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ERROR MODEL OF HEADING CHANNEL IN VISION-BASED
CORRELATION-EXTREME NAVIGATION

Heading determination algorithm is proposed based on the correlation on pair of geo-referenced image and
current one. Correlation is done between the descriptors of feature points determined by Speed-Up Robust
Feature (SURF) method. Error metric of matched pair is selected as normalized correlation coefficient (NCC)
from the point of view of computational efficiency. The errors of heading determination are investigated for
different threshold values of NCC and then the incremental approach is proposed. The constant and random
components of heading errors are extracted and on the base of normal distribution the model of errors of
heading channel in vision-based navigation is designed.
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Introduction

The low-cost unmanned aerial vehicle (UAV)
integrates Global Positioning System (GPS) and Inertial
Measurement Unit (IMU) and usually has ability to
perform autonomous flight and automatic navigation
along planned waypoints. If the GPS signal for some
reason becomes unavailable or corrupted, the state
estimation solution provided by data from IMU alone
drifts in time and will be unusable after a few . The GPS
signal also becomes unreliable when operating close to
obstacles due to multi-path reflections. In addition, it is
quite vulnerable to jamming (especially for a GPS
operating on civilian frequencies). Vision-based
navigation is one of possible alternative solution in this
case. A camera is usual sensor which can be used to
solve navigation related problems. Almost every UAV
already has a video camera as a standard sensor in its
payload package. Heading determination is possible
from a vision-based correlation-extreme navigation,
which may be additional source of data fusion in the
integrated navigation complex.

Basic techniques for UAV attitude determination
by vision-based navigation are considered in [1]. Most
of them require the visibility of horizon line to estimate
the roll and pitch and therefore are limited in use,
especially in urban areas for low level flight.
Approaches based on feature alignment use the feature
points found on the pair of images to find the
transformation matrix (homography matrix).

Problem statement

Most of the recent work [2] on visual odometry for
airborne applications is based on homography

estimation under a planar scene assumption. In this case
the relation between points of two images can be
expressed as x~Hx', where x' and x are the
corresponding points of two images expressed in
homogeneous coordinates, and H is the 3x3
homography matrix. The symbol = indicates that the
relation is valid up to a scale factor. A point is expressed
in homogeneous coordinates when it is represented by
equivalence classes of coordinate triples (kx, ky, k),
where k is a multiplicative factor. The camera rotation
and displacement between two camera positions, ¢; and
¢y, can be computed from the homography matrix
decomposition [2]:

1 -
H=K(R212+Et°2n°]TjK L (1)

where K is the camera calibration matrix determined

with a camera calibration procedure, t°? is the camera
translation vector expressed in camera 2 reference

system, Rg% is the rotation from camera 1 to camera 2,

n°T is the unit normal vector to the plane being

observed and expressed in camera 1 reference system,
and d is the distance of the principal point of camera 1
to the plane.

The goal then is to compute the UAV orientation
in horizontal plane, that is heading v , in the navigation

reference  system from (1). The coordinate
transformation between the camera and UAV is realized
with a sequence of rotations. The translation between
the two frames will be neglected since the linear
distance between them is small.

Coordinates of points on the pair of images are
determined using SURF detector [3]. In general case the
descriptor of feature point by SURF method includes
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the following information: coordinates P = {x,y} , scale
of Gaussian filter M={c}, gradient orientation
R ={¢}, Laplacian L ={0,1} (means either white spot
on black background or black spot on white), and
gradients of quadrants D = {Dl ,Doseess D64(128)} , which
surround the point. SURF detector is invariant to scale,
displacement and rotation but is not invariant to affine
distortions. Therefore, here and after it is supposed that
heading is determined in strictly horizontal flight and

camera is looking downward and is rigidly fixed to
UAV.

Algorithm of heading determination

The coordinates of feature point on the base (geo-
referenced) image and on the current image are

designated as {X} and {X}. To simplify calculation
y y

that must be realized in real time, the expression (1) is

used with camera intrinsic matrix as following
1 0 L,/2

K=({0 1 Ly/2 , where Ly, L, are dimension of
0 0 1

images. Coordinate system of image Ox;y; used in most
application software is represented as it is shown in
Fig.1, where y-axis is directed downwards. Coordinate
system of camera Ox,y, is obtained by conversion using
the camera intrinsic matrix K and will be used further as
main one to determine the object heading .
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Fig. 1. Coordinate systems of image and camera

As it can be seen from Fig. 1, the heading of point

A' (designated as ;) can be determined as

XA . . .
v, = atan2 =A" where the function atan2 is the function
ya

of arc tangent in the range (—m,+m). After the rotation

of camera around its optical axis the new position of

point A" will determine the heading as

Yy = atan2 A" | The angle of camera rotation y will
YA

be a difference between these two angles:

V=Y =g, (2
Using SURF method on the pair of images results
in obtaining the feature point descriptors on the

reference image {(x;,y;),(X2,¥2)s-..(XN,Yn)} and on

the current one {(X',y'),(x'2,¥'2)s-s(X'M>Y'M)} 5
where total numbers of detected feature points on the
images are designated as N and M, respectively. The
resulting feature points must be matched via correlation
using definite error metrics. Extremes of error metrics
must be found and localization of matched pairs will be
done.

Three main error metrics are usually used to match
the points: sum of absolute differences (SAD)

Egap = Z|Di - Dj| ;
sum of squared differences (SSD)

Essp = 2 (D; ‘DJ)T (D -D;).
and normalized cross-correlation (NCC)
Ence =2 D Dy, 3)
where D;, D; - matrices of detected feature points i and j
on the pair of images. It is obvious that in all of the
cases the error metric will be the matrix of dimension
N-by-M.

For the research the NCC error metrics (3) has
been selected since it can be calculated by pure
descriptor matrices multiplication and therefore realized
in real time. The false matching is eliminated by setting
the definite threshold value for NCC metric.

Each reliable pair of matching is then used to
calculate the heading by (2). The obtained values are
then weighted (based on a priori expectation if
available) and averaged.

Experimental results

The study of proposed algorithm has been done on
the series of images of camera from the same position
with rotation around optical axis by step in 46° (Fig. 2).

Matching has been done between the reference
image assumed to be taken with zero heading and
current one. Realization of SURF method in (Code of
SUREF listing in MATLAB) has been used in practice
for experiments. Tests have been done in MATLAB
7.8.0. Threshold value has been used in the range from
0,985 to 0,995. The errors of heading determination are
shown in Fig. 3, Fig. 4 and Fig. 5.
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Fig. 2. Referenced image (left) and the same scene with camera rotation angle in 46°.
Matched points are shown by line connections
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Fig. 3. Error of heading by correlation threshold 0,985
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Fig. 4. Error of heading by correlation threshold 0,99



Apoounamuxa, OUHAMUKA, OANTUCIMUKA U YRPAGIEHUE NOJIEMOM JIeMamelbHblX ANNAPaAmos 49

Correlation threshold 0,995
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Fig. 5. Error of heading by correlation threshold 0,995

Errors of heading determination of the proposed
algorithm are significantly increasing with degree
change between reference and current images. The
measure of reliability of obtained data can be in the
form of variance of heading measurement for matched
points (Fig. 6, Fig. 7, Fig. 8).

Smaller errors have been observed for incremental
heading determination (Fig. 9) when heading is

determined by the difference of two images between
two sequential moments of rotation in the assumption
that heading for the first image is known.

As it can be seen the constant component in
heading error is present and can be determined. For the
given experiments it has been 0,1768°. Eliminating the
constant component it is possible to obtain the random
component of error (Fig. 10).
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Fig. 6. Dependence of the heading error on the variance and number of matched points
with correlation threshold 0,985
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Fig. 7. Dependence of the heading error on the variance and number of matched points
with correlation threshold 0,99
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Fig. 8. Dependence of the heading error on the variance and number of matched points
with correlation threshold 0,995
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Fig. 9. Error of incremental heading determination by correlation threshold 0,995
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Correlation threshold 0,995
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Fig. 10. Random component of incremental heading determination

By assuming the normal distribution of heading
error Ay it is possible to fit and obtain statistical

characteristics of heading channel with mathematical
expectation 0,8228 and variance 0,4402.

Thus, the error model of heading channel in
vision-based correlation-extreme navigation system can
be represented as follows:

VVCENS =V +AY +E,,, C))
where v is true value f heading, Ay is constant slow

varied component of error, &, is random component of

heading error distributed by normal law.

Mathematical model of heading channel (4) can be
used in data fusion by combining heading data from
IMU, magnetometers, etc.

Conclusions

The proposed algorithm of incremental heading
determination allows us to obtain heading data from
visual correlation-extreme navigation system with
minimum computer time consumption. Average time
consumption for heading determination (without time
required for SURF realization that significantly depends

on the volume of compared images) is about 0,02 sec.
Taking into account the obtained mathematical model of
heading errors (4) the accuracy of heading
determination can be reached up to =+0,4°, and
significantly increase accuracy of complex correlation-
extreme navigation system.
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MOJEJIb IIOXUBOK KAHAJY KYPCY BI3YAJIbHOI
KOPEJISILIMHO-EKCTPEMAJIBHOI HABITAIIIMHOI CHCTEMHA

M. II. Myxina

3anpornoHoOBaHO aNrOpUTM BU3HAUYEHHS KypCy, IO IPYHTYEThCS Ha KOpPENSIil mapu 300pakeHb: 0a30BOro 3
T€OIpPHB’SI3KOI0 Ta MOTOYHOr0. Kopessiiist 3MiHCHIOETHCS MK IECKPHIITOPAMH XapaKTepHUX TOYOK, BU3HAUEHHX 32
nonomororo meroxy SURF. SIk meTpuky moxuOOK JUisi CIiBCTaBJICHHS IapH 300pa)KeHb 0OpaHO HOpPMalli30BaHHMA
Koe(ilLlieHT KOpeJsiiii 3 TOYKH 30py 00UMCIIOBaIbHOI epeKTUBHOCTI. J{oCiikeHO TOXNOKY BU3HAYEHHS KYpCY IS
PI3HUX 3Ha4YeHb MOPOr'y HOPMAaJli30BaHOIO Koe(ili€HTy Kopensmii Ta 3almpONOHOBAaHO IHKPEMEHTHHH MiJXif.
BupineHo moctiiiHy Ta BUIIaJKOBY CKJIJOBI IOXHOKM KypCy Ta Ha OCHOBI HOPMaJBHOTO PO3IOJTY ITOOYIOBaHO
MOJIEJTb MOXUOOK KaHaTy KypCy Bi3yalbHOI KOpEJsIiHHO-eKCTpeMaIbHOI HaBIralliifHOT CHCTEMH.

KarwudoBi caoBa: kopensiiiiHo-eKcTpeMalibHa HaBiramis, METOJ IMPHUCKOPEHOI'0 3HAXOMKECHHS POOACHHX
xapaxrepuux o3Hak (SURF), HopmasizoBaHuii KoeillieHT KOpesIii.

MOJIEJIb IOT'PEHIHOCTEM KAHAJIA KYPCA BU3YAJIBHON
KOPPEJIALIMOHHO - 9KCTPEMAJIbHOM HABUT' AIITUOHHO CUCTEMBI

M. II. Myxuna

[pennoxxeH ajaropuT™ ormpezeneHus] Kypca, OCHOBAaHHBIH Ha KOppEISMU Mapbl M300pa)KeHHid: 0a30BOro c
TEONpPUBS3KOM ¥ Tekymiero. Koppemsmus OCYIIeCTBISIETCS MEXIy HECKPUITOPAMU XapaKTEepHBIX TOYEK,
ompeneneHHblx ¢ noMmompio Merona SURF. B kauecTBe MeTpUKM MOTpEIIHOCTEH Ui COMOCTABJICHHS Iapsl
n300pakeHUH BBHIOPaH HOPMAaJIM30BaHHBIH KO3(D(UIIMEHT KOppEeNIsLUUA C TOYKH 3PEHHs] BBIUYUCIUTENHLHON
s¢pdexktuBHocTH. VccnenoBaHbl MOTPENTHOCTH — ONpeNeNieHusl Kypca Uil  pas3id4yHbIX 3HA4YeHWH Topora
HOPMaJIM30BaHHOTO KO3((UIKEHTa KOPPEISAIUH U MPEJI0KEH HHKPEMEHTHBIH oaxo. BelJeneHsl mocTossHHas U
citydaifHasl COCTaBIIAIOLIME IOTPEIIHOCTH Kypca, U Ha OCHOBE HOPMAJIBHOIO paclpelieleHHs IOCTPOeHa MOJENb
MIOTPENIHOCTEH KaHala Kypca BU3yaIbHON KOPPEJSIIMOHHO - SKCTPEMaIbHOW HABUTAIIIOHHOW CUCTEMBI.

KnarueBble cioBa: KOPpEISILIHMOHHO - OKCTpEMajibHAs HABUTAIMs, METOJ| YCKOPEHHOI'O HaXOXICHHs
pobacTHBIX xapakTepHbIX mpu3zHakoB (SURF), Hopmani3oBaHHbIH KO3 (HUIIMEHT KOPPEIISIHH.

Myxuna Mapuna IleTpoBHa — KaHJ. TeXH. HayK, JOIEHT Kadeapbl aBHAIMOHHBIX KOMIIBIOTEPHO-
HHTETPUPOBAHHBIX KOMIUIEKCOB, HalMOHANBHBIA aBHALMOHHBIA yHHBepcuteT, KueB, VYkpauna, e-mail:
m_mukhina@inbox.ru.



