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Abstract—In this paper, we consider the solution of the problem of simultaneous localization and the
construction of a map for an unmanned aerial vehicle (a quadrocopter). The structure of the integrated
navigation system is developed on the basis of the fusion of several sources of navigational information,
which allows to compensate the shortcomings of each source, which includes the following blocks: an
improved system of visual navigation based on the use of EKF-SLAM, satellite navigation system GPS,
barometric altimeter, radio altimeter, Strapdown inertial navigation system, the converter of modes of
navigation. To improve the quality of the visual navigation system, an improved EKF-SLAM algorithm is
proposed with the adaptation of the surveillance zone and local data association based on the improved
ants algorithm, thereby avoiding obstacles. Recognition of landmarks is based on the use of the algorithm
SURF. The EKF-SLAM algorithm is integrated through Adaptive Observation Range. Algorithms for
dynamically changing the size of the observation zone and determining the redundancy of the detected
landmarks are proposed. The extended Kalman filtering procedure for the problem under consideration
and the proposed improvements are given. It is shown that the problem of SLAM data association can be
represented as an optimization problem. As an optimization algorithm, an ant algorithm is proposed.

Index Terms—Extended Kalman filter; simultaneous localization and mapping; integrated navigation
system; strapdown inertial navigation system; landmarks.

I. INTRODUCTION

Currently, robotics has become a well-developed
industry: thousands of robots working in different
companies of the world, underwater manipulators
have become an indispensable accessory of
underwater research and rescue vehicles, space study
is based on extensive use of robots with different
levels of intelligence. Particular attention is paid to
the automation of heavy, hazardous, tedious and
monotonous work in various fields with the help of
robot manipulators.

One of the main functions that an autonomous
mobile robot should have is the ability to accurately
determine the parameters of your own location and
build maps of the terrain. It is necessary at each
moment to know the location of the robot and the
map of that part of the surrounding space that was
available for observation from the initial moment of
time to the current one. Since there is no a priori
information about the position of the robot in space,
its location is logical to represent in the system of
local coordinates associated with its initial position.
The requirements for the constructed map can be
very diverse. At the same time, the main one is the
ability of the robot to navigate it. Without this, the
calculation of the location and the construction of
the map will be carried out independently, which
will lead to a continuous increase in the error. Other

requirements can be: accessibility for human
perception, support for large spaces, etc.

II. PROBLEM STATEMENT

A. The Localization Model

Suppose we have a mobile robot in an
environment which contains beacons-points in the
environment with a known exact location and which
(once acquired) the robot can calculate its distance
and direction from. Further suppose that after
initialization the robot cannot assume to know its
exact location or orientation; due to inaccuracies of
the actuators it must attempt to extrapolate this
information from the beacons. Our robot could
theoretically navigate such an environment without
too much difficulty even if the robot’s actuators
were not completely accurate.

Imagine that the robot starts in some known
location, x,, and has knowledge of a set P containing
several feature locations. The world is exactly as our
robot perceives it because the robot’s (noisy) sensors
have not been needed yet. When the robot attempts
to move a given distance in a certain direction (i.e.
the movement vector u;) to location x;, it will
actually move along some other vector to some
location which is nearby x;. The beacons need to be
relocated to determine the new robot pose. If the
actuators were completely accurate the beacons
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could be reacquired by assuming they have moved
inversely to u;. Because the actuators are imprecise,
however, the robot must search for the beacons. The
search is facilitated by beginning near the expected
location of the beacon and expanding outward.
Fig. 2 presents the situation so far:
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Fig. 1. Stage of localization. ™ is the actual
movement; ™ P is the predicted movement; — is the
actual observation; - - -P is the predicted observation;

@ s the actual feature position; <.” is the predicted
feature position

Notice that x; as well as the movement vectors
correspond to estimates rather than ground truth.
Once the beacons are reacquired, a new robot location
estimate, x,, can be made, as shown in Fig. 2.
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Fig. 2. New assessment of the robot's location:
— is the position update vector; - - -» is the

observation; @ i the feature position

Over time, the estimate of the robot pose will
never diverge because the beacon locations are fixed
and known absolutely; the robot pose is always
calculated from the same correct data. We use
beacons rather than features in this example simply
because we would be more likely to know the
absolute location of beacons than naturally occurring
features. Note that the situation would be essentially
the same if the agent began with an accurate feature
map rather than beacons. The only difference would
be that the agent would need to reacquire features
from camera images rather than simply finding
beacons.

B. The Mapping Model

Mapping, in a sense, is the opposite of the
situation described above. In mapping, we assume

the agent knows exactly where it is at all times — that
is, we assume we either have perfect motion sensors,
or an error free Global Positioning System (GPS).
What the agent lacks in the mapping context is a
way of knowing the absolute location of features.
Notice that in contrast to localization, the agent does
not begin with an accurate world view; the agent can
locate features to build a map, zo = {zo0, Zo1 ... Zon}
where z; is read, “the jth feature estimate at time
step . Of course, z, will only contain
approximations of the actual feature locations. When
the agent moves, however, the map can generally be
made more accurate [7].

III.OVERVIEW OF EXISTING SOLUTIONS

At the moment, in the absence of a universal
solution, the simultaneous localization and mapping
(SLAM) problem is solved using combinations of
the above sensors and software for these sensors.
Since the sensors do not always provide accurate
measurements and are prone to accumuate errors
over time, the robot's position estimate may differ
significantly from its actual position. To overcome
this disadvantage, most algorithms that implement
SLAM use the following approaches: advanced
Kalman filter, particle filter or SLAM on graphs.

Extended Kalman Filter (EKF). 1t is based on the
Kalman filter — a recursive filter that estimates the
state vector of a dynamic system and uses a number
of incomplete, inaccurate measurements. The main
disadvantage of this approach is the quadratic
dependence of the complexity of the algorithm on
the number of observed landmarks [8].

Particle  Filter.  One of the brightest
representatives of methods based on particle filters is
the Monte Carlo method (Monte Carlo
Localization). This method is used to localize the
robot in space and operates with collections of
images, also known as "particles." Advantage is the
logarithmic complexity.

Simultaneous localization and mapping on the
graphs. This method uses the representation of the
map as a sparse graph. The nodes of this graph are
the locations of the robot on the map and the points
of the map obtained with the range finders, and the
edges are the links between the relative positions of
the robot on the map and the map elements that are
observed from these positions. Such an approach has
less accuracy in constructing a map than previous
approaches.

IV. PROBLEM SOLUTION

Each of the algorithms described above require
something as input that is generally unavailable in
practice. A localization algorithm outputs the robot
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pose but requires accurate feature locations (i.e. a
map) as input every time the algorithm iterates.
Conversely, a mapping algorithm generates a map
but needs an undated pose as input. The fact that the
(usually unavailable) input of each process is the
output of the other suggests that the two problems
are related, and could perhaps be combined into a
single solution; it seems that if both processes are
utilized together there is some hope for robot
navigation without either an a-priori map or accurate
GPS/odometry.

Suppose a robot starts from some known origin.
First of all it constructs a preliminary map, then
moves to a new location and updates its expected
location. Finally the of the integrated EKF-SLAM
algorithm is shown in Fig. 4.

Improved
SVN based Navigation
on EKF-SLAM mode
converter
GPS
Barometric A
radio altimeter Merge of the
- measured
Radlo information Ka_lman
altimeter filter
>
>
SINS

—

Fig. 4. The scheme of the AR-SLAM-EKEF algorithm
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The structure of the improved algorithm is shown in
Fig. 5.

The essence of the algorithm consists in using a
local circular map (instead of the usual rectangular
map) for the current estimation of the coordinates of
the apparatus and localization of the zone of the used
landmarks in the global coordinate system, with the
simultaneous updating of the global map. The
principle of localization of the monitoring zone is
shown in Fig. 6.
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Fig. 5. The structure of the improved algorithm

Fig. 6. Circular local map and range of observation:
S is the circular local map; S| is the range of
observation; S, is the additional range; black dots
are landmarks

If you do not change the radius of the local map,
the following problems are possible:

1) In a medium with rare reference points, the
number of observed landmarks in the region .S} may
be too small, even equal to zero, because of which it
is impossible to refine the positioning, i.e. the
prediction error will continue to accumulate.

2) In a multi-reference environment, the number
of landmarks in the S region may be too large, many
of these landmarks will be redundant for positioning
the robot, which will increase the dimensionality of
the state vector and affect the computational speed.

3) If the observation range is too large, then the
reliability of observing distant landmarks is reduced,
which will affect the positioning accuracy of the
robot.

To solve these problems, the EKF-SLAM
algorithm is proposed with the adaptation of the
observation area depending on the state of the flow
of incoming reference points. If the number of
reference points Num in the observable region S is
less than the number of reference points Numyp,
(Num < Numyy) that is minimally necessary for
reliable correction of the predicted state vector, and
the observation radius R is less than the maximum
radius R.x of reliable observation (R < Ry.x), then it
is proposed to increase the radius local map. If the
number of landmarks is larger than the maximum
number of Num,., landmarks, which allows to avoid
excessive redundancy of the correction (Num >
Numy,y), or the observation radius is greater than the
maximum radius of reliable observation (R > Rya),
it is proposed to reduce the radius of the local map.
When the number of reference points is Numipi, <
Num < Nump, and R < Rn.y, the radius of the local
map remains unchanged. The corresponding
transition diagram is shown in Fig. 7.
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Fig. 7. Diagram of changing the radius of the local map

The set of change states for the radius of the local
map Q= {ql, 4, q3} , where ¢, is the increase in

radius; ¢, is the decrease in radius; g3 is the

preserving the radius. The set of discrete events
corresponding to the set O, W ={w,,, w;, w,,, W,

Wy, W, |, where w, s the switching from m to n;
m,n €[1,2,3].

Algorithm of local association of SLAM data on
the basis of an improved ant algorithm, implemented
in two stages. At the first stage of the algorithm, we
determine the reference points in the coincidence
space and the observed reference points, which have
the possibility of association by the criterion of
individual compatibility (IC). At the second stage,
coincident reference points and coordinates of
coinciding observed landmarks on the set of states
are determined using an improved ant algorithm.

V. RESULTS

The efficiency of the algorithm was verified by
simulating unmanned aerial vehicles (UAV) flight
on a square route with a side of 10 m (Fig. 8.) in a
two-dimensional map. On the map, the red solid line
represents the route, 88 discrete red dots represent
landmarks that are evenly distributed inside and
outside the route. Measuring parameters of airborne
sensors: the error in measuring the angle of 0.125
radians, the error in measuring the coordinates of
0.01m, the maximum reliable distance for
measurements of 3m, the angular range of
measurements [-90°, 90°].

In Figure 8 blue dots represent the real positions of
the UAV; blue ellipses represent covariance ellipses
of landmarks and UAVs, that is — uncertainties of
positions of landmarks and UAVs; the blue line
represents the real trajectory of UAV flight.

Figure 9 shows that the ICOACP algorithm
converges and the error and spread of orientation
and localization are not large enough.
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Fig. 8. Results of simulation of UAV flight trajectories
using the data association algorithm
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Fig. 9. Error (blue lines) and covariance (red lines) of
the orientation and localization of the UAV in the x and y
directions using the data association ICOACP algorithm

VI. CONCLUSIONS

The software of navigation system for UAV was
developed on the basis of the improved EKF-SLAM
algorithm with an adaptive observation range and a
local data association, which allows to increase
computational speed and navigation accuracy.
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B. M. Cunermaason, M. C. ITucapiora. InTerpoBana cucreMa oJJHOYACHOI JIOKAJi3aIllii i BimooOpaskeHHs

PosrisnyTo BupiIeHHs MpoOJIEMH OTHOYACHOI JoKami3alii Ta MoOyI0BHA KapTH ISl OE3MIJIOTHOrO JiTaJLHOr0 arnapary
(xBagpokonTepa). Ha oCHOBI KOMIUIEKCYBaHHS NEKIIBKOX JDKEpesl HaBirariiiHoi iHdopMarii po3poOJIeHO CTPYKTYpPY
IHTETPOBAHOI HABITANIAHOI CHCTEMH, 110 JT03BOJISAE KOMIICHCYBATH HEIOIKH KOKHOTO JKepena, siKi MICTATh y co0i Taki
OJIOKM: BJIOCKOHAJICHY CHCTEMY BI3yaJlbHOI HaBiraiiii, 3acHoBaHy Ha BukopuctanHi EKF-SLAM, cymyTHHKOBY
HaBIramiiHy CHUCTEMY IJIOOAJBHOrO IO3UI[IOHYBAHHS, OapOMETPHUUHHUI aJbTHMETpP, PaaiOBHCOTOMIp, IHEPI[aIbHY
HaBiramiiiny cucremy Strapdown, mepeTBoOpIoBad peXXHUMIB HaBiraiii. J{Jis MOJIMIIEHHs SIKOCTI Bi3yallbHOI HaBiraIiiHoi
CHUCTEMH 3ampoIoHOBaHO BHockoHaneHuit anroputM EKF-SLAM 3 amanraiii€ro 30HH CIOCTEPEKEHHS Ta JIOKAIHHOIO
acorriariero 1aHuX. PosmisHaBaHHS OpieHTUPIB 0a3yeThest Ha BukopuctanHi anroputMy SURF. Anroputv EKF-SLAM
IHTETPOBAHO 4Yepe3 aTalTUBHUM Jialla30H CIIOCTEPEKCHHSA. 3alpolOHOBAHO AalTOPUTMHU I JUHAMIYHOI 3MiHU
PO3MIpIB 30HH CIOCTEPSIKEHHS Ta BU3HAYCHHS HAJMIPHOCTI BHSBJICHHX OPIEHTHPIB. 3alpoONOHOBAHO MPOLEAYPY
¢binprpamii Kaamana ams po3rjissHyToi MpoOJieMH Ta 3alpOIlOHOBaHI BIOCKOHaeHHs. IlokazaHo, mo mpobieMy
acoramii gaaux SLAM MoKHaA NPEACTABUTH K 3aJa4y ONTHMI3allii.

Kurouosi ciioBa: posmmpennii GinsTp KanMana; omHoyacHa Jtokaiizallis Ta BigoOpaKeHHs; iHTerpoBaHa HaBirariiiiHa
chcTeMa; iHeplianbHa HaBiramiiHa cuctema Strapdown; opieHTHpH.
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B. M. Cuneria3zon, M. C. [Incaprora. UnTerpupoBanHasi cHCTEMAa OJJHOBPEMEHH O JIOKATH3AIMH H 0TOOPaKeHHs
PaccMmoTpeHo perieHre 3amadn 00 OJHOBPEMEHHOW JIOKATH3AIMHA U TIOCTPOCHUU KapThl OSCIMIOTHOIO JICTATSIBHOIO
ammapata (kBaapokonrTepa). CTpyKTypa HWHTETPUPOBAHHOW HABUTAI[MOHHOH CHCTEMBI pa3paboTaHa Ha OCHOBE
KOMITIEKCHPOBAHUSA HECKOJbKMX HWCTOYHHUKOB HABUTAIIMOHHOW HWH(GOpPMALMH, YTO TIO3BOJSET KOMIIEHCHPOBATH
HEIOCTATKU KaXKIOr0 MCTOYHHKA, KOTOpas BKJIIOYACT B ceOs ClEAyrolue OJIOKH: YCOBEPIICHCTBOBAHHYIO CHCTEMY
BH3yaJbHOW HABHUTAI[MHM HA OCHOBE HCIoab30BaHust EKF-SLAM, cCyTHHKOBYIO HABUTAI[HOHHYIO CUCTEMY T7100aIbHOTO
MTO3UI[HOHUPOBAHMS, 0apOMETPHUUECKHIA BBICOTOMEDP, PaJAHOBLICOTOMEDP, HMHEPIHATIHHYI0 HABUTAIIMOHHYIO CHCTEMY C
o0TeKaHHeM, KOHBEPTEP PEXHUMOB HaBUTAIMK. J[Js yIydllleHHs KadyecTBAa BH3YaJbHOM HABUTALIMOHHONW CHCTEMBI
MpeaaoxeH ycoBepuieHcTBoBaHHBINH aiaroput™ EKF-SLAM ¢ apmanranueii 30HBI HAOMIOAEHHS MW JIOKAJTLHOM
accormanye TaHHbeIx. Pacro3HaBaHue OpUEHTUPOB OCHOBAHO Ha ucmonb3oBanuu anropurtmMa SURF. Anroputm EKF-
SLAM wuHTErpupoBaH 4epe3 adalTUBHBIC 30HBI HaOMOAcHUS. [IpemIoKeHsl alrOPUTMBl JUHAMUYECKOrO U3MEHEHHUS
pa3Mepa 30HBI HAaONIONEHHUS W ONpEACICHUS H30BITOYHOCTH OOHAPYKCHHBIX OpUEHTHPOB. JlaHa pacuIMpeHHas
nporenypa ¢wibTpanud KanpMaHa I paccMaTpHUBaeMOW MPOOJeMbl W MPEIUIOKEHBI yaydiieHus. [loka3aHo, 4To
npobiieMa o0beanHeHHs JaHHBIX SLAM MokeT OBITh TIPeCTaBIeHA KaK MpobjieMa ONTHMH3AIINH.
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