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ABSTRACT

This paper focuses on the improvement of the
navigation solution of a small VTOL-UAV. A smooth-

ing algorithm is investigated which can overcome

problems of poor satellite availability. By means of
post-processing, it is possible to recover the trajectory

during GNSS outages even together with a low-

cost MEMS inertial navigation system. Furthermore
two methods for the geo-location of objects that are

visible in images acquired by the onboard camera are
presented. The first one takes into consideration the

local height of the earth’s surface and is able to han-

dle moving objects. The second algorithm needs no
digital elevation model at all and is able to determine

the positions of stationary objects with respect to a

geo-coordinate system.

1. INTRODUCTION

Over the last years, the interest in unmanned micro
aerial vehicles (MAV) has increased constantly. Be-

sides large UAVs that can carry significant payloads,

these small aircrafts are important due to their cost
efficiency and their ease of deployment. Their possi-

ble application area is widespread and ranges from

rather basic tasks like the collection of sensor data
to more and more complex tasks like surveillance

and reconnaissance scenarios. They are especially
useful for security and rescue operations for example

in case of industrial or natural disasters like earth-

quakes or fires. For most mentioned applications, the
ability to hover is desirable or even essential.

This paper presents an electrically powered four-

rotor MAV with a takeoff weight below 1 kg and a

diameter of about 90cm (shown in figure 1). It can
be used for autonomous missions and manual flight

as well. A very important sensor is the on board video

camera that acquires necessary information about
the observed situations. The image data is stored

on board and is optionally transmitted at the same
time in flight via a radio down link to the operator

at the ground station. The images provide important

information about objects and humans in the danger
zone and increase the situation awareness of the op-

erator. Especially their exact position with respect to

a geographic coordinate system enables an efficient
coordination of rescue teams. The operator marks the

Fig. 1. The MAV with camera used for acquiring image data.

locations of the objects in the images. Based on the
data of the internal camera parameters as well as the

position and attitude of the MAV, their positions are

autonomously estimated with respect to the desired
coordinate system and visualized with the help of

geo-referenced maps.

By factoring the position information of subsequent

image frames into the considerations, no digital eleva-
tion model is required. The accuracy of the resulting

position information depends mainly on the accuracy
of the navigation solution of the MAV. As the MAV

is operated by a human it is possible to fly into

regions where no GPS aiding is available, e.g. in
the shadow of large building or under trees. It is

even possible to fly into buildings as the MAV is very

small. Due to cost and weight requirements the MAV
can be equipped only with small, lightweight MEMS

inertial sensors, which are not able to bridge even
short GPS-outages. Therefore smoothing is used to

overcome these issues.

The next sections describe the navigation system

of the four rotor helicopter and present results of
flight tests. The calculation of a precise navigation

solution as well as the geo-location of objects, by

means of image processing, are also addressed.
After a detailed description of the used algorithms the

performance of the developed algorithms is illustrated
using in-flight UAV sensor and video data.

2. THE NAVIGATION SYSTEM

The navigation system consists of low cost inertial
sensors, a GPS receiver, a magnetometer and a
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barometric altimeter. It has to operate in two scenar-
ios: In autonomous mode, when the MAV executes

autonomously a predefined list of waypoints, it has to

provide a full navigation solution comprising position,
velocity and attitude. This requires missions that en-

able continuous GPS availability, e.g. surveillance of
facilities. In the manual mode, the MAV is controlled

by an operator. A video down link enables the opera-

tor to control the MAV without direct line of sight. To
make the control of the MAV very easy the attitude

is still controlled by the MAV flight controller. The

operator has only to care about position and heading.
Hence, the navigation system has to provide robust

roll and pitch angles, even if GPS is unavailable and
the magnetometer is disturbed.

The navigation systems uses a sixteen-
state error state space Kalman filter. The

state vector x comprises the following states:

∆n, ∆e, ∆d Position error with respect to
navigation frame.

∆vn, ∆ve, ∆vd Velocity error.

∆φ, ∆θ, ∆ψ Error of roll, pitch and yaw

angles.

ωBias Biases of gyroscopes.

abias Biases of accelerometers.

balt Bias of barometric altimeter.

A simplified system model can be seen in eq. (1)
and eq. (2).

ẋ (t) = F (t)x (t) + w (t)(1)

˙



∆vn

∆ve

∆vd



 =





0 −ad ae

ad 0 −an

−ae an 0




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

∆φ
∆θ
∆ψ



 + w

(2)

With a denoting the specific force and w denoting

noise.

The specific force (gravity and accelerations) a

couples the velocity errors with the attitude errors. As
the gravity, which is part of ad, is always measured

(expect in free fall) roll and pitch angles are observ-

able as long as the vertical velocity is known. Hence,
the barometric altimeter stabilizes roll and pitch errors

in case GPS is unavailable.

From the third column of the matrix in eq. (2)

it follows that the yaw angle is only observable if
horizontal accelerations are present. Hence, a mag-

netometer is necessary to stabilize the yaw angle

during hover and stare missions or with GPS unavail-
able. To make the navigation system robust against

disturbances of the magnetometer a simplified mea-

surement model (see eq. (3)) is used. It aids only the
yaw angle.

h̃b − Ĉ
b

nhn = Ĉ
b

n





he

−hn

0



 γ + v(3)

with

h̃b Normalized measured magnetic

field with respect to body

coordinates.

hn True normalized magnetic field with

respect to local-level frame.

Ĉ
b

n Transformation from local-level

frame to body coordinates.

v Noise.

3. SMOOTHING

An advantage of the manual mode is the fact, that
the MAV can fly independently of GPS coverage,

as the operator controls the speed and the position.

Hence it is possible, to fly under trees, bridges, into
the shadow of buildings or even into buildings. But for

applications in which objects or people shall be geo-

located, accurate attitude and position information is
still required.

A Rauch-Tung-Striebel smoother (RTS) can over-

come these problems.

measurement update

smoother

-

tk−1 tk+1

x̂k−1

Φk
x̂
−
k

Φk+1 x̂
−
k+1x̂k

Ak

x̂k−1|kM
x̂k|kM

x̂k+1|kM

tk

Fig. 2. Forward and reverse run of a RTS smoother.

A RTS smoother may be regarded as an add-on to

the Kalman filter. The data processing can be divided
in two steps. In the first step the RTS smoother acts

as an Kalman filter, but every time the system state
vector changes, it and its variance-covariance matrix

is logged into a file. If the system state changes

in the propagation step of the KF, the state vector
and the propagation matrix are logged, too. But if

the state changes due to a measurement update,

no measurement data is logged, because it is not
needed by the algorithm.
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In the second step, only the logged data is used by
the algorithm. It is processed backward in time. The

algorithm recursively estimates a new system state,

by means of maximum likelihood.
In comparison to the KF, the RTS smoother calcu-

lates the most likely estimation of the state vector

of a linear dynamic system on the condition that

past, current and future measurements are known.
It is only applicable in post processing, but promises

improved accuracy, especially during GPS outages.
Fig. 2 illustrates how the data is used. The upper

part shows the forward run and the lower part the
reverse run and the involved variables. The meanings

of the variables are as follows:

tk Time of measurement update or system

state update, if the system state is up-
dated between measurements.

x̂
−
k Estimation of the system state at tk on

the condition that the measurements of

t1, t2, ..., tk−1 are known.
x̂k Estimation of the system state at tk on

the condition that the measurements of

t1, t2, ..., tk are known.
x̂k|kM

Estimation of the system state at tk on

the condition that the measurements of

t1, t2, ..., tkM
are known. kM ≥ k

Φk Propagation matrix: x̂
−
k = Φk x̂k−1.

Ak Weighting matrix.

Between two GPS measurements the KF predicts
the system state x̂

−
k , by means of inertial navigation.

When a new GPS measurement becomes available,

the KF calculates a new corrected prediction x̂k. But
the longer the time between the measurements is, the

greater the errors will become. Hence the KF trajec-
tory contains great discontinuities. The smoother has

the ability to level these discontinuities, by means of

a new weighting of the previously calculated system
states x̂

−
k , x̂k and x̂k|kM

. The final trajectory therefore

is smooth and contains no discontinuities.
The full smoother equations are:

Ak = P kΦ
T
k

(

P
−
k+1

)−1
(4)

x̂k|kM
= x̂k + Ak

(

x̂k+1|kM
− x̂

−
k+1

)

(5)

were P denotes the covariance matrix of ~x. P k|kM

can be calculated as follows, but is not needed for

the algorithm:

P k|kM
= P k + Ak

(

P k+1|kM
− P

−
k+1

)

A
T
k(6)

If a smoother is used to bridge GPS outages,

sufficient measurement data before and after the

outage has to be logged. Processing of the smoother
equations requires lot of processing-time and the

storage of a large amount of intermediate data. This

can not be done by the small micro-controller of a
drone. Hence all the measurement data is stored and

processed after the flight. In future it will be possible
to transmit the measurement data in real-time to

the operator. Then it is possible to calculate the

smoothed navigation solution with only short delays.
On a modern PC post-processing of 10 minutes of

flight data requires only 30s.

4. FLIGHT TESTS

To test the capabilities of the smoother, a flight test
was performed. To obtain a good reference solution

the flight took place with full GPS coverage all the

time and the MAV operated in autonomous waypoint
mode. GPS outages have been simulated afterwards

during post-processing.

In the first test the data was post-processed with a
Kalman filter and a smoother with no GPS outages.

One problem occurring in real-time conditions is
the determination of the absolute height. The baro-

metric altimeter provides a very accurate relative

height information but its bias is initially unknown.

The GPS height is not very reliable, as the error

may become very large (several tens of meters) in

situations with few satellites and bad DOP values
(dilution of precession).

Fig. 3 shows the height estimation of the Kalman

filter and the smoother. The GPS-height and the
relative barometric height is also shown. The flight

data includes take-off and landing, which took place
at the same location. It can be seen that GPS-height

starts with a large height error, as the height at the

beginning differs by approx. 20m from the height
at the end. The barometric height shows only little

differences between take-off and landing.

The Kalman filter height overshoots at the begin-
ning and approaches then to the real height. The

overshoot is because of the fact that the Kalman filter

has first to estimate the biases of the inertial sensors.
The figure also shows that the smoother optimally

merges the height measurements. It adopts the rela-
tive height information of the barometric sensor and

places it a the weighted mean GPS height.

The next test was done with simulated GPS-
outages. During one test only one GPS measurement

was provided every 20 seconds for a longer period.

The results of the horizontal position estimation can
be seen in Fig. 5. The figure shows the reference

position from the calculation with no outages. The
Kalman filter and the smoothed solution are also

shown. Four waypoints are also included into the

figure. The GPS measurements are indicated by
small circles.

It can be seen that the inertial solution of the

Kalman filter immediately drifts far off as soon as
GPS measurements stay away. The reason for that

is that the low-cost inertial sensors are suitable for

control tasks but not for stand alone inertial nav-
igation. Nevertheless it is possible to recover the
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Fig. 3. Comparison of height estimation. The smoother optimally merges the GPS-height with the barometric heigth.
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Fig. 4. Comparison horizontal position errors in presence of GPS outages.

flight path with the smoother very well. Only small

deviations from the reference position remain. A more
quantitative plot can be seen in Fig. 4. It shows the

horizontal position error with respect to the smoothed

solution with no GPS-outages. It can be seen that
the position error of the Kalman filter grows very fast

until a new GPS-measurement arrives. Then the error
is reset, but starts to grow again. The error of the

smother reaches its maximum between two GPS-

measurements, but is by far smaller than that of the
Kalman filter.

In another test the same data was processed
with one large GPS-outage lasting 60s. The position

solution can be seen in Fig. 6. Again the position of

the Kalman filter is immediately far of. The maximum
error (not shown in the figure) is over 300 meters.

The error of the smoothed solution is again quite

smaller but some artifacts remain in the flight path.
The maximum of the position error is 23 meters.

5. GEO-LOCATION OF OBJECTS IN IMAGE DATA

In this section, the geo-location of objects for ex-

ample humans, cars or buildings in images that are
acquired by the onboard camera during the flight is

described. The positions of the objects of interest

can be either retrieved by suitable detection and
tracking algorithms [?] [?] or the operator marks

the locations of the objects in the images. In both

cases, the positions of the objects are given in pixel
coordinates. However, in a catastrophe scenario for

example, where a human operator coordinates the

rescue teams, the knowledge of the geo-coordinates
of the relevant objects is very important.

The geo-location of an object i in an image with

known 2D pixel coordinates (xi, yi)
T is the determi-

nation of its coordinates with respect to a desired 3D

geo-coordinate system. This implies the knowledge
of the position and orientation of the camera in the 3D

world as well as the internal parameters describing

the optical path inside the camera.
The position and attitude of the used MAV are deter-

mined by the onboard navigation system. Its position

~xe
MAV

1 is given in ECEF-coordinates (see Fig. 7),
that can be transformed into latitude latMAV , longi-

tude longMAV and altitude above sea level hMAV .
The attitude of the MAV is given by the three Euler

angles φnb, θnb, ψnb or the direction cosine matrix

Cnb, respectively, that describe the rotation between
the body fixed coordinate system and the so called

navigation coordinate system shown in Fig. 7 pointing

in a northward, eastward and downward direction.
As the camera is fixed on the chassis under the

center of mass of the helicopter, the simplification
is justified that the center of the so called camera

coordinate system, located in the projection center

of the camera and the center of the body coordinate
system coincide. Their coordinate transformation is

1In the following the superscript character specifies the coordi-
nate system with respect to which the variable is given.
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Fig. 5. Results

described by the three Euler angles φbc, θbc, ψbc or
the direction cosine matrix Cbc, respectively. The

error of this simplification is much smaller than the

position error of the MAV. Furthermore the intrinsic
camera parameters have to be estimated. As the

radial distortion introduced by the wide angle lens
was compensated before the detection process, a

simple pinhole camera model is sufficient. The po-

sition ~xC
i of the object i with respect to the camera

coordinate system is therefore given with the help of

the so called camera calibration matrix K [1] by a

transformation

(7) ~xc
i =





xc
i

yc
i

zc
i



 = K ·





xi

yi

1



 = K · ~xi,hom.

This position vector is the same as the direction vec-

tor from the origin of the camera coordinate system
towards the position of the object in the real world.

It can be transformed into coordinates with respect

to the navigation coordinate system by the following
equation:

(8) ~xn
i = Cnb · Cbc · ~x

c
i = Cnb · Cbc · K · ~xi,hom.
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Fig. 6. Results
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Fig. 7. The definitions of the ECEF-, the navigation- and the
body-coordinate system.

The first method for geo-location bases on the as-
sumption, that the earth’s surface can be locally

approximated by the tangent plane E of the earth
with the altitude above sea level hEarth

(9) E : zn
Earth = (hMAV − hEarth).

The position ~xn
o of the considered object in the

real world with respect to the navigation coordinate

system is the intersection of the line through origin
defined by the direction vector ~xn

i , see eq. (7), with
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Fig. 8. The definitions of the body-coordinate system and the
three Euler angles.

the plane E

(10) ~xn
o = (hMAV − hEarth) ·





xn
i /z

n
i

yn
i /z

n
i

1



 .

After having transformed the data into the appropriate
coordinate system, the results can be suitable visu-

alized by plotting it onto a georeferenced map. The
used maps of the city Karlsruhe (Germany) are given

with respect to the Gauß-Krüger coordinate system.

In Fig. 9, the results of an automatic detection and
tracking of a moving car are shown exemplarily as

well as the according geo-located positions of the car

in Fig. 10. This method may be even improved in the
future by taking into account DTED information.

Fig. 9. Two frames of a stabilized image sequence with the
detected and tracked object that is marked with white boxes.

3.45493.45493.45493.45493.45493.45493.4549 3.455 3.455 3.455 3.455

x 10
6

5.4335

5.4335

5.4335

5.4335

5.4335

5.4336

5.4336

5.4336

x 10
6

Fig. 10. Geo-located trajectory of the tracked object in Fig. 9, the
mean position of the used MAV is marked with a white cross.

The second method for geo-location needs no knowl-
edge about the local elevation profile of the earth’s

surface as the position information of subsequent
frames is taken into consideration. Therefore the time

index k that refers to the takings of the images is

used in the following. The considered objects need
to be stationary. The point defined by the vector

~xn
i,k (see eq. (8)) can be transformed into ECEF-

coordinates ~xe
i,k with the knowledge of ~xe

MAV,k. The

straight line gk from the origin of the body coordinate

system towards the position of the object in the real
world at time k is now determined by these two

points ~xe
MAV,k and ~xe

i,k. These lines are calculated

for all epochs k where information about the position
of the considered object is available. The pairwise

intersection point of two of them or the point that is
closest to both lines, is an estimation for the position

of the object in ECEF-coordinates.

The auxiliary variable ~lek is defined as follows

(11) ~lek = ~xe
i,k − ~xe

MAV,k

as well as the variables sk1,k2 and tk1,k2 for two

different times k1 and k2:

sk1,k2 =
(~xe

i,k2
− ~xe

i,k1
) · (~lek2

× (~lek1
×~lek2

))

(~lek1
×~lek2

)2
(12)

tk1,k2 =
(~xe

i,k2
− ~xe

i,k1
) · (~lek1

× (~lek1
×~lek2

))

(~lek1
×~lek2

)2
.(13)

The estimated position of the object in ECEF-

coordinates when taking into consideration the data
at time k1 and k2 is given by

(14)
~xe

o,estim. = 0.5 · (~xe
i,k1 + ~xe

i,k2 + sk1,k2 ·
~lek1 + tk1,k2 ·

~lek2).

In Fig. 11, two frames of a processed image se-

quence are shown. The marked corner of the building
is geo-located and the result is shown in Fig. 12.

The translational displacement of the MAV during the

processed takings of the images is big enough to
ensure a good geometric configuration of the straight

lines.

Fig. 11. Positions of corner of house in frame 21 and 271 of an
image sequence marked by black circle.

6. CONCLUSION

In this paper two algorithms for geo-locating image
data have been presented. The first one works well

3292



3.4571 3.4571 3.4571 3.4571 3.4571 3.4572 3.4572 3.4572

x 10
6

5.4307

5.4307

5.4307

5.4307

5.4307

5.4307

5.4308

5.4308

5.4308

x 10
6

Fig. 12. Geo-located corner of house from Fig. 11; the estimated
position is marked with a white circle, the positions of the MAV are
marked with white crosses.

for moving objects taking into consideration informa-

tion about the local height profile. The second algo-

rithm is able to geo-locate stationary objects without
any additional knowledge of the local surface profile

of the earth. The performances of both algorithms are
restricted by the precision of the navigation solution of

the MAV. To increase the accuracy of the navigation

system, a smoother was developed. Measurement
results have shown that the smoother is able to bridge

short outages, and to improve the fusion of the GPS

height with the barometric height. These techniques
enable a good geo-location of image data. Even

though post-processing is required, the coordinates

of objects can be provided after a few minutes. The
accuracy of the geo-located positions enables e.g.

the coordination and guidance of rescue teams.
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