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Abstract—Most of the current operations are supported by 
the Global Navigation Satellite System (GNSS) potentially 
augmented with Ground Based Augmentation System (GBAS), 
Satellite Based Augmentation Systems (SBAS) and Aircraft 
Based Augmentation System (ABAS). ABAS system integrates 
on-board information that can for example be provided by 
Inertial Navigation System (INS) so as to enhance the 
performance of the navigation system. 

GNSS/INS hybridization is already performed on current 
commercial aircraft. This solution allows reaching better 
performance in terms of accuracy, integrity, availability and 
continuity than the two separated solutions. Hybridization 
principle is based on the use of GNSS to estimate the inertial 
drift. It allows navigating in oceanic en-route operations down to 
non-precision approaches for long range aircraft. 

The most stringent requirements for precision approaches or 
automatic landings cannot be reached with the current 
GNSS/INS hybridization schemes. In the framework of my PhD 
stud, the idea is to extend the hybridization filter by including 
other data available onboard. The global objective of the work is 
to propose a system that will be able to fuse the multiple sources 
of information or measurement in a global architecture. The 
current paper focus on a solution that integrates a video system 
within an EKF GNSS/INS architecture during approach and 
landing of an aircraft. 

Keywords—Hybridization, Video based navigation, EKF 

 

I.  INTRODUCTION 
INS/GNSS hybridization is currently used on commercial 

aircraft in order to compensate drawbacks of the two systems 
independently. The hybridized solution constitutes a strong, 
robust, accurate solution for the estimation of most of the 
navigation parameters. Some solutions also include a integrity 
monitoring algorithm that can detect GNSS or INS failures.  
However some operations require new constraints and 
requirement that can’t be achieved with the current navigation 
solution. In that way, one of the ideas was to use other sources 
of data and to propose other hybridization architectures. 

The study of the possible sensors/systems and associated 
information/measurements available on board a commercial 
aircraft has been investigated in previous works, and a set of 
sensors and data to consider has been identified: a GNSS 

(potentially augmented with GBAS), an INS (different classes 
of inertial sensors will be considered) and a video system. 

The aim of my work is to arrive to the definition of a global 
hybridization filter architecture based on the integration of 
multiple information/measurement sources or sensors (INS, 
GNSS receiver and a video system), depending on the 
operational environment: the aircraft operation considered, the 
sensors available during the considered operation, the 
performance requirement for supporting the considered 
operation. In a first part, the current paper, as a first step, will 
describe an algorithm for integrating optical angular 
measurements in a classical GNSS/INS Kalman Filter 
Hybridization solution. The optical angular measurements are 
supposed to be provided by a camera mounted on-board the 
aircraft, capable to detect and track features of known location 
on the runway. 

Then, the paper will describe the model for the generation 
of the optical angular measurements, as well as the 
mechanization process of the integrated solution that relates the 
visual measurement and the state of the filter. 

Finally, some simulations results of the proposed algorithm 
will be presented. The simulation results of the filter when 
integrating video will permit to validate the proposed 
integration and to constitute a basis for future simulations. 
Performance assessment is not done in the current paper. The 
goal is to describe the GNSS/INS EKF architecture and to 
present a solution for integrating video during approach and 
landing. 

 

II. EKF ALGORITHM DESCRIPTION 

A. EKF Model 
The discrete state EKF is described by the following 

equations: 

 
௞ݔ ൌ ݂ሺݔ௞ିଵሻ ൅ ௞ݖ ௞ିଵݓ ൌ ݄ሺݔ௞ሻ ൅  ௞ݒ

(1) 

Where ݂and ݄ are respectively the state transition and 
observation functions, ݔ௞ and ݖ௞ are respectively the state 
vector and observation vector at instant ݇, ݓ௞ and ݒ௞ are the 
process and observation noises which are both assumed to be 



zero mean Gaussian noises with covaria
respectively. 

Both equations can be linearized with 
Taylor series. The system then becomes: 

 
௞ݔߜ ൌ ௞ܨ ڄ ௞ିଵݔߜ ൅ ௞ݖߜ ௞ିଵݓ ൌ ௞ܪ ڄ ௞ݔߜ ൅  ௞ݒ

Where ܨ௞ ൌ డ௙డ௫ቚ௫ୀ௫಺ಿೄ and ܪ௞ ൌ డ௛డ௫ቚ௫ୀ௫ೖ|
 

The equations of the EKF are then as follo

Prediction ݔߜො௞|௞ିଵ ൌ  ො௞ିଵ|௞ିଵݔߜ௞ܨ

Covariance 
prediction ௞ܲ|௞ିଵ ൌ ௞ܨ ௞ܲିଵ|௞ିଵܨ௞் ൅ ܳ௞

Gain ܭ௞ ൌ ௞ܲ|௞ିଵܪ௞் ൫ܪ௞ ௞ܲ|௞ିଵܪ௞்
Innovation ܫ௞ ൌ ௞ݖ െ ݄൫ݔො௞|௞ିଵ൯ 

Update ݔߜො௞|௞ ൌ ො௞|௞ିଵݔߜ ൅  ௞ܫ௞ܭ

Covariance 
update ௞ܲ|௞ ൌ ௞ܲ|௞ିଵ െ ௞ܪ௞ܭ ௞ܲ|௞ିଵ 

 

B. State Transition Model 
The EKF state vector is an error state ve

the INS error estimation. The state transition 
implemented has been derived from classic I
in a wander azimuth coordinate system. This
done considering an INS composed of 3 
gyrometers and a barometer. The INS mecha
into account a 3rd order baro-inertial loop. 

The wander azimuth frame is locally de
to the North-Eath-Down (NED) local nav
follows: 

Fig. 1. Definition of the wander azimuth 
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௞ (4) ൅ ܴ௞൯ିଵ
 (5) 

(6) 

(7) 
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ector that describes 
model of the EKF 

INS mechanization 
s mechanization is 
accelerometers, 3 

anization also takes 

efined with respect 
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Where the angle ݓ is defin
its computation is done as descr

 

Frame definition: 

In the entire paper, by conv
notations for the frame involvedሺܺ, ܻ, ܼሻ is the inertial fra
reference frame in which Newt
origin of the inertial frame is g
center of mass, the ܺ axis pointܼ axis points along the earth
defined to complete the right-haሺܺ௘, ௘ܻ, ܼ௘ሻ is the Earth-cen
frame or e-frame). Its origin is 
The coordinate axis is fixed t
aligned with the ܼ axis of the 
frame rotates relative to the in߱௘ ௜⁄ ൎ 7.292115 ൈ 10ିହ ݀ܽݎ/ሺܰ, ,ܧ ሻ is the Geographicܦ
or n-frame). The geographic fr
to the earth’s geoid. The ܼ௡ ax
the ellipsoid along the ellipso
toward the North and the ௡ܻ a
orthogonal, right-handed fram
projection of the platform orig
will use, the ECEF geodetic co
the latitude, longitude and altituሺܺ௕, ௕ܻ, ܼ௕ሻ is the body or
frame). The body frame is rig
interest, usually at a fixed poin
The ܺ௕ axis is defined in the fo
defined pointing to the bottom
defined pointing to the right of 
the right-handed orthogonal 
illustrated in Fig. 2. 

Fig. 2. Coordinate a
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oordinates system that introduces 
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r mobile frame (b-frame or m-
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nt such as the center of gravity. 
forward direction. The ܼ௕ axis is 
m of the vehicle. The ௕ܻ axis is 
f the vehicle in order to complete 

frame. All these frames are 

 
and reference frames [6] 



The last frame ሺܺ௪, ௪ܻ, ܼ௪ሻ is the wander azimuth frame 
(w-frame). Wander azimuth reference frames solve the high 
latitude problem faced by the geographic frame. The definition 
is expressed in terms of the angular velocity of the frame with 
respect to the earth frame. In that way when the instantaneous 
rotation vector of the w-frame with respect to the e-frame 
expressed in the n-frame is as follows: 

 ߱௪ ௘⁄௡ ൌ ቎߶ሶ ڄ cosሺߣሻെߣሶ0 ቏ (9) 

 

Velocity error equation: 

The INS error mechanization in wander azimuth frame is 
described by the Earth relative velocity error equation in the 
wander-azimuth frame [7]: 

ሶ௘௪ݒߜ  ൌ ௪݂ߜ ൅ ൫െ ሚ݂௪ ߩ൯ר ൅ ො௘௪ݒ௪           ൅ሺ݃ߜ ω௪ߜሻ൫ר ௘⁄௪ ൅ ௘߱ߜ2 ௜⁄௪ ൯           െ൫Ω෡௪ ௘⁄௪ ൅ 2Ω෡௘ ௜⁄௪ ൯ݒߜ௘௪ 

(10) 

Where: 

 ௘௪ is the Earth-relative velocity error in the wanderݒߜ –
azimuth system coordinates 

 ௪ is the specific force error in the wander azimuth݂ߜ –
system coordinates (i.e. the accelerometer biases) 

– ሚ݂௪  is the measured specific force 

 ௪ is the local gravity vector error (in the current study, a݃ߜ –
Somigliana model is used for the local gravity [7]) 

 ො௘௪ is the estimated Earth relative velocity expressed in theݒ –
wander azimuth system coordinates 

– ߱௔ ௕⁄௔  is the instantaneous rotation vector of the a-frame 
with respect to the b-frame, expressed in the a-frame 
coordinate system. Ω௔ോ௕௔  is the associated skew symmetric 
matrix. 

 

Attitude error equation: 

The second equation that describes the INS error 
mechanization is the attitude error equation [7]: 

ሶߩ  ൌ െΩ෡௪ ௜⁄௪ ڄ ߩ ൅ ෠ܴ௠ଶ௪ ڄ ௠߱ߜ ௜⁄௠ െ ௪߱ߜ ௜⁄௪  (11) 

Where: 

ሶߩ – ൌ െΩ෡௪ ௜⁄௪ ڄ ߩ ൅ ෠ܴ௠ଶ௪ ڄ ௠߱ߜ ௜⁄௠ െ ௪߱ߜ ௜⁄௪  is the attitude 
error vector 

௠߱ߜ – ௜⁄௠   is the rotation rate error of the mobile frame with 
respect to the inertial frame (i.e. the gyrometer biases) 

 

State vector: 

The state vector of the implemented filter is as following: 

,௫ߠ݀ –  ௬ are the horizontal angular position error in theߠ݀
wander azimuth frame. 

– ݄݀஻ is the baro-inertial altitude error. 

– ݀ܽ஻ is the output of the compensator of the feedback loop 
of a third order baro-inertial loop. 

– ݀ ௫ܸ, ݀ ௬ܸ are the horizontal velocity error in the wander 
azimuth frame. 

– ݀ ௭ܸ is the baro-inertial vertical speed (in along the down 
vertical axis). 

– ݀߶௫, ݀߶௬, ݀߶௭ are the alignment angles errors in the 
wander azimuth frame. 

– ܾ݃௫, ܾ݃௬, ܾ݃௭ are the gyroscope bias errors in the aircraft 
frame. 

– ܾܽ௫, ܾܽ௬, ܾܽ௭ are the accelerometer bias errors in the 
aircraft frame. 

– ܾு  is the GNSS receiver clock bias error. 

– ݀ு is the GNSS receiver clock drift error.  

ݎீݎ݁ – ேௌௌ ଵ, … , ݎீݎ݁ ேௌௌ ே are the GNSS pseudoranges 
correlated errors (for N satellites). 

 

The linearized state transition matrix ܨ௞ is then derived 
from the INS mechanization as it is done in [8]. 

The first two states are horizontal angular position error 
expressed in the wander azimuth frame. These parameters 
denoted ݀ߠ௫ and ݀ߠ௬ can be expressed in the NED frame as 
follows: 

 
௫ߠ݀ ൌ ேߠ݀ ڄ cos ݓ ൅ ாߠ݀ ڄ sin ௬ߠ݀ݓ ൌ െ݀ߠே ڄ sin ݓ ൅ ாߠ݀ ڄ cos  (12) ݓ

 

Then the invert transformation is: 

 
ேߠ݀ ൌ ௫ߠ݀ ڄ cos ݓ െ ௬ߠ݀ ڄ sin ாߠ݀ݓ ൌ ௫ߠ݀ ڄ sin ݓ ൅ ௬ߠ݀ ڄ cos  (13) ݓ

 

These horizontal angular position errors (also called “small 
angles”) are related to the errors in latitude and longitude by 
the following relations: 

 
ݐ݈ܽ݀ ൌ ߣ݀ ൌ െ݀ߠா݈݀݃݊݋ ൌ ݀߶ ൌ ேcosߠ݀ ߣ  (14) 

 

The transition matrix for the biases can be modeled as a 
first order Markov process with a driven noise and a correlation 
time that corresponds to the quality of the sensors. 



The transition matrix for the GN
correlated errors can be modeled as a first ord
driven noise and a correlation time that c
biggest error contribution in the pseudorange 

The transition matrix for the receiver cloc
the two-state clock model as described in [7]:

 ቈ ሶܾுሶ݀ு቉ ൌ ቂ0 10 0ቃᇣᇤᇥி೎೗೚೎ೖ
ڄ ൤ܾு݀ு൨ ൅ ቂ݊థ݊௙

 

C. Observation Model 
The observation model is described by t

its linearized matrix form  ܨ௞. In the g
architecture presented in the current paper
provided by two systems: a GNSS receiver an
The video system observations and the observ
video are presented in the next part. 

For the GNSS receiver observation, the 
measurements, we will consider the follow
model: ܲݎ௜ሺ݇ሻ ൌ ௜ሺ݇ሻߩ ൅ ܾܿுሺ݇ሻ ൅ ݎீݎ݁ ேௌௌ ௜ ൅ ݊

With:  ߩ௜ሺ݇ሻ ൌට൫ܺ௜ሺ݇ሻ െ ܺሺ݇ሻ൯ଶ ൅ ൫ܻ௜ሺ݇ሻ െ ܻሺ݇ሻ൯ଶ ൅ ൫ܼ
the geometrical range between the receiver a
satellite antenna, ܿ is the speed of light, ܾு is
bias, ݁ݎீݎ ேௌௌ ௜ is the contribution of ps
correlated in time, and ݊௜ is a white Gaussian

By denoting, 

 ݄ீேௌௌ௜ ሺݔ௞ሻ ൌ ௜ሺ݇ሻߩ ൅ ܿ ڄ ܾுሺ݇ሻ ൅ ݎݎ݁
 

We obtain the following observation 
pseudorange measurement: 

௞௜ݕ  ൌ ܴܲ௜ሺ݇ሻ ൌ ݄ீேௌௌ௜ ሺݔ௞ሻ ൅ ݊௜ሺ݇ሻ 

 

Then the linearized observation matrix ܪ
on position and receiver clock bias. The thre
the matrix are as follows: 

ேௌௌ௜ீܪ  ሺ1: 3ሻ ൌ ቈ߲ߩ௜߲ߠ௫ ௬ߠ௜߲ߩ߲  ௜߲݄஻቉ߩ߲
 

The other elements are: ீܪேௌௌ௜ ሺ4: ܰሻൌ ቂ0 ڮ 0 1ฎ௕ಹ 0 0 ڮ 0 1ฎ௜೟೓ 0
Where N is the size of the state vector. 

SS pseudoranges 
der Markov with a 

corresponds to the 
measurements. 

ck is obtained from 
: 

థ௙ ቃ (15) 

the ݄ function and 
global integration 
, observations are 
nd a video system. 
vation function for 

code pseudorange 
wing measurement 

௜ሺ݇ሻ (16) 

ܼ௜ሺ݇ሻ െ ܼሺ݇ሻ൯ଶ is 
antenna and the ith 
s the receiver clock 
seudorange errors 

n noise. 

ݎீ ேௌௌ ௜ (17) 

model for the ith 

(18) 

ேௌௌ௜ீܪ  only depends 
ee first elements of 

(19) 

0 ڮ 0ቃ (20) 

The linearized observation m
is detailed in the next part of the

III. VIDEO MEASU

A. Video Measurement Model 
The video measurements ar

video system composed of a 
algorithm. 

The camera is supposed to
order to provide measuremen
detected in the scenery during 
airport environment, targets…
navigation based on video ha
study, a model for video mea
This model is composed of a 
that describes the location of t
the environment. In our study
where the video system is able
of the runway during the approa

The current study is not f
features by an image proces
assumptions that the measurem
output of the video system. 

To summarize, the video 
runway corners (with know
environment and to provide for
illustrated in Fig. 3: 

– A measurement of the a
aircraft frame and the Lin
of the camera to the targe
represented by the x-axis 
The measurement is denot

– A measurement of the a
aircraft frame and the Lin
of the camera to the tar
plane represented by the 
frame. The measurement i

 

Fig. 3. Optical a

 

These angular measureme
measurements that will be use
follows for one target: 

 

matrix for the video observation 
e paper. 

UREMENT INTEGRATION 

re provided at each instant by a 
camera and a video processing 

o be mounted on the aircraft in 
nts that correspond to features 

approach and landing (runway, 
…). A previous study about 
as been done in [2]. From this 
asurements has been proposed. 
set of two angular coordinates 

the image of a specific target in 
y [2], we proposed a scenario 
e to detect and track the corners 
ach and landing. 

focused on the detection of the 
ssing algorithm and made the 

ments are directly provided at the 

System is supposed to detect 
wn locations) in the runway 
r each feature the following data 

angle between the x-axis of the 
ne-of-Sight from the focal point 
et projected in the vertical plane 
and z-axis of the aircraft frame. 
ted ߙ෤௫. 

angle between the x-axis of the 
ne-of-Sight from the focal point 
rget projected in the horizontal 
x-axis and y-axis of the aircraft 
is denoted ߙ෤௬. 

angular measurements 

ents are converted in metrical 
ed in the observation model as 



 
tanሺߙ෤௫ሻ ൌ tanሺߙ௫ሻ ൅ ݊௫ tan൫ߙ෤௬൯ ൌ tan൫ߙ௬൯ ൅ ݊௬ 

Where ݊௫ and ݊௬ are white Gaussian no
the total error on the coordinate of the det
image. 

 

These measurements are related to pix
image points as follows: 

 
tanሺߙ෤௫ሻ ൌ ෨݂ܺ 
tan൫ߙ෤௬൯ ൌ ෨݂ܻ

 

Where ݂ is the focal length of the camera

By denoting, 

 ݄௩௜ௗ൫ݔሺ݇ሻ൯ ൌ tan ቀቂߙ௫ߙ௬ቃቁ 

 

 
tanሺߙ௑ሻ ൌ ݄ଵሺߣ, ߶, ݄஻, ߮, ௒ሻߙtanሺ,ߠ ൌ ݄ଶሺߣ, ߶, ݄஻, ߮, ,ߠ

 

We obtain the following observation mo
measurements: 

 
ଵݕ ൌ tanሺߙ෤௫ሻ ൌ ݄ଵሺݔሻ ൅ ݊௫ݕଶ ൌ tan൫ߙ෤௬൯ ൌ ݄ଶሺݔሻ ൅ ݊௬

 

B. Video Observation Model 
The video observation model is a functi

measurement to the state of the system. In o
video observation model, we need to find
depends the observation function. This ob
will also be used in order to generate the vide

The first and most simple dependency is 
as it is illustrated in Fig. 4. This figure 
observed by a camera during an approach
runway. The coordinate of the point detecሺܺ, ܻሻ can be related to its coordinate ሺܺᇱ, ܻ
frame (rotated of the roll angle with resp
frame). 

(21) 

oises that describe 
tected point in the 

xel coordinates of 

(22) 

. 

(23) 

, ߰ሻ , ߰ሻ 
(24) 

odel for the video 

௫ 
௬ (25) 

on that relates the 
order to define the 
d on which states 
servation function 

eo measurements. 

with the roll angle 
shows the image 

h when seeing the 
cted in the image ܻᇱሻ in a horizontal 
pect to the image 

Fig. 4. Impact of roll a

 

This rotation establishes a r
measurements ൫ߙ௫, ௬൯ and anߙ
denoted ൫ߙ௫ᇱ , ௬ᇱߙ ൯. The relation tanሺߙ௫ሻ ൌ tanሺߙ௫ᇱ ሻ cos ߮tan൫ߙ௬൯ ൌ െ tanሺߙ௫ᇱ ሻ sin

Where ߮ is the roll angle of

In the following, the de
function with pitch, heading an
detailed. 

The entire description can 
These figures detail the relatio
angles and the aircraft state. 

First considering the meas
taking into consideration the cu
following scheme: 

 
angle on video measurements 

relation between the two angular 
n intermediate set of coordinates 
is described in (26). ൅ tan൫ߙ௬ᇱ ൯ sin ߮ ߮ ൅ tan൫ߙ௬ᇱ ൯ cos ߮ 

(26) 

f the aircraft. 

ependency of the observation 
nd position of the aircraft will be 

be illustrated with the Fig. 5. 
ons between the measurements 

surement in the vertical plane, 
urvature of the Earth we have the 



Fig. 5. Observation model for the vertical optical a

 

From that figure, we have the following re

௫ᇱߙ  ൌ ߠ ൅ 2ߨ െ  ஽ߙ

Where ߠ is the pitch angle of the aircraft. 

Then the relation between the tangents of
follows: 

 
tanሺߙ௫ᇱ ሻ ൌ tan ቀߠ ൅ 2ߨ െ ஽ൌߙ 1 ൅ tan ஽ߙ ڄ tantan ஽ߙ െ tan ߠ

 

Thus the following relations can be geom
from the same figure: 

ܮ  ൌ ்ܴ ڄ sin  ܣܥܩ

 ݀஺௟௧ ൌ 2 ڄ ்ܴ ڄ sinଶ ൬2ܣܥܩ ൰ൌ ்ܴ ڄ ሺ1 െ cosሺܣܥܩሻሻ 

 
angular measurement 

elation: 

(27) 

f the angles is as 

ቁ(28) ߠ 

metrically deduced 

(29)

(30) 

 

tan ஽ߙ ൌ ஺௟௧݀ܮ ൅ Δ݈ܣൌ ்்ܴܴ ڄ ሺ1 െ cൌ ்ܴ ாܴڄ ൅ ݄஻ െ
 

The angle denoted GCA (
related to the other paramet
haversine function. This functi
angle as following: 

 
݄௔ ሺݔሻ ൌ sinଶ

ൌ 1 െ c
 

Using the geometrical law
have the following relation: ݄௔ ሺܣܥܩሻ ൌ ݄௔ሺΔߣ െ Δ߶ሻ ൅ sൌ 1 െ cos Δߣ cos Δ߶2

 

An expression of the GCA i

ܣܥܩ ൌ 2 arcsin ቌඨ൬1 െ cos Δ2ൌ arccosሺcos Δߣ cos Δ߶ሻ
 

We can finally relate the tan
attitude and position of the airc
different functions presented in 

 

In a second way we will 
measurement. This measuremen

ڄݐ݈ sinሺܣܥܩሻcosሺܣܥܩሻሻ ൅ Δݐ݈ܣsinሺܣܥܩሻെ ்ܴ ڄ cosሺܣܥܩሻ
 (31) 

for Great Circle Angle) can be 
ters with the formula of the 
ion defines the haversine of an 

ቀ2ݔቁcosሺݔሻ2  (32) 

w of haversines on a sphere we 

in Δߣ sin Δ߶ ڄ ݄௔ ቀ2ߨቁ߶ (33) 

is then: Δߣ cos Δ߶2 ൰ቍሻ   (34) 

ngent of the measurements to the 
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n equations (27) to (34). 

consider the horizontal angular 
nt is illustrated in Fig. 6. 



Fig. 6. Observation model for the horizontal optical

 

From that figure, we have the following re
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during a real flight. The trajectory performed during this flight 
is a three hour Toulouse-Toulouse flight. A 3D representation 
of the trajectory is illustrated in Fig. 7 and the horizontal and 
altitude profiles are illustrated in Fig. 8. 

 
Fig. 7. 3D Trajectory 

 
Fig. 8. Trajectory profiles 

 

As a preliminary step of the global study, inertial 
measurements were provided by the dataset (more precisely, 
load factor data were used to generate accelerometer 
measurements), but we simulated the functioning of a baro-
inertial platform (a third order baro-inertial loop). In that way 
we simulated the baro-inertial estimations of the position, 
velocity and attitude. It is really important to understand that 
these first results are obtained from simulated values that could 
not be completely representative of the reality. The next step of 
the work will be to do the same simulations using real platform 
data. This preliminary step is useful in order to validate the 
complete scenario proposed for the study. In addition, the 
actual settings of the Kalman Filter (i.e. the values in the 
transition state covariance matrix and measurement noise 
covariance matrix) are related to the inertial measurements and 
to the inertial platform simulator. However they still can be 
improved. For the next step of the study, new settings will have 
to be determined in order to match with the real dynamic of the 
trajectory. 

From the position, velocity and attitude parameters 
recorded during the reference flight and considered as true 
parameters, we simulate the inertial platform estimations. The 
aim of the filter was then to estimate the errors made by the 
simulated inertial platform. After estimation of the inertial 
errors by the filter, we could compensate the inertial 
parameters with these estimated errors and then have corrected 
estimations of the parameters simulated with the inertial 
platform software. 

It can be seen in the following section, that the estimations 
obtained with the simulated platform does not completely 
correspond to realistic inertial platform outputs. 

The GNSS measurements considered for all the evaluation 
results presented in this paper are iono-free GNSS/GALILEO 
measurements. For all these simulations we assumed the 
nominal 24 GPS constellation, a 27 GALILEO constellation, 
with 5° mask angle for GPS and 10° mask angle GALILEO, 
without code carrier smoothing, and unsmoothed measurement 
error models for tropo, noise, satellite clock and ephemeris as 
in [9]. Multipath error models are such that L1 and L5 
multipath error are uncorrelated with standard deviation ߪ௠௣ ൌ 0.13 ൅ 0.53 ڄ ݁ି೐೗೐ೡభబ  m, assuming airborne multipath 
errors have a long correlation time. 

 

A. Without Video 
The first simulations present result without integrating 

video in the hybridization architecture. It only consisted in 
simulations of the GNSS/INS EKF architecture. 

As the EKF estimates inertial platform errors, the 
estimation errors at the output of the platform simulator and at 
the output of the Kalman Filter are compared. Fig. 9 to Fig. 11 
illustrates these differences. 

 
Fig. 9. IRS and GPIRS position estimation errors 

 



 
Fig. 10. IRS and GPIRS velocity estimation errors 

 

 
Fig. 11. IRS and GPIRS attitude estimation errors 

 

From the previous figures, we can see that simulated 
platform estimations do not illustrate the drifting behavior of a 
real platform. 

In a second step, Fig. 12 to Fig. 14 present the GNSS/INS 
EKF estimation error of position, velocity and attitude. The 
estimation errors appear in blue and in red there is the 3-sigma 
covariance of the estimation error. 

 

 
Fig. 12. EKF position estimation error 

 

Horizontal position estimation is improved in comparison 
with the inertial estimation. The baro-inertial altitude is not 
improved in that scenario. The horizontal position error 
estimation is around 10ି଺݀ܽݎ. Converting it in meters we 
obtain a mean value around 6 ݉. 

 
Fig. 13. EKF velocity estimation error 

 

The horizontal velocity error is around 0.2 ݉/ݏ, but the 
covariance error is much higher. These results can be adjusted 
by further optimization of the settings of the filter. 



 
Fig. 14. EKF attitude estimation error 

 

For attitude estimation, the EKF does not bring any 
improvement. The errors estimated by the EKF do not permit a 
good correction of the inertial attitude estimation. We could 
expect this result for attitude estimation because GNSS does 
not directly provide help for attitude estimation. 

 

The results presented in this section were provided by the 
GNSS/INS EKF architecture, without video integration. These 
results show that the filter is able to improve estimation of the 
navigation parameters. However, the settings still need to be 
optimized, and the simulated parameters can be replaced by 
real data. In addition the multipath model for generation of the 
pseudorange measurements is conservative and not 
representative of real multipath delays. Next section will 
provide preliminary results using the video integration process 
detailed in the previous part of the paper without presenting a 
performance assessment. 

 

B. With Video 
The simulations done in this section only aimed at 

validating the process proposed for integrating video in a EKF 
architecture. The video measurements are generated with 
simulation software developed during this study. It uses the 
observation matrix described in the previous part. The input 
parameters of the software are the position and attitude profile 
of the aircraft on one hand and characteristics of the video 
system on the other hand. The characteristics are described by 
three parameters: 

– The focal length is set at 5 mm 

– The resolution in pixel is set at 2160x4096 (4K) 

– The size of the sensor is set at 24x32 mm 

Using these parameters and the observation matrix 
described below, we generate video measurements for two 
points corresponding at the corners at the beginning of the 
runway. Their locations are illustrated in Fig. 15. These 
measurements are available for the final segment of the 

approach. Results before integration of video measurements are 
the same than without video. 

 
Fig. 15. Corners location 

 

One of the main assumptions used in our study is that the 
video system is able to detect and lock precise interest points of 
known locations (corners of the runway). We actually started 
studies on video processing algorithm in order to try to develop 
a software able to do such a detection. 

Finally, the video measurement simulation generate 
coordinate in pixels of the detected points in the image. Then 
these coordinates are turned into the optical angular 
measurements described in the previous part. Before the 
conversion a simple error model is added on the pixel 
coordinates (an error model following a White Gaussian 
distribution with a standard deviation of 1 pixel). For the 
following of the study, the error model will be developed. 

In addition with the simulation of the video measurements, 
a “visibility” flag is generated, indicating that the point is 
actually seen by the camera. In our simulation, this flag is set at 
0 when the point is not considered visible and at 1 when it is 
visible (i.e. when the aircraft is aligned with the runway). In 
addition we will only consider the approach and landing phases 
and not the take-off phase. 

The results of the estimation of the navigation parameters 
using video are illustrated in Fig. 16 to Fig. 18. 

 
Fig. 16. Position estimation with video 

 



 
Fig. 17. Velocity estimation with video 

 
Fig. 18. Attitude estimation with video 

 

Analyzing the previous figures presenting the results of the 
simulations with video, we can first say that there is no 
significant improvement in terms of accuracy. Attitude seems 
to be slightly degraded  

However, as it is detailed before, the current assumptions of 
the simulations, which is the use of simulated inertial data, and 
the use of iono-free GPS/GALILEO measurements does not 
allow concluding on the improvements provided by the video 
in term of performance. This part only allows a preliminary 
validation of the integration of video measurements in the 
proposed architecture. One of the points that need to be 
improved is the use of simulated inertial data. In fact, as it is 
presented in the introduction of the current part, simulated 
inertial data are used in the current simulations. Also GNSS 
measurement errors and position errors are very small because 
we are in the case of iono-free GPS/GALILEO measurements. 
In that case, the results are not completely representative of the 
performance of the filter with video measurements. The main 
objective of the simulations was to validate the video 
integration architecture, using the video observation model. 

In addition, the interest in adding video can be identified by 
optimizing the settings of the filter. 

This is a first step in detailing the improvement provided by 
video, but the settings of the filter and the parameter of the 
video will be optimized in the following and the advantage in 
integrating video when loss a GNSS will be studied. In 
addition with the optimization of the filter and the video 
parameters, the use of real data will allows assessing the true 
performance of integrating video in the current architecture. 

As an additional simulation scenario, single frequency 
GPSL1C or degraded inertial classes can be intended in order 
to test the integration of video in degraded scenarios. 

 

V. CONCLUSION 
Interest in integrating an additional source of data in a 

navigation algorithm, other than aiding at the estimation of the 
navigation parameter, is to provide a source of measurement 
uncorrelated with the GNSS receiver. In fact, the first idea in 
adding a video system, able to provide visual measurements, 
was to dispose of another mean for providing information that 
can be used for navigation purpose. As it was presented in [2], 
several methods can be used for navigation using video and in 
that study we wanted to use video as an autonomous means 
providing absolute geometrical information and in real time 
(i.e. at each frame of the video). The video process is not 
supposed to use an external database or reference. This method 
is supposed to be used during an approach and landing 
operation, because the runway needs to be visible, then we 
considered in this study that the visual measurements were 
available when the aircraft is aligned with the runway. 

In the paper we first proposed a hybridization filter using an 
EKF and integrating video and GNSS code pseudorange 
measurements. The second part of the paper aimed at detailing 
the process for integrating the video measurements in the filter. 
A detailed description of the observation matrix is provided. 

Finally some preliminary results, using simulated inertial 
data and iono-free GPS/GALILEO simulated data, showed that 
with the actual settings of the filter and characteristics of the 
video measurements, the video does not provide a significant 
improvement in terms of accuracy. One of the reasons of the 
lack of evidence of the improvement brought by video in the 
current results is that the use of the INS simulated data does not 
completely produce the real performance in terms of estimation 
of the navigation parameters. The use of simulated data allows 
matching the real dynamic of an aircraft and producing the 
same behavior than a Kalman filter. Also GNSS measurement 
are iono-free GPS/GALILEO measurements, reflecting a post 
2020 situation but with a highly conservative multipath error 
model that can be refined. In that way, the integration of video 
in that scenario seems not to provide improvements. However,  
the interest of this study is that it gives an idea of the process 
for integrating an additional source of data in a global 
architecture. This constitutes a good approach for integrating 
various sensors in a future global hybridization architecture. 

These results illustrated the ability of the proposed 
architecture to integrate other measurements provided by other 
sources. Further simulations have to be done in that way. This 
architecture can also be completed with other sensors and the 
filter model can be modified in order to test some particular 



Kalman filters: the Unscented Kalman Filter (UKF) or the 
Information Kalman Filter (IKF). 

For the following of the study, the settings of the filter will 
be optimized and the parameters of the camera will be refined. 
The main change in the future simulations will be the use of a 
set of real data of the same trajectory, in order to assess the real 
performance of the current architecture. 

The existing simulator will also allow us to try some 
combinations of sensors during approach and landing and 
during specific scenarios or failure cases. In that way degraded 
inertial classes an GNSS receivers will be tested. In particular, 
our study will also test the ability of the video measurements to 
compensate a GNSS outage and allows performing the current 
operation. 
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