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• Low computational complexity methods for MAVs localization in GPS-denied environments and outlier detection.
• Platform: quadrotor equipped with a monocular camera and an IMU.
• Performance evaluation on both synthetic and real data.
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a b s t r a c t

This paper presents low computational-complexity methods for micro-aerial-vehicle localization in GPS-
denied environments. All the presented algorithms rely only on the data provided by a single onboard
camera and an Inertial Measurement Unit (IMU). This paper deals with outlier rejection and relative-
pose estimation. Regarding outlier rejection, we describe two methods. The former only requires the
observation of a single feature in the scene and the knowledge of the angular rates from an IMU, under
the assumption that the local camera motion lies in a plane perpendicular to the gravity vector. The latter
requires the observation of at least two features, but it relaxes the hypothesis on the vehicle motion,
being therefore suitable to tackle the outlier detection problem in the case of a 6DoF motion. We show
also that if the camera is rigidly attached to the vehicle, motion priors from the IMU can be exploited
to discard wrong estimations in the framework of a 2-point-RANSAC-based approach. Thanks to their
inherent efficiency, the proposed methods are very suitable for resource-constrained systems. Regarding
the pose estimation problem, we introduce a simple algorithm that computes the vehicle pose from
the observation of three point features in a single camera image, once that the roll and pitch angles
are estimated from IMU measurements. The proposed algorithm is based on the minimization of a cost
function. The proposedmethod is very simple in terms of computational cost and, therefore, very suitable
for real-time implementation. All the proposed methods are evaluated on both synthetic and real data.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, flying robotics has received significant attention
from the robotics community. The ability to fly allows easily
avoiding obstacles and quickly having an excellent birds eye view.
These navigation facilities make flying robots the ideal platform
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to solve many tasks like exploration, mapping, reconnaissance for
search and rescue, environment monitoring, security surveillance,
inspection etc. In the framework of flying robotics, micro aerial
vehicles (MAV) have a further advantage. Due to the small size
they can also be used in narrow out- and indoor environments
and they represent only a limited risk for the environment and
people living in it. However, for such operations today’s systems
navigating on GPS information only are not sufficient any more.
Fully autonomous operation in cities or other dense environments
requires theMAV to fly at lowaltitude or indoorswhereGPS signals
are often shadowed.

A relevant issue for MAVs is the limited autonomy and payload.
This brings researchers to focus their attention on low computa-
tional complexity algorithms and low-weight sensors.
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Table 1
Number of Ransac iterations.

Number of points (s) 1 2 3 5 8
Number of iterations (N) 7 16 35 145 1177

Recent works on autonomous navigation of micro helicopters
in GPS-denied environments have demonstrated the ability to
perform basic maneuvers using as little as a single camera and an
Inertial Measurement Unit (IMU) onboard the vehicle [1–3]. These
systems rely on well-known theory of Visual Odometry [4], [5]
which consists of incrementally estimating the pose of a vehicle
by examining the changes that motion induces on visually-tracked
interest points. These points consist of salient and repeatable
features that are extracted andmatched across consecutive images
according to their similarity.

One of the primary problems in Visual Odometry is wrong
data associations. Matched features between two different camera
views are usually affected by outliers. This is due to the fact
that changes in viewpoint, occlusions, image noise, illumination
changes and image noise are not modeled by feature-matching
techniques. To perform a robust motion estimation, it is essential
to remove the outliers. The outlier detection task is usually very
expensive from a computational point of view and is based on the
exploitation of the geometric constraints induced by the motion
model.

The standard method for model estimation from a set of data
affected by outliers is RANSAC (RANdom SAmple Consensus) [6].
It consists of randomly selecting a set of data points, computing
the correspondingmodel hypothesis, and verifying this hypothesis
on all the other data points. The solution is the hypothesis with
the highest consensus. The number of iterations (N) necessary to
guarantee a robust outlier removal is [6]:

N =
log(1 − p)

log(1 − (1 − ε)s)
(1)

where s is the number of data points from which the model can
be computed, ε is the percentage of outliers in the dataset, p is
the probability of success requested. Table 1 shows the number of
iterations (N) with respect to the number of points necessary to
estimate the model (s). The values are computed for p = 0.99 and
ϵ = 0.5. Note that N is exponential in the number of data points
s; this means that it is extremely important to look for minimal
parametrizations of the model, in order to reduce the number of
iterations, which is of utmost importance for vehicles equipped
with a computationally-limited embedded computer.

In this paper, which is an extension of our previous works [7,8],
we present low computational complexity algorithms to tackle the
problem of Micro Aerial Vehicle motion estimation in GPS denied
environment and outlier detection between two different views.
All themethods rely on themeasurements provided by an onboard
monocular camera and an IMU. The rest of the paper is organized
as follows. The next section provides the state of the art in outlier
detection and pose estimation respectively. Section 3 describes
the proposed methods to detect outliers between two consecutive
views of a camera rigidly attached to an IMU and presents the
extension of our previous work [8] which consist in relaxing
the hypothesis on the camera motion and making the approach
suitable for any 6DoF motion. The specific case of a camera
mounted onboard a quadrotor is also presented to show that
motion priors provided by the IMU can be used to discard wrong
estimations in the framework of a 2-point RANSAC approach.
Section 4 tackles the problemof pose estimationproviding a simple
algorithm able to estimate the vehicle pose from the observation of
three point features in a single camera image, once that the roll and
pitch angles are obtained by the inertial measurements. Section 5
presents the performance evaluation of the proposed methods
on synthetic and real data. Finally, conclusions are provided in
Section 6.

2. Related works

2.1. Outlier detection

When the camera is calibrated, its six degrees of freedom (DoF)
motion can be inferred from a minimum of five-point correspon-
dences, and the first solution to this problem was given in 1913
by Kruppa [9]. Several five-point minimal solvers were proposed
later in [10–12], but an efficient implementation, based on [11],
was found only in 2003 by Nistér [13] and later revised in [14].
Before that, the six- [15], seven- or eight-point solvers were com-
monly used. However, the five-point solver has the advantage that
it works also for planar scenes. Amore detailed analysis of the state
of the art can be found in [4].

Despite the five-point algorithm represents the minimal solver
for 5DoF motion of calibrated cameras, in the last few decades
there have been several attempts to exploit different cues to re-
duce the number of motion parameters. In [16], the authors pro-
posed a three-point minimal solver for the case of two known
camera-orientation angles. For instance, this can be usedwhen the
camera is rigidly attached to a gravity sensor (in fact, the gravity
vector fixes two camera-orientation angles). Later, thework in [17]
improved on [16] by showing that the three-point minimal solver
can be used in a four-point (three-plus-one) RANSAC scheme. The
three-plus-one stands for the fact that an additional far scene point
(ideally, a point at infinity) is used to fix the two orientation an-
gles. Using their four-point RANSAC, they also showed a successful
6 DoF VO. A two-point minimal solver for 6-DoF Visual Odome-
try was proposed in [18] and further employed in [19] to achieve
high-accuracy localization. This method uses the full rotation ma-
trix from an IMU rigidly attached to the camera. In ourworkwe ex-
ploit motion priors from IMU in order to discard wrong estimates.
In the case of planar motion, the motion model complexity is re-
duced to 3 DoF and can be parameterized with two points as de-
scribed in [20]. For wheeled vehicles, the work in [21,22] showed
that the motion can be locally described as planar and circular,
and, therefore, the motion model complexity is reduced to 2 DoF,
leading to a one-point minimal solver. Additionally, it was shown
that, by using a simple histogram voting technique, outliers can be
found in as little as a single iteration. In [19] the authors propose
a one-point algorithm for RGBD or stereo cameras which relies on
IMUmeasurements to recover the relative rotation. A performance
evaluation of five-, two-, and one-point RANSAC algorithms for Vi-
sual Odometry was finally presented in [23].

2.2. Pose estimation

In [24], inertial and visual sensors are used to perform ego-
motion estimation. The sensor fusion is obtained by an Extended
Kalman Filter (EKF ) and by an Unscented Kalman Filter (UKF ). The
approach proposed in [25] extends the previous one by also esti-
mating the structure of the environment where themotion occurs.
In particular, new landmarks 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 [26] an EKF has been adopted. In this case, the proposed algo-
rithm estimates a state containing the robot speed, position and
attitude, together with the inertial sensor biases and the location
of the features of interest. In the framework of airborne SLAM,
an EKF has been adopted in [27] to perform 3D-SLAM by fusing
inertial and vision measurements. It was observed that any in-
consistent attitude update severely affects any SLAM solution. The
authors proposed to separate attitude update from position and
velocity update. Alternatively, they proposed to use additional ve-
locity observations, such as air velocity observation.More recently,
a vision based navigation approach in unknown and unstructured
environments has been suggested [28].
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