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Abstract: This paper analyzes the problem of data fusion when the adopted
sensors are a monocular camera and inertial sensors (i.e. one tri-axial accelerom-
eter and one tri-axial gyrometer). The paper provides two main contributions.
The first is the analytical derivation of all the observable modes, i.e. all the
physical quantities that can be estimated by only using the information in the
sensor data acquired during a short time interval. Specifically, the observable
modes are the vehicle speed and attitude, the absolute scale and the bias af-
fecting the inertial measurements. This holds even in the case when the camera
only observes a single point feature. The analytical derivation of the previous
observable modes is based on a non standard observability analysis, which fully
accounts the system non linearities. The second contribution is the analytical
derivation of closed-form solutions which analytically express all the previous
observable modes in terms of the sensor measurements collected during a very
short time interval. This allows introducing a very simple and powerful new
method able to simultaneously estimate all the observable modes without the
need of any initialization or a priori knowledge. Both the observability analysis
and the derivation of the closed-form solutions are carried out in several different
contexts, including the case of biased and unbiased inertial measurements, the
case of a single and multiple features, and in presence and absence of gravity.
The performance of the proposed approach is evaluated via extensive Monte
Carlo simulations and by using two distinct real data sets.
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Résumé : Ce document considere le probleme de la fusion sensorielle dans
le cas tres importante des capteurs inertielles et vison. Ce document contient
deux contributions. La premiere est la dérivation analytique de tous les modes
observables, c’est & dire les quantités physiques qu’on peut estimer a partir des
données sensorielles. Plus précisément, les modes observables sont: la vitesse et
lorientation du véhicule, le facteur d’échelle et le bias qui est dans les données
inertielles. Ces quantités physiques sont observables méme dans le cas ou
seulement une feature est disponible. La deuxieéme contribution est la dérivation
d’une formule analytique qui permet d’exprimer les modes observables précédents
en fonction des données sensorielles (de la camera et des capteurs inertielles)
prises dans un intervalle de temps tres court. Cela permet de déterminer
les modes observables sans la nécessite d’aucune connaissance a priori et sans
aucune initialisation. Le document contient simulations et données réels pour
tester la méthode d’estimation proposée.

Mots-clés : Fusion Sensoriel, Capteurs inertiels, Vision, Observabilité, Robotique
Aérienne
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1 Introduction

In recent years, vision and inertial sensing have received great attention by
the mobile robotics community. These sensors require no external infrastruc-
ture and this is a key advantage for robots operating in unknown environments
where GPS signals are shadowed. Additionally, these sensors have very in-
teresting complementarities and together provide rich information to build a
system capable of vision-aided inertial navigation and mapping and a great ef-
fort has been done very recently in this direction (e.g. [28], [4], [1] and references
therein).

When fusing vision and inertial measurements, the following two issues must
be addressed:

1. find all the physical quantities that the information contained in the sensor
data allows us to estimate;

2. find a reliable and efficient method to estimate the previous physical quan-
tities starting from the raw sensor data.

Throughout this paper, we will call these physical quantities the Observable
Modes.

The previous two issues have been addressed in the case of vision measure-
ments alone. To this regard, one of the main results achieved by the computer
vision community is the capacity of performing structure from motion by only
using the data provided by a single camera in an unknown environment [6]. The
eight-point algorithm is one of the most famous solutions to this problem [6, 13].
The algorithm’s name derives from the fact that it estimates the essential ma-
trix from eight or more corresponding image points. However, it is also possible
modify the original algorithm in order to achieve the same result with fewer
than eight points (at least five, [29]). More recently, the same structure from
motion problem has been considered by the mobile robotics community under
the name of visual SLAM (Visual Simultaneous Localization and Mapping). In
[8], a new algorithm, called MonoSLAM, has been introduced. This algorithm
is based on the Extended Kalman Filter and it is able to perform real-time
localization and mapping with a single freely moving camera as the only data
source. On the other hand, when a single camera is adopted to perform the
structure from motion, the estimation can be done up to a scale factor. This is
due to the lack of metric information. Usually, the initial camera observations'
are used in order to define a common scale factor which must be the same dur-
ing the entire camera motion. On the other hand, the camera observations are
affected by measurement errors. Hence, the error on the scale factor accumu-
lates over the motion when the camera moves in an unknown environment. As
a result, the error on this scale factor is affected by an unbounded drift. This
fact becomes a serious inconvenience for practical applications as soon as the
environment is large. In order to overcome this inconvenience, it is necessary
to fuse the camera data with the data provided by at least one supplementary
sensor. It is very reasonable to expect that, when fusing vision and inertial
measurements, the scale factor is an observable mode and can be obtained by

IThroughout this paper, we will adopt the term camera observation to mean the bearing
measurements provided by the camera from a single pose
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a closed-form solution. Let us consider the trivial case where a robot, equipped
with a bearing sensor (e.g. a camera) and an accelerometer, moves on a line
(see fig 1). If the initial speed in A is known, by integrating the data from the
accelerometer, it is possible to determine the robot speed during the subsequent
time steps and then the distances A — B and B — C' by integrating the speed.
The lengths A — F and B — F' are obtained by a simple triangulation by using
the two angles 4 and Sp from the bearing sensor. Let us now assume that
the initial speed v, is unknown. In this case, all the previous segment lengths
can be obtained in terms of v4. In other words, we obtain the analytical ex-
pression of A — F and B — F in terms of the unknown v, and all the sensor
measurements performed while the robot navigates from A to B. By repeating
the same computation with the bearing measurements in A and C, we have a
further analytical expression for the segment A — F', in terms of the unknown v4
and the sensor measurements performed while the robot navigates from A to C.
The two expressions for A — F' provide an equation in the unknown v4. By solv-
ing this equation we finally obtain all the lengths in terms of the measurements
performed by the accelerometer and the bearing sensor.

F

Ba B \Bc
A B C

Figure 1: A robot equipped with an accelerometer and a camera moves on a
line. The camera performs three observations of the feature in F', repsectively
from the points A, B and C.

The previous example is very simple because of several unrealistic restric-
tions. First of all, the motion is constrained on a line. Additionally, the ac-
celerometer provides gravity-free and unbiased measurements. In this paper we
will relax these restrictions by considering the case of a robot equipped with
IMU? and bearing sensors. We want to know which are the observable modes,
namely the physical quantities that we can estimate without any a priori knowl-
edge (i.e. by only collecting the data from the previous sensors during a short
time interval). For instance, are the scale factor, the robot speed and the robot
orientation observable modes? Are they observable modes even in the case of
biased IMU measurements? Are the bias (affecting the IMU measurements)
observable modes? And more importantly: is it possible to determine all these
quantities by a closed form solution (as in the simple unrealistic example pre-
viously provided)?

An answer to the first three questions can be found by applying the method
introduced in [23] and [24], where a non standard observability analysis, based
on the new concept of continuous symmetry, has been introduced. The advan-
tages of this non standard observability analysis is that, in contrast to previous

2Throughout this paper, we will adopt the term IMU (Inertial Measurement Unit) to
indicate the sensor assembling constituted by three orthogonal accelerometers and three or-
thogonal gyrometers.
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approaches, it is able not only to check whether a given state is observable or
not, but, in the negative case, it is also able to detect the quantities which are
observable. In particular, by analyzing the continuous symmetries of a given
system, it is possible to obtain a system of partial differential equations. The
observable modes are all the independent solutions of this system of partial dif-
ferential equations. In [25] the observable modes have been provided in the case
of one feature and in the case of unbiased IMU measurements. Additionally, a
closed-form solution has been derived in this special case and the performance
of an estimator based on an Extended Kalman Filter has also been discussed.
In this paper, we also provide the analytical derivation of the observable modes
starting from the theory developed in [23] and [24]. Additionally, also new re-
alistic contexts are considered, by including the case of biased and unbiased
inertial measurements, the case of single and multiple features, and in presence
and absence of gravity.

The paper is organized as follows. Section 3 illustrates and summarizes the
basic steps of the method introduced in [23] and [24], by dealing with a simple
2D localization problem. Section 4 provides a mathematical description of the
system, constituted by a mobile robot moving in 3D and equipped with vision
and IMU sensors. Starting from this description, in section 5 the observability
analysis is performed. This analysis allows us to derive all the observable modes.
In section 6 several necessary conditions for the system observability are inves-
tigated. Specifically, the minimum number of camera observations which are
required for the determination of the observable modes is derived and special
vehicle motions are also investigated. Then, in section 7, we provide closed-form
expressions of the observable modes in terms of the sensor measurements. The
performance of the method in estimating the observable modes is evaluated by
using synthetic and real data (section 8). Finally, conclusions are provided in
section 9.

2 Related Works

The problem of fusing the vision and inertial data has been extensively inves-
tigated in the past. A special issue of the International Journal of Robotics
Research has recently been devoted to this important topic [9]. In [7], a tutorial
introduction to the vision and inertial sensing is presented. This work provides
a biological point of view and it illustrates how vision and inertial sensors have
useful complementarities allowing them to cover the respective limitations and
deficiencies. In [30] the inertial measurements are used in order to reduce the
ambiguities in the structure from motion problem.

The majority of the approaches so far introduced, perform the fusion of vi-
sion and inertial sensors by filter-based algorithms. In [3], these sensors are
used to perform egomotion estimation. The sensor fusion is obtained by an
Extended Kalman Filter (FKF) and by an Unscented Kalman Filter (UKF).
The approach proposed in [11] extends the previous one by also estimating the
structure of the environment where the motion occurs. In particular, new land-
marks are inserted on line into the estimated map. This approach has been
validated by conducting experiments in a known environment where a ground
truth was available. Also, in [34] an EKF has been adopted. In this case, the
proposed algorithm estimates a state containing the robot speed, position and
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attitude, together with the inertial sensor biases and the location of the features
of interest. In the framework of airbone SLAM, an EKF has been adopted in
[16] to perform 3D—SLAM by fusing inertial and vision measurements. It was
remarked that any inconsistent attitude update severely affects any SLAM so-
lution. The authors proposed to separate attitude update from position and
velocity update. Alternatively, they proposed to use additional velocity obser-
vations, such as air velocity observation. Regarding the robot attitude, in [5]
it has been noted that roll and pitch angles remain more consistent than the
heading.

When using an FKF, an important issue which arises is the initialization
problem. Indeed, because of the system non-linearities, an erroneous initializa-
tion can irreparably damage the entire estimation process. This problem has
been considered in [21]. In particular, the proposed method is able to estimate
the scale factor by using a square root information filter. Additionally, the same
authors proposed an EKF which does not suffer from the initialization of the
speed and of the orientation [22].

In [27] it is introduced a measurement model that is able to express the
geometric constraints that arise when the same feature is observed from multiple
camera poses. This measurement model does not require to include the feature
position in the state which is estimated by an FKF. A similar idea is adopted
in [35]. Also in this case, the problem of estimating the location of each feature
is avoided, by using epipolar points on the image plane.

There are very few methods able to perform the fusion of image and inertial
measurements without a filter-based approach. One algorithm of this type has
been suggested in [33]. This algorithm is a batch method which performs SLAM
from image and inertial measurements. Specifically, it minimizes a cost function
by using the Leven-Marquardt algorithm. This minimization process starts by
initializing the velocities, the gravity and the biases to zero. In [10] the graphical
SLAM approach has been suggested to fuse the data from many different sensors:
encoder, inertial, vision and GPS.

Finally, an important issue which arises when inertial and vision sensors are
simultaneously used, is the problem of the extrinsic calibration, i.e. the estima-
tion of the relative pose of these sensors. This problem has been approached in
the past and several iterative and non-iterative solutions have been proposed.
In [26] the extrinsic calibration has been performed by using an FKF. Non-
iterative solutions have been proposed in [15] and [19].

3 Observable Modes and Continuous Symme-
tries

When a state is not observable, there are in general infinite initial states re-
producing exactly the same inputs and outputs. Let us consider for instance,
the 2D localization problem when the robot moves along a corridor, equipped
with odometry sensors and sensors able to perform relative observations (e.g.
bearing and range sensors). In this situation, all the initial states differing for
a shift along the corridor, reproduce exactly the same inputs and outputs. In-
tuitively, we remark that the entire system has one continuous symmetry that
is the invariance of the corridor with respect to a shift. It is obvious that the

INRIA
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only quantities that we can estimate (i.e. the observable modes) are invariant
with respect to this continuous symmetry (i.e. the robot orientation and the
distance of the robot from the corridor walls). The previous consideration re-
garding this simple localization problem is quite trivial and it’s not required to
introduce special mathematical tools. However, there are cases where deriving
the observable modes is a very challenging task. The key to deal with these
cases is to first provide a mathematical definition of continuous symmetry able
to generalize the intuitive idea of symmetry. In [23] and [24], a procedure which
allows us to analytically derive the observable modes for a generic system, has
been introduced. This procedure is based on the concept of continuous symme-
try, whose mathematical definition has also been provided. In this section we
remind the reader the basic concepts characterizing the theory developed in [23]
and [24]. For the sake of clarity, these concepts will be illustrated by referring
to a simple localization problem, which is introduced in section 3.1.

3.1 A Simple Localization Problem

We consider a mobile robot moving in a 2D-environment. The configuration of
the robot in a global reference frame, can be characterized through the vector
[*R, YR, OR]T where zr and yg are the cartesian robot coordinates and 0 is the
robot orientation. The dynamics of this vector are described by the following
non-linear differential equations:

Tr =vcosfp

Yyr = vsinfp (1)

éR = w
where v and w are the linear and the rotational robot speed, respectively. The
robot is equipped with proprioceptive sensors which are able to evaluate these
two speeds. We assume that a point feature exists in our environment and,
without loss of generality, we fix the global reference frame onto it (see figure
2a). The robot is also equipped with a bearing sensor (e.g. a camera), able to

evaluate the bearing angle of the point feature in its own frame. Therefore, our
system has the following output (see fig. 2a):

y=pB=7—0gr+ atan2(yr,xr) (2)

We also provide the equations for the same system in polar coordinates, i.e.

when the robot configuration is described by the coordinates D, ¢r = atan2(yr, xr)

and QR.
D = veos(Or — dR)
. v
= —sin(fg —
d?R 3 Sin(0r — ¢r) 3)
93 = w
y =f=n—-0r+or
To check whether the robot configuration [xgr, yr, Or]" is observable or
not, we have to prove that it is possible to uniquely reconstruct the initial robot

configuration by knowing the input controls and the outputs (observations) in a
given time interval. When at the initial time, the bearing angle g of the origin is

]T
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Figure 2: A simple localization problem. The robot is equipped with odometry
and bearing sensors able to evaluate the angle 8. In b, the three initial robot
configurations are compatible with the same initial observation ().

available, the robot can be everywhere in the plane but, for each position, only
one orientation provides the right bearing 5. In fig. 2b all the three positions
A, B and C are compatible with the observation 3, provided that the robot
orientation satisfies (2). 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(t).
With the exception of the special motion consisting of a line passing by the ori-
gin, 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. 3a the two
initial positions in A and B do not reproduce the same observations (84 # 8p).
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. 3b, the two indicated trajectories provide the same bearing observations at
every time. Therefore, the dimension of the undistinguishable region is 1 and
the dimension of the largest observable subsystem is 3 — 1 = 2.

n®
e
0d T
OPTTL oA
ey

.-

a b

Figure 3: In a the two initial positions (A and B) do not reproduce the same
observations (84 # Bg). In b the two indicated trajectories provide the same
bearing observations at every time.

We remark that the system has a continuous symmetry: the system inputs
(v(t) and w(t)), and outputs (y(t)), are invariant with respect to a rotation of
the global frame about the vertical axis (in the next section we will provide
a mathematical definition for a general continuous symmetry). Based on the
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fact that the dimension of the largest observable subsystem is two, we know
that we can only estimate two independent modes. In addition, these two
modes must satisfy the previous system invariance, i.e. they must be rotation
invariant. A possible choice is provided by the two quantities D and 6 in figure
2a (0 = 0r — atan2(yr, TR)).

The new system is characterized by the following equations:

D =wvcosf
9:w—%sin0 (4)
y=p=m—-0

which express the link between the new state [D, 6] and the proprioceptive
data (v, w) and the exteroceptive data ().

The detection of the previous two modes and the derivation of the equations
in (4) is fundamental. Indeed, estimating the original state brings inconsisten-
cies with catastrophic consequences.

In the next subsections we remind the reader some concepts in the theory by
Hermann and Krener in [14] and some basic tools introduced in [23] and [24] in
order to perform the same analysis in the case of more complex systems. This
will allow us to derive the observable modes when fusing monocular vision and
IMU sensor measurements.

3.2 Observability Rank Criterion

A general characterization for systems in the framework of autonomous naviga-
tion, is provided by the following two equations, which describe the dynamics
and the observation respectively:

L
S =f(S,u) = fo(S) + Z £i(S)u;

y = h(S)

()

where § € ¥ C R" is the state, u = [u1, ug, ..., ur]? are the system inputs,
y € R is the output (we are considering a scalar output for the sake of clarity; the
extension to a multi dimensional output is straightforward). Both the systems
defined by (1-2) or (3) and the one defined by (4) can be characterized by (5).
For instance, for the system in (3), we have: S = [D, ¢r, 0r]T, fo =[0,0,0]%,
L=2 u =v us =w, f1(S) = [cos(Or — ¢r), %7 017, f2(S) =
[07 0, 1]T, h(S) =7 —0r+ ¢r.

We indicate the k' order Lie derivative of a field A along the vector fields
Viy s Vi -eey Uiy, With L. A. The definition of the Lie derivative is

) Viyy Vigyeeey Vige
provided by the following two equations:

LA = A, (6)

k+1 o k )
Vi ---,'l)r,:k,'l)ik+1A - VS (L'U—i,l, ...,’U,ikA) . vzk_‘_l

where the symbol ”.” denotes the scalar product and V g the gradient operation
with respect to the state S. We remark that the Lie derivatives quantify the
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impact of changes in the control input (u;) on the output function (k). Addi-
tionally, we denote with dL* Firsoees fi h, the gradient of the corresponding Lie
1o eees Jin

derivative (i.e. defil, ey fikh = VSL’}il’ coos Fi h), and, we denote with d{2,

the space spanned by all these gradients.

In this notation, the observability rank criterion can be expressed in the
following way: The dimension of the largest observable sub-system at a given
So is equal to the dimension of df).

We consider again the simple example introduced in 3.1, and we show that
by using the observability rank criterion, we find the same result obtained by
following intuitive reasoning (i.e. that the dimension of the largest observable
subsystem is 2).

The computation of the rank for the system in (3) is straightforward. From
the last equation in (3), we obtain: L°h = 7 —60r+¢r whose gradient is dL°h =
wy = [0,1,—1]. The first order Lie derivatives are: Lllh = w and
Ly,h=—1. We have: dL' g h = wy = [ Sn0r_dn) _ cosOn=dn) cos(n—¢n))
It is easy to realize that each vector w; obtained by extending the previous
computation to every Lie derivative order, has the structure: w; = [0, i, —i]-
Indeed, every Lie derivative will depend on fr and ¢ only through the quantity

0r — ¢r, whose sign changes with respect to the change 0r <+ ¢r. Therefore,
the rank of the matrix

w3y

r={ = (7)

w;

is equal to two. We conclude that the largest observable sub-system has dimen-
sion two as derived in section 3.1.

3.3 Continuous Symmetries

We refer to the input output system given in (5). In [23] and [24], we introduced
the following definition of continuous symmetry:

Definition 1 (Continuous Symmetry) The vector field ws(S) (S € ¥) is
a continuous symmetry in S for the system defined in (5) if and only if it is
a non null vector belonging to the null space of the matrix whose lines are the
gradients of all the Lie derivatives computed in S.

We discuss again the simple example provided in section 3.1. We show that
the previous definition corresponds with a global rotation.

For the system defined in (3) it exists only one continuous symmetry given
by the vector ws = [0, 1, 1]7 (i.e. belonging to the null space of the matrix T
in (7)). Let us provide an intuitive interpretation of this continuous symmetry.
It is possible to see that this symmetry corresponds to an infinitesimal rotation.
Indeed, an infinitesimal rotation of magnitude e about the vertical axis changes
the state as follows [12]:

INRIA
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D D 0 D
or | = | ¢ér | +e| 1 | = | ¢dr | +€ws
O O 1 O

In [23] and [24] we proved the following fundamental property:

Property 1 g(S) is an observable mode if and only if its gradient is orthogonal
to all the symmetries.

This property can be expressed by a system of partial differential equations,
one for each symmetry:

n g

where w,;(S) is the i*" component of the symmetry ws. In other words, for
every symmetry there is an associated partial differential equation which must
be satisfied by all the observable modes.

We use (8) to derive the two observable modes for the system discussed
in section 3.1. As previously mentioned, this system has only the symmetry
[0, 1, 1]T. Hence, the associated equation (8) becomes:

Jg dg
don 00

and two independent solutions are g = D and g = g — ¢r. This is the same
result we obtained in section 3.1.

We conclude this section with an important remark which allows us to re-
strict the computation when detecting the symmetries of a given system.

Remark 1 In order to detect the symmetries of the system in (5), only the first
(n — 1)—order Lie derivatives must be computed.

The reader is addressed to [2] where it is proven that the first n — 1 Lie
derivatives determine the observability properties of a control system.

4 The Considered System

Let us consider an aerial vehicle equipped with a monocular camera and IMU
sensors. The IMU consists of three orthogonal accelerometers and three or-
thogonal gyrometers. We assume that the transformations among the camera
frame and the IMU frames are known (we can assume that the vehicle frame
coincides with the camera frame). The IMU provides the vehicle angular speed
and acceleration. Actually, regarding the acceleration, the one perceived by
the accelerometer (A) is not simply the vehicle acceleration (A,). It also con-
tains the gravitational acceleration (Ag). In particular, we have A = A, — A,
since, when the camera does not accelerate (i.e. A, is zero) the accelerometer
perceives an acceleration which is the same of an object accelerated upward in
the absence of gravity.

RR n° 7530
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We will use uppercase letters when the vectors are expressed in the local
frame and lowercase letters when they are expressed in the global frame. Hence,
regarding the gravity we have: ag = [0, 0, — g]T, being g ~ 9.8 ms~2.

We assume that the camera is observing a point feature during a given time
interval. We fix a global frame attached to this feature. The vehicle and the
feature are displayed in fig 4.

Feature

Figure 4: The feature position (F'), the vehicle acceleration (A,) the vehicle
angular speed () and the gravitational acceleration (Ag).

Finally, we will adopt a quaternion to represent the vehicle orientation. In-
deed, even if this representation is redundant, it is very powerful since the
dynamics can be expressed in a very easy and compact notation [17].

Our system is characterized by the state [r, v, ¢|T where r = [r,, 7, 7.
is the 3D vehicle position, v is its time derivative, i.e. the vehicle speed in
the global frame (v = %), q = q +1q; + jqy + kg, is a unitary quaternion
(i.e. satisfying ¢? + ¢2 + qz + ¢%> = 1) and characterizes the vehicle orientation.
The analytical expression of the dynamics and the camera observations can
be easily provided by expressing all the 3D vectors as imaginary quaternions.
In practice, given a 3D vector w = [w,, w,, w,]T we associate with it the
imaginary quaternion w = 0 + fw, + jwy + kw.. The dynamics of the state
[#, D, q]T are:

]T

F=10

1 -
S Q)
q 261

being ¢* the conjugate of ¢, ¢* = q; —iq, —jgy —kq.. We now want to express the
camera observations in terms of the same state ([f, 9, ¢]T). We remark that the

camera provides the direction of the feature in the local frame. In other words, it

provides the unit vector % (see fig. 4). Hence, we can assume that the camera

provides the two ratios y; = % and yg = %7 being F = [F,, F,, F.]T. We
need to express F in terms of [#, ©, g]T. We note that the position of the feature

INRIA
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in the frame with the same orientation of the global frame but shifted in such a
way that its origin coincides with the one of the local frame is —r. Therefore,
F' is obtained by the quaternion product F= —q*7q. The observation function
provided by the camera is:

R . T
- (¢"7q)  (q"Fq)
h (T7 v, q) = [yh yQ}T = ~ ) ~ i (10)
cm (¢*7q):" (q*Fq).
where the pedices x, y and z indicate respectively the i, j and k component of
the corresponding quaternion. We have also to consider the constraint ¢*q = 1.

This can be dealt as a further observation (system output):

hconst("ﬁa '[)7 Q) = q*q (11)

4.1 The Case with Multiple Features

We consider the case when the camera observes Ny features, simultaneously. We
fix the global frame on one of the features. Let us denote with d; the 3D vector

which contains the cartesian coordinates of the it* feature (t=0,1, ..,Ng—1).
We assume that the global frame is attached to the 0" feature, i.e. dg = [000]7.
The new system is characterized by the state [, 0, ¢, di, ..., dy,—1]", whose

dimension is 74 3Ny. The dynamics of this state are given by (9) together with
the equations:

di=[0007i=1, .,N;—1 (12)

The position F; of the it" feature in the local frame is obtained by the quaternion
product F; = ¢*(d; — 7#*)q. The corresponding observation function is:

. . T
; “(di —7)q)  (¢"(d; — 7 .
hzam — (q (A /]:)q) , (q (A /,;)Q)y ZZO,]-,u.,Nf _1 (13)
(¢*(di = #)q)= (q*(di —7)q)-
which coincides with the observation in (10) when ¢ = 0. Summarizing, the
case of Ny features is described by the state 7, 9, ¢, di, ..., de_l}T, whose
dynamics are given in (9) and (12) and the observations are given in (13) and

(11).

4.2 The Case with Bias

We consider the case when the data provided by the IMU are affected by
a bias. In other words, we assume that the measurements provided by the
three accelerometers and the three gyrometers are affected by an error which
is not zero-mean. Let us denote with by and with bg the two 3D-vectors
whose components are the mean values of the measurement errors from the
accelerometers and the gyros, respectively. The two vectors by and b are time-
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dependent. However, during a short time interval, it is reasonable to consider
them to be constant. Under these hypotheses, the dynamics in (9) become:

0

>.
I

qAuq* = qAq* + qbag* +

S
Il

1. 1. (14)
7 = —q¢Q) + —qb
q 54 +2(JQ

ba=bg=1[000"

Note that the previous equations only hold for short time intervals. In the
following, we will use these equations only when this hypothesis is satisfied (in
particular, during time intervals allowing the camera to perform at most ten
consecutive observations).

5 Observability Properties

We investigate the observability properties of the system whose dynamics are
given in (9) and whose observations are given in (10) and (11). For the sake of
clarity, we discuss both the case without gravity (5.1) and with gravity (5.2).
Moreover, in 5.3 we discuss the case when the camera is observing simultane-
ously more than one feature, namely we investigate the observability properties
of the system defined by (9), (11), (12) and (13). Then, the case when the IMU
sensors are affected by a bias is investigated (5.4).

5.1 The Case without Gravity

Let us set ¢ = 0 in (9). By directly computing the Lie derivatives and their
gradients, it is possible to detect three independent symmetries for the resulting
system. They are:

Gz @t q= Q1T
wiz[O —rzry()—vzvy—?xg—?zgy} (15)
T
2= zo_xzo_m_qlqi%_ql}
wi [r Ty U v 5 3 3 5
T
wg:[—ryTEO—vaIO—%z—%y%w%}

According to definition 1, these vectors are orthogonal to all the gradients of all
the Lie derivatives. Because of the remark 1 (where n = 10), the detection of
the previous symmetries only requires the computation of a limited number of
Lie derivatives (up to the nine order). These symmetries could also be derived
by remarking the system invariance with respect to rotations about all the three
axes. For instance, an infinitesimal rotation of magnitude € about the vertical
axis changes the state as follows [12]:

T Ty —Ty
Ty — Ty + € Ty
T, T, 0
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Vg Vg —Uy
Uy — Uy + € (o
(% Vy 0
qt qt —qz
dx N gz + €| —qy
Qy Qy qx
qz qz qt
that is:

r r

v — v + ewg’

q q

On the other hand, without computing the Lie derivatives, we could not con-
clude that the previous ones are all the symmetries for the considered system.
In order to be sure that the previous are all the symmetries, we must detect
10 — 3 = 7 independent Lie derivatives. In appendix A, we provide a possible
choice of 7 independent Lie derivatives.

We have shown two methods to detect the symmetries of our system. The
former consisted in the computation of all the Lie derivatives up to the nine or-
der. Then, the symmetries are the vectors belonging to the null space spanned
by the gradients of the previous Lie derivatives. The latter used the system
invariance under rotations which allowed us to immediately detect three sym-
metries. Then, by providing 7 independent Lie derivatives, we concluded that
these are all the symmetries.

According to property 1, for every symmetry there is an associated partial
differential equation (the one provided in (8)). Hence, every observable mode
must satisfy simultaneously all the three partial differential equations. Since our
system is defined by 10 variables, the number of independent solutions satisfying
all the three partial differential equations is 10 —3 = 7 [18]. On the other hand,
their derivation, once the three symmetries are detected, is easy. Indeed, it
is immediate to prove that the distance of the feature from the camera, i.e.
|r|, is a solution of the three equations (this can be checked by substitution
for the partial differential equations associated with the symmetries in (15)
but can also be proved by remarking that the scale factor is invariant under
rotations). This means that the distance of the feature is observable and it is
one among the 7 independent solutions. On the other hand, since the camera
provides the position of the feature in the local frame up to a scale factor,
having the distance means that the feature position in the local frame is also
observable. Therefore, the three components of the feature position in the local
frame are three independent solutions. By using quaternions, we can say that
three independent solutions are provided by the components of the imaginary
quaternion ¢*7q. Additionally, since the three partial differential equations are
invariant under the transformation r <> v, three other independent solutions
are the components of the imaginary quaternion ¢*tq. Physically, this means
that the vehicle speed in the local frame is also observable. Finally, the last
solution is ¢*q since it is directly observed (see equation (11); it can be in any
case verified that it satisfies the three partial differential equations).
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The analytical results derived in this subsection can be summarized with the
following property:

Property 2 (Observable Modes without Gravity) Let us consider the sys-
tem defined by (9), (10) and (11) in absence of gravity (i.e. g = 0). All the
independent observable modes are 7 and they are the three components of the
imaginary quaternion q*tq (i.e. the position of the observed feature in the lo-
cal frame), the three components of the imaginary quaternion q*tq (i.e. the
vehicle speed in the local frame) and the product q*q (i.e. the norm of the the
quaternion).

5.2 The Case with Gravity

We investigate the observability properties when g # 0. The presence of the
gravity breaks two of the previous three symmetries. In other words, the system
remains invariant only with respect to rotations about the vertical axis. This
means that w; and wf are no longer symmetries for the new system. By
directly computing the Lie derivatives, we were able to find nine independent
Lie derivatives (the computation is similar to the one illustrated in appendix
A). Hence, the system has 10 — 9 = 1 symmetry which is w,>.

The partial differential equation associated with w3 is:
OA OA OA OA
—2ry— +2 — 20y — 4+ 20, — 16
"y ory t o ory Yy vy + e Ovy + (16)
OA OA . OA . OA 0
Gz — Ay Tqry o Tt =
g v 0q. 8‘1@/ ! 0q.
The number of independent solutions A = A(ry, 7y, 72, Uz, Vy, Vs, G, Qa, Gy, G2)
is equal to the number of variables (i.e. 10) minus the number of equations (i.e.
1) [18]. Hence, in this case we have two additional observable modes. They are:

_ QiQz + qyq: _
r = 7; = — YzY4x 17
Also for these two solutions it is possible to find a physical meaning. They are
related to the roll and pitch angles [17]. In particular, the first solution provides
the roll angle which is R = arctan(2@Q),.). The latter provides the pitch angle

which is P = arcsin(2@Q),). Finally, we remark that the expression of the yaw,

Y = arctan (2%), does not satisfy (16).

The analytical results derived in this subsection can be summarized with the
following property:

Property 3 (Observable Modes with Gravity) Let us consider the system
defined by (9), (10) and (11). All the independent observable modes are 9 and
they are the 7 observable modes for the case without gravity together with the
roll and pitch angles.
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5.3 The Case with Multiple Features

Let us suppose that the vehicle is observing Ny > 1 features, simultaneously.

The new system is characterized by the (74+3Ny)— dimensional state [, 0, g, di, ...

whose dynamics are given in (9) and (12) and the observations are given in (13)
and (11).

It is immediate to realize that all the camera observations are invariant
with respect to the same symmetries found in the case of one single feature
(for instance, the camera observations do not change when the initial state
7, 0, q, dy, ..., cZNf_l]T is rotated about the vertical axis). Hence, in presence
of gravity, the yaw angle is still unobservable. In absence of gravity, also the roll
and pitch angles are unobservable. Hence, in presence of gravity, the number of
independent modes cannot exceed 743Ny —1 = 64 3N;. In absence of gravity,
this number cannot exceed 7+ 3Ny — 3 = 4 + 3Ny.

On the basis of the results obtained in the previous subsections, we know
that the position of each feature in the local frame provides 3 observable modes.
Also, the vehicle speed in the local frame provides 3 observable modes. In
addition, an observable mode is the norm of the quaternion. Therefore, in both
the cases with and without gravity, we have 3Ny + 4 observable modes. In
absence of gravity, these are all the observable modes. In presence of gravity,
also the roll and pitch angles are observable modes, since they are observable
modes with a single feature.

The analytical results derived in this subsection can be summarized with the
following property:

Property 4 (Observable Modes with Multiple Features) Let us consider
the system defined by (9), (11), (12) and (13). All the independent observ-
able modes are the components of the imaginary quaternion q*(cii —7)q, i =
0, 1, ...,Ny —1 (i.e. the position of the observed features in the local frame),
the three components of the imaginary quaternion q*tq (i.e. the vehicle speed
in the local frame) and the product ¢*q (i.e. the norm of the quaternion). In
addition, in presence of gravity, also the roll and pitch angles are observable
modes.

5.4 The Case with Bias

In this subsection we will prove that, even when the camera only observes a
single feature, the bias affecting the accelerometers and the gyros are observable.
The system we are considering is defined by the state: [r v ¢ ba bg]”, whose
dimension is 16. This state satisfies the dynamics in (14). Finally, this system
is characterized by the observations given in (10) and (11).

We know that the state is not observable. Indeed, even without bias, we
know that it is not possible to estimate the yaw angle (section 5.2). In other
words, also this system is invariant with respect to rotations about the vertical
axis. Hence, its observable modes must satisfy the equation in (16), where, now,
A also depends on the components of b4 and bg. On the other hand, we do not
know if the system has additional symmetries in which case the observable modes
must satisfy additional partial differential equations, simultaneously. In order
to prove that the system has a single symmetry, we must provide 15 indepen-
dent Lie derivatives. By a direct computation, performed by using the symbolic
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Matlab computational tool, we were able to find the following 15 independent
Lie derivatives: L%, L0y2, Lohconst; } Y1, } Y2, 2f foyh 2f0 flyl’

fo,f4y1’ Fou o2 Lo, 1492 Lo, 1592 Lo, fo, 7590 Lo, For £6¥ Lo, fo, £292

.fo, fos f6y2 As previously mentioned, we know that we cannot have more

than 15 independent Lie derivatives (otherwise, the yaw angle would be ob-
servable). Note that in the previous computation the expression of the vector
fields fo, f1, ---s fo is not the one given in appendix A. The right one must
be computed starting from the dynamics in (14). The fact that we have 15
independent Lie derivatives means that there are no additional symmetries and,
the independent observable modes, are the independent solutions of (16). They
are: the 9 solutions provided in 5.2 and the six components of the two vectors
ba and b (note that these components are trivial solutions of (16)).

The analytical results derived in this subsection can be summarized with the
following property:

Property 5 (Observable Modes in Presence of Bias) Let us consider the
system defined by (14), (10) and (11). All the independent observable modes
are the same as in the case without bias and the siz components of the two bias
vectors ba and bg.

5.5 Unknown Gravity

The results provided in the previous sections are obtained by assuming that
the magnitude of the gravitational acceleration (g) is a priori known. In this
section we want to investigate if the information contained in the sensor data
allows us to also estimate g. This investigation could seem useless since in most
of cases the gravity is known with a good accuracy. On the other hand, this
investigation allows us to derive several properties of practical importance.

We will show that ¢ is among the observable modes even in the worst case
when the inertial sensors are affected by a bias and when only a single feature
is available. We will proceed as in section 5.4.

The system we are considering is defined by the state: [r v ¢ ba ba g7,
whose dimension is 17. This state satisfies the dynamics in (14) with the addi-
tional equation ¢ = 0. Finally, this system is characterized by the observations
given in (10) and (11).

We know that the state is not observable. Indeed, even when ¢ is known, it
is not possible to estimate the yaw angle (section 5.2). In other words, also this
system is invariant with respect to rotations about the vertical axis. Hence, its
observable modes must satisfy the equation in (16), where A also depends on
the components of ba, bg and on g. On the other hand, we do not know if the
system has additional symmetries in which case the observable modes must sat-
isfy additional partial differential equations, simultaneously. In order to prove
that the system has a single symmetry, we must provide 16 independent Lie
derivatives. By a direct computation, performed by using the symbolic Matlab
computational tool, we were able to find the following 16 independent Lie deriva-

tives: LO L0 Lheonst, Lt Lt L2 L2 L2
1ves: Y1, s Y2, ; ty foylag f0y2’ an]ZOyl’ fo’flylé fos f4y1’
L L L L
.an f0y2’ fo, f4y27 fo, fsy27 fo, fo, foyl’ fos, fo,fsy17 fo, fo, fsyl’

fo, fa, foyl’ 3f07 o f6y2 As previously mentioned, we know that we can-
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not have more than 16 independent Lie derivatives (otherwise, the yaw angle
would be observable). The fact that we have 16 independent Lie derivatives
means that there are no additional symmetries and, the independent observ-
able modes, are the independent solutions of (16). They are: the 15 solutions
provided in section 5.4 and g.

The analytical results derived in this subsection can be summarized with the
following property:

Property 6 (Observability of gravity) The gravity vector is observable even
in the case of biased inertial measurements.

6 Necessary Conditions for Observability

The observability analysis performed so far takes into account all the degrees
of freedom allowed by the dynamics in (9). In other words, the observability of
the modes previously derived, could require the vehicle to move along all these
degrees of freedom. In addition, this observability analysis assumes that the
observations are continuously provided during a given time interval.

The goal of this section is to discuss these two issues, which can be formulated
as follows:

1. Derivation of the observability properties for special vehicle trajectories;

2. Derivation of the minimum number of camera observation necessary for
the observability of the modes derived in section 5

As we will see, the second issue can be dealt starting from the results obtained
in dealing with the first issue.

In this section we do not consider the case of biased measurements from
the gyroscope. In other words, we consider the case of unbiased inertial mea-
surements or the case when only the measurements from the accelerometers are
biased. This choice has been made for the sake of simplicity and on the basis
of the fact that, the closed form solutions to determine the observable modes,
are very simple only when the gyro’s measurements are unbiased (see section
7). Finally, the case of biased gyro’s measurements, is not relevant from an
experimental point of view.

6.1 Special Trajectories

We start by discussing the first issue previously mentioned. We are interested
in deriving the observability properties for special trajectories. Mathematically,
this can be done by introducing in (9) the constraints characterizing the tra-
jectory we want to consider. Then, it suffices to apply the method described
in section 3 to the system characterized by the new dynamics and the same
observations (10) and (11).

Let us suppose that the vehicle moves during the time interval [0, T with
the linear acceleration A, (t) and the angular speed Q(t), ¢ € [0, T]. Let us
denote with s(t) the position of the vehicle at the time ¢ in the reference frame
attached to the vehicle at the time 0. Let us denote with p(t) the quaternion
characterizing the vehicle orientation at time ¢ in the same frame. Note that
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this reference frame is a global frame since does not move. Hence, we can use
the equations in (9), obtaining:

f=1

i = pA,p* = pAp* + pbap” + ¥4 (18)
1 4

14

p=gp

where v(t) and x4 are respectively the vehicle speed and the gravity vector in
the same frame.

Let us consider the case when the vehicle moves at constant acceleration (i.e.
when the three components of & are constant). First of all, we remark that, by
only analyzing the inertial data, it is possible to understand whether the vehicle
is moving with constant acceleration or not. Let us consider the case without
bias (ba = 0). From the second equation in (18), we obtain that & is constant
if and only if p(t)A(t)p*(t) is constant. On the other hand, p(t)A(t)p*(t) only
depends on the inertial data provided during the interval [0, t] and therefore,
it is possible to check whether it is constant or not. When the accelerometers’
measurements are biased, from the second equation in (18), we obtain that v
is constant if and only if p(t)A(t)p*(t) + p(t)bap*(t) = ¢, being ¢ a constant
quaternion. By having the previous equation at two distinct times it is possible
to uniquely determine ba and ¢, provided that the robot orientation at these two
times is different (the case when the robot does not rotate, i.e. when p(t) = 1 Vt,
is a trivial case since the vehicle is moving with constant acceleration if and only
if A(t) is constant). Hence, once by and ¢ are determined, it is easy to verify if
p()A)p*(t) + p(t)bap*(t) = c is satisfied at any time.

The following property holds:

Property 7 (Observability with constant acceleration) When the vehi-
cle moves at constant acceleration all the modes derived in section 5 are ob-
servable except the magnitude of the gravitational acceleration. This also holds
when the accelerometer measurements are biased.

Proof: As previously mentioned, by analyzing the inertial data we are able
to understand whether the acceleration in the global frame is constant or not.
Once we know that it is constant, we proceed as follows in order to derive the
observability properties. First of all, let us denote with « the vehicle acceleration
in the global frame, i.e. @ = [z, 0y, a;]T = . Let us start by considering
the case of unbiased inertial measurements and the case when the magnitude
of the gravitational acceleration is a priori known. We will investigate the
observability of the state [r, v, a, ¢]7 whose dynamics are:

F=b

b =d

& =0 (19)
1 -

1o

q 2(]

In this case, the data from the three accelerometers will be considered as ob-
servations. From the second equation in (9) and the second equation in (19)
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we obtain: gAg* + Gy = &. From this expression, it is possible to obtain
the analytical expression of three accelerometer observations in terms of the
state [r, v, a, q|T. They are the three components of the following imaginary
quaternion:
A=iA, +jA, + kA, = ¢"(a —d,)q (20)

We proceed by applying the same method illustrated in section 3 to the system
defined by the state [r, v, «a, q]7, whose dynamics are given in (19) and whose
observations are given in (10), (11) and (20). First of all we remark that the
system has the continuous symmetry which corresponds to the invariance with
respect to rotations about the vertical axis. Indeed, as proven in section 5,
this invariance exists in the case when the vehicles is allowed to move along
any direction. The case of constant acceleration is a special case of motion.
Hence, the system is characterized by at least one continuous symmetry. Since
the dimension of the state is 13, from the previous remark we know that the
number of independent Lie derivatives cannot be larger than 12.

In order to compute the Lie derivative, we write the dynamics in the following
form:

{8 = fo(S)+ f1(8)Q + f2(S)y + f3(5)Q. (21)
with: S = [r, v, a, |7, and Q,, Q, and Q, the three components of the
angular speed provided by the gyroscope. The expression of the vector fields
fi, i =0,1,2,3, which is necessary for the computation of the Lie derivatives,
can be obtained from (19) and (21).

By using the symbolic Matlab computational tool, we were able to find the
following 12 independent Lie derivatives: L%y;, LYo, L%hconst, L°Ay, LYAy,

L°A,, L} LY L? L? L3 L3 . H
2 "o " fo ¥ fo, £o” " fo, Fo”* “fos fo fo' " fo, fo, fo? TN
the system has only one continuous symmetry and all the modes derived in sec-

tion 5 are observable.

Let us consider the case of biased inertial measurements. Actually, we al-
ready know that also in this case the system has only one continuous symmetry.
Indeed, as we previously remarked, by only analyzing the inertial data it is
possible to uniquely determine b4, provided that the vehicle rotates.

We provide a further proof by proceeding as in the previous case. The system
is characterized by the state: [r, v, a, ba, q]7. The dynamics are given in
(19) with b4 = 0. In addition, the observations are given in (10), (11). The
observation in (20) is replaced by:

A=iA, +jA, + kA, = ¢ (& —a,)q —ba (22)

The state dimension is now 16. As in the previous case, the system has the
continuous symmetry which corresponds to the invariance with respect to rota-
tions about the vertical axis. Hence, we know that the number of independent
Lie derivatives cannot be larger than 15.

By a direct computation, performed by using the symbolic Matlab com-
putational tool, we were able to find the following 15 independent Lie deriva-

3 . 70 0 0 0 0 0 1 1 1 1
tives: L Y1, L Y2, L hconsta L Ama L Aya L sz Lfoylv Lf0y27 szAmv Lf3Ama

LY A, L2 L2 L3 L3 . H he sys
£320 T80, £V Yo, £0¥2 Lo, For Fot? Fo, fo, fo¥2: Hence, the system
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has only one continuous symmetry and, when the magnitude of the gravitational
acceleration is a priori known, also the components of the bias are observable
modes. Note that, with respect to the case without bias, also the Lie derivatives
along the vector fields f;, fo and f3 must be considered. This is consistent with
the fact that, as we previously remarked, the observability of b requires the
vehicle to rotate.

This concludes the proof in the case when the magnitude of the gravitational
acceleration is known.

Let us consider now the case when ¢ is unknown. In the case without bias
on the accelerometer, the state is: [r, v, a, q, g]7. The dynamics are given
in (19) together with the further equation § = 0. The observations are given

n (10), (11) and (20). The state dimension is 14. By a direct computation we
found 12 mdependent Lle derwatwes Wthh are: Loyl7 L0y, L hconstv LA,

L2y, LA Lo Ligyvn L, g Lo, go¥2 Lo, go, fot10 Lo, fo, 702

Hence, the system has two mdependent symmetrles the one corresponding to
the invariance with respect to rotations about the vertical axis and the following:

Q(Tnyg + QpQyTy — Qp Ty + Qtayry)
2(rzq,zam + ryqyg + rqyoy — qutay)
_2Qy(rram + ayry — ng)
_2(Uy04:vq,z — Uy Qi Qly — Vp(yQly — Uzng)
2(vyqyg — Vaqrory + V2qy 00y + Uz 0;)
—2qy (vyoy + Vyay — V59)
*(azqg + az‘]i — QyQzCy — aszQt)

0
(Q202Qz — quqrOy + Ayq=qy + A2 qyqr)
_(_amq,z(Jt + thOéy + QrQzqy + qaay)
2(0432/% + Qyo Qi — QL Oy + ngaac)
2(*‘]1&041;011 + 9qy0y + ai‘]z + az‘]yay)
—2¢y(—azg9 + a? + ai)
_Qanzg
Hence, the modes derived in section 5 are no longer observable as the magnitude
of the gravitational acceleration is not known and the vehicle moves at constant

acceleration. This completes the proof of the property B
A special case of constant acceleration is the case of constant speed. We
have in this case the following property:

Property 8 (Observability with constant speed) The absolute scale is not
observable when the vehicle moves at constant speed.

Proof: It would possible to analyze this case by proceeding as in the previ-
ous case. However, it is easy to realize that the absolute scale is not observable.
Indeed, the second equation in (9) becomes © = 0. Hence, the new dynamics are
invariant with respect to the change r — Ar, v — Av, being A a real number.
In addition, also the two observations in (10) and (11) are invariant with re-
spect to the same change. Therefore, when the vehicle does not accelerate, the
system does not contain the information to perform the estimation of the scale
factor. This result also holds in the case of multiple features. Indeed, the same
invariance also characterizes the equations in (12) and (13) by also considering
di - XMd;, i=0,1, ..N;,—11

INRIA



inria-00569083, version 5 - 13 Apr 2011

Closed-Form Solutions for IMU & Vision 23

6.2 Minimum number of camera observations

The observability analysis performed so far, assumes that the observation is
provided continuously during a given time interval. However, the following
property, allows us to obtain necessary conditions on the number of camera
observations.

Property 9 Let us consider the systems defined in section 4. When the observ-
ability of a mode requires the vehicle to move with a non-constant speed, this
mode cannot be determined by two camera images. Similarly, when the observ-
ability of a mode requires the vehicle to move with a non-constant acceleration,
this mode cannot be determined by three camera images.

Proof: Let us suppose to have only two camera observations, one taken at
the time 0 and one at the time T'. Let us suppose that the vehicle moves during
the time interval [0, T with the linear acceleration A,(t) and the angular speed
Q(t), t € [0, T]. Let us consider the reference frame attached to the vehicle at
the time 0. We use the same notation as at the beginning of section 6.1. The
dynamics are given in (18).

Obviously, in this reference frame, the configuration of the vehicle at the
time T is completely determined by the values of A,(t), Q(t), t € [0, T] and
the initial vehicle speed vg. In particular, for the position s(7) we have:

T t
8(T) = T + /0 /0 p(7) Ay (T)p(r)*drdt

where p(7) is obtained by integrating the third equation in (18) with p(0) = 1.
From the previous equation we obtain that the motion obtained with the new
acceleration (A (t)), the new angular speed (Q’(t)) and the new initial speed
(1) defined as follows:

A:;(t) = [Oa 0, O]T
()= Q

(t)
L 1 (T gt . .
v, =ip+ T/o /0 p(7) A, (7)p(7)*drdt

reproduces exactly the same final vehicle position s(7T") and the final orienta-
tion p(T). Now let us consider the case where the vehicle moves with linear
acceleration A’ (t) and angular speed ©’(t) and the camera continuously per-
forms observations during the interval [0, T]. Since the linear acceleration is
identically zero, on the basis of property 7 we obtain that the modes cannot
be observed. Let us consider the original case, i.e. the case where the vehicle
moves with linear acceleration A, (t) and angular speed €2(t) and performs only
the observations at the time 0 and 7. Both these observations are also per-
formed in the previous case since the initial and the final vehicle poses coincide.
Therefore, the information acquired in the original case is at most the same as
the one acquired in the other case. Hence, the modes cannot be estimated also
in the original case.

The proof of the second part of this property is very similar and will be
omitted M

A fundamental consequence of the previous three properties is:
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Theorem 1 (Minimum number of camera images) In order to estimate
the observable modes the camera must perform at least three observations (i.e.
the observability requires to have at least three images taken from three distinct
camera poses). When the magnitude of the gravitational acceleration (g) is
unknown, the minimum number of camera images becomes four. This necessary
condition also holds when the accelerometer’s measurements are biased.

Proof: The first part of this theorem is a simple consequence of properties
8 and 9. The second part of this theorem is a simple consequence of properties
7and 9. B

In most of cases, the magnitude of the gravitational acceleration (g) is known
with good accuracy. Hence, considering the case of unknown gravity, could seem
useless. On the other hand, considering this case has a very practical importance
(see property 12 at the end of the next section).

7 Closed-Form Solutions to Perform the Esti-
mation of All the Observable Modes

We provide closed form solutions which directly express the observable modes
in terms of the sensor measurements collected during a short time interval. For
the sake of clarity, we start by providing the closed-form solution in the case
without gravity (7.1). Then, we provide the solution in presence of gravity (7.2)
and bias (7.3). We also discuss the case of multiple features.

7.1 The case without Gravity
7.1.1 Single Feature

We start by discussing the case of one feature. Property 2 states that the sensor
data collected during a given time interval contain the information to estimate
the vehicle speed and the position of the feature in the local frame. Hence, we
start by expressing the dynamics and the observation in this frame. We have:

F=MF-V

. (23)
V=MV+A

where F' is the position of the feature in the local frame and V is the vehicle
speed in the same frame. The matrix M depends on the angular speed:

0 Q. -Q
M=| -0, 0
Q, -Q 0
The validity of (23) can be checked by a direct substitution, i.e. by using
F = —q*fq, V = ¢*iq and by computing their time derivatives with (9).
In the local frame, the observation in (10) is:

F, Fyr

hcam = [yla yQ]T = |:F7 F
z z
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Let us consider a given time interval, [Ty, To + 7]. Our goal is to estimate
the position of the feature and the vehicle speed in the local frame at Tj, i.e.
Fo = F(Tp) and Vy = V(Tp), by only using the data from the camera and
the IMU during the interval [Ty, To + T']. The measurements provided by the
IMU are usually delivered at a very high frequency (~ 100 Hz). This allows
us to integrate the equations in (23). This seems to be useless since we do not
know the initial state [Fp, Vp]T. In fact, our goal is to estimate [Fp, Vp]T.
The basic idea is the following. We numerically integrate the equations in (23)
by leaving symbolic the unknown components of the initial state. In other
words, we obtain for every time ¢ > Ty the analytical expression of the state
[F(t), V(t)]" in terms of its initial value [Fp, Vo]%.
The following fundamental property holds:

Property 10 The position of the feature at any time, F(t), linearly depends
on the initial feature position, Fy, and on the initial vehicle speed, V. In other
words:

F(t) = Cr(t)Fo + Cy (t)Vo + CpB(1) (25)

where Cp(t), Cy(t) are 3 x 3 matrices and Cpg(t) is a 3D—wvector. In addition,
Cr(t) and Cy (t) only depend on Q(7), T € [Tp, t].

Proof: In appendix B we provide the expression of F'(t) and V() in terms
of the the initial values Fp and Vp and the acceleration A(7) and angular speed
Q(71), 7 € [Ty, t]. In particular, the matrices Cr(t) and Cy (t) and the vector
Cpg(t) are computed B

We consider the components of F(t), i.e. F,(t; Fo, Vo) F,(t; Fo, Vo) and
F.(t; Fo, Vo). By using (24) we obtain:

F.(t; Fo, Vo) = w1(t) F.(t; Fo, Vo) (26)
Fy(t; Fo, Vo) = y2(t) F.(t; Fo, Vo)

These are two independent equations in our six unknowns (which are the com-
ponents of Fp and Vp). On the basis of property 10, the components of F(t)
are linear on the unknowns. Hence, the equations in (26) are linear and, by
having at least m,,s = 3 camera observations, we can easily obtain the initial
state [Fp, Vp]T. In appendix C we analyze the case nys = 3 and we prove
that the 6 equations are independent (with the exception of special cases whose
probability is zero). Hence, in this case, the components of Fy and Vg are ob-
tained by inverting a (6 x 6) matrix. For larger ngps, it suffices to compute the
pseudoinverse of a (2n,ps X 6) matrix.

7.1.2 Multiple Features

Let us consider the case when the camera observes Ny features. Let us denote
their position in the local frame with F% i =0, 1, ..., Ny — 1. On the basis of
property 4, we know that we can estimate the state [F0, F* .. FNs=1 V]
whose dynamics are given by (23) with the first equation repeated for all the
features. The camera observation model is the one in (24), repeated for all the
features. Each camera observation consists of 2Ny measurements, yi, y5, i =
0, 1, ..., Ny —1. By proceeding as in the case of one feature, we obtain a system

RR n° 7530



inria-00569083, version 5 - 13 Apr 2011

26 A. Martinells

of linear equations similar to the one in (26). The number of unknowns are now
3N+ 3. By considering nos camera observations, the number of equations are
2nopsNy. When ngps = 2, we have 4Ny equations. For Ny > 3 the number of
equations is larger than the number of unknowns, i.e. 4Ny > 3Ny + 3 when
Ny > 3. On the other hand, on the basis of theorem 1, we know that these
equations are not independent. Hence, the minimum number of observations is
3 for any value of N;. However, a higher value of Ny will increase the precision
of the estimation.

7.2 The case with Gravity
7.2.1 Single Feature

As in the previous subsection, we start by considering the case of a single feature.
On the basis of property 3, we know that the sensor data collected during a
given time interval, contain the information to estimate the vehicle speed and
the position of the feature in the local frame, and, the absolute roll and pitch
angles. We express the dynamics and the observation in the local frame. We
have:

F=MF-V
V=MV +A+A, (27)
q=mq

where q is the four vector whose components are the components of the quater-
nion ¢, i.e. ¢ = (¢, Gz, @y, q-]7. The matrix M is provided in 7.1 and the
matrix m is:

0 -0, -0, —-Q.
Q 0 Q -9
Q -9 0 Q
Q. Q -9 0

N =

A, is the gravitational acceleration in the local frame, i.e. /Alg = q*aqyq. We
remark that, because of the gravity, the first two equations in (27) cannot be
separated from the equations describing the dynamics of the quaternion, in
contrast to the case without gravity.

Let us consider a given time interval, [Ty, Tp + 7). In contrast to the pre-
vious case, our goal is now to also estimate the absolute roll and pitch an-
gles at the time 7. In other words, the goal is the estimation of the state
[Fo, Vo, Ro, Py]*, by only using the data from the camera and the IMU
during the interval [Ty, To + T]. We proceed as in the previous case. We
numerically integrate the equations in (27) by leaving symbolic the unknown
components of the initial state. On the other hand, the components of q(7p)
are not observable since the yaw angle is not observable. In order to proceed
as in the previous subsection, we need to know how the position of the feature
at the time ¢, i.e. F(t), depends on [Fy, Vo, Ro, Py]T. We have the following
fundamental property, which extends the property 10 to the case with gravity:

Property 11 The position of the feature at any time, F(t), linearly depends
on the initial feature position, Fy, on the initial vehicle speed, Vg, and on the
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three quantities: Xo = 29(qu0dyo — 4209:0), X3 = —29(qt09z0 + y0q-0) and
X~y = 29(q20 + q30) — 9- In other words:

F(t) = Cp(t)Fo + Cy(t)Vo + Cy(t)xg + CB(t) (28)
where Xg = [Xa, Xgs Xy|T is the gravity vector in the local frame at time Ty,
Cr(t) Cy(t), Cy(t) are 3 x 3 matrices and Cg(t) is a 3D—wvector. In addition,
Cr(t), Cv(t) and Cy(t) only depend on Q(7), T € [Tp, t].

Proof: In appendix D we provide the expression of F(t) and V(t) in terms
of the the initial values Fy, Vg, qo and the acceleration A(7) and angular speed
Q(7), 7 € [Ty, t]. The dependence on the initial quaternion gq is only through
the three components of the vector x4 and it is linear, as it is the dependence on
Fy and Vp. In the appendix, the matrices Cr(t), Cv(t), Cy(t) and the vector
Cp(t) are computed B

By proceeding as in the case without gravity we obtain the analogous of
equations (26). The new equations also depend on the vector xg:

F.(t; Fo, Vo, Xg) = y1(t) F.(t; Fo, Vo, Xg) (29)

Fy(t; Fo, Vo, xg) = y2(t) Fx(t; Fo, Vo, Xg)
i.e., each camera observation occurred at the time ¢t € [Ty, T+ 7T provides two
equations in the nine unknowns (which are the components of Fo, Vp and xg4).
On the basis of property 11, the components of F'(t) are linear on the unknowns.
Hence, the equations in (29) are linear and, by having at least n,ps = 5 camera
observations, we can easily obtain the initial state [Fo, Vo, Xg]”. In particular,
when nops > 5, the components of Fp, Vo and x4 are obtained by computing
the pseudoinverse of a (2n,ps X 9) matrix.

7.2.2 Single feature; exploiting additional information

On the basis of property 3, we know that, regarding the robot orientation, only
the roll and pitch angles are observable modes. Hence, it must be possible to
express the components of the vector xg only in terms of these two angles. In
appendix E we provide these expressions. These expressions contain additional
information to estimate [Fp, Vo, Xg]T. Indeed, the components of x4 are three
but they only depend on two quantities. An important consequence due to this
additional information is that it is possible to estimate [Fg, Vo, XQ]T even
when the camera only performs n.,s = 4 observations. On the other hand,
when more than four observations are available (ngps > 5), the expressions in
(44) can be adopted to improve the precision. We discuss the case of nyps = 4
observations and we provide a procedure to perform the estimation. When
Nobs = 4, the equations in (29) are eight®. Hence, it is not possible to determine
the components of Fp, Vp and xg by a simple matrix inversion. On the other
hand, the equations in (29) allow us to express eight among the nine unknowns
in terms of one of them. Let us suppose to express the components of Fy and
Vo, and the first two components of x4 in terms of x.. We have:

w=cyx,+d (30)

3By proceeding as in the appendix C, it is possible to prove that these equations are
independent, with the exception of special cases whose probability is zero (e.g. when the four
vehicle poses and the observed feature lie on the same plane)
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where w = [Fyo, Fy0, Fz0,Vz0, Vyo, V20, Xas X5]? and ¢ and d are two vectors
whose components are obtained by using the eight linear equations provided by
(29) where the expression of F(t; Fo, Vo, Xg) is provided in the appendix D.
c and d only depend on the vehicle angular speed and linear acceleration during
the interval [Ty, To+T]. We start by considering the last two equations in (30).
They are:

Xa = C71X~ T dr
XB = C8X~ + d8

where ¢7, cg are the 7" and 8" component of ¢ and d7, dg are the 7% and 8"
component of d. By using (44) we know that the norm of the vector x4 is g.
Hence, by using the previous two expressions we have:

Ixg|® = (crxy + dr)? + (csxy + ds)* + Xi =g° (31)

which is a second degree equation in .. Therefore, by solving this equation and
by using (30), we immediately obtain w, and so Fyp, Vp and x4 (actually, two
solutions are obtained since (31) is a second degree equation). Fig. 5 displays
the steps of the procedure previously described.

IMU data during the
interval [T, T,+7]

) AR Obtain all
: Obtain » the
4 camera observations at aznéi g i — by using = observable
t=T, 2t b2t =TT \28) 2y (27) modes by
using (25) using (26)

Figure 5: The steps performed to estimate the observable modes when n,,s = 4
and Ny = 1. Two distinct solutions are determined.

In the case we have nqps > 5, the values of Fp, Vg and x4 are obtained by
using the 2n,ps (> 10) equations in (29) (it suffices to compute the pseudoinverse
of a (2n,ps X 9) matrix). Then, the equations in (44) are used to obtain the roll
and pitch angles. We have:

. Xa . Xp
P =arcsin | =— |, R= —arcsin | ——— 32
(9) <\/92—x3> o

The previous expressions only depend on x, and xg. In other words, by using
them to estimate the roll and pitch angles, the information contained in x is
not exploited. A possible way to exploit this information is to minimize the cost
function:

¢(R, P) = (gsin P — xo)* + (33)
+ (—gsin Rcos P — Xﬂ)Q + (—gcos Rcos P — XV)Q

where the initial values are set by using (32).
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7.2.3 Multiple Features

Let us consider the case where the camera observes Ny features. As in the
previous section, we denote their position in the local frame with F*, i =
0, 1, ..., Ny—1. On the basis of properties 4 and 6 we know that we can estimate
the state [F°, F1, ..., FNs=1 vy, Xg)- Each camera observation consists of
2N measurements, yi, y5, i =0, 1, ..., Ny — 1. By proceeding as in the case
of one feature, we obtain a system of linear equations similar to the one in (29).
The number of unknowns are now 3Ny + 6. We have the following property:

Property 12 When the number of camera images is less or equal to three
(nobs < 3) the rank of the matriz characterizing the linear system in (29) is
always smaller than the number of unknowns, independently of the number of
features.

Proof: According to theorem 1, when n,s = 3 the value of g, i.e. the mag-
nitude of the vector x4, cannot be estimated. Hence, x4 cannot be determined
by simply solving the linear system in (29). This means that the rank of the
matrix characterizing that linear system is always smaller than the number of
unknowns W

Let us consider the case of two points features in three camera images.
The unknowns are 12: the position of the two features in the local frame (6
unknowns), the vehicle speed in the local frame (3 unknowns) and the gravity
vector in the local frame (3 unknowns). The number of equations in (29) are
also 12. On the other hand, because of property 12, the rank of the matrix
characterizing the linear system in (29) is less than 12. In appendix F we prove
that this rank is in general equal to 11 with the exception of the following special
cases (when it is less than 11):

1. at least one of the camera pose is aligned with the two other features;
2. all the camera poses and the two features belong to the same plane.

In general, i.e. when the rank is 11, the estimation can be performed by using
the value of g which must be a priori known. Enforcing |xg4| = ¢ is obtained by
solving equation (31). Hence, as in the case of a single feature in four images,
two distinct solutions are obtained.

Property 12 states that when n,,s = 3, the determination of the observable
modes cannot be obtained by computing a pseudoinverse also when the number
of features is larger than two. On the other hand, it is possible to show that,
with the exception of special cases, the observable modes can be determined by
enforcing |xg| = g. Hence, when nq,s = 3 and Ny > 2, two distinct solutions
are in general obtained. When n.,s > 4, the determination of the observable
modes can be performed by the computation of a pseudoinverse, provided that
the number of equations is at least as the number of unknowns and that the
vehicle poses and the positions of the features do not satisfy special conditions,
whose probability is zero (for instance when all the features and all the camera
poses lie on the same plane).

7.2.4 Multiple features; exploiting additional information

As discussed in the second part of 7.2.2, it is possible to exploit the dependence
among the components of x4 to improve the precision on the estimation of the
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roll and pitch angles. The procedure consists of the minimization of the cost
function in (33), as for the case of one single feature.

7.3 The Case with Bias

We derive a closed-form solution only when the accelerometers are affected by
a bias, i.e. we will consider the case ba # [0 0 0] and bg = [0 0 0]7. Indeed,
only in this case a simple closed-form solution has been derived. Additionally,
only this case is interesting from an experimental point of view.

By proceeding as in the case without bias we obtain the following property,
which extends property 11:

Property 13 The position of the feature at any time, F(t), linearly depends
on the initial feature position, Fy, on the initial vehicle speed, Vo, on xg and
on the bias on the accelerometers ba. In other words:

F(t) =Cp(t)Fo + Cy(t)Vo + Cx(t)Xg + Cp, ()ba + Cp(1) (34)

where Xg = [Xas X8, X~)T and Cr(t), Cy(t), Cy(t), Cp,(t) are 3 x 3 matrices
and Cg(t) is a 3D—vector. In addition, Cp(t), Cy(t), Cy(t) and Cy,(t) only
depend on Q(1), T € [To, t].

Proof: At the end of appendix D we provide the expression of F(t) in terms
of Fo, Vo, Xg, ba and the acceleration A(7) and angular speed Q(7), 7 € [Tp, t].
In particular, the matrices Cp(t), Cv (), Cy(t), Ch,(t) and the vector Cpg(t)
are computed W

By proceeding as in the case without bias we obtain the analogous of equa-
tions (29). The new equations also depend on the vector ba:

Fm(t; Fy, Vo, Xg» bA) = yl(t) FZ(t§ Fo, Vo, Xg> bA) (35)
Fy(t§ Fy, Vo, Xg> bA) = yQ(t) Fz(tQ Fy, Vo, Xg> bA)

i.e., each camera observation occurred at the time ¢ € [Ty, Ty + T provides
two equations in the 12 unknowns (which are the components of Fy, Vo, X4
and ba). On the basis of property 13, the components of F(t) are linear on
the unknowns. Hence, the equations in (35) are linear and they allow the
determination of the state [Fo, Vo, Xg, bal”.

8 Performance Evaluation

We evaluate the performance of the proposed strategy by using both synthetic
and real data. The advantage of simulations is that the ground truth is perfectly
known and this allows us a quantitative evaluation of the proposed strategy. We
also investigate the accuracy of the proposed approach in the case where the
data from the accelerometers are affected by a bias. This will be considered in
a single simulation discussed in 8.1.3. In all the other simulations and in the
experiments, we assume unbiased inertial measurements.
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8.1 Accuracy of the Algorithm via Monte Carlo Simula-
tions

We simulate many different trajectories in 3D. For all the simulations we use
the proposed strategy to estimate the distance of the Ny observed features
(di = |d; —r| = |F|, i =0, 1, ...Ny — 1), the speed of the camera (v =
lv| = Jv2+v2+o2 = /VZ+VZ2+V2) and the roll and the pitch angles
(R = arctan(2Q),) and P = arcsin(2Q),)). Specifically, in all the simulations the

values of the estimated d;, v, R, P will be compared with the ground truth
values and the difference is provided.

8.1.1 Simulated Trajectories

The trajectories are generated by randomly generating the linear and angular
acceleration of the camera at 100 Hz. In particular, at each time step, the three
components of the linear acceleration and the angular speed are generated as
Gaussian independent variables whose mean values will be denoted respectively
with 11, and j,, and whose variances will be denoted respectively with o2 and o2.
By performing many simulations we remarked that the precision of the proposed
strategy in estimating the roll and pitch angles is almost independent of p,, 02
and 2. On the other hand, the precision on the estimated d; and v significantly
depends on p, and also depends on o2, This is not surprising. Indeed, according
to property 7, when the camera moves at constant speed, the scale factor cannot
be estimated. Hence, we expect that when u, becomes smaller the precision on
the estimation of d; and v becomes worse. We set the previous parameters in
order to be close to a real case (as in the experiment discussed in 8.2.2; see also

2
figure 8 b): 02 = (1 %)27 L = Od%g and 02 = (1 %) . Regarding p, we
considered the following two values p, = 073 and p, = 0.3%.

The initial vehicle position is at the origin. We adopt many different val-

ues for the initial speed. In the simulations here provided it is set equal to:
[0.3, 0.3, 0.3]%.

8.1.2 Simulated Sensors

Starting from the accomplished trajectory, the true angular speed and the linear
acceleration are computed at each time step of 0.01s (respectively, at the time
step 4, we denote them with Q"€ and Af,’";‘e). Starting from them, the IMU
sensors are simulated by randomly generating the angular speed and the linear
acceleration at each step according to the following: €2; = N (Qf’“"e, PQ) and
Ai =N (AZT:-‘e — Agi — bAi,PAi) where:

e N indicates the Normal distribution whose first entry is the mean value
and the second its covariance matrix;

o Py, and P4, are the covariance matrices characterizing the accuracy of
the IMU,

o Ag; is the gravitational acceleration in the local frame and ba; is the bias
affecting the data from the accelerometer.
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In all the simulations we set both the matrices Pn, and P4, diagonal and
in particular: Po, = 07,,,I3 and Pa, = 0,13, where I3 is the identity 3 x 3
matrix. We considered several values for o4y, and ogc., in particular: ogyr, €
(0.3, 10] deg and o4 € [1, 30]%.

Regarding the camera, the provided readings are generated in the following
way. By knowing the true trajectory, the true bearing angles of the feature
in the camera frame are computed. They are computed each 0.3s. Then, the
camera readings are generated by adding to the true values zero-mean Gaussian

errors whose variance is equal to (1 deg)? for all the readings.

8.1.3 Simulation Results

We start by showing the results related to an illustrative case, where the vehicle
accomplishes a 3D trajectory. In particular, the simulated vehicle moves during
100s. Figure 6 a displays the vehicle trajectory together with the position of
the point features.

o I T :
2;0 40 60 80 100
s
“ b

Figure 6: In a: typical 3D motion generated in our simulations; the red stars
indicate the point features. In b: the true (blue dots) and the estimated (red
dots) vehicle speed.

The camera observes all the features whose distance is smaller than 5m. In
this simulation, the parameters characterizing the error on the IMU are set as
follows: 04yro = 1 deg and o4cc = 3%7*. The number of observations for every
estimation is ngps = 8.

Figure 6b shows the norm of the vehicle speed. The blue dots are the true
values while the red dots are the estimated ones. Figures 7 (left and right)
display the roll and pitch angles and figure 8a shows the three components
of the bias affecting the tri-axial accelerometer. The camera performs a new
observation every 0.3s. Since ng,s = 8, the length of the time interval necessary
to perform a single estimation is 2.4s. Note that the value of the bias is changing
very slowly with time and it can be assumed constant during every estimation
process.

In order to have more quantitative results we performed many simulations.
We considered different scenarios by varying the number of observed features
(Ny), the values of 0gyro and ogee, the number of observations ne,s and the
parameter y, which characterizes the motion. Regarding Ny, we remarked that
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Figure 7: Roll (left) and pitch (right) angles during the simulated experiment.
The blue dots are the ground truth and the red dots the estimated values.
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Figure 8: In a: the three bias components of the accelerometers; from the
bottom to the top the x, y and z components. In b: the three components of
the acceleration provided by the tri-axial accelerometer in the real experiments
(see section 8.2); from the bottom to the top the z, y and z components.
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there is a significant precision improvement by passing from Ny =1 to Ny = 2.
On the other hand, for larger N, the precision improvement is negligible. The
position of the features was randomly generated with a uniform distribution
on the box centered on the origin and with size bm. Figure 9 summarizes the
results of this investigation by displaying the estimation error vs the number of
camera observations (n.ps). 16 pictures are provided. From the bottom to the
top they display the error on the pitch angle, the roll angle, the vehicle speed
and the distance of the observed features, respectively. From the left to the
right they regard the case of Ny =1, pg =0 ms~2, Ny =1, pg =03 ms~2,
Ny =2, pg =0 ms~2 and Ny =2, ug =0.3 ms~2. Every picture displays 4
distinct curves, which correspond to 4 different settings for the values of o4y.0
and o4... From the bottom to the top, the previous variances increase. In
particular, from the bottom to the top of every picture the values are: ogyr, =
0.3 deg Oace = 1 %; Ogyro — 1 deg Oace = 3 %7 Ogyro = 3 deg Oace = 10 %721
and ogyro = 10 deg 0gec = 30 CS—’Q Each value is computed by running 100
Monte Carlo simulations. Regarding the distance d, the provided error (the
four pictures at the top) is averaged on the two features when Ny = 2. As
stated in section 7.2.3, when Ny = 2, three observations allows performing the
estimation. This is the reason because the smallest ns is 3 when Ny = 2 (the
pictures in the last two columns). Regarding the case of a single feature, as
explained in section 7.2.2, the smallest ngps is 4.

8.2 Performance Evaluation with Real Data

We evaluate the performance of the proposed algorithm by using two distinct
data sets, the first is in 2D and the second in 3D.

8.2.1 2D Data Set

We adopted the data set provided in [31]. This is an excellent test bed since
it also provides a thorough ground truth. The only drawback for our purposes
is that our strategy works also in 3D while this data set regards experiments
carried out in 2D.

We adopted the data provided in the session Bicocca-2009-02-26a. The
robot trajectory in the ground truth data file is provided at around 50 Hz.
This allowed us to get a reliable ground truth for the vehicle speed. The data
provided by the IMU are also available. These data are delivered at around
130 Hz. Finally, by using the provided vision data files, we were able to extract
several point features. In fig 10 we display a piece of the robot trajectory
(as provided by the ground truth data file). In particular, all the points in
blue represent the robot positions. In the figure four groups of points are also
displayed by using red stars. Each group of star marks represent the true robot
positions where the same point feature has been extracted from the vision data
file. Unfortunately, through the provided ground truth data set, we do not have
the actual position of our extracted four point features. For this reason, we
cannot evaluate the performance of our strategy in evaluating the distance of
these features. On the other hand, by having the true robot speed as previously
mentioned, we evaluate the accuracy of the proposed strategy in estimating the
robot speed. In table 1 we report the true and the estimated speeds of the robot

INRIA



inria-00569083, version 5 - 13 Apr 2011

Closed-Form Solutions for IMU & Vision 35

N1, p=0ms? N=1,p=03ms? N=2 p=0 ms'; EIdmf:z, W= 0.3 ms™

v [mg ™

Figure 9: Error on the observable modes obtained by running 100 Monte Carlo
simulations. From the bottom to the top the pictures display the error on
the pitch angle, the roll angle, the robot speed and the distance of the observed
features, respectively. Every picture displays 4 distinct curves which correspond
to 4 different settings for the values of o4y, and ogee.

RR n° 7530



inria-00569083, version 5 - 13 Apr 2011

36 A. Martinells

Figure 10: A piece of the 2D robot trajectory as recovered by the ground truth
data file in the session Bicocca-2009-02-26a of [31]. The four groups of stars
represent the points where the same point feature has been extracted.

U1 U2 U3 Vg
True Speed 0.466 | 0.638 | 0.585 | 0.661
Estimated Speed | 0.49 | 0.65 | 0.57 | 0.63

Table 1: True and estimated robot speeds (ms~1)

for the four considered group of points. The speed for each group is the initial
one, i.e. the one that the robot has when it is at the point on the left.

8.2.2 3D Data Set

We evaluated the performance of the proposed algorithm by using a 3D data
set. These data have been provided by the autonomous system laboratory at
ETHZ in Zurich. The data are provided together with a reliable ground-truth,
which has been obtained by performing the experiments at the ETH Zurich
Flying Machine Arena [20], which is equipped with a Vicon motion capture
system. The visual and inertial data are obtained with a monochrome USB-
camera gathering 752 x 480 images at 15Hz and a Crossbow VG400CC-200
IMU providing the data at 75 Hz. The camera field of view is 150 deg. The
calibration of the camera was obtained by using the omnidirectional camera
toolkit by Scaramuzza [32]. Finally, the extrinsic calibration between the camera
and the IMU has been obtained by using the strategy introduced in [19]. The
experiment here analyzed lasted for about 250s.

Figure 11 a shows the trajectory (ground truth) during the time interval
[200, 240]s.
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Figure 11: In a: the trajectory (ground truth) in the 3D real data set during
the time interval [200, 240]s. In b: the vehicle speed in the real 3D experiment.
Blue dots are the ground truth and red dots the estimated values.

Figures 11 b and 12 show the results regarding the estimated speed, roll and
pitch angles, respectively. In all those figures, the blue dots are the ground truth
while the red dots are the estimated values.
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Figure 12: Roll (left) and pitch (right) angles in the real 3D experiment. Blue
dots are the ground truth and red dots the estimated values.

9 Conclusions

In this paper we investigated the problem of data fusion when the adopted sen-
sors are a monocular camera and inertial sensors (i.e. one tri-axial accelerometer
and one tri-axial gyrometer). We provided two main contributions:

1. The analytical derivation of all the observable modes, based on a non
standard observability analysis, which fully accounts the system non lin-
earities.

2. The analytical derivation of closed-form solutions which analytically ex-
press the observable modes in terms of the sensor measurements collected
during a very short time interval.

The first contribution was marginally approached in the past. To the best of
our knowledge, no quantitative results, based on analytical computation, have
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been provided so far. The computation carried out in section 5 allowed us to
provide quantitative results in many different contexts, including the case of
biased and unbiased inertial measurements, the case of a single and multiple
features, and in presence and absence of gravity. In our opinion, there are
cases where the provided results are not intuitive. Property 5 states that, by
only observing one single feature and by collecting the data from one tri-axial
gyrometer and one tri-axial accelerometer, there is all the necessary information
to estimate the robot speed in the local frame, the position of the feature in the
same frame, the absolute roll and pitch angles and the bias affecting the inertial
measurements. This is a non intuitive result. In addition, several necessary
conditions on the vehicle motion and on the minimum number of camera images
have been derived.

The second contribution provides closed form solutions which allow us to
simultaneously determine all the observable modes without the need of any
initialization or a priori knowledge. In particular, only few camera observations
are necessary. This is a key advantage since it allows us to quickly recover the
observable modes even after a kidnapping. In mobile robotics, and in particular
in aerial navigation, this becomes a fundamental advantage.

The performance of the proposed approach has been evaluated via extensive
Monte Carlo simulations and by using two distinct real data sets.

Future works will be devoted to extend the proposed estimation approach by
also taking into account varying sensor accuracies in order to give preferential
weighting to the more accurate sensor in the results. We also want to analyti-
cally investigate the independence of the equations in the closed form solutions
in presence of bias. In particular, we want to investigate the cases when the
number of observations and features are the minimum required to perform the
estimation on the basis of the observability analysis. Currently, this analysis has
been done only in the case without bias (in section 7.2.2 and in the appendices
C and F).
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A  Number of Independent Lie Derivatives for
the System analyzed in 5.1

The system is characterized by the state: [r v q]7, whose dimension is 10. The
dynamics are given in (9) (without the term a4, since we are considering the
case g = 0) and the observations are given in (10) and (11). In order to compute
the Lie derivatives, we need to express the dynamics as in (5). We have L = 6
and the six inputs are the three components of the acceleration, A, and the
three components of the angular speed, 2. Hence: u1 = Ay, up = Ay, us = A,
Uy = Qg, us = €y, ug = . The seven vector functions fo, f1, ..., fe are:

fo = [V, vy, vs, 07]"

f1=100s, ¢} + ¢~ — 2, 24:q: + 24yqu, — 201Gy + 242Gz, 04]"
f2=10s, —24:q: +20yG; G + 4 — @ — @or 20tG2 + 2¢-qy, Oa]”
f3 =103, 2010y + 20202, — 20¢40 + 2020y, G + 4> — 45 — q;» Oa]”
fa=1[06, —1/2qz, 1/2q;, 1/2¢., —1/2q,]"

fs =106, —1/2qy, —1/2q., 1/2q:, 1/2q,]"

fo =106, —1/2q., 1/2qy, —1/2qs, 1/2¢:]"

where we denoted with 0,, the vector line whose dimension is n and whose
entries are all zeros.

We must compute the Lie derivatives of all the three observations function
given in (10) and (11) with respect to all the previous vector fields. By a
direct computation, performed by using the symbolic Matlab computational
tool, we were able to find the following 7 independent Lie derivatives: L%y,
L%y, Lohconst, Llfoyl, Llfoy2’ L2fo, FolUts L2f0, £ We know that we cannot

have more than 7 independent Lie derivatives (otherwise, we would have less
than three symmetries). Hence, the number of independent Lie derivatives is 7.

B Computation of F(t) and V(t) in the case
without gravity

We provide the expression of F'(t) and V(¢) in terms of the the initial values
F(Ty) = Fy and V(Tj) = V, and the acceleration A(7) and angular speed
Q(r), T € [Ty, t].

By discretizing the second equation in (23) and by denoting with j the 5
time step (corresponding with ¢;), we obtain:

Vj = (I3 + M;dt;)Vi—1 + Ajdt;

where M is the matrix M provided in section 7 at the time step j, I3 is the
identity matrix 3 x 3 and dt; =t; —t;_1.
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The previous expression for V; provides the following expression in terms of
the initial conditions:

J
V; =E; (Vo + Z E;lAkdtk> (36)

where:

J
=5 = [[ s + Mydty) (37)
k=1

which is the rotation matrix between the local frame at time T and the local
frame at time ¢;. In the same way we finally obtain the expression of Fj in
terms of the initial conditions:

J
Fj=5%; (FO — ZElvkdtk> = (38)

k=1

ik
=5j (Fo —(t; = To)Vo—>_ > Ek,lAk,dtkdtk,>

k=1k'=1

Hence, we have:

Fj = Cr(t;)Fo + Cy (t;)Vo + Cgl(t;)
with:

I
[1]

Cr(t;) i, Cv(ty) = (To — t5)=y,

j ok
—=; Z Z E;,lAk/dtkdtk/

k=1k'=1
Note that both Cr(t;) and Cy (t;) only depend on Q(7), 7 € [Tp, t;].

Cg(t;)

C The closed-form solution in the case n,s = 3,
Ny =1 and in absence of gravity

We will prove that the equations in (26) are independent in the case of three
distinct camera observations (n.,s = 3) and one feature (Ny = 1). As discussed
in section 7.1, in this case the number of equations in (26) is six as the number
of unknowns (which are the components of the vehicle speed in the local frame
and the components of the feature position in the same frame).

In order to prove the independence of the previous equations, we proceed
by a direct computation. We have three consecutive camera observations. Let
us denote with tg, t; and ty the three consecutive times when the three ob-
servations occur. Let us refer to the local frame at time t3. Let us denote
by [a, b, ¢]T the position of the feature in this local frame. In addition, we
denote by [z1, y1, 21, R1, P1,Y1] and [x2, ya, 22, Ra, P2,Ys] the two camera
poses at the times ¢; and t; in this local frame, where, for each pose, the first
three components describe the position and the last three the orientation (given
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by the three angles of roll, pitch and yaw). We derive the analytical expres-
sion of the observation in (10) in terms of the previous variables. We obtain:

hcam(tO) = [2 Q]T

c’)c ’

—— cYiePy(a — x1) + (cY18P1sRy — sY1cR1) (b — y1) + (cY18PicRy + sY1sR1)(c — z1)
cam\l1) =

—sPi(a —x1) + cPisRi(b—y1) + cPicRy(c — 21)

schPl(a - $1) + (SYl.SPlSRl + CchRl)(b - yl) + (5Y15P10R1 - chsRl)(c - Zl) r
—sPi(a—x1) + cP1sRy1(b—y1) + cPicRi(c — 21)

and the same expression as above for heqpm (t2) (with 2 instead of 1). The ¢ and
s symbols are adopted for the cosinus and sinus function (e.g. ¢P; = cos(Py)).
Starting from these expressions, it is possible to obtain the matrix characterizing
the system of equations in (26), i.e. the matrix which has to be inverted to
obtain the six unknowns. By using the MATLAB symbolic tool it is possible to
compute its determinant and investigate the conditions under which it vanishes.
We found that it is zero only when all the three poses and the position of
the feature lie on the same plane. A part this special situation (which occurs
with zero probability) the determinant is different from zero meaning that the
equations in (26) are in general independent.

D Computation of F(t) and V (¢) in the case with
gravity

We provide the expression of F'(t) and V(¢) in terms of the the initial values
F(Ty) = Fo, V(To) = Vo, q(To) = qo and the acceleration A(7) and angu-
lar speed Q(7), 7 € [To, t]. As we will see, the dependence on the initial
quaternion go is only through the three quantities: xo = 29(¢109y0 — ¢20920);
Xp = —29(q104x0 + qy0qz0) and x, = 29(q3o +q;0) — g, Which are the component
of the gravity vector in the local frame at time Tj. In addition, this dependence
is linear as it is linear the dependence on Fy and Vj.

Before integrating the second equation in (27), as in the appendix B, we
consider the new term Ag, which depends on the quaternion. In particular,
we separate in this term the time-dependent part from the part which is time-
independent. Specifically, we introduce the quaternion p(¢) such that ¢(t) =

qop(t).

Ag(t) = q(t)"agq(t) = p(t)* g agqop(t)

p(t) satisfies the same time differential equation as ¢(t), i.e. p = %pQ, but,
p(0) = 1. Let us denote with x4 the 3D vector associated with the quaternion
450490, i.e. Xg = q3agqo- By a direct computation we obtain:

qt049y0 — 4920920 Xa
Xg = 29 ~004:0 ~ 4y0g:0 | = | X5 (39)
dz0 + qyO 2 X~

and:
Ag(t) = T(Dxg, T(t)=

RR n° 7530



inria-00569083, version 5 - 13 Apr 2011

42 A. Martinells

PP =Dy =P 20ipe +2paDy  —2piPy + 22D
—2pip. + 2pepy PP DL — P — D2 2piDa + 2D2py
20ipy + 2pep> —20ePa +2pyp- PP+ DI —DE— D

Note that I'(t) only depends on p(t). p(t) is obtained by integrating the equation
p= %pfl, with p(0) = 1. Hence, p(t) only depends on the values of the angular
speed for ¢t > Ty. As a result, the matrix I'(¢) only depends on these values.
In particular, I'(¢) is independent of the initial state. The matrix I'(¢) is the
rotation matrix transforming vectors from the local frame at time T} into local
frame at the time t. We integrate the second equation in (27), obtaining:

V; = (Is + M;dt;)Vj_y + Bjdt; (40)

where Bj = Aj —+ Ag j= Aj —+ Fng-
The previous expression for V; provides the following expression in terms of
the initial conditions:

‘/jZZj

J
Vo + (t; — To)Xg + EEIAkdtk] (41)
k=1

In the same way we finally obtain the expression of Fj in terms of the initial
conditions:

J
F; =3, <F0 -3 E,;lvkdtk> =&, [Fo+ (42)

k=1

T (tj — TO)2 4 b r:—lA
—(t; —To)Vo — 9 Xe~ Z Z g Awrdtrdti
k=1k'=1

Hence, we have:

Fj = Cp(t;)Fo + Cv(t;)Vo + Cy(tj)xg + Cr(1)) (43)
with:

Cr(t))

Ej, Cv(ty) = (To — t5)=5,

= (tj = To)*
Cx(t5) E—:j%a

7 k
7Ej Z Z E;,lAk/dtkdtk/

k=1k'=1

Cg(t;)

and the matrix =; is given in (37) and it is the rotation matrix between the
local frame at time T and the local frame at time ¢;, computed by only using
the gyro’s measurements. Note that Cr(t;), Cv(t;) and Cy(¢;) only depend on
Q(r), T € [To, tj].

In the case where the tri-axial accelerometer is affected by a bias, the deriva-
tion of the expression of F} is very similar to the previous one. The only dif-
ference is that in (40), the term Bj also includes the bias ba. In particular we
have B; = A; +T'jxg + ba. The expression of F} differs from the one in (43)
since it includes a new term: F; = Cp(t;)Fo+Cv (t;)Vo+Cy(t;)xg+Cr(t;)+

Coa(t5)ba, where C, (t5) = ~Z; (Thoy Xhoy St dtiwdty ).
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E Analytical expression of x,, x3 and x, in terms
of the roll and pitch angles

Let us consider the unit quaternion: g; + g¢ + qyj + ¢.k. By denoting with R,
P and Y respectively the roll, pitch and yaw angles, we have [17]:

—_— 3 3 P 3 Y + < R 31 P <] Y

q¢ = COS 9 COS 9 COS D) S1n D) S1n D) SN 9
o P .Y
qy = SIN B COS B) COS B) COS B S1n B Sin 5
R . P Y . R P .Y

qy = COS — SIn — CO0S — —+ SIn — COS — SIn —
2 2 2 2 2 2

— 3 q P < Y < R < P ] Y
q, = COS 9 COS D) S11 9 S1n 9 Sin 9 COSs 9

We use the previous expressions to obtain xo = 29(¢19y —¢29-), X3 = —29(q1qz+
4yq-) and X = 2g(q> + qz) — ¢ in terms of the roll, pitch and yaw angles. As
expected on the basis of property 3, they only depend on the roll and pitch
angles. By a direct substitution we obtain:

Xo = gsin P, xg = —gsinRcos P, x, = —gcos Rcos P (44)

F The closed-form solution in the case n,s = 3,
Ny =2 and in presence of gravity

As stated in section 7.2.3, in this case the number of equations in (29) is 12 as
the number of unknowns. Note that the independent unknowns are actually 11
since three of them are the components of the gravity in the local frame, whose
magnitude can be assumed a priori known.

We adopt the same notation as in appendix C. Since we have one additional
feature, we denote the position of the features in the local frame at time ¢y by
[a1, b1, c1]T and [ag, ba, c2]T , respectively.

By proceeding as in appendix C, we first derive the analytical expressions of
the observations in (10) in terms of the previous variables. These expressions
are similar to the expressions provided in appendix C. The only difference is
that, at each time step, we have an additional observation since we have one
additional feature. In other words, we have the same expressions repeated twice,
once with [a1, by, c1]7 instead of [a, b, ¢]T and once with [ag, by, co]T instead
of [a, b, c]T. Starting from these expressions, it is possible to obtain the matrix
characterizing the system of equations in (29). By using the MATLAB symbolic
tool, it is possible to compute its rank. We found that it is equal to 11 with the
exception of the following special cases (when it is less than 11):

1. at least one of the camera pose is aligned with the two other features;

2. all the camera poses and the two features belong to the same plane.
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In these special cases the rank is 10. We conclude that the rank is in general
equal to 11. Hence, the unknowns cannot be obtained by a simple matrix
inversion. On the other hand, since in general the matrix only miss 1 to be
full rank, it is possible to obtain the unknowns as for the case n,s = 4 and
Ny =1, which has been discussed in section 7.2.2. Obviously, also in this case,
two distinct solutions can be obtained in general.
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