithm 4 and Algorithm 1 on U7 E 4o
As UT &y 1s not in canonical form, the implementation of Al-
gorithm 4 and Algorithm 1 is not possible. In particular, we
cannot introduce the tensor y in (9), and (10), its inverse v in
(11), and (12), the vector fields g in (14), and the autobracket
operation in (18). _ _

Starting from the functions A, ..., h, and the m + 1 vector
fields g9 .gh....., &%, in (27) we build the analogous of the
tensor u defined by (9) and (10). We denote it by "u. We set:

’”ylj—Lnghj, i, j=1,...,m (28)
m, 0 m, i m 0 (9~
o =1, "uy =0, +‘£84mh” i=1,...,m.29)
We denote by "v the inverse of "y, namely: Zy 0 ’”,ugm v =
6gforanya/, B=01,....m
We denote by g4 the following vector fields:
Z e g =0,1,...,m (30)
B=0



We define the analogous of the Autobracket. In particular,

which appear at the recursive step of Algorithm 4. They are
recursively defined as follows:

m [fl;oo](a/] seees@f—1 ,(Yk) —

m
2"

B=0

€1y

am[fjw](m ..... @p—1)

[gﬁoo’ m [fém](al,.,.,ak,l)] + 66% 5 ,

and all the indices a1, . .., a; take the values among 0 and m.

6.1. The codistributions 0 and their properties

The codistributions QC,k=0,1,...,are obtained by running
Algorithm 5.

Algorithm 5: The algorithm that builds the codistributions
QOO
-

Qy = span{Vhy,...Vh,}
Qe =+ X Ly O+ 250 L@MQI‘:’ +

k+1 i=1
m,
g=1 2ic1 D=0 - - * D=0

along ”TE[;DO) are based on the new definitions given by Equa-
tions (28-31). As a result, these operations can be executed
when the system is not in canonical form. In particular, their
execution, requires that m observable functions are available
such that the reconstructability matrix from them has rank m
(and this is precisely the case we are dealing with).

It holds the following result:

Theorem 2. Let us consider a scalar function 6(x) (i.e., of the
only original state). If there exists an integer k such that V6 €
QF atx € M, then 6(x) is observable at xy. Conversely, if 6(x)
is observable on a given open set A C M, then there exists an
integer k such that V0 € (° on a dense set of A.

Proof The proof is given in Appendix C.«

This result allows us to use Algorithm 5 to build the ob-
servable codistribution of a system which is not in canonical
form. We remark that the state that characterizes the system
where we apply Algorithm 5 has infinite dimensions. As a re-
sult, this algorithm does not converge, in general. Note, how-
ever, that the computation of the codistribution at a given step
k (i.e., €7°) can be done by only including in the state the time
derivatives of the last d unknown inputs up to the order k — 1.
This is due to the special structure of the vector fields in (27),
which makes the functions computed by Algorithm 5 at the step
k independent of the time derivatives of the unknown input of
order larger than k — 1. In other words, from a practical point
of view, we could obtain €} by working with a finite unknown
input extension. In our final procedure, however, we do not
compute €° but Ol‘f’, defined in Section 6.2. Theorem 2 will
be only used as an intermediate theoretical result to prove the
validity of Theorem 3 in Section 6.2.
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6.2. The codistributions O;° and their properties

As in the case of the codistributions Q,‘:’, k=0,1,... we
would like to generate the codistributions O,‘:", k=0,1,...,by
re-adapting Algorithm 1 based on the new definitions given by
Equations (28-31). In addition, we wish to obtain for these
codistributions the same result stated by Theorem 2. On the
other hand, we immediately encounter a fundamental problem.
As UT &, is characterized by an infinite dimension state, the
initialization step, which includes the computation of 5, can re-
quire infinite operations. In accordance with Equation (20), we
need to compute all the terms that correspond to the sum on
the index j, which runs from O up to s + r. The problem which
arises stems from the fact that these integers can diverge (both s
and r are only bounded by the state dimension, which is infinite
in the specific case of UL E o).

In Section 6.2.1, we show that, thanks to the special structure
of the vector fields f ..., fi, 85 8o - - -+ &1, In (27), the
integer r is actually bounded by n, which is the dimension of
x, i.e., the dimension of the original state. In particular, r <
n — 1. In Section 6.2.2, we provide a new definition for the
integer s and we denote it by s,. In accordance with this new
definition, also s, is bounded by the dimension of the original
state. Specifically, we have s, <n—-m+ 1.

In Section 6.2.3, we provide the iterative algorithm that
builds the codistributions O;°. It is Algorithm 8. Its initial-
ization step computes o> by using s, instead of s (see (33)).
Finally, in Section 6.2.4, we provide the properties of the codis-
tributions built by Algorithm 8. We show that, by using all the
above definitions, we have the same results stated by Theorem
2 (i.e., Theorem 3).

6.2.1. Upper bound for the integer r

In the case of the system UL E o, Algorithm 3 becomes Al-
gorithm 6.

Algorithm 6: The algorithm that builds the distribution A
for UTE oo

Ay = span{f‘}oo,..., ;"w}
A = At + X " [N P

The autobracket at the recursive step is obtained by using the
new definition in (31). We have the following result:

Proposition 1. Let us denote by ¢4, any vector field computed
by Algorithm 6. The entries of ¢, With index larger than n,
are null.

Proof See Appendix D. «

From the above result, it is immediate to realize that the di-
mension of A; cannot exceed n. As a result, the condition that
characterizes the convergence of Algorithm 6 (i.e., Ay = Ay_1)
occurs in at most n— 1 steps. In other words, k < n. Asr =k—1
by definition, we obtain r < n — 1.



6.2.2. The new integer s, and its upper bound

Let us apply Algorithm 2 to UIE s and let us denote by
"Q‘;’; the span of all the differentials with respect to the original
state x of all the functions computed by Algorithm 2, up to its
k'™ step. We obtain Algorithm 7.

Algorithm 7: The algorithm that builds the codistributions
Qf and *Qf

Q=320 span{th}
Q=9+ 20 ‘ngm &,
Set V6!,..., V6" abasis of Qf
xﬂi = span {(9)(0]1, e, BkaDk}

The integer Dy, is the dimension of the codistribution Qﬁ. We
define the integer s, as the smallest integer such that

xQé’

sy—1

XQ‘EX = (32)
As the dimension of in cannot exceed n, and the dimension of
ng is m, we have s, < n—m+ 1. Note that, we cannot conclude
that the condition in (32) ensures the convergence of the series
of codistributions XQi, k = 0,1,.... On the other hand, for
the special system UITE o, due to the special structure of the
vector fields in (27) that characterize the dynamics, this is the
case and will be proved in Appendix E.2 (Proposition 11).

6.2.3. The algorithm that builds the codistributions O}’
The codistributions O, k = 0, 1,..
Algorithm 8.

., are obtained by running

Algorithm 8: The algorithm that builds the codistributions
oy.

Oy = span {Vhy,...Vh,| + O
Op =07 + 31 Ly OF + 5o Lug OF

k+1 i=

The vector fields ”’?Jw that appear at the recursive step, are

obtained from Equations (28-30) and the codistribution O™ is
obtained by using the integer r and the new integer s, i.e.:

m Sy+r ny

o~ 2 Z Z Z Z span {V.E,,,[f;-m](nl,.u,n_,jqu}

g=1 j=0 ay,...a; i=1

(33)

Equation (31). In (33) we must compute the autobracket of the
vectors f(}m, e, L;"O: up to the r + s, order. Asr < n—1 and
sy < n—m+ 1, this order cannot exceed 2n — m.

6.2.4. Properties of the codistributions O;°

We have exactly the same result that holds for the codistribu-
tions Q°. We have:
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Theorem 3. Let us consider a scalar function 6(x) (i.e., of the
only original state). If there exists an integer k such that V@ €
Oy at xo € M, then 6(x) is observable at xo. Conversely, if 6(x)
is observable on a given open set A C M, then there exists an
integer k such that V0 € O} on a dense set of ‘A.

Proof The proof is given in Appendix E. «

This result is fundamental and will be adopted in our final
procedure (Algorithm 9). If our system is not in canonical form
(or even worse is neither canonic nor canonizable), we cannot
run Algorithm 1. Let us suppose that its unknown input degree
of reconstructability from all the available observable functions
(at the beginning these are the output functions) is equak to
m < m,. We select the m observable functions that make the
above degree equal to m and we denote them by Ay, ..., hy,.
From them, we can build the quantities defined in (28-31) and
then we can run Algorithm 8. Theorem 3 ensures that this algo-
rithm builds the entire observable codistribution. On the other
hand, as the state that characterizes U7 E o, has infinite dimen-
sions, this algorithm does not converge, in general. In the next
section, we provide a final fundamental result that allows us to
conclude that either this algorithm converges in at most n — m
steps (with n the dimension of the original state) or, in at most
n — m steps, it provides a new observable function able to in-
crease the unknown input degree of reconstructability. In this
latter case, if the new degree is equal to m,, it means that the new
system is now in canonical form and we can apply Algorithm
1. Otherwise, we repeat the above procedure, starting from a
higher degree of reconstructability.

7. The complete solution

This section provides the general solution that allows us to
obtain, in a finite number of steps, the entire observable codis-
tribution for any system that satisfies (1). No further assump-
tion is required. The system does not necessarily have to be in
canonical form with respect to its unknown inputs and it can
also be neither canonical nor canonizable.

The automatic procedure that builds the observable codistri-
bution is Algorithm 9. Before providing and describing the pro-
cedure, we need a final theoretical result.

7.1. System extensibility

As we mentioned at the end of Section 6.2.4, when a system
is not in canonical form, we cannot run Algorithm 1. We denote
by ki, ..., hy, (m < m,)asetof available'* observable functions
from which the unknown input degree of reconstructability is
m. They are such that the following condition holds:

o)) = m.

Without loss of generality (i.e., by reordering the Uls) we
assume that the submatrix obtained by considering the first m

rank (RM (-i;l yert (34)

14 At the beginning, this means that p > m and hi,. .., Ty are m functions
among the output functions, A, ..., hp.



columns of RM (ﬁl, ... ,;Zm) has non vanishing determinant.
We can run Algorithm 8. The condition that ensures its con-
vergence is trivially:

— )©

e = O

Unfortunately, as the state has infinite dimensions, the small-
est integer at which the above condition occurs is unbounded.
We denote by VA;® a generic generator of O;°. Note that Algo-
rithm 8 automatically computes all these generators. We also
denote by d,, the operator that includes all the derivatives with
respect to the components of the state extension wg. in (25).
We introduce the following definition:

Definition 8. The system in (1) with reconstructability matrix
of rank m < m,, is said non-extensible if, for any integer k,
0yh}® vanishes for all the generators of O;. In addition, it is
said extensible if it is not non-extensible.

We have the following fundamental result.

Proposition 2. [f the system is non-extensible, then Algorithm
8 converges in at most n — m steps. Conversely, if the system is
extensible, then there exists a generator h;°, which depends on
a given component of Waeo, Withk <n—m+ 1.

Proof Let us prove the first statement. The convergence of
Algorithm 8 is characterized by the condition O;° = O;”,. As
no generator of O,;° depends on Wy« in (25), the dimension of
OZ" cannot exceed n. As a result, the condition that character-
izes the convergence is attained in at most n — m steps (note
that the dimension of Of is at least m). This proves the first
statement.

Let us prove the second statement. We proceed by contradic-
tion. Let us suppose that all the generators of O‘J’.° are indepen-
dent of wyo, when j < n—m+ 1. By proceeding as in the proof
of the first statement, we attain the condition that characterizes
the convergence of Algorithm 8. We have Of;" = O;‘il, for some
j<n—-m+1. Asaresult, 0 = O;°_1 forany k > j - 1.
But this means that the generators of O;° are independent of
W4, Namely the system is non-extensible, in contrast with the
assumption of the second statement. <«

The above result ensures that, when we run Algorithm 8, we
have one of the following two results, in at most n — m steps:

1. (Non-extensible) we attain the convergence, and, conse-
quently, the observable codistribution.

2. (Extensible) we find a generator of O;° (h;°) that depends
on at least one component of W .

In the first case, we have achieved our final goal. In the sec-
ond case, we build a new unknown input extension of the orig-
inal system (denoted by X) by proceeding as follows. We know
that /27> depends on wye. Let us characterize a general depen-
dency of A;° on wge. We denote by z < d the number of the
original Uls that appear in /;”. We can assume that ;> depends
On Wiy, —z+15 Wm,—z42> ---> Wm, (We re-order the last d original
Uls). For each of them, i;° can depend directly on it and/or
on a given time derivative of it. We denote by ki, k2, ..., k;
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S = UIEK, Ky, ..

the highest orders time derivative of the corresponding original
unknown inputs that appear in /;°. We introduce the following
unknown input extension:

Definition 9. Given h;°, we set X L UTEK, ks . .. k).
We have the following result:
Lemma 1. For the system X, we have:

rank (RM (le, ... ,Zm,h,‘:’)) =m+1

Proof The proof is obtained by a direct computation. For
., k;), the reconstructability matrix from
hl,...,hm,h;" is:

RM(hy. ... BY) =

[ Lglzl Lg;uzl .ngz.rzﬁl Leﬁl -Cegzl
Lo . Lol . Lpwh Lyhy . Leh
—Lg} hm -Cg’z"ﬁm ng”w ’sz "Cezl Zm Le;zm

| ng hy Lonh? .l:gV:”w’tho 'Ll’% hy Ly
.[:gl E] .Lng| .Egmw fzgl O . 0
Lol . Lol . Lewshy 0 . 0
Ly, Lonhy, Loy 0 .0
Lol o Lok o Lowd® Lok . Lok |

From (34) we know that the rank of the submatrix that con-
sists of the first m rows of the above matrix is equal to m. Let us
consider the last row of the above matrix. By assumption, A}’
depends on the time derivatives of order &, k», . . ., k, of the last
z unknown inputs. As a result, the last z entries of this row do
not vanish. Therefore, the rank of the above matrix ism + 1. <«

7.2. Description of Algorithm 9

We provide Algorithm 9, which builds, in a finite number of
steps, the entire observable codistribution for any system that
satisfies (1). These are its main features/outcomes:

e If the system is canonic, it finds a set of m,, observable
functions, Ay, ..., hy,, such that

rank (RM (f;] yeen ,Em)) = my,.

In this case, the above functions can be used to define the
tensor u in (9) and, consequently, they allow us to run Al-
gorithm 1.

o If the system is non canonic but it is canonizable, it returns
a finite unknown input extension which is canonic.

o If the system is neither canonic nor canonizable, it returns
an unknown input extension of the original system with
the highest unknown input degree of reconstructability. In
addition, it also provides the observable codistribution.



The procedure is iterative. At each step, it computes new
scalar functions that are observable. At the beginning these
functions are the output functions (i.e, Ay, ..., k).

The procedure consists of a main loop that contains a nested
loop. The main loop terminates when one of the following two
conditions is achieved:

Zl e ,me’ such that

,th‘)) = m,,, are found.

1. m, observable functions,

rank(RM (711, ...
2. The entire observable codistribution is obtained

Let us denote by m the rank of the unknown input recon-
structability matrix, at a given step of the main loop. The pro-
cedure obtains new observable functions, when they exist. This
is obtained by introducing the new system, denoted by U E e
Hence, the procedure can obtain new observable functions by
running Algorithm 8. This is carried out by the nested loop.
Because of the results stated by Proposition 2 and Lemma 1,
the nested loop terminates, in at most n — m steps, with one of
the following outcomes:

1. Algorithm 8 converges (i.e., Oz" = Ol‘il), and the entire
observable codistribution is obtained.

2. Algorithm 8 determines a new observable function such
that the unknown input reconstructability matrix increases
its rank by one.

In the first case, also the main loop terminates and we have
achieved our goal because we have obtained the observable
codistribution. In the second case, there are two possibilities
depending on the new value of m, that is the rank of the new
unknown input reconstructability matrix:

1. m=m,,.

2. m<m,.

In the first case, the main loop terminates and we can run Al-
gorithm 1 to obtain the observable codistribution. In the second
case, we skip to the next iterative step of the main loop. Since
the rank of the unknown input reconstructability matrix cannot
exceed m,,, the procedure converges in at most m,, — 1 steps of
the main loop.

We conclude with the following remark. Lemma 1 ensures
that, the dependence of h,‘:’ on the extension wy, in (25), al-
lows us to introduce a finite unknown input extension (X =
UTEky, ko, ..., k;) in Definition 9) for which the rank of the
reconstructability matrix from hy, ..., h, and A7’ is m + 1. On
the other hand, this is a sufficient condition that guarantees the
possibility of increasing such a rank. We cannot exclude the
possibility that, there exists a generator /,°, which is indepen-
dent of w,, but still increases the rank of the reconstructability
matrix. Considering this possibility is convenient, as, if it oc-
curs, we do not need to extend the state and, consequently, we
can reduce the computational load. In Algorithm 9, this possi-
bility is accounted by the second if in the nested loop.
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Algorithm 9: The algorithm that builds the observable
codistribution for any nonlinear system characterized by

(1).
Setm = rank(RM(hl, .. ,hp)).
7{,” from Ay, ..., h, st

Select E ye -
rank (7€M (Hl, ... ,Zm
Set run_find_Extension = true
while m < m,, and run_find_Extension do
Set run_find_O = true
Set d = m,, — m and build UL E 4o
while run_find_O do
This is the nested loop and consists of the
implementation of Algorithm 8.
Its k™ iteration returns the generators of oy
VR is a generic generator of O}
if /1> contains component/s of wy., then
Set Ayt 2 A
Reset the system as X in Definition 9
Setm=m+1
Set run_find_O = false
else _
if rank(RM (’ﬁl, .. ,hm,hz")) =m + 1 then

Set At 2 B
Setm=m+1
Set run_find_O = false
end if
if O = O, then
Set run_find O = false
Set run_find_Extension = false
end if
end if
end while
end while
if run_find_Extension then
The system under consideration is set in canonical form.
This can be the original system or an unknown input
extension.
Compute O by applying Algorithm 1.
else
The system is neither canonic nor canonizable. Algorithm
8 has converged.
SetO0 = O
end if

)=




8. Unknown input reconstruction

In this section, we investigate the problem of reconstructing
the unknown inputs. We start by providing a property (Proposi-
tion 3) that establishes the equivalence between non-extensible
systems (Definition 8) and systems with unknown input high-
est degree of reconstructability (Definition 6). Then, Section
8.2 provides a new result that characterizes the observability of
the unknown inputs (Theorem 4). Finally, based on the strat-
egy adopted to prove this result, we discuss how to set up a
possible framework to estimate a set of unknown inputs. This
framework is suitable both in case Theorem 4 tells us that these
unknown inputs are observable and in the case they are not.

8.1. Non-extesible systems and unknown input highest degree
of reconstructability

Let us refer to the system in (1) and let us suppose that
we have m_< m,, observable functions, &y, ..., h,, such that
rank (RM @1 ey hm>) =m.

We have the following result:

Proposition 3. The integer m is the unknown input highest
degree of reconstructability if and only if the system is non-
extensible.

Proof (=) We proceed by contradiction. If the system is
extensible we find a function %;” that depends on at least one
component of wy.. Lemma 1 proves that there exists a finite
unknown input extension (UL E(k, ks, .. ., k;)) with degree of
reconstructability equal to m + 1. But this would mean that m is
not the unknown input highest degree of reconstructability.

(<) We know that, for any observable function, there exists
an integer k such that its differential belongs to O;° (Theorem
3). Hence, the fact that the system is non-extensible means that
all the observable functions are independent of all the compo-
nents of wye. As a result, for any unknown input extension, the
reconstructability matrix from any set of observable functions
has a rank that cannot exceed m. Therefore, m is the unknown
input highest degree of reconstructability. «

8.2. Observability of the unknown inputs

Based on the results obtained for the state observability it is
immediate to prove the following fundamental result:

Theorem 4. If a system is canonic with respect to its unknown
inputs and its state is observable, then all the unknown inputs
can be reconstructed.

Proof Let us consider the system characterized by (1) and
let us suppose that the state x is observable and that the sys-
tem is canonic with respect to its unknown inputs. From
the canonicity assumption, there exist m, observable func-
tions, hj,...,h,,, such that the reconstructability matrix
RM(hy, ...
sor ,u; defined in (9) is non singular. We consider the unknown
input extension obtained by including in the state all the un-
known inputs (without any time derivative). In other words, we

,hm,,,) is non singular or, in other words, the ten-
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are considering the system UTE(ky, ka, . .., ky,) With k; = ky =
... =k, = 0. We use the following result from the state of the
art. Given an observable function of the state x, all the first
order Lie derivatives of this function are observable functions
for the above unknown input extension (see the first statement
of Theorem 5 in Appendix C.1, or Theorem 6.11 in [31] or
Proposition 3 in [271"). Hence, we know that the m,, scalar
functions obtained by computing the first order Lie derivative
of hy,...,hy, along gy, (which is the vector field in (23) for
this specific unknown input extension) are observable functions
or, in other words, their initial value can be reconstructed. We
have:

m,,

i
DK
i=1

for j=1,...,m,. This is a system of m,, linear equations in
the m,, unknowns: wy, ..., w,, . As u is non singular, we invert
and we obtain:

-Eggw’ilij = .[:g(l’]:;j + Z Lgiﬁjw[ = /J? + (35)
i=1

my,

Wi = Z Vi(lgpmﬁl — i)

=1

(36)

Now we use the assumption that the state is observable. This
means that we know all the components of the state at the initial
time and, consequently, we know all the components of v and i
at the initial time. Therefore, from the above equation we can
also reconstruct the unknown inputs «

8.3. Possible framework for reconstructing the unknown inputs

Theorem 4 provides a sufficient condition to check the ob-
servability of the unknown inputs. On the other hand, it could
be also important from a practical point of view, namely to set
up a possible framework that allows us to estimate a set of un-
known physical quantities. In the remainder of this section, we
only provide a preliminary discussion about this idea.

Let us suppose that we want to estimate one or more time-
varying quantities and that we are able to build a dynamic sys-
tem in which these quantities drive its dynamics by acting as
unknown inputs. Thanks to Algorithm 9, we can check whether
the state that characterizes this system is observable or not. In
the second case, as Algorithm 9 builds the observable codis-
tribution O, we can try to characterize our system by an ob-
servable state. Note that this step is non trivial as it cannot be
accomplished by a systematic/automatic procedure. Algorithm
9 provides an observable state automatically. However, for a
complete description of our system, we need to express its dy-
namics only in terms of the components of the observable state
and the system inputs. This step, not only cannot be accom-
plished automatically, but may also require a redefinition of the
unknown inputs.

Let us suppose that we are able to obtain a description of
our system in terms of an observable state. We have now the
following two possibilities:

I5Note that this result is widely used to introduce the strategies proposed in
[28,29].



1. The system is canonic with respect to its unknown inputs
or canonizable.

2. The system is neither canonic with respect to its unknown
inputs nor canonizable.

In the first case, if the system is canonizable but not canonic,
we need to find a system characterization that is canonic. This is
automatically built by Algorithm 9. Hence, in the first case, we
achieve automatically a proper system characterization that al-
lows us to estimate the unknown inputs. The strategy to perform
this estimation depends on the specific case. We only mention
that, on the basis of the proof of Theorem 4 (and in particular
equation (36)), in order to design a suitable strategy, it could be
very useful to have a set of observable functions, Ai,..., hy,,
that makes the system canonic. These are automatically gener-
ated by Algorithm 9.

In the second case, we cannot obtain the unknown inputs
because we cannot invert equation (35), for any choice of ob-
servable functions. On the other hand, Algorithm 9 provides,
in a finite number of steps, the unknown input extension with
the highest degree of reconstructability. Let us denote it by m.
In addition, Algorithm 9 automatically builds a set of m ob-
servable functions, 4y, ..., h,, that makes the reconstructability
matrix of rank m. Equation (35) becomes:

my,

Lo by = Lohj+ ) Lihw, (37)
i=1

for j = 1,...,m. This is a system of m < m,, linear equations

in the m,, unknown inputs. We cannot obtain the unknown in-
puts as in the proof of Theorem 4. On the other hand, by using
this linear system, we can easily obtain the linear combinations
of wi, ..., wp, that can be reconstructed.

9. Applications

This section illustrates the implementation of Algorithm 9.
We refer to the visual inertial sensor fusion problem. For the
sake of clarity, we restrict our analysis to a 2D environment.
The 3D case differs only in a more laborious calculation. We
consider three variants of this sensor fusion problem depend-
ing on the available inertial signals. The description of these
variants is given in Section 9.1. In Section 9.2, we use Algo-
rithm 9 to obtain the observability properties. In particular, for
one of the considered variants, we provide all the details of the
computation, following, step by step, the implementation of Al-
gorithm 9 (Section 9.2.2). Finally, in Section 9.3 we provide a
concise study of the same observability problem by using the
approach introduced in [27].

9.1. The system

We consider a rigid body (8B) equipped with a visual sensor
(V) and an inertial measurement unit (J). The body moves on
a plane. A complete 7 measures the body acceleration and the
angular speed. In 2D, the acceleration is a two dimensional vec-
tor and the angular speed is a scalar. The visual sensor provides
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the bearing angle of the features in its own local frame. We as-
sume that the V frame coincides with the 7 frame. We call this
frame, the body frame. In addition, the inertial measurements
are unbiased. Figure 3 depicts our system.

v

Figure 3: The global frame, the body frame and the observation provided by
the V sensor (B).

It is very convenient to work in polar coordinates. Hence, we
define the state:

x=[r, ¢, v, a, 67 (38)

where r and ¢ characterize the body position, 6 its orientation
(see Fig. 3 for an illustration), and v and a the body speed in po-

. . Vy
lar coordinates. In particular, v = |/v2 + v§ and @ = arctan (v—’)
»

where [v,, vy]T is the body speed in Cartesian coordinates. The
dynamics are:

vcos(a — ¢)

> sin(a — ¢)

Ay cos(a —6) + A, sin(a — 6)
~ Sin(a - 6) + 2 cos(a - 6)
=w

(39)

Q= e

where [A,, A),]T is the body acceleration in the body frame
and w the angular speed. Without loss of generality, we assume
that the feature is positioned at the origin of the global frame.
The V sensor provides the angle 8 = 7 — 6 + ¢. Hence, we
can perform the observability analysis by using the output (we
ignore 7):

y=hx)=¢-96 (40)

We consider the following three variants, which differ in a
different setting of the 7 sensor:

1. Variant 1: I provides the body acceleration ([A,, Ay]T)
and the angular speed (w).

2. Variant 2: 7 consists of a single gyroscope that only pro-
vides the angular speed (w).

3. Variant 3: 7 consists of a single accelerometer that
only provides the component of the acceleration along the
x—axis of the body frame (A,).



9.2. State observability

We use Algorithm 9 to obtain the observability properties
of our system. For the brevity sake, for Variant 3, we do not
provide the details of the computation (which are similar to the
ones for Variant 2) but only the result.

9.2.1. State observability for Variant 1

When A,, A, and w are known, by comparing (39) and (40)
with (1) we have: n = 5, m, =3, m, =0,p =1, uy = w,
Uy = Ax, usz = Ay,

[ vcos(a — @) 0
> sin(a — ¢) 0
g = 0 =10,
0 0
0 1
0 0
0 0
f2=| cost@—6) |, fP=| sin(a-6)
—% sin(a — 0) % cos(a — 6)
0 0

As all the inputs are known, we can compute the observable
codistribution by using the standard observability rank condi-
tion, which is a special case of Algorithm 1 when m,, = 0.

We obtain, at the initialization, Oy = span{Vh} =
span{[0 1 00 — 1]} (note that, when m,, = O, the codistribu-
tion O vanishes). Its dimension is equal to 1. At the first
iterative step we obtain O; = span {Vh, V.[,goh} and its di-
mension is 2 > 1. At the second iterative step we obtain
0O, = span{Vh, VLoh, VLo Lyh, V.Efz.[:goh} and its dimen-
sion is 4 > 2. At the next step O3 remains the same, meaning
that the algorithm has converged. Therefore:

O = 02 = span {Vh, V.Egoh, V,Ego,Egoh, Vsz.Egoh}

We compute the orthogonal distribution. By a direct compu-
tation, we obtain:

(O)* =span{[0101 177}

The generator of (O)* expresses the following invariance (e
is an infinitesimal parameter):

r r r 0
¢ ¢’ ¢ 1
v |-V |=|lv |+e€|l 0], 41
a a’ a 1
6 (24 0 1

which is an infinitesimal rotation about the vertical axis.

In conclusion, for this system (Variant 1), only the first and
the third component of the state are observable (i.e., r and v),
while the three remaining components, ¢, @, and 6, are not.
However, the difference between any two of these angles (e.g.,
¢ — 0, or a — 6) is observable.
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9.2.2. State observability for Variant 2

When A,, A, are unknown and w is known, by comparing
(39) and (40) with (1) we have: n =5, m, = 1,m, =2, p =1,
up =w,wy =A,, wa =A,,

[ vcos(a — ¢) 0
; sin(a — ¢) 0
g = 0 =10,
0 0
0 1
0 0
0 0
g1 = cos(a — 0) s g2 = sin(a — 0)
—1Lsin(a - 6) Lcos(a - 0)
0 0

As p =1 <2 = m,, the system is certainly not in canonical
form with respect to w; and w,. We even do not know if it is
canonic with respect to them. We apply Algorithm 9.

We obtain Lgh = Loh = 0. As aresult, rank (RM (h)) = 0
and

m=0, d=m,-0=2

Hence, we build the system U1 E,, and we apply Algorithm
8.

UITEre

We follow the steps in section 5.2 to build this system. It is
characterized by the following state:

XZOO:[-XT? A, Ag{l)’ A§C2)’ AECS)’ e, Ay’ A;l)’ A;Z)’ A§?)’ .

and the equations in (26) with:

go+g'Ax+g2Ay fl
AY 0
AY 0
AP 0
ggoo = t 2 leoo =
A 0
AD 0
A 0

Application of Algorithm 8 to UT &)

In this special case (m = 0), the tensor "u = Ou in (29)
has the single component O,ug = 1, and, consequently, the same
holds for its inverse %v: we have %) = 1. In addition, we only
have the vector field Oggw in (30) and we have O’ggm = g(z)oo.
As a result, the steps of Algorithm 8 trivially consist of the
computation of the Lie derivatives along the drift and the vector
field that corresponds to the known input, i.e., the above ggw

and leoo. In addition, the initialization step is trivial because O
vanishes. As a result, Og" = span {Vh}.

I



At the first step we obtain:

Oy =span{Vh, V(Ly h), V(L h)} =

span {Vh, \% (; sin(a — ¢))}

Both the generators are independent of wy.,. On the other
hand, for the latter we have:

rank(RM(‘—; sin(a — ¢))) —1>m=0

In other words, we meet the condition stated by the second if
in the nested loop. Hence, we set:

T = hy 2 = sina — ¢),
r
m=m+1=1,

and we stop Algorithm 8 (run_find_O = false).

Asm =1 < m,, =2 we repeat the iterative step in the main
loop of Algorithm 9. We have nowd =m, —m =2-1 = 1.
We build UTE .

UTE |

We follow the steps in section 5.2 to build this system. We
obtain the state by including one of the two unknown inputs,
together with all its time derivatives. We can choose any of
them, as both the entries of ‘RM(% sin(a — ¢)) do not vanish.
We choose A, and we have:

Yoo = 27, Ay, AP, AP, AD,

]T
UTE| is characterized by this state and the equations in
(26) with:

g +g'A,
A

=
oq
1S

S OO

Application of Algorithm 8 to UTE o
We apply Algorithm 8 to U &, (nested loop in Algorithm
9). We have:

Oy’ = span {Vh, Vﬁl} +0

To proceed, we need to compute O. This requires the compu-
tation of the integers r and s, and the autobrackets of fllw up to
the (r + s,)™" order. We need, first of all, to compute the tensor
"y = 'pin (28) and (29). We obtain: 'ud =1, 'ul =0,

_sin(2a - 20)* + A7 sin(g — 6)

1,0 _ T
My = 'Eg‘fmhl = 72

cos(¢p — 6)
—
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it s 1,0 1 1,0
By computing its inverse we obtain: ‘vy =1, ‘v, =0,

sinQa — 2¢)v? + A,rsin(¢p — 6) L r

1.0 _ S =
rcos(¢p — 6) » T cos(¢ - 6)

V1

We start by computing the first order autobracket of flloo. We

. 0
obtain, for the former: ! [ fllw]

0
0
cos(a—0)(sinRQa—2¢W>+rA, sin(¢p—0)) .
cos(@=0) — A, sin(a - 6)
_Accos(a—) _ sin(@=6)(sinQRa—2¢)v2+rA, sin(¢—6))
v rvcos(¢—6)
0
0
and L I ]oh] =

C2rA, - v2 cos(¢p — 2a + 0) + v? cos(Ra — 3¢ + 6)
2r2 cos(¢p — 6)

The differential of the above function is one of the generator
of O. As it depends on A,, we meet the cgndition stated by the
first if in the nested loop. Hence, we set: A+ =

2rA, —v* cos(¢p — 2a + 0) + v? cosQa — 3¢ + 6)
2 - s

2r2 cos(¢p — 6)

(>

m=m+1=2=m,,.

Additionally, we reset the system as X in Definition 9, and
we stop Algorithm 8 (run_find_O = false).

The new system X

The new system (2 in Definition 9) is obtained starting from
the dependency of the new function A, on w;.. In this specific
case, we have z = 1 and k, = O (the function only depends on
A, and it is independent of any order time derivative of A,). The
new state is:

X = [rs ¢7 Vs aa 0’ AX]T

X is characterized by a single known input (as the starting
system), which is u; = w. It is also characterized by two un-
known inputs. However, the second unknown input is now the
first order time derivative of the first unknown input of the orig-
inal system. In other words, w, = AECI) = A,. The first unknown
input coincides with the second unknown input of the original
system, i.e., w; = A,. The vector fields that characterize the
state dynamics are:

veos(a — @) 0

f sin(a — ¢) 0

o | Axcos(a—6) 1|0
T | —Zsin(e-6) A

0 1

0 0



0
0
1| sin(a-6) 5
& cos(a — 0)
0
0

>

—_ o OO OO

Finally, the nested loop returned m = 2, which is equal to m,,.
Therefore, also the main loop is stopped and we can run Algo-
rithm 1 on the above system because it is in canonical form. In
particular, we set its outputs as the original output and the two
functions h; and h,, namely:

h=h=¢=0hy =T == sin(@- ),
and
~ 2rA —v2cos(¢p — 2 + 0) + v* cosQa — 3¢ +6)
hy = hy =

2r2 cos(¢p — 6)

Application of Algorithm 1 to the system in canonical form
The initialization consists of the computation of the follow-
ing codistribution:

Oy = span {Vhy, Vhy, Vh3} + O

To proceed, we need to compute O. This requires the
computation of the integers r and s and the autobrackets of
' up to the (r + s) order. We need, first of all, to com-
pute the tensor y. We obtain: p) = 1, pj = 0, uj = 0,

(20-2¢)v* + Ay sin(¢—6) 1 (¢ 6) —
ﬂ] __sin(2a—2¢)v’+rA, sin , pl cos i /JI =0, #2

m[v cos(3a 3¢)—v3 cos(¢p— 3a+20) V3 cos(a—¢)+
v cos(3a —5¢ +20) — rvA, cos(a — 4¢ +36) + 3rvA, cos(a —6)],
Wy = ”m(“_ff ;if;ig;ln(a_‘m T —m. By computing its
inverse, we obtain the tensor v (we do not provide its analytical
expression, for the brevity sake).

We compute the integers s and r by running Algorithm 2 and
Algorithm 3, respectively. We obtain s = » = 2. Finally, we use

(20) to compute O. We have:

Oy = span{Vhy, Vhy, Vhs, Vhy}

The new generator, is hy = m[sin(qﬁ - 0)(Q2rA, -
v2 cos(¢p — 2a + 0) +v* cos(2a — 3¢ + 0))] — cos(¢ — O)[v? sin(¢ —
2a + 6) —v*sin(2a — 3¢ + 6)].

This concludes the initialization step. By running the recur-
sive step of Algorithm 1 we obtain that

0, =0y

meaning that Algorithm 1 has converged and, the observable
codistribution is:

0= Span {V]’ll, V]’lg, Vh3, Vh4}

We compute the orthogonal distribution. By a direct compu-
tation, we obtain:

(O)* = span{[0101 101", [rOv00A,"}.
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The first generator of (O)* expresses the same invariance
found in the case discussed in section 9.2.1. This is the rota-
tion around the vertical axis (see equation (41)). This fact is not
surprising. By removing the accelerometer we lose information
and, consequently, all the degrees of unobservability remain.

The second generator expresses the following new invariance
(e is an infinitesimal parameter):

r r r r
¢ ’ ¢ 0
v v % %
o 171 o 17| o +€ L 42)
] (24 0 0

Ay A’ Ay Ay

which is an infinitesimal scale transform. The presence of
this new degree of unobservability is also not surprising. All
- the information is provided by the measurements that now only
consist of angular measurements (the sensor V' only provides
the angle 8 in Fig. 3 and the sensor 7 only provides the angular
speed). As a result, the system does not have any source of
metric information.

In conclusion, for this system (Variant 2), no component of
the state is observable. However, as for Variant 1, the difference
between any two of the three angles ¢, a, and 6, (e.g., ¢ — 6, or
a —06) is observable. In addition, regarding the metric quantities
in the new state (i.e., r, v, and A,), the ratio between any two of
them (e.g., %, or %) is observable.

Note that, even if the above computation could seem labori-
ous, it is automatic. In particular, it is carried out by a simple
code that uses symbolic computation.

9.2.3. State observability for Variant 3

By running Algorithm 9, we obtain that the observable codis-
tribution coincides with the one obtained in Section 9.2.1, i.e.,
in the case of a complete 7 (Variant 1). In other words, in this
case, the system has a single degree of unobservability that is
the system invariance against a rotation around the vertical axis.

In general, it is trivial to realize that, by adding new sensors,
the observability of the system cannot deteriorate. It is less triv-
ial to realize in which cases, by adding a new sensor, the observ-
ability of the state improves and in which it remains the same.
In our examples, if we add a new single-axis accelerometer to
the system in Variant 2, the observability improves. Conversely,
if we add a gyroscope and/or a new single-axis accelerometer
to the system in Variant 3, the observability remains the same.
An explanation for the first case was done at the end of Sec-
tion 9.2.2: the new sensor (the accelerometer) provides a new
type of information that is the absolute scale. This information
is capable of breaking the system symmetry in (42). The sec-
ond case can be intuitively explained when the vision sensor
observes at least 5 points, simultaneously. Indeed, with at least
5 points, a monocular vision sensor alone provides the angular
speed w [33]. It is less intuitive to realize the redundancy of the
gyroscope for Variant 3 in the presence of a single point (in all
our systems the vision sensor observes only one point).



k | dim (xgp,) | dim (§k> # states # obs
V2 V3 | V2 V3 | V2 V3
0 5 1 1 00 11
1 7 2 2 00 11
2 9 3 4 01 1 2
3 11 5 7 02 3 4
4 13 8 9 02 3 4

Table 1: Results from Algorithm 10, for Variant 2 (V2) and Variant 3 (V3).
The step (k) of the algorithm (1*'column), the dimension of the extended state
(2" column), the dimension of o (3¢column), the number of the components
of the original state with differential in Qi (4" column), the number of all the
independent observable functions with differential in Qi (5" column).

9.3. Results obtained with the approach introduced in [27]

We study the same observability problem by using the ap-
proach proposed in [27]. It consists in the implementation of
Algorithm 10 in Appendix C.1. We emphasize that this algo-
rithm does not converge alone. To understand what is the step
after which the algorithm does not provide further information
on the original state, we actually exploited our knowledge of all
the observable functions. Specifically, we know that a choice
of all the independent observable functions is ¥, ¢ — 6, a -0,
for Variant 2, and v, r, ¢ — 6, a — 0, for Variant 3 (see sections
9.2.2 and 9.2.3).

Table 1 provides the results obtained by running Algorithm
10. The last column provides how many independent observ-
able functions have the differential in ﬁk. We can see that, for
both Variant 2 and 3, we achieve the totality (3 and 4) at the
third step. We emphasize that, in order to obtain the values of
this last column, we exploit some extra knowledge that is not
obtained by using Algorithm 10. Therefore, to get a complete
answer with this approach, we are actually using the solution
of the problem itself (which is the determination of all the ob-
servable functions). We also emphasize that the computation
becomes prohibitive starting from the 8" step (the computa-
tion of Qg takes almost 10 days by using the symbolic tool of
MATLAB with the processor 3.1 GHz Intel Core i7). Finally,
we highlight that the results obtained with this algorithm agree
with the results obtained with Algorithm 9.

10. Conclusion

This paper provided the general analytical solution of a fun-
damental open problem introduced long time ago (in the mid-
dle of the 1960’s). The problem is to find an analytical and
automatic test able to check the observability of the state that
characterizes a system whose dynamics are also driven by in-
puts that are unknown. This is the extension of the well known
Observability Rank Condition introduced in the 1970’s and that
does not account for the presence of unknown inputs. This pa-
per provided this extension. This problem arises in a large class
of domains, raging from mechanical engineering, robotics,
computer vision, up to biology, chemistry and economics. Ob-
servability is a fundamental structural property of any dynamic
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system and describes the possibility of reconstructing the state
that characterizes the system from observing its inputs and out-
puts. The dynamics of most real systems are driven by inputs
that are usually unknown. Very surprisingly, the complexity of
the solution here introduced is comparable to the complexity
of the observability rank condition. Given any nonlinear sys-
tem characterized by any type of nonlinearity, driven by both
known and unknown inputs, the state observability is obtained
automatically, i.e., by the usage of a very simple code that uses
symbolic computation. This is a fundamental practical (and un-
expected) advantage. To obtain this solution, the paper used
several concepts recently introduced [31]. Specifically, it used
the Group of invariance of observability, and the solution was
expressed in terms of a new set of tensor fields with respect
to the above group of invariance. In addition, the paper intro-
duced the new concepts of canonic system with respect to the
unknown inputs (Definition 3), canonical form with respect to
the unknown inputs (Definition 4), canonizable system (Defini-
tion 7), and unknown input highest degree of reconstructability
(Definition 6). These new definitions allowed us to achieve the
solution of the unknown input observability problem even for
systems not canonic and not even canonizable. Note that, the
solution provided in [31] is based on the assumption that the
system is in canonical form with respect to its unknown inputs.
The paper reported the solution in [31] (Algorithm 4) by also
providing an improved solution (Algorithm 1), which exhibits
an easier and unrestricted convergence criterion. Then, the pa-
per provided the automatic procedure that, in a finite number
of steps, provides all the observability properties for systems
neither in canonical form, nor canonizable. This automatic pro-
cedure is Algorithm 9. It uses iteratively Algorithm 8, which is
a special implementation of Algorithm 1.

Finally, as a simple consequence of the results here obtained,
the paper provided the answer to the problem of unknown input
reconstruction, which is intimately related to the problem of
state observability.

The solution was illustrated by a simple application. We
studied the observability properties of a nonlinear system in the
framework of visual-inertial sensor fusion. The dynamics of
this system are driven by two unknown inputs and one known
input and they are also characterized by a nonlinear drift. The
system is not in canonical form with respect to its unknown in-
puts. However, by following the steps of Algorithm 9, it was set
in canonical form. We emphasize that we already dealt with the
same sensor fusion problem in 3D, in the presence of biased
measurements and when the visual sensor is not extrinsically
calibrated. For this system the state dimension is 18 and the
overall time requested for the computation of the entire observ-
able codistribution was about 1 hour by using the symbolic tool
of MATLAB with the processor 3.1 GHz Intel Core i7. On the
other hand, we also highlight that the computation is symbolic
and it is not clear how the time requested for the computation
scales for more complex systems.

Future research will be devoted, from one side, to develop an
open source toolbox to study very complex observability prob-
lems (this will make use of a combination of symbolic and ran-
dom numerical computation). From another side, it will be very



interesting to extend these results (or at least part of them), to
the problem of controllability in the presence of unknown in-
puts and to the problem of detectability. Both these concepts
are strongly related to the concept of observability.

Appendix A. Proof of Theorem 1

The proof of Theorem 1 requires the introduction of two fundamen-
tal new ingredients:

o The set of generators .

e The quantities Cy, .

Additionally, this proof is based on the validity of Equation (B.12),
which is the result stated by Proposition 4. This is a technical result
and it will be given, separately, in Appendix B.

The set of generators

We denote by i the vectors computed by Algorithm 3 before its
convergence. Note that these vectors generate the entire distribution A
and they will be not necessarily independent. They will be listed by
using a double index i £ (i, j;). The first index is the index of the step
of Algorithm 3. It takes the values i = 0, 1,...,r. The second index
lists all the vectors which are computed by Algorithm 3, when com-
puting A;. For this proof, we do not need to specify how we list these
vectors. We only emphasize that at the initialization (computation of
Ao) we have m,, vectors: Y1) = f1, Yoo = 2 ooy Yomy = ™.
In other words, the second index jj take the values 1,2, ...,m,. Then,
when computing A;, we have, for every ¥;_, j, ,, m, + 1 vectors with
the first index equal to i (each of them is obtained by computing the
autobracket [¢;_, 1, for@ = 0,1,...,m,). Therefore, the index j;,
take the values: 1,2,...,(m, + 1)'m,.

The vectors Yy = Y j,) for k = 0,1,...,r, generate the entire dis-
tribution A. However, they are not independent, in general.

o
The quantities Cy,

We introduce the following quantities C. They are characterized by
three indices:

@
kz

The lower indices k and z are double indices, as explained above
(k = (k, ji) and z = (z, j,), with k,z = 0, 1,...,r). The upper index «
takes the m,, + 1 values: 0, 1,...,m,. These quantities are implicitly
defined by the following equation:

[vad” = )" Ci (A1)

where Y, = ¥, ;) stands for }}’_, Z}Z":’f”jm“. Indeed, the term at the
left hand side of the above equation belongs to A and can be expressed
in terms of the set of vectors ¢ (we remind the reader that A is invariant
under the autobracket operation, which is the operation [-]* at the left
side of (A.1)). As the vectors ¢ are not necessarily independent, the
choice of C is not unique. When the index k = (k, ji) is such that
k < r we trivially choose C such that it selects the vector ¢ with the
first index incremented by one. For k = (7, j,) the expression of Cy, is
not trivial and provides [¢] in terms of the vectors ¢, with z = (z, j;)
and z = 0,1,...,r. The choice is not unique, as the vectors are not
independent. The result is independent of the choice (in other words,
any choice can be done).

Now, we have all the ingredients to prove Theorem 1.

Proof Let wus prove the first statement. From
the (k + 1™ step of Algorithm 4, we obtain that
;n:l I Zzlwz 0 ZZ}::O span {.E[f, . rvk)th} € Q. From

(20), we immediately obtain that
5 c Qr+s+l .

By comparing the recursive step of Algorithm 1 with the one of
Algorithm 4 it is immediate to conclude that, for any integer v > 0:

Ov < Qr+s+l+v

and, as Algorithm 1 converges in at most n — m,, steps to O, we
conclude that:

o c Qr+s+ 1+n—my,

and this proves the first statement withk =r+s+1+n— m, <
3n-2m,, + 1.

Let us prove the second statement. We must prove that, for any %,
Q. € O. We proceed by induction. Itis true at k = 0 as Qy € Oy C O.

Let us assume that

Q,cO
We must prove that
Q,,cO0

As O is invariant under Lg and L, we only need to prove that

VL why €0

[fij(a’] .....

for any choice of a’l,...,a;, = 0,1,...,m,, and every ¢ =

1,...,m,. We distinguish the following two cases:

1. p<r+s.
2. p>r+s+1.

The first case is trivial as V.L

(o

L (/p)zq € 5Q 0.
Let us consider the second case. We start by remarking that, when
p>r+s+1wehave:

[fi]((r’l,,,.,a;)) — [l//(r,_ir)](al’”w”a;))

where j, is such that [ 7@ =y, ..
Weset p=r+s+[0’, with!’” > 1, and we use Equation (B.12), with

[=s+0l,and ay,...,q; = a;H,...,a;,. We have:
VL jieiaiphy (W) 17 aplhy = (A2)
ar; oeee (y’p al’_ 1 —~
Z Mg 6 Z(VC(J’_)Z) L‘/’I'Cgﬂl""' o Lgphy
pU-1) z

mod Q, + L3Q,

where:
e The sum 35, ;) is defined as follows:

My My my,
A

BU=1)  B1=0p2=0

l

Bi-1=0



e The sum };, is defined as follows:

r o (my+1)omy

EDID)

z (2.j2) 7=

Jz=1

e M is a suitable multi-index object, which is non singular (i.e., it
can be inverted with respect to all its indices).

o LzQ, stands for 7" L Q,

o the mod at the end of Equation (A.2) means that the equality
holds when the codistribution Q, + £5Q,, is added on both sides.

The validity of the above result is proved in Appendix B (see Propo-
sition 4).

Let us consider now the function £ Frrl - ..Egﬁlﬁq. Its differential
belongs to Qf.

We denote by 7 the dimension of Q¢ and by 4%, ..., hf a basis of QS,
ie.

Q8 = span {Vhf, . ..,Vhf}

In addition, we choose these generators (%5, ..
the functions built by Algorithm 2. As a result,

., h%) directly among

1

VL Lpihg= ) VIS

J=1

(A.3)

with c’l’ s c,” suitable coeflicients (scalar functions in the manifold
M). We have:
Ly, Lpyrs o Ly = (A4)
_ t t
V.ﬁgﬁ,,_,_, v Lopihg Y = [Z C?Vhﬁ] Yy = Z C]P-L.pzh[j
=1 j=1
By replacing this expression in (A.2) we obtain:
VLLf"J(“'l ----- aply (A.5)

0;4-2 """ ”;’ a;-ﬂ 8
My (vc(,, W)L%h ¢ mod Q, + L0,
B-1) z

Now we use again Equation (B.12) with [ = s. We have:
VLy, 1oy =

D Mg N VG Ly L - LBy
B(s—1) z

mod Qr+x + qu\Qrtv
We remark that

VL[wr](alwns)Zq € Qyighi

for any choice of a1, ..., @ and ¢. In addition, because of the non
singularity of M, we obtain that

Z (VC:ZI)Ll//ngﬁv—I s 'nglﬁq € Q51

for any choice of By, ...,Bs-1, ¢ and @;. On the other hand, the gen-
erators of Q¢ (Vhi ) are built by Algorithm 2,and they are the differen-
tials of the functions that belong to the function space that includes the
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outputs (Zq) together with their Lie derivatives along g? of order that

does not exceed s — 1. Therefore, by setting a; = @, |, we obtain:

Z(VC(:;*‘)L,,,Zh_‘j €Qirt, j=1,....1.

z

By using this in (A.5) and by knowing that p > r + s + 1, we imme-
diately obtain that

VL iy € Q, + L0,

TUR
From the inductive assumption, we know that Q, C O. In addition,
as O is invariant under Ly, L1, ..., Lgne, we have Q, + L3Q, € O

Appendix B. Proof of the validity of Equation (B.12)

The goal of this section is to prove the validity of Equation (B.12),
which has been used twice in the proof of Theorem 1. To achieve this
goal, we basically need to proceed along two directions:

e Introduce the quantities C;.**, according to Equation (B.1), and
obtaining the recursive law in (B.2) and (B.3).

o First proving the validity of Equation (B.6), which is more gen-
eral than Equation (B.12). In particular, this latter is obtained
from the former in a special setting.

We introduce the quantities C;;)"** by extending the quantities C{,
in (A.1) to the case when the autobracket is applied repetitively multi-

,,,,,,

(B.1)

where Y, = ¥, ;. stands for 3.7_, Zy:";";”:m", and the operation at the
left side, [-]@1+~%, is the multiple autobracket defined in Section 4. As
in the case of (A.1), the term at the left hand side of the above equation
belongs to A and can be expressed in terms of the set of vectors ¢
(again, we remind the reader that A is invariant under the autobracket
operation and the vectors i generate the entire distribution). Equation
(B.1) does not provide uniquely the quantities C;.**'. This because
the vectors ¥ are not necessarily independent. On the other hand, it
is possible to set them in such a way that they satisfy the following
recursive law. The law is stated by the following Lemma:

Q] e
kz

7]

Lemma 2. It is possible to set the quantities C,
satisfy the following recursive law:

such that they

C:; ,,,,, Q@ L?HIC;:;...,H, + ZCE;..,,Q,C(:/[;[ (B.2)
s
and its differential form:
VC;:; ..... @l _ (B3)

L VO + Y VO
Z

where ¥, = ¥ ;) Stands for 3 _, Z;’:‘S”Z e



Proof This proof needs the following equality, which is a property
of the autobracket. Given a vector field ¢ and a scalar field a, we have:
[ag]" = (Lywa) ¢+ ale]” (B.4)

for any @ = 0, 1,...,m,. This is obtained by a direct computation.

We have:
[ag1" = Y I, adl = ) viald, 8]+ Z Lya)g
=0 =0

alg)" + (Lgpa) 6.

Now, let us prove the validity of (B.2). By definition we have:

[ e = 3" Cpl (B.5)

A4 ] w
z

On the other hand,

[d’k](m @14 1) [['J/k](m

(7] @141
= Llen el

z

and, by using (B.4), we obtain

= > (LemCo)u + Y Ch
Z (L?IH Cki ‘YI wz + Z C 7/

[L?,Mc;g ----- i +Zc ‘”C‘”*]

z
By comparing with (B.5) we obtain (B.2) and, by differentiating
(B.3). «
We have the following fundamental result:

1) =

R C”/+ 1

Lemma 3. Given i (k = (k, ji)), for any integer | > 1, and any set
of integers «y, ..., that take the values 0, 1, ..., m,, for any integer
0<j<l-1l,andanyq=1,...,m,, we have:

V.ﬁwk]m, ..... aphg = (B.6)
My My my
A jig ] 5o @] @5 j 7
s D (V0 Lu Ly Loy
B1=05=0  B;=0 z

mod Q,; + L5Q,,

where M is a suitable multi-index object, which is non singular (i.e., it
can be inverted with respect to all its indices).

Proof For notation simplicity we omit the index g, i.e., we denote
by h the function A,. In addition, we use the notation:

My My 1My
B B1=0B2=0  B;=0

We proceed by induction on /. Let us set / = 1. We only have j = 0.
We have:

Ly = ZVLC”‘wh Z

Cf(yz 'Elllv
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> w:w,mz (VCi) Lo,

On the other hand,
VL,hEQ,
Hence,

VLygerh = Z VC”‘ Lpzh,

mod Qr+l s

which proves (B.6) when /= 1, and j = 0.
Let us consider the recursive step. We assume that (B.6) holds at a
given / = [I* > 1. We have:

(B.7)

Z M;,*_;; ,,,,, ap Z (VCZ; ,,,,, n,*_/)LwZLgﬁj
B z

'Egﬁl h

mod Qr+l‘ + .L’EQ,-”*

forany j = 0,1,...,/* — 1 and with M non singular. In addition,
(B.6) holds at any / < I* for any j < [—1. In particular, it holds for any
[ <I"and j =1- 1. Hence we also have:

V‘E[l//k (@poaph = (B.8)
Z Maz,m};/l Z VC;:;)szLgﬁ/_] .. .Lgﬁl h
B-1)
mod Q.+ £§Qr+l
for any / < I* with M non singular.
‘We must prove the validity of (B.6) at/*+1 and forany j =0, ..., /",
ie.
V.E[w f@rapae,ph = (B.9)
QP _ 94 ] Qs X5 ]
ﬁl,u.j,ﬁ/- Z (Vckz /) sz Lgﬁj s ‘CgBl h
B z

mod Qr+1‘+1 + £§9r+[*+1

for a suitable non singular M.
We proceed by induction on j. Let us consider j = 0. We have:

h =

..... apx

+|(,’/z

On the other hand,
VL, h€ Qi CQupir + LgQripin,

Hence,

z



which proves (B.6) when /=1 +1,and j =0
Let us assume that (B.9) holds at a given j = j* <[" — 1.

Z tt/* , 42 4 ] Z (VC:; """ a’*”’f*)szLgﬁj* . -Cgﬂl h

BGY) z

mod Q.ppt + LgQip 1

We must prove:

D My S (VO T ) L Lpra Ly Lo
B +1) z
mod Qi1 + LgQripr 41
‘We adopt the notation:
/lé.ﬁéﬁj* ....Cg.ﬂlh
C = G-y
CFP s = QU@ i)
We have:
VL, (@reapapph = (B.10)
ML Y (RO £,
BG*) z
mod Qi1 + Ly
We must prove:
VL, (@rapapph = (B.11)

APy e 1]

BB Birst Z (VC;Z) ~£¢z-£gﬁj*+1 1
z

BG*+1)
mod Qr+1*+| + £§Qr+l*+l
From (B.3) we have:

]

VC :£?1*7/*+lvckz+Zkaz (l[* - +1

Z Cr, VOt

‘We substitute in (B.10) and we obtain:

AP 425 4]
ZM y

[LAW 0 VCy, + Z VG, Con 4
BG) 4

_ QY px_ %
> Ve, ‘]sz/l mod Qi1 + LeQysress
pr
Let us consider the first term on the right hand side.

QP _ 4@ 4 ] _ _
oo Y (Lo VCi) LA =

BG) z

apr

Z M */;j*z ,,,,, s [Z LE"I*—/*H ((vcl:z) sz/l) _

Blseeo
BG)
Z (VCi) Lyr szﬂ]

Note that j* < [* — 1. Hence, we are allowed to use (B.7) at j = j*.
In the new notation, it tells us that

”I* / 4]

’ Z (VCi) Ly, A

BG")

mod Q,p + LZQ,

On the other hand,

and, from the invertibility of M, it follows that

Z (VCi&) Ly, A € Qi

As a result,

p_ , * 425

o @4 ] Z‘C‘“’* o ((Vckz) Ly, A ) € L3O p iy

BGY)

and we have:

Ma,*,j*” ..... g
Z : BroBj z :

BG*) z

”j+1

[ Ly VCiy + Z Ve, Con

Z CisVC,,” H]sz/l =

2z

Qe _ e 4 | _
BG*) z

Z vCl:z’ C,(z)l’l;ﬂ%rl Ll//z/l + Z Cl;z’ VC{ZI’[;?!‘*H L‘/’Z /l)
7 7

Let us consider the last term of the above. We consider (B.8). It
holds for any / < [I*. As j* < I' — 1, we are allowed to set [ = j* + 1.

We have:
@3,....
+I)h Z Blseens
BGH)

VL

ol o Z (V) L,

(@ oot

mod Qr+j*+1 + L};‘Qr+j*+l

Hence, from the invertibility of M, it follows that

D (VC) Ly A€ Quiin

z

As j* < I" — 1, this proves that:

D (VCH) Ly A € Quirr Ve

z

We have:

QApe_ 10 e 4 ] —
My 2N (VG L1 Lo, A
BG*) ' z
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+ Z V€ C, C’ Ly A+ Z o VCH’* L, /1) B

Q0 e
Z M

g -
Brobyr ' Z (‘VCkzng"l*—/m Ly, A
BG*) z

+ Z VC,Col M Ly, /l) mod Q41

We have:

_ZVC'WLAW i Lo A+ Y VCLCon T Ly, A =

zz/

S (g o £ 55 1)
z 4

My

Z Z VCkz AP 4] Lg%[:wz/l 4 -L[gv) W]/{) =

z

My

> Ve T (- Ly, Lo )

y=0 z

Hence, (B.10) becomes:

BG")

my

BG*) y=0

mod Q. jey1 + LgQyj

which coincides with the right left side of (B.11) with the dummy
index y equal to the dummy index 8-, in (B.11) and

Qpe_jg @iy ]

BioBe B

QP 49 e ry,*ﬂ(

= BBy

A -l

v,

which remains non singular as v is non singular. <«
We have the following fundamental result:

Proposition 4. Given . (v = (r, j,)), for any integer | > 1, and any
set of integers ay, . .., that take the values 0, 1, ..., m,, and any q =

1,...,m,, we have:
VL joraphy = (B.12)
Z M;lz --------- Z 7 ] Z (VC:—IZI)LwZLgﬂl—I .. ngil—f;q

BU-1)
mod Qr+1 + LEQrJrl
with:

o M a suitable multi-index object, which is non singular (i.e., it can
be inverted with respect to all its indices).

My

D VTRIED VARD WANERED s
w1,

. Zz — Z(z,jz) A Z o ng_;- )Ym, )

Proof The above equality is obtained from Lemma 3, with j = /-1
andk=r. «
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Appendix C. Proof of Theorem 2

The proof of this Theorem is complex. It will be divided into the
following three steps:

1. Appendix C.1, where we remind the reader of four results in the
state of the art, which hold for systems in canonical form with
respect to their unknown inputs.

2. Appendix C.2, where we extend the above results to systems that
are not in canonical form (and that could even be neither canonic
nor canonizable).

3. Appendix C.3, where, based on the results obtained in Appendix
C.2, we provide the final proof.

Appendix C.1. Basic results in the state of the art

The four results in the state of the art are Theorem 5, Lemma 4,
Proposition 5, and Proposition 6 in this appendix'®

We consider a system that satisfies (1) and that is in canonical form
with respect to its unknown inputs. We denote by h, ..., h,, a set of
observable functions, which are available, and such that the unknown
input degree of reconstructability from them is m,,. We set up a special
unknown input extension, where all the unknown inputs are included
in the state, up to the same order. We denote this order by k—1. In other
words, we are considering the system: UTE(k, ks, . .., ky,,) With k; =
k, = ... = ky, = k— 1. The dimension of the state that characterizes
this system (i.e., the state in (21)) is n + km,,. For simplicity we set:
GEg F&fl (i=1,...,m,), whereg) and f} aredefined in
(23) with d = m,,. Finally, we denote this unknown input extension
by:

UTEp i

Based on the results derived in [27, 28, 29], in [31] we introduced
Algorithm 6.1, that is here Algorithm 10.

Algorithm 10: The algorithm that builds the observable
codistribution for the state and all the unknown inputs.

Setk=0
Set ﬁk = span{Vhy,...
loop .
Set Q; = [y, Omw]
Set k = k + 1 and the vectors G and F' according to the
newk . .
Set Q = Qy + Loy + X0 Lru
end loop

il Vhp}

The first line in the logp, ie., ﬁk [ﬁk, 0y, 1, consists in embed-
ding the codistribution €, in the new extended space (the one that also

includes the new m,, axes, w(lk), .. (k)) In practice, each covector

w € O that is represented by a row-vector of dimension n + km,, is
extended as follows:

w = [w,0,...

,0]

16Note that these results are used in [31] to prove the validity of Algorithm
4, i.e., to prove that this algorithm computes the observable codistribution of
systems in canonical form. We show this at end of Appendix C.1 (Remark 1).



For a given k, the codistribution { contains mixed information on
both the original initial state xy and the values that the unknown inputs
(together with their time derivatives up to the (k — 1)" order) take at
the initial time.

Based on the derivations in [27, 28, 29], we have the following funda-
mental result:

Theorem 5. All the functions of the extended state computed by Al-
gorithm 10 are observable (i.e., their value at the initial time can
be reconstructed). In addition, let us consider a scalar function 6(x)
(i.e., of the only original state). If there exists an integer k such that
VO = [0,0, Ogm, ] € Q at xo € M, then 0(x) is observable at xy. Con-
versely, if 8(x) is observable on a given open set A C M, then there
exists an integer k such that V6 € Q on a dense set of A.

Proof A proof of these statements can be found in Chapter 6 of

[31]. The proof of their validity can also be found in the previous
works [27, 28, 29]. «
The result stated by Theorem 5 can be used to obtain the observabil-
ity properties in the presence of unknown inputs (and this is exactly
what was done in [27, 28, 29]). However, Algorithm 10 has two strong
limitations: (i) It does not converge, automatically, and (ii) its imple-
mentation is computationally very expensive (because of the state aug-
mentation).

Let us consider the codistribution €; generated by Algorithm 4. The
codistribution [, O, ] consists of the covectors whose first n com-
ponents are covectors in € and the last components are all zero. Addi-
tionally, LX is the codistribution that is the span of the Lie derivatives

My
of Vhy, ..., Vh,, up to the order k along the vector G, which is the

drift of the considered unknown input extension (U7 E,, ). We have:

k

L, =,

(C.1)
=l j=

\ span {.[:éVE}
i 1

Finally, we introduce the following codistribution:
Qi 2 (94, Oun, 1+ LY,

In [31], we proved an important property (Lemma 8.3) that regards
the above codistribution and that extends the result stated by Lemma 1
in [30], which holds in the driftless case with a single unknown input.
Here, we provide a simple modification of Lemma 8.3 in [31]. We
have:

Lemma 4. Given a scalar function 0 of the original state x, V6 €
if and only if VO € Q.

Proof This result immediately follows from Lemma 8.3 in [31]. «
In addition, it holds the following result:

Proposition 5. For any integer k we have: [ ﬁk.

Proof The proof of this statement is available in [31] (Proposition
8.7). <4

Note that, for driftless system with a single unknown input (m,, = 1)
the two codistributions in the statement of Proposition 5 coincide, i.e.:
ﬁk = 4, Yk. See Theorem 1 in [30]. In general, this is not the case
and the inclusion holds (C).

‘We have the following result:

Proposition 6. For any integer k, the codistribution £~2k is observable.

Proof The proof of this statement is available in [31] (Proposition
8.9). «

27

Remark 1. The results stated by Theorem 5, Lemma 4, Proposition 5,
and Proposition 6 allow us to build the entire observable codistribu-
tion of a system that is in canonical form, by using Algorithm 4.

Proof Proposition 6 ensures that for any &, €, is observable, because
it is included in ﬁk, which is observable. On the other hand, it also
holds the viceversa. If a function is observable on a given open set
A, Theorem 5 ensures that its differential belongs to Q, for a given k
and on a dense set of A. As a Lesult, because of Proposition 5, this
differential certainly belongs to €. Finally, because of Lemma 4, this
differential belongs to ;. «

Appendix C.2. Extension to the non canonical case

Let us consider the codistributions QF, k = 0,1,..., obtained by
running Algorithm 5. Note that these codistributions, are integrable
codistributions generated by the differentials of scalar functions of the
original state x and the last d = m,, — m inputs together with their
time derivatives up to the order (k — 1)”. In particular, it is important
to remark that these functions are independent of the first m unknown
inputs.

Now, starting from UIE., we set up a further unknown input ex-
tension. It consists of the extension of the system U &, that includes
in the state also the first m unknown inputs, together with their time
derivatives up to the (k — 1)” order (the same for all these first m un-
known inputs). In practice, our final extended system includes the first
m unknown inputs with their time derivatives up to the the (k — 1)"
order and the last d = m,, — m inputs with their time derivatives up to
any order. We denote this new unknown input extension by UZ E, 4o
In addition, we denote by G the drift of UZE, 4o and by F, ..., Fu
the vector fields that correspond to the known inputs. By definition,
we have:

r .0 m 1
8o T Z/('T)l 8V

(1>

In addition, we denote by w the first m unknown inputs and by w
the last d = m,, —m unknown inputs (i.e., the ones included in the state
of UTE,.). In other words:

w= [Wl,-”swm]s w= [Wm+la-~~swmw]

Finally, we use the capital W to include their time derivatives up to
the (k — 1) order:

W= w, WP W= L w Y]

We define the analogous of the codistribution L’,‘nw defined in (C.1).
In particular, for any integer z < k, we define:

55wl

i=1 j=1

z00 A
Lm -

(C2)



Finally, we introduce the following codistribution:
QF 2 [Q, O] + LK

The codistribution in (C.2) is observable because it belongs to Q.
once embedded in the extended space of UL E . geo-

We start by proving the following result, which extends Lemma 4
to the non canonical case.

Lemma S. Given a scalar function 6 of x and W, VO € Q° if and only
ifve e Q.

Proof As [Q°, 0;,,] C £~2°°, we only need to prove that, if V6 € £~2°°,
then V@ € . Let us suppose that V6 € Q. We have:

N
VO =w+ Z Ciw; (C.3)
i=1

where w € [Q°,0yul, wis...,wy are N covectors among the genera-
tors of L"moo in (C.2), and ¢y, ..., cy are all non vanishing coefficients.
We must prove that N = 0. We proceed by contradiction. Let us sup-
pose that N > 1. We remark that the covector w has the last mk entries
equal to zero. The same holds ﬁ)r VO. The covectors w; consist of
the Lie derivatives of Vhy,...,Vh, along G up to the k order. Let us
select the highest order Lie derivatives along G of VZ], ... ,VZ,,, that
appear among w,...,wy. Let us denote by ji,---, j;, these highest
orders. For a given Vh;, if no Lie derivative along G of it appears
among wy, . .., wy, we set j; = 0. Let us denote by j’ the largest value
among j,..., j, (note that j/ > 0 because j/ = 0 means that N = 0).
We denote by j, ..., j,, all the #(= 1) highest orders that are equal

to j'. It is immediate to realize that Lg Vﬁml e ,Lg Vﬁm, are the only
generators among the N generators of above that depend on the com-
ponents of W with the highest order time derivative. In other words,
they are the only generators that depend on w(l'//_'), ces w,(,’;/_l). By a
direct computation, we can derive this dependency. We easily obtain

that ngm; (j = 1,...,1) depends on them, by the following linear

expression: Y., mﬂi,,/. wﬁ’tl). Let us back to (C.3). In the sum at the

right side, the elements that contribute to the entries that correspond to

w(l*f D, wY ™ canbe regrouped in the following sum:
t
« pi 1
S,
J=1
where ¢}, ..., c; are among c1, ..., cy and, consequently, they are all

different from 0. We remark that the function c’f.ﬁgﬁml +...4+ c;‘Lgﬁm,

depends on w0, wli s follows: 7,5, ¢ "

We also remark that it must exists at least one value of / such that
le:1 c; ’”/Ji,,l_ # 0 (if this is not true it means that the tensor "'y is sin-
gular). Hence, we obtain that VO has at least one entry, among the last
mk entries, different from zero and this is not possible. «

The codistribution Q is an integrable codistribution that is gener-
ated by the differentials of scalar functions of x, W, and W. We need to
embed this codistribution in the extended space that also includes the
axes that correspond to the time derivatives of w1, ..., Wy, , from the
order k™, up to any order. We denote this codistribution by ﬁ:o

The extension of Proposition 5 is Proposition 9. To obtain this ex-
tended result, we first need several properties. From now on, for the
sake of simplicity, we consider the case of a single known input (i.e,
m, = 1). The extension to multiple known inputs is trivial. We de-
note the vector field that corresponds to the known input by f = f!

for the original system, by fye = f;., for UTEye, and by F = F' for
UITE e doo-

Starting from 7, we build, for any integer z < k, the vector field
[F19, by computing, repetitively, the following Lie bracket:

717 = 7. 1719 =[6. I71°"].
We have the following property:
Lemma 6. Foranyi=1,...,m, and for any z < k, we have:
Lgﬁj + spanllm(z) VE = Lgﬁj + span.[k.[?gVE

Proof The proof follows exactly the same steps of the proof of
Lemma 7.3 in [31] «

The following property extends Lemma 8.4 in [31] to the non
canonical case.

Lemma 7. We have:

z m J m (@1 ,esj)
F19=>, ), [c o ’ ©

functions that generate the codistribution L. The autobracket ("[])
that appears at the right hand side of (C.4), is the one defined in (31).

Proof This can be proved by induction. For z = 0, we have: [F]© =

_| Jae
7—- - [ Okm '
Inductive step: Let us assume that

-l m J m (@1 5eey @;)
@-1 _ Cay..r; [faoo '@t
[7:] - Z Z [ ] Okm ’

J=0 ap,...a;=0

We have:

[F19 =[G, [F1°"] =

z=1 m

. m[ﬁlm](a] ,,,,, a_,v) _
Z Z [g’ ctjtl.--»,a,- [ Okm =
J=0 ay,...a;=0
z—1 m . w[fdm]((yl ,,,,, nj)
1 il ™
J=0 ajp...a;=0 km

z=1 m .
. m[fdoo](al ,,,,, aj)

j=0 nl,“.,aj:O

We directly compute the Lie bracket in the sum (note that
[ fie0 1@ is independent of W):

[g’ [ m[fdoo](a]"”aﬂ ]

O = (C.6)

[ [ "Lad ]+ S [her ML) | ]

Okm

On the other hand, we have:

m m
— — — N ,
Lol = Lo i+ E Ly hiw;="p; + E "plw;
=1 =1



By multiplying both members by
1,---,m we obtain:

myl and summing up over [ =

m

w; = Z {m IL hl mvl m’u?} (C7)
=1
Zm IL hl+m() Vi
=1
By substituting (C.7) in (C.6), we obtain:
|86 "Tfaod ]+ 3 [hs "] |y =
=1
m[f;loo]((l/],...,aj.()) + Z m[fdm](a/l,...,(F_,',I)LQZI. (C8)
=1

Let us consider the seeond term in (C.5). From th einductive assump-
tion, any coefficient ¢, -a; depends on x, W, W only through the func-

tions that generate the codistribution LED® As a result, we have:

By substituting this equality and the one in (C.8) in (C.5), we ob-
tain that also the coefficients c;’ll,...,(,j that appear in the expression of

(C.4) depend on x, W, W only through the functions that generate the
codistribution L. «

From the previous result, it immediately follows the same property
stated by Proposition 8.5 in [31], for the canonical case. We have:

Proposition 7. For any scalar function of the original state, 6(x), and
any integer z < k, we have:

span { L0 V) + L C

Z Z span i a,-)VH},Okm + L3,

J=0 ay,...q (r,—O

Proof This is immediately obtained by computing VL6 and by
using the expression of [F]@ in (C.4)'7. <

The following property extends Lemma 8.6 in [31] to the non
canonical case.

Proposition 8. We have:

Ly + LolQF 1, 0pn] € Ly + > [ Lorgs Q2 1, O]

a=0

Proof Let us consider a scalar function 8(x, W) such that V§ € Q|
We have:

Lg@ = ngmé) + Zl .ngiooe w;

7Note that, the above property actually holds for any function of x and W
(the proof remains the same). However, we only need to use this result when 6
is one of the functions hl, .. hm, which are all functions of the only original
state (x).

and, by using (C.7), we have:

m

_ X m_ ] m_0
L= "Ly 0+ Z L 0 (Z viLgh + ]

=1

and, by using (30), we obtain:

Ls0= Loy 0+ ) Lug 0 Lgh (C.9)
=1

from which the proof follows. «
We are finally ready to prove Proposition 9, which is the extension
of Proposition 5 to the non canonical case.

Proposition 9. For any integer k we have: 5;0 c ﬁ,f"

Proof We proceed by induction.

By definition, QO = Q since they are both the span of the differ-
entials of the outputs. .
Inductive step Let us assume that Qk . € Qk - We have: Q =
Qk 1 +L7'Qk 1 +'£§le < Qk 1 +-£TQ1< 1 +'£§le = Qk 1t

k—T)co
['Eﬁloo k1 Okm] + LrLy, " + -Eng-r

On the other hand,
m k-1
L™ = Z Z span { Ly L]V}

i=1 j=1

The only terms of the above codistribution that are not necessarily in
Qk L are Y, span {Lr.ﬁk IVh}
Hence, we have:

QSO + L O Ol + ) span | L7 L Vi) +
i=1
Lgﬁk—l
By using lemma 6 with z = k — 1, we obtain:
5;0 - ﬁ:o_l + [LfdooQZofl . Okm] + Z Span {L[T](k—l)vzi} +
i=1
Lo
By using again the induction assumption we obtain:

QS0P Ol + LED™ + [ Ly, OF |, O]+

m

Z span {me-nVZi} + Lg [on_l s Okm] + LgLfnkfl)w =

i=1
[0 1, O] + Ly + [Ly Q1 O]+

m

> span { L Vi) + LIO5,, 0]

i=1
By using Proposition 7 with z = k — 1, we obtain:
O Q1 Ol + L™ + [ L1, O 1. O] +

k=1 m

i Z Span M o] 1 ’Vh} Ok | +

=1 j=0 aj,...a;=0



Lo, O] =

[Q[‘il 5 Okm] + Ll;,,m + [-Cfdm on,l B Okm] +

Z Z span {Lml_fdmj(al,.,,ﬂk_,)VE},Okm + Lol 1, O],

i=1 ap,..ap-1=0

where, the last equality, follows from the fact that all the other terms of
the sum on j (i.e., the terms up to k — 2) are already included in Q;? .
Finally, by using Proposition 8, we obtain:

Qp C I O] + L + [ Ly, OF 1. Og]+

m m

Z Z Span{L“Lﬂ/ml“’l ----- "k-”VE}J’

i=1 ap,..ap-1=0

D Loz OF 1, O,

a=0

which is precisely EZZ“ <
The following result extends Lemma 8.8 in [31] to the non canonical
case and will be used in the proof of Proposition 10.

Lemma 8. Let us consider a scalar function A(x, w, w) of the original
state x and the unknown inputs wy, ..., wy, . Let us assume that it has
the following expression:

A, W, w) = 006 w) + > 6x, w) Lgh;
i=1

with 6(x, w), 0 (x, w),...,0"(x,w) scalar functions of the original
state and the last d unknown inputs.

If Alx,w,w) is observable, then, all the m + 1 functions
0(x, w), 0 (x, w), ..., 0" (x, w) are observable.

Proof This proof follows the same steps of the proof of Lemma 8.8
in [31] with the following differences:

o The tensors u and v must be replaced by the tensors "y and "v.

e The indices that in the proof of Lemma 8.8 in [31] take values
from 1 to m,,, here they take values from 1 to m.

<
Finally, the following property is the extension of Proposition 8.9 in
[31] (here, in the statement, we directly consider Q;° instead of ;).

Proposition 10. For any integer k, the codistribution Q7 is observ-
able.

Proof We proceed by induction. By definition, Q; is the span of the
differentials of the outputs, which are observable functions.
Inductive step: Let us assume that the codistribution €;° | is observ-
able. We want to prove that also €} is observable. From Algorithm 5,
we need to prove that the following codistributions are observable:

Ly Y2y, Lrg &7, span {.Cm[fdm]ml,m.uk,l>Vh,-}
Va,a/l,~~-,ak,1,i.
Since 5;"71 is observable, also Lf(vl;‘;l it is. Hence, L#[€7 |, Opn] is
observable and, consequently, we obtain that L, €}’ | is observable.
We also have that l:gﬁ,‘f’_, is observable and consequently, also
L[, 0] it is.  Let us consider a function 6(x, W) such that
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Vo € Q°,. We obtain that V.Lg6 is observable. By using (C.9)and
th eresult stated by lemma 8 we immediately obtain that the codistri-
bution Lz Q,,_; is observable Va = 0, ..., m.

It remains to show that also the
span {.Cmu-dm]ml,.u.ak,l>Vh,-} is observable Yoy, - - -, a1, i.
To prove this, we start by remarking that, by applying L and Lg
repetitively on the observable codistribution, starting from [€° |, O]
and by proceeding as before, we finally obtain an observable codistri-
bution in the space of the original state and W, which is invariant under
Lzrl’g"jw (V) and Ly, . It is possible to show that this codistribution is
also invariant under L”‘Lfdw ey (Yau, ..., ar-). This means that
the function

1 [

is observable Vi. Let us compute the above Lie bracket (for the
brevity sake we set ¢ = ™[ fyo] @ %-2)). We have:

[ ] -¢l]
By using (C.7) we obtain:

[61° + 3, [6) Lgh;
Okm

codistribution

=

i

m [fdeo ](al ;o @k—2)
Okm

¢
Okm

(4. &%.]

+
Okm

i

Okm

m
=1

[#, gQw]Wi ]

[0, 80e) + 1[0 81 (") Lghy + 7))

km

]:

m [fdeo](al ;o @k—2)

Hence we have:
Zi =
Okm ’, gJ

1

mem]ml‘...,uk,z.o)h,- + Z Lm[fdm](a,,...,ak,z.j)h,-.fghj
—

J

and the observability of anm]ml‘...,nk,z.aH)VE, Yay,: -+, @,1, fol-
lows from lemma 8. «

Appendix C.3. The proof

We are now ready to prove the validity of Theorem 2. We actu-
ally prove a more general result, as we prove that the statement of the
Theorem holds even when the function 6 depends on W.

Proof Proposition 10 ensures that, for any k, €;° is observable. As
a result, any function 6 = 6(x, W) such that its differential belongs to
Q" for a given k is observable. On the other hand, it also holds the
viceversa. If a function is observable on a given open set A, Theorem
5 ensures that its differential belongs to Q for a given k and on a
dense set of A. As a result, because of Proposition 9, this differential
certainly belongs to ﬁl‘f Finally, because of Lemma 5, this differential
belongs to €. «



Appendix D. Proof of Proposition 1

We proceed by induction. At the initialization step of Algorithm
3, we only have the vector fields f_, i = 1,...,m,, in (27). All the
components of these vectors, with index larger than n, vanish. Let
us suppose that, at a given step k, all the generators of A, satisfy this
property. Let us denote a given generator by ¢,. We have:

i
0

o= o (D.)

where @, is a vector field with dimension n. We must prove that
any generator of Ay, has the same structure. In other words, we must
prove that also the autobracket "'[¢;]* has the same structure, for any
a = 0,1,...,m. From the definition of the autobracket "[-] given in
(31), it suffices to prove that the vector fields,

|80 &) 8l We]s i=1.. my—d

with ggm and g"im in (27), satisfy the same property. Namely, the
components of these vectors, with index larger than n, vanish, as for
the vector in (D.1). This is obtained by an explicit computation of
the Lie bracket, by using the structure of the vectors g5 and g"éw. In
particular, regarding [gﬁm, ¢zk], for j = 1,...,m, — d, the result is
immediate as the entries that exceed n, of both ggw and ¢y, vanish,
and consequently also their Jacobian. Regarding [ggoo, ¢k] we cannot
say the same for g5 . On the other hand, the entries that exceed n
are independent of the original state and, consequently, the product of
the Jacobian of these entries by a vector with the structure in (D.1)
vanishes.

Appendix E. Proof of Theorem 3

The proof of this theorem is obtained by using the result stated by
Theorem 2 and by proving the following two properties:

1. For any integer k, there exists an integer k; such that: O C Qr.
2. For any integer k, there exists an integer k, such that: Q° C O,‘:Z.

Once these statements are proved, the proof of Theorem 3 is im-
mediate. If 6(x) is observable, because of Theorem 2, there exists an
integer k such that V6 € ;. Because of the second property, V6 € OZ.
Conversely, if VO € O, because of the first property, V6 € Qp and,
because of Theorem 2, 6 is observable.

In the rest of this appendix, we prove the two above properties.

Appendix E.1. Proof of the first property
From the (k + 1) step of Algorithm 5, we obtain that

mmy

Z Z z”': Zm: span {L mgi_ [ mVZq} e Q.

g=1 i=l @j=0  ax=0

From (33), we immediately obtain that
o~ .
By comparing the recursive step of Algorithm 8 with the one of

Algorithm 5 it is immediate to conclude that, for any integer k:

oy cQr

r+sx+1+k

and we obtain the validity of this property withky = r+s,+1+k <
k+2n-m+1

Appendix E.2. Proof of the second property

We must prove that, for any k, there exists always an integer (k)
such that QF C O;‘z’. We proceed by induction. It is true at k = 0 as
Qo € Oy. Hence, k, = 0.

Let us assume that, for k = p, there exists k, = k, such that

Q) ¢ Okp
‘We must prove that there exists an integer k., such that:

[os] 100
Q.. cO

kp+l

From the inductive assumption we have
© oo _
L mg,zdwap c/L ,,,?t;mokp, B=0,1,....,m
and
Lf‘;mﬂp Cc '[:f,;mokn’ 1= l, e, my.

Hence, by setting k.1 > k,+1, from the recursive step of Algorithm
8, we obtain that
ngﬁwgp S Okp+1’ ‘Cﬁ')oon < Okp+1’
forany 8 =0,...,mandany i = 1,...,m,. As aresult, from the
recursive step of Algorithm 5, it only remains to prove that
VL ”'[féw](“/‘ ..... a’p>hq € Ok,,ﬂ
for any choice of a},...,a), = 0,1,...,m. In the rest of this ap-
pendix, we will show that it suffices to set k,; > k, + 1 in order to

obtain the above condition.
We distinguish the following two cases:

1. p<r+sy.
2. p>2r+s,+ 1.

The first case is trivial as V.L (,;)ﬁq €0~ cOy.

m[/}ooj(a'] .....

Let us consider the second case.

First of all, we introduce the same vector fields ¥ and the quantities
Cy, introduced in Appendix A. In this case, they refer to the vectors
generated by Algorithm 6 instead of Algorithm 3. We can obtain the
same result derived in Appendix B, i.e., the equality given in (B.12).
In this case, the equality becomes:

VL oy foraphy = (E.1)
MZ.Z ...... j? 1/14 Z (VCr) LWLg’j{;‘ .. .Eg/sdio hy
A1) z

0 o
mod Qr+l +L Moo Qr+l

where:

o The sum }4,_y, is defined as follows:

m m m
IEDIPNTDY
BU-1)  p1=0pBr=0  B1=0

e The sum }}, is defined as follows:
r (m+1)%my

IDI)

z (2,J2) =0  j.=1



e M is a suitable multi-index object, which is non singular (i.e., it
can be inverted with respect to all its indices).

o Lug, Qp stands for 37, L g Qy

e the mod at the end of Equation (E.1) means that the equality
holds when the codistribution Q7 + L g, QF is added on both
sides.

The above equality holds for any integer /, any set of integers
ay, ..., that take values between 0 and m, and any ¢ = 1,...,m.
‘We start by remarking that, when p > r + s, + 1 we have:
m[f(;m](a’l ,,,,, (t},) — m[w(njr)]((rf_ﬂ.4..,(1;,)
where j, is such that ™[ f(jm](”i*""“;‘) = Y-
We set p = r+ s, + /', with I’ > 1, and we use Equation (E.1), with

l=s.+/,and ay,...,q; = a/’m,...,a;,. We have:

VL g ity = VL ey = (E.2)
a:+2 """ Q/F (Y/r+l T

Z My 11 Z (VC(;~,j,)z)L¢z£g/fp+1 L (Iiohq

B-1) Z deo

mod Q;" + L ong, Q;°
Let us consider now the term:
Ly, Lp,y o Lphyg=\VLp, , \...Lp hy| Yy (E.3)
LIS 8doo doo & oo

The key point is that, in the above expression, thanks to the result
stated by Proposition 1, the vector i, (which has infinite dimensions)
has only the first n entries which can be non vanishing. As a result,
the scalar product in the above expression can be limited to the first n

entries of the covector V.Lg, ., ... Lgﬁl hy. The scalar product in the
8o doo
above expression becomes:

V‘E ﬁp—rfl

. .[: £ hq) . l,bz = (axl: Bp—r-1 - - L B1 hq) ‘ 'Zz
doo Edoo 8 oo 8deo

with i, the n—dimensional vector field that includes the first n com-
ponents of i,.

Algorithm 7 computes scalar functions, starting from E, .. ,E,,,
and by computing, at each step, the Lie derivatives of the functions
computed at the previous step along g(‘lm, s g';’;fd. At each step k,
it computes the codistributions Qf and *Qf. We set V6},...,V6>* a
basis of Qf . Note that all the functions 9,1, ... ,ka are automatically
computed by the algorithm. Then, *Qf is defined as the span of the
differentials with respect to the only original state of these functions,
ie, *Qf = span {6X91,,...,6x9,?k}. We extract from 3x9,i,...,6x9,?" a
basis of * and, without loss of generality (i.e., by reordering the
above covectors), we assume that it consists of the first Dy < Dy cov-
ectors. We have:

*Qf = span {6)(0,1, ... ,(9,(9,?;}

Note also that D} < n.

The following result ensures that, by running Algorithm 7, we attain
the limit codistribution *Q#, of the series XQi , in a finite number of
steps. In particular, at the smallest integer s, that satisfies (32). As a
fesult, s, < n. This is a special property of the system UTEyo,, due
to the special structure of the vector fields g/ in (27). In particular,

32

thanks to their structure, we have the following commutative property,
Vh:

Ly dh=0.Ly h,

which does not hold, in general (the property that always holds is the
above with V instead of d,). We have the following result:

Proposition 11. Ler us refer to the step s, of Algorithm 7. For every
scalar function 0, such that 0.0 € *Q5,, we have 0Ly 0 € Q3 for
anyy=0,1,...,m, —d.

Proof For simplicity, we denote by D* the dimension of Qf

(instead of D7) and by 6',...,0”, a basis of *Qf (instead of
6! ,...,67"). In other words:

— XQg

sx—1

Q¢ = span {6X0' ey HXHDX}

The last equality follows from the definition of s, by (32). Because
of this, we also have:

i xXN8
3X.ngm¢9 € Q8

foranyi=1,...,D* andforanyy =0,1,...,m, —d.
By definition, we have:
VL, 0=[0.Ly 6, 0Ly 0] (E4)

where d,, is the operator that includes all the partial derivatives with
respect to the components of w,e, in (25). On the other hand,

VL 0=Ly V0= Ly [0:6, 0,0]

As by assumption 9,0 € *Qf , we have:

o
0.0= b0/
j=1

with by, ...,bp« suitable coeflicients (scalar functions of the ex-
tended state). Hence:

.
VL, 0=Ly [Z b;0.6, awa} =
J=1

Ly [2 bi[0.0. 6,07 -
=

where 0" = [0, ...,0] and n is the dimension of the original state (x).
——

i b;[0", 8.6'] + 10", awo]]

J=1

We obtain: VLgyl 0=

L, [i b;Ve' - i b; (0", 8.67] + 10", awg]] -

Jj=1 j=1
D’( DX

Z (ngw bj) Ve + Z bVLy O+

i=1

e
[— D bi[on, 0,67+ 107, ﬁwe]] =

J=1



D~ D
DLy b))V + Y bil0Ly 0, 0Ly O]+

Jj=1 i=1

Ly ib [0" awef]+[o" 9,6
Jj=1
)(Qg

5,0 1.€

On the other hand, by assumption, ax.EgZ 0 e

DX
0Ly 0= 700

J=1

(E.5)

with ai.y @(i,j=1,....,D* andy =0,...,m,—d) suitable coefficients
(scalar functions of the extended state). Hence:

. o o
VL 0= Z (ngm b;) V6! + Z b; Z 70,0, 0, Ly 9'} +
Jj= i= Jj=
(,m[ Zb [0" awef]+[o" awe]]
Jj=1

D* D*

[1: b; +Zba’y]8 o,

i=1

D

> A(£o b)) o0 + b0, Ly o)
Jj=1

j=1

Now, from the special structure of the vector fields g/, given in
(27), for any y = 0, 1,...,m, we obtain that, for any covector in the
extended space with the structure

DZ b; 0", 8,6'] + 10", 8,61

J=1

[0", w]

the operator Lg; does not change this structure. Namely:
Ly [0, 0] = [0, ']

for some w*.
Therefore: VLKZ 6=

. r
> [ngwb Yy b,.a’;] 8.6
=1 i=1

+[0", w']

,
S (e b)0 bty 0

=

|

for some w*.
By comparing this with (E.4) we obtain

.
0Ly 0= o0

=1
with
D
Y _ . iy
¢; =Ly bj+ Z bia;
=1

In other words, 6X£g; 0e *Qf [foranyy=0,1,...,m,—d. 4

|
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Now, let us back to the term in (E.3). We have:

LoLpprs oL by =VLpy oo L by =
—_— DX
aXLgﬁi’;”‘ o Lphy G = [; c{;ang] Ay =

D~

(Z c]p. \ A

J=1

D
RS ET
Jj=1

with ¢ (j=1,...
extended state).
By replacing this expression in (E.2) we obtain:

, D¥) suitable coefficients (scalar functions of the

(E.6)

0o

Z Z M Hzﬁl ll Z (Vc(rr;l)z

) £,0" mod @7 + L
Jj=1 pU-1)

T §2

Now we use again Equation (E.1) with / = s,. We have:

VL mw,r](nl ----- n.v,()/’lq =

>,

Blsx—

sy

s 22 (VG Lu Lot -+ Ly g

mod Q7

00
TSy + ‘L mgdoc r+sy

We remark that

VL oy i [hx)h € Q%
for any choice of a, ..., and ¢. In addition, because of the non
singularity of M, we obtain that

.Eﬁlh e Q>

r+sx+1

2, (VC) L Lp, -
doo
z
for any choice of gy, ...,8;,-1, ¢ and a;.
On the other hand, the generators of *Q¢ (V#/) are built by Algo-
rithm 7, and they are the differentials of the functions that belong to
the function space that includes the outputs (h,) together with their Lie

derivatives along gﬁ of order that does not exceed s, — 1. Therefore,

by setting @, = a,,,, we obtain:

Z(VC,;,,”)L(,, O e, . j=1,...,D"

By using this in (E.6) and by knowing that p > r + s, + 1, we
immediately obtain that

VL ..

i’ ,,;))hq € Qp + Lowg, Q

From the inductive assumption we know that Q7 C O,‘f’ and, as a
result, QF + Lug, QF € O + Lug, OF. On the other hand from
the recursive step of Algorlthm 8 (where we include the Lie derivatives

along all the vector fields ’"§200, Mg s e "’?J‘m) we have O +
L m’g“dwo ., s soon

as we set k,,H > k,, + 1
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