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a  b  s  t  r  a  c  t

A  matrix  Kalman  filter  (MKF)  has  been  implemented  for  a navigation  system  using  point-based  visual
and inertial  sensors.  The  observability  conditions  have  been  proved  by  the  observability  rank  criterion
based  on  Lie  derivatives.  The  conditions  are:  (a)  at  least  one  degree  of rotational  freedom  is  excited
and (b)  at  least  three  observed  points  are  not  collinear  where  any  two  points  are  linearly  independent.
Experimental  results  have  demonstrated  that  the  proposed  algorithm  obtains  the  same  accurate  as  the
line-based  algorithm.

© 2013 Elsevier GmbH. All rights reserved.

1. Introduction

In most outdoor navigation applications, GPS/INS integrated system has been widely used. However, in urban environments and in
doors navigation applications we cannot use GPS since its signals are unavailable. An alternative approach is using other sensors, such as
cameras. Combining these two sensors to form a vision-aided inertial navigation system (V-INS) has recently become a popular topic of
research [1]. Accurate 3-D orientation estimates of a rigid body by inertial/magnetic sensing were exploited [2]. Orientation estimates are
based on the concept of vector matching, which requires, in principle, the measurements of constant reference vectors (e.g., gravity and
the earth’s magnetic field) [3].

In this paper, we adopt a matrix Kalman filter (MKF) in which the estimate of the state matrix is expressed in terms of the matrix
parameters of the original plant [4]. Compared with the ordinary EKF, the MKF  has the advantages of a compact matrix notation by
expressing the estimated matrix in terms of the original plant parameters [5].

The major contribution of this paper is to elucidate under which conditions an indoor navigation system using point-based visual and
inertial sensors is observable. The state matrix contains the body attitude matrix, the gyro bias vector, relative velocity vector, and the vector
direction of the observed point. We  have extended the current work for the observability analysis for an orientation system described in
[4,6], to the navigation systems based on inertial/visual sensors. Compared with observability analysis of a MKF-based navigation system
using visual/inertial/magnetic sensors [4], the difference in the paper are: (a) visual feature is point not line and (b) the number of sensors
are reduced, navigation system only use visual and inertial sensors.

2. Sensor modeling

2.1. Inertial sensor

The kinematic equations are the same as in [4].

�̇n = −vn (1)
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where �n is an arbitrary point on the ground, ba and bg are the biases of the accelerometer and gyro measurements, respectively. [�b
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is the skew symmetric matrix of �b
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2.2. Visual sensor

Unit vector direction of the observed point is chosen as measurements.
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where u and v are image coordinates of �n, f is the focal length and r is the norm of u, v and f.

3. MKF  algorithm

3.1. Process model

The evolving state is as follows:
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where �n
ik

is the vector direction in the n-frame. The dynamic equation is
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According to the conclusion in [4], we obtain the dynamic model as:
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where Eij denotes a 8 × 8 matrix with 1 at position (ij) and 0 elsewhere;
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