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Abstract— The work is devoted to the development and 

research of navigation algorithms for unmanned aerial 

vehicles. The main of such algorithms is the integration of 

video processing results obtained from high-resolution 

cameras, as well as spatial rangefinder and inertial 

navigation system. The resulting solution allows for 

Autonomous navigation in conditions of strong radio 

interference and the absence of a satellite navigation system 

signal. The paper substantiates the technical viability of the 

proposed solution and offers the possibility of its 

implementation on the basis of existing circuit solutions. 

Keywords— Keywords: UAVs, image processing, nonlinear 

filtering, segmentation, and convolution neural networks 

I. INTRODUCTION  

In recent years, considerable interest of researchers 

focused on solving problems associated with the 

development of various robotic systems and complexes. 

Typical examples of such systems are unmanned aerial 

vehicles (UAVs). Initially, UAVs were considered only in 

the context of military applications. However, currently, 

UAVs are used in a variety of civilian tasks, which include 

aerial photography, cargo delivery, monitoring of 

agricultural land, forests, patrolling routes, geodesy etc. At 

the same time, the scope of UAV application is constantly 

growing, opening a large field for research related to the 

development of new circuit solutions, innovative materials, 

as well as optimization of UAV automatic control 

algorithms [1-13]. One of the key requirements that arise 

in the design of new UAVs is the ability to move 

independently in a dynamically changing environment and 

automatic task solving. A key element of any automatic 

control system of the UAV is a navigation system that 

allows you to determine the coordinates of the UAV at a 

given time. 

Currently, there are various ways of positioning the 

Autonomous vehicle [4-13, etc.]. Most of them are based 

on the use of GPS/GLONASS satellite navigation system 

(SNS) [8, 9]. These receivers allow you to determine the 

location of the UAV with an accuracy of several meters. In 

practice, however, the real positioning error may be 

significantly higher due to weather conditions, obstacles 

and other factors impairing the reception of the radio signal 

from the SNA. In addition, the frequency of obtaining 

coordinates using the SNA (up to 1 second) may not be 

sufficient for high-mobility UAVs. The use of additional 

information from on-Board inertial navigation systems 

(INS) does not allow overcoming these shortcomings in 

principle. In addition, the combination of SNA and INS 

does not provide additional information about the UAV 

environment, which leads to the need for additional 

recording devices. 

In this paper, to overcome these shortcomings, it is 

proposed to use a cascade of procedures for processing 

images of the underlying surface obtained from onboard 

cameras. 
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II. DESCRIPTION OF THE NAVIGATION SYSTEM HARDWARE 

To obtain information about the surrounding objects 

was developed and implemented hardware and software 

system installed on the gyrostabilized suspension of the 

UAV and consisting of the following components:  

1. High-resolution camera (1) facing vertically down. 

2. High resolution camera (2) facing forward along the 

axis of the machine. 

3. Spatial rangefinder (3) combined with camera (2). 

4. Onboard INS, including accelerometer, electronic 

compass and speedometer. 

5. On-Board computing cluster that processes data 

from these devices. 

In the diagram (Fig. 1) the order of connection and 

interaction of the specified equipment and control systems 

of the UAV is presented. 
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Fig. 1 General scheme of UAV equipment 

Data from the connected USB 3.0 interface high-

definition cameras, spatial rangefinder, INS and SNS are 

processed on the microcomputer JetsonTX1 in accordance 

with the described algorithms. These algorithms are 

implemented in python using the PYCUDA library. The 

control commands generated by the microcontroller are 

transmitted in the wide-pulse modulation mode directly to 

the flight controller of the UAV. 

The platform was mounted on an unmanned aerial 

vehicle assembled on the basis of the Tarot 910 frame and 

the Naza-MV2 on-Board controller. Figure 2 shows the 

appearance of the UAV. 

 

Fig. 2 View of UAV 

The movement of the UAV is carried out by 6 engines. 

The engines are connected to ESC-controllers, which are 

controlled by the flight controller NAZA-M V2, which 

allows controlling the UAV via wide-pulse modulation 

channels. 

III. USING IMAGES OF THE UNDERLYING SURFACE FOR 

POSITIONING THE DEVICE 

The camera directed vertically downwards, allows 

solving a problem of positioning of object by results of 

processing of a video sequence of an underlying surface. 

To do this, the spatial geometric deformations (or snaps) 

of adjacent frames are evaluated sequentially with the 

accumulation of estimates. High-speed pseudo gradient 

(PG) procedures described in [14] are used. In this paper, 

the convergence of these procedures is shown and the 

issues of computational optimization are considered, 

which allows providing the necessary quality of image 

alignment at minimal computational cost. Combining the 

evaluation vector obtained for each video frame 

(𝑠�̂�𝑖 , 𝑠�̂�𝑖 , 𝑠�̂�𝑖 , 𝑎�̂�𝑖)
𝑇 , where 𝑠�̂�𝑖 , 𝑠�̂�𝑖– assessment of bias i 

card  to 𝑖 − 1  horizontal and vertical respectively (in 

pixels); 𝑠�̂�𝑖– estimation of the change in the scale of the i-

th frame with respect to 𝑖 − 1 ; 𝑎�̂�𝑖 – estimation of the 

rotation angle of the i-th frame with respect to 𝑖 − 1; 𝑖 =
1, . . , 𝑛1; 𝑛1 – the number of frames in the video sequence, 

as well as the angular coordinates of the UAV (𝛼𝑥, 𝛼𝑦 , 𝛼𝑧) 

and its height ℎ𝑖  in the moment of registration i-card 

allows using simple geometric relations to form a vector 

estimates of the relative displacements of the UAV 

(Δ�̂�𝑖 , Δ�̂�𝑖) in the horizontal plane for the time interval 

between registration I -card and 𝑖 − 1  card. Simple 

integration of these estimates provided knowledge of the 

initial position of the UAV allows you to get a set of 

absolute estimates of the coordinates of the UAV(�̂�𝑠𝑖 , �̂�𝑠𝑖), 
𝑖 = 1, . . , 𝑛1. It is very important that together with these 

estimates it is possible to obtain the corresponding 

dispersion of positioning errors(𝜎𝑠𝑥𝑖
2 ,𝜎𝑠𝑦𝑖

2 ,) 𝑖 = 1, . . , 𝑛1 . 

As an illustration, figure 3a shows the process of 

estimating the trajectory of the UAV by the results of 

pseudo gradient alignment of the sequence of eight frames, 

and figure 3b of the coordinate estimation error. 

 

Fig. 3 The combined sequence of frames of the underlying surface and 

the error 

We should note two features. First, the variance of the 

coordinate estimation error increases with each iteration 

of the estimation. This is due to the sequential processing 

of incoming frames. Second, this growth is a nonlinear 

complex function. The reason for this is the stochastic 

nature of pseudo gradient procedures, as a result of which 

the error will be different every time. To reduce this error 

is possible using the INS data as an initial approximation 

and performing additional processing "through the frame" 

and even "after a few frames", if the speed of the UAV is 

small enough. However, the experience of processing a 

large amount of real data shows that the positioning error, 

𝜀𝐶𝑖: 𝑀{𝜀𝐶𝑖
2} = √𝜎𝑠𝑥𝑖

2 + 𝜎𝑠𝑦𝑖
2 , almost linearly related to 

the altitude h is inacceptable range |𝜀𝐶𝑖| ≤ ℎ for 3-3.5 

minutes flight time that is not sufficient to solve practical 

problems. 

To improve the quality of positioning, we will use the 

information coming from a forward-facing high-resolution 

camera and a spatial rangefinder. In this case, we will use 

the following three-step procedure. At the first stage, we 

will perform sequential segmentation of the obtained 

images in order to identify reference objects such as 

buildings, free-standing trees, characteristic details of the 

terrain, etc. The studies have shown that the best results 

can be obtained using a fully connected convolution neural 

network, namely a modification of the VGG-16 FCN 

network [15]. A key feature of the modifications is the 
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ability to use for each segmentation operation not only a 

single image from a high-resolution camera, but also an 

array of spatial rangefinder data, as well as the results of 

processing at the previous time. 

The significant difference in resolution between the 

camera data (1920×1280) and the spatial rangefinder data 

(640×480) is not a problem given the sequential 

convolutions used in the network. In accordance with the 

modifications carried out, the network was further trained 

on real video sequences received from the UAV. Figure 4 

shows the result of segmentation of individual frames of 

the sequence. A simple visual analysis of the submitted 

materials shows sufficient processing quality. The second 

stage of processing is the reduction of the spatial 

dimensions of the segmented material in accordance with 

the resolution of the spatial rangefinder ("pooling") and the 

use of FAST algorithm for detecting the angles of 

reference objects (figure 4). 

A simple analysis of the spatial rangefinder data allows 

you to determine the current distance to the points 

corresponding to these angles. Knowledge of this distance 

together with information about the placement of these 

points on the frame of the original image from a high 

resolution camera makes it possible to determine the 

coordinates using simple geometric relations 

(�̂�𝑂𝑖
𝑘 , �̂�𝑂𝑖

𝑘 , �̂�𝑂𝑖
𝑘 ), where 𝑖 = 1, . . , 𝑛2– number of frames in 

the video sequence; 𝑘 = 1, . . , 𝑀𝑖  – the number of 

reference points on the k frame, reference points relative 

to the current position of the UAV. 

 

 

Fig. 4 Initial data and result of processing of the first (a) and second (b) 

frames in the sequence 

Let us consider in more detail the synthesis of 

algorithms for estimating the coordinates of the UAV with 

the Union of the data of the meter component vxi, vyi its 

speed and estimates of the relative coordinates of fixed 

objects. To do this, we introduce a vector of estimated 

coordinates: 

�̅�𝑖 = (𝑥𝑖 𝑦𝑖 𝑣𝑥𝑖 𝑣𝑦𝑖 𝑎𝑥𝑖 𝑎𝑦𝑖 𝑥𝑂𝑖
1 𝑦𝑂𝑖

1 … 𝑥𝑂𝑖
𝑀𝑖 𝑦𝑂𝑖

𝑀𝑖)𝑇 

The components of this vector are related by the 

following discrete stochastic equations corresponding to 

the DS model: 

𝑥𝑖 = 2𝑥𝑖−1 − 𝑥𝑖−2 + 𝑎𝑥𝑖(𝑥𝑖−1 − 𝑥𝑖−2), 

 𝑦𝑖 = 2𝑦𝑖−1 − 𝑦𝑖−2 + 𝑎𝑦𝑖(𝑦𝑖−1 − 𝑦𝑖−2) 

 𝑣𝑥𝑖 = 𝑣𝑥(𝑖−1) + 𝑎𝑥(𝑖−1),          𝑣𝑦𝑖 = 𝑣𝑦(𝑖−1) + 𝑎𝑦(𝑖−1), 

𝑎𝑥𝑖 = 𝑟𝑎𝑥𝑎𝑥(𝑖−1) + 𝜉𝑥𝑖 ,          𝑎𝑦𝑖 = 𝑟𝑎𝑦𝑎𝑦(𝑖−1) + 𝜉𝑦𝑖 , 

 𝑥𝑜𝑖
𝑘 = 𝑥𝑜(𝑖−1)

𝑘 ,  𝑦𝑜𝑖
𝑘 = 𝑦𝑜(𝑖−1)

𝑘 ,  𝑘 = 1, . . , 𝑀𝑖 ,  𝑖 = 2, … , 𝑛2, 

containing independent Gaussian random variables 𝜉𝑥𝑖 , 𝜉𝑦𝑖 

with non-zero variances 𝜎𝜉𝑥𝑖
2  and 𝜎𝜉𝑦𝑖

2 . These random 

variables make it possible to consider the external random 

effects on the moving UAV.  

The equations of observations of velocity components 

and relative coordinates of objects can be written in the 

following form: 

𝑧𝑣𝑥𝑖 = 𝑣𝑥𝑖 + 𝑛𝑣𝑥𝑖 , 𝑧𝑣𝑦𝑖 = 𝑣𝑦𝑖 + 𝑛𝑣𝑦𝑖,  (1) 

𝑧𝑜𝑥𝑖
𝑘 = 𝑥𝑖 − 𝑥𝑜𝑖 + 𝑛𝑜𝑥𝑖

𝑘 , 𝑧𝑜𝑥𝑖
𝑘 = 𝑦𝑖 − 𝑦𝑜𝑖 + 𝑛𝑜𝑦𝑖

𝑘 ,   𝑘

= 1, . . , 𝑀𝑖 , 𝑖 = 2, … , 𝑛2, 

Where  𝑛𝑜𝑥𝑖 ,𝑛𝑣𝑦𝑖,𝑛𝑜𝑥𝑖
𝑘 ,𝑛𝑜𝑦𝑖

𝑘 , 𝑘 = 1, . . , 𝑀𝑖 – Gaussian 

measurement errors. The presented equations (1) can be 

written as a single vector equality: 

𝑧�̅� = 𝐶𝑖�̅�𝑖 + �̅�𝑖𝑖 = 1,2, . . , 𝑛2,                       (2) 

𝑧�̅� = (𝑧𝑣𝑥𝑖 𝑧𝑣𝑦𝑖 𝑧𝑜𝑥𝑖
1 𝑧𝑜𝑦𝑖

1 … 𝑧𝑜𝑥𝑖
𝑀𝑘 𝑧𝑜𝑦𝑖

𝑀𝑘)
𝑇
 

the vector of observations; 

 �̅�𝑖 = (𝑛𝑣𝑥𝑖 𝑛𝑣𝑦𝑖 𝑛𝑜𝑥𝑖
1 𝑛𝑜𝑥𝑖

1 … 𝑛𝑜𝑥𝑖
𝑀𝑘 𝑛𝑜𝑦𝑖

𝑀𝑘 ) 

the vector of errors;  

𝐶𝑖 =

(

 
 
 
 

0 0   1
0 0   0
1 0   0

0 0 0
1 0 0
0 −1 0

…  0  0
…  0  0
…  0  0

0 1 0
… … …
0 0 0

0 0 −1
… … …
1   0 0

…  0 0
…  0 0
… −1 0

0 0  0 0 1   0 …  0 −1)

 
 
 
 

 

 

𝑉𝑖 = 𝑀{�̅�𝑖�̅�𝑖
𝑇} = 

(

 
 
 
 
 
 
 

𝜎𝑣𝑥𝑖
2 0   0

0 𝜎𝑣𝑦𝑖
2   0

0 0 𝜎𝑂𝑥𝑖
1 2

0    …    0
0    …    0
0    …    0

0
0
0

0      0        0
…    …       …
0     0        0

𝜎𝑂𝑦𝑖
1 2

… 0

… … 0

… … 𝜎𝑂𝑥𝑖
𝑀𝑖

2

0
0
…

0      0         0 0    0     0 𝜎𝑂𝑦𝑖
𝑀𝑖

2

)

 
 
 
 
 
 
 

 

where 𝜎𝑣𝑥𝑖
2 , 𝜎𝑣𝑦𝑖

2 , 𝜎𝑂𝑥𝑖
𝑘 2

, 𝜎𝑂𝑦𝑖
𝑘 2

– dispersion of errors of 

observations of velocity components and relative 

coordinates of the i-landmark. 

𝑥𝑖 = 𝑥0 +∑(𝑣𝑥𝑗 + 𝑎𝑥𝑗)

𝑖−1

𝑗=0

= 𝑥0 +∑(𝑣𝑥0 +∑(𝑎𝑥𝑙 + 𝜉𝑥𝑙)

𝑗+1

𝑙=1

)

𝑖−1

𝑗=0

= 𝑥0 + (𝑖 − 1)𝑣𝑥0

+
(𝑖 − 1)(𝑖 − 2)

2
𝑎𝑥0

+∑∑∑ 𝜉𝑥𝑚

𝑙+1

𝑚=1

𝑗+1

𝑙=1

𝑖−1

𝑗=0

, 
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𝑦𝑖 = 𝑦0 + (𝑖 − 1)𝑣𝑦0 +
(𝑖 − 1)(𝑖 − 2)

2
𝑎𝑦0

+∑∑∑ 𝜉𝑦𝑚

𝑙+1

𝑚=1

𝑗+1

𝑙=1

𝑖−1

𝑗=0

. 

 The corresponding variances can be written as: 

𝜎𝑥𝑖
2 = 𝑀{(∑∑∑ 𝜉𝑥𝑚

𝑙+1

𝑚=1

𝑗+1

𝑙=1

𝑖−1

𝑗=0

)

2

}

= 0.25𝑖(𝑖 − 1)(𝑖 − 2)𝜎𝜉𝑥𝑖
2 ,  

𝜎𝑦𝑖
2 = 0.25𝑖(𝑖 − 1)(𝑖 − 2)𝜎𝜉𝑦𝑖

2 . 

Then it is possible to write the following equation: 

  x̅i = ℘𝑖−1x̅i−1 + 𝜉�̅� ,                                      (3) 

where     ℘𝑖−1 =

(

 
 
 
 
 
 

1 1 0
0 1 + 𝑎𝑥𝑖 0
0        0 𝑟𝑎𝑥

0          0     0
1          0     0
0          1     0

… 0 0
… 0 0
… 0 0

0          0          0
0          0          0
0          0          0

1 1   0
0 1 + 𝑎𝑦𝑖   0

0 0 𝑟𝑎𝑦

… 0 0
… 0 0
… 0 0

… … …
0         0          0
0         0          0

… … …
0      0       0
0      0       0

… … …
… 0 0
… 0 0)

 
 
 
 
 
 

;  

𝜉�̅� = (0 0 0 0 𝜉𝑥𝑖 𝜉𝑦𝑖 … 0 0)𝑇. Formula (3) 

can be rewritten in a more general form of a vector 

nonlinear stochastic equation: 

x̅i = φ𝑖−1(x̅i−1) + 𝜉�̅�,  (4) 

 

whereφ𝑖−1(x̅i−1) = ℘𝑖−1x̅i−1. The recorded expressions 

give the opportunity to apply the extended nonlinear 

Kalman filter (Extended Kalman Filter) to evaluate the 

vector  �̂̅�𝑖: 

�̅̂�𝑖 = �̅̂�Э𝑖 + 𝑃𝑖𝐶𝑖𝑉𝑛𝑖(𝑧�̅� − �̅̂�Э𝑖),  (5) 

where  

𝑃𝑖 = 𝑃Э𝑖(𝐸 + 𝐶𝑖
𝑇𝑉𝑛𝑖𝐶𝑖𝑃Э𝑖)

−1– the variance matrix of the 

estimation; 

 𝑃Э𝑖 = 𝜑𝑖−1
′(�̅̂�𝑖−1)𝑃𝑖−1𝜑𝑖−1

′(�̅̂�𝑖−1)
𝑇
+ 𝑉𝜉𝑖– the variance 

matrix of errors of extrapolation; 

�̅̂�Э𝑖 = 𝜑𝑖−1(�̅̂�𝑖−1) = ℘𝑖−1�̂̅�Э𝑖−1– extrapolated forecast at 

the i-th assessment step �̅̂�𝑖−1, obtained in the previous 

step. 

We draw attention to the possibility of changing the 

length of the estimated vector �̂̅�𝑖 by changing the number 

of observed landmarks at a given time. Indeed, consider 

the behavior of the filter at some i-th moment in time, 

when there are no landmarks in the field of view of the 

UAV. Then for each coordinate you can create a vector 

�̅�𝑖 = (𝑥𝑖 𝑣𝑥𝑖 𝑎𝑥𝑖)𝑇 и �̅�𝑖 = (𝑦𝑖 𝑣𝑦𝑖 𝑎𝑦𝑖)𝑇 , what 

makes it possible to write the equations of state change: 

�̅�𝑖 = ℘𝑥𝑖−1�̅�𝑖−1 + 𝜉�̅�𝑖, �̅�𝑖 = ℘𝑦𝑖−1�̅�𝑦𝑖−1 + 𝜉�̅�𝑖, 

where ℘𝑥𝑖−1 = (
1 1 0
0 1 + 𝑎𝑥 1
0 0 𝑟𝑎𝑥

) , ℘𝑦𝑖−1 =

(

1 1 0
0 1 + 𝑎𝑦 1

0 0 𝑟𝑎𝑦

) , 𝜉�̅�𝑖 = (0 0 𝜉𝑥𝑖)
𝑇 , 𝜉�̅�𝑖 =

(0 0 𝜉𝑦𝑖)𝑇 . In turn, the observation equations are 

rewritten as: 

𝑧𝑥𝑖 = 𝐶𝑥𝑖�̅�𝑖−1 + 𝑛𝑣𝑥, 𝑧𝑦𝑖 = 𝐶𝑦𝑖�̅�𝑖−1 + 𝑛𝑣𝑦, 

where 𝐶𝑥𝑖 = 𝐶𝑦𝑖 = (0 1 0). In the last evaluations 

𝑧𝑥𝑖  and 𝑧𝑦𝑖  – scalar value. In this case, the following 

relations describing the coordinate-wise filtration take 

place: 

�̅̂�𝑖 = �̅̂�Э𝑖 + 𝑃𝑥𝑖𝐶𝑖
𝑇𝑉𝑥𝑖(𝑧�̅�𝑖 − 𝐶𝑖 �̅̂�Э𝑖), �̅̂�𝑖 = �̅̂�Э𝑖
+ 𝑃𝑦𝑖𝐶𝑖

𝑇𝑉𝑦𝑖(𝑧�̅� − 𝐶𝑖 �̅̂�Э𝑖), 

where 𝑃Э𝑥𝑖(𝐸 + 𝐶𝑖
𝑇𝑉𝑥𝑖𝐶𝑘𝑃Э𝑥𝑘)

−1 , 𝑃𝑦𝑖 = 𝑃Э𝑦𝑖(𝐸 +

𝐶𝑖
𝑇𝑉𝑦𝑖𝐶𝑘𝑃Э𝑦𝑘)

−1 , �̅̂�Э𝑖 = ℘xi−1�̅̂�𝑖−1 , �̅̂�Э𝑖 = ℘yi−1�̅̂�𝑖−1 , 

𝑃Э𝑥𝑖 = ℘𝑥𝑖−1𝑃𝑥(𝑖−1)℘𝑥𝑖−1
𝑇 + 𝑉𝜉𝑥𝑖 ; 𝑃Э𝑦𝑖 =

℘𝑦𝑖−1𝑃𝑦(𝑖−1)℘𝑦𝑖−1
𝑇 + 𝑉𝜉𝑦𝑖 ; 𝑉𝜉𝑥𝑖 =

(

0 0 0
0 0 0
0 0 𝜎𝜉𝑥𝑖

2
) ; 𝑉𝜉𝑦𝑖 = (

0 0 0
0 0 0
0 0 𝜎𝜉𝑦𝑖

2
) ; 𝐶𝑖 = (0 1 0). 

Let it be that on the  𝑖 + 1 st step it observed the 

oriented 

 zOx(i+1)
1 = xi+1 − 𝑥Ox(i+1)

1 + 𝑛Ox(i+1)
1 ,  

 zOy(i+1)
1 = yi+1 − yO(i+1) + nOy(i+1),    

oriented with coordinate  xO(i+1) = xO(i) , yO(i+1) = yO(i) . 

That`s why  �̅̂�Э(𝑖+1) = (
�̂�𝑖 + �̂�𝑥𝑖
�̂�𝑥𝑖

) , �̅̂�Э(𝑖+1) = (
�̂�𝑖 + �̂�𝑦𝑖
�̂�𝑦𝑖

) . 

Then we extend the state vector  

 �̅�𝑖+1 = (𝑥𝑖+1
𝑣𝑥(𝑖+1) 𝑎𝑥(𝑖+1) 𝑥𝑂(𝑖+1))𝑇, 

       �̅�𝑖+1 = (𝑦𝑖+1
𝑣𝑦(𝑖+1) 𝑎𝑦(𝑖+1) 𝑦𝑂(𝑖+1))𝑇 ,  

assuming the possibility of estimating coordinates 

(𝑥𝑂(𝑖+1), 𝑦𝑂(𝑖+1)). Suggesting that 

 �̂�Э𝑂(𝑖+1) = �̅�Э𝑂(𝑖+1) = 0 we may write  

 �̅̂�Э(𝑖+1) = (

�̂�𝑖 + �̂�𝑥𝑖
�̂�𝑥𝑖 + �̂�𝑥𝑖
�̂�𝑥𝑖−1
0

), �̅̂�Э(𝑖+1) =

(

 

�̂�𝑖 + �̂�𝑦𝑖
�̂�𝑦𝑖 + �̂�𝑦𝑖
�̂�𝑦𝑖−1
0 )

 , 

𝑃Э𝑥𝑖 =

(

 
 
𝑝э𝑥(𝑖+1) 𝑝э𝑣𝑥(𝑖+1) 𝑝э𝑎𝑥(𝑖+1)             0

𝑝э𝑣𝑥(𝑖+1)
𝑝э𝑥𝑎(𝑖+1)

𝑝э𝑥𝑣(𝑖+1)
𝑝э𝑥𝑎(𝑖+1)

𝑝э𝑥𝑎(𝑖+1)
𝑝э𝑥𝑎(𝑖+1)

            0
            0

0 0 0 𝜎𝑂𝑥
2 + 𝑝э𝑥(𝑖+1) )

 
 

, 

𝑃Э𝑦𝑖 =

(

 
 
𝑝э𝑦(𝑖+1) 𝑝э𝑣𝑦(𝑖+1) 𝑝э𝑎𝑦(𝑖+1)             0

𝑝э𝑣𝑦(𝑖+1)
𝑝э𝑦𝑎(𝑖+1)

𝑝э𝑦𝑣(𝑖+1)
𝑝э𝑦𝑎(𝑖+1)

𝑝э𝑦𝑎(𝑖+1)
𝑝э𝑦𝑎(𝑖+1)

            0
            0

0 0 0 𝜎𝑂𝑦
2 + 𝑝э𝑦(𝑖+1) )

 
 

. 

In this case, the following equalities occur in the 

observation model: 

(
𝑧𝑣𝑥(𝑖+1)
𝑧𝑜𝑥(𝑖+1)

) = (
0 1 0 0
1 0 0 −1

)(

𝑥𝑖+1
𝑣𝑥(𝑖+1)
𝑎𝑥(𝑖+1)
𝑥𝑂(𝑖+1)

) + (
𝑛𝑥(𝑖+1)
𝑛𝑂𝑥(𝑖+1)

), 
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(
𝑧𝑣𝑦(𝑖+1)
𝑧𝑜𝑦(𝑖+1)

) = (
0 1 0 0
1 0 0 −1

)(

𝑦𝑖+1
𝑣𝑦(𝑖+1)
𝑎𝑦(𝑖+1)
𝑦𝑂(𝑖+1)

) + (
𝑛𝑦(𝑖+1)
𝑛𝑂𝑦(𝑖+1)

). 

Thus С𝑥(𝑖+1) = С𝑦(𝑖+1) = (
0 1 0 0
1 0 0 −1

) . The 

resulting expressions allow you to continue applying the 

filter (3.13) without additional conditions. Similarly, you 

can implement the case of a landmark exception when 

positioning the device. 

Thus, consistently substituting the set of coordinates of 

the control points in the described filter, it is possible to 

obtain a set of estimates of the coordinates of the 

UAV (�̂�𝑣𝑖 , �̂�𝑣𝑖) , 𝑖 = 1, . . , 𝑛2 , together with the 

corresponding positioning error variances (𝜎𝑣𝑥𝑖
2 , 𝜎𝑣𝑦𝑖

2 ) . 

Note that due to the apparent independence of the two 

described methods of navigation processes, the estimates 

themselves (�̂�𝐶𝑖 , �̂�𝐶𝑖) , 𝑖 = 1, . . , 𝑛2  и  (�̂�𝑣𝑖 , �̂�𝑣𝑖) , 𝑖 =
1, . . , 𝑛2  will be independent. This is after bringing to a 

single time sampling interval 𝑖 = 1, . . , 𝑛 allows obtaining 

complex estimates: 

�̂�𝐾𝑖 = �̂�𝑣𝑖
𝜎𝑆𝑥𝑖
2

𝜎𝑣𝑥𝑖
2 + 𝜎𝑆𝑥𝑖

2 + �̂�𝑆𝑖
𝜎𝑣𝑥𝑖
2

𝜎𝑣𝑥𝑖
2 + 𝜎𝑆𝑥𝑖

2 , 

 �̂�𝐾𝑖 = �̂�𝑣𝑖
𝜎𝑆𝑦𝑖
2

𝜎𝑣𝑦𝑖
2 + 𝜎𝑆𝑦𝑖

2 + �̂�𝑆𝑖
𝜎𝑣𝑦𝑖
2

𝜎𝑣𝑦𝑖
2 + 𝜎𝑆𝑦𝑖

2 . 

Note that in the case of the presence on Board the SNA 

and ins, it is possible to implement the integration of 

navigation information including these navigation systems 

on the same principle. 

The disadvantage of the procedure described above, as 

in the case of data processing from the camera pointing 

vertically down, is the constant accumulation of errors as 

the UAV moves. This disadvantage can be overcome by 

estimating the absolute coordinates of the spacecraft 

relative to the observed objects with known coordinates. It 

is proposed to identify such objects by reference images 

using convolutional neural network 3D CNN, 

implemented in the VoxNet library [16], and the 

evaluation of UAV coordinates relative to these objects 

can be performed using the already noted pseudo gradient 

procedures. So, in the course of the work was considered 

in detail the option of using as a guide a flat rectangular 

object, which can be a wall of the building, a Billboard or 

other characteristic object. In this case, the estimated 

parameters for pseudo-gradient are the coordinates of the 

center of the object in the image (the spatial displacement), 

the distance to the object) and the angle of rotation to the 

object. Assessing the last two parameters and knowing the 

actual location of an object in space it is possible to 

evaluate the absolute coordinates of the UAV 

(�̂�𝐴𝑖 , �̂�𝐴𝑖) with the variances of the errors (𝜎𝐴𝑥𝑖
2 , 𝜎𝐴𝑦𝑖

2 ) , 

which will depend on the previous path. 

The graphs in figure 5 show a comparison of the 

positioning accuracy of the UAV, depending on the 

duration of the flight and the method of navigation used. 

In this case, the graph (1) describes the error COEX 

systems in the case of navigation on the camera directed 

vertically down; graph (2) corresponds to the results of 

integration of ins and the results of data processing from 

the camera directed vertically down; graph (3) presents the 

results of joint processing of data obtained from both 

cameras and UAV spatial rangefinder; graph (4) shows the 

positioning accuracy in the case of data aggregation of ins 

and on-board cameras; graph (5) illustrates the option in 

which the UAV identified the observed object with known 

absolute coordinates and kept it in sight of the front camera. 

 

Fig. 5 Graph of COEX coordinates depending on the time and type of 

algorithm 

The process of positioning the UAV within the 

described procedures can be described by the following 

scheme (figure 6). 

 

 

Figure 6– Navigation of UAV 

The most significant computing resources in the 

implementation of this scheme require algorithms pseudo 

gradient parameter estimates and neural network 

algorithms to the segmentation of the frames and identify 

the objects. An important feature of these algorithms is the 

possibility of simple parallelization of key sequential 

convolution procedures (for convolution neural networks) 

and comparison of individual fragments of two processed 

images (for PG algorithms). This suggests the need for on-

Board UAV hardware solutions using CUDA technology 

[17]. Until recently, such solutions could only be 

implemented in desktop computers. However, in 2017-

2018, NVidia introduced a number of CUDA solutions 

focused on ARM architecture applications. One of such 

solutions is a microcomputer NVIDIA Jetson TX1 [18]. 

The use of two such microcomputers on Board the UAV 

as part of the hardware navigation system described above 

allowed for the processing of recorded video in real time. 

 

 



 

19 

IV. CONCLUSION 

As a result of the test flights, the main characteristics 

of the navigation system were confirmed, including the 

ability to process data from two high-resolution video 

cameras and a spatial rangefinder in real time, as well as 

the ability to position the UAV with an accuracy of 1 m., 

even in dense urban areas during a long (up to 20 minutes) 

flight. 

REFERENCES 

 

[1] G. E. P. Box, J. M. Jenkins, G. C. Reinsel, “Time Series 

Analysis: Forecasting and Control” Wiley 2008, - 4th ed. -

756 p., 2008.   

[2] S. S. Dikshit, “A Recursive Kalman window approach to 

image restoration”, IEEE Trans. Vol. com - 32, Jan, pp 

125-139, 1984. 

[3] R. Gonzalez, R. Woods, “Digital Image Processing”, 3th 

ed., Pearson, p. 647, 2008 

[4] G Ostojić, S Stankovski, B Tejić, N Đukić, S Tegeltija, 

“Design, control and application of quadcopter”, 

InternationalJournal of Industrial Engineering and 

Management (IJIEM), Vol. 6 No 1, 2015, pp. 43-48, 2015. 

[5] N. Prabhakar,  V. Vaithiyanathan,  A. P. Sharma,  A. Singh,  

P. Singhal, "Object Tracking Using Frame Differencing 

and Template Matching" , Research Journal of Applied 

Sciences, Engineering and Technology, Maxwell Scientific 

Organization, 2012. 

[6] A. Iqbal, S. W. Shah, S. Khan, "Non-Linear Moving Target 

Tracking: A Particle Filter Approach", International 

Journal of Computer and Communication System 

Engineering, Vol. 1 No.01 May 2014. 

[7] I. A. Buyanov, V. K. Islamov, “Autonomous guidance of 

unmanned aircraft: the composition and functioning of the 

scheme in 3D”, Young scientist. – 2017. – №50. – Pp. 24-

30., 2017.  

[8] S. Abe, Y. Togashi, H. Ohata, K. K. Toshiba, “Moving 

object detection apparatus and method”, Patent № 5177794 

the USA, MKI G 6K 9/20. – № 674405; from 25.03.91; 

Pub. 5.01.93; NPK 382/107. Eng. 

[9] J. Paek, Y. Park, C. Myeong, Samsung Electronics Co, 

“Edge detection method and apparatus for an image 

processing system” Patent №5212740 the USA, MKI 

G06K 009/48 – № 679205; from 02.04.91; Pub. 18.05.93; 

NPK 382/266. Eng. 

[10] L. A. Stephan, G. K. Groves, J. Y. Dufour, S. Le Gall, H. 

Waldburger, Thomson TRT Defense, “Method and device 

for the realtime localization of rectilinear contours in a 

digitized image, notably for shape recognition in scene 

analysis processing”, Patent №5233670 the USA, MKI 

G06K 009/48. / – № 733807; from 22.06.91; Pub. 03.08.93; 

NPK 382/197. Eng.  

[11] C. Aoyama, G. K. K. K. Honda, “Edge detecting 

apparatus”, Patent № 5398292 the USA, MKI G 6K 9/46. 

– № 049524; from 20.04.93; Pub. 14.03.95; NPK 382/199. 

Eng. 

[12] M. Yamasaki, Olympus Optical Co., “Moving body 

detection device of camera”, Patent № 5627586 the USA, 

MKI Н 4N 5/225. – № 045039; from 8.04.93; Pub. 6.05.97; 

NPK 348/169. Eng. 

[13] T. J. Sebok, D. R. Sebok, Lockheed Martin Tactical 

Defense Systems, “Optical flow detection system “, Patent 

№ 5627905 the USA, MKI G 6K 9/00. – № 353589; from 

12.12.94; Pub. 6.05.97; NPK 382/107. Eng. 

[14] A. G. Tashlinskiy, “Estimation of parameters of spatial 

deformations of image sequences”, UlSTU. – 2000. – 132 

p., 2000. 

[15] D. Maturana, S. Scherer, VoxNet, “A 3D Convolutional 

Neural Network for Real-Time Object Recognition”, 

IEEE/RSJ International Conference on Intelligent Robots 

and Systems (IROS). – 2015. – Pp. 922-928., 2015.  

[16] NvidiaJetsonTX1, [Electronic resource] 

https://www.nvidia.ru/object/jetson-tx1-dev-kit-ru.html 

(Accessed: 06.10.2018). 

[17] CUDA. [Electronic resource], 

https://developer.nvidia.com/cuda-zone   

(Accessed: 06.10.2018). 

[18] K. K. Vasiliev, A. V. Bobkov, “Dynamic use of reference 

points for estimation of coordinates of autonomous 

uninhabited underwater vehicles” Information-measuring 

and control systems. 2017. ТV. 15. № 12. Pp. 11-14., 2017.  

[19] V. E. Dementev, S. V. Voronov “Development of 

navigation algorithms for Autonomous aircraft using 

image processing methods”, Radio engineering, 

2014. № 11. Pp. 82-85., 2014. 

[20] K. Vasiliev, V. Dementiev, N. Andriyanov, 

“Representation and processing of multispectral satellite 

images and sequences”, Procedia Computer Science 126 

(2018), Pp. 49-58., 2018.  

[21] V. E. Dementev, K. K. Vasiljev, N. A. Andriyanov, 

“Doubly stochastic models of images”, Pattern 

Recognition and Image Analysis, January 2015. – Vol. 

25(1). –Рp. 105-110, 2015. 

[22] V. E. Dementev, K. K. Vasiljev, N. A. Andriyanov, 

“Application of mixed models for solving the problems on 

restoring and estimating image parameters”, Pattern 

Recognition and Image Analysis (Advances in 

Mathematical Theory and Applications). – 2016. – Vol. 26. 

– №1. – Pp. 240-248,, 2016.  

[23] S. V. Shakhtanov, “Permutation decoding of non-binary 

redundant codes”, Vestnik NGIEI - 2017. - №8, Pp. 7-14., 

2017. 

 

https://elibrary.ru/contents.asp?id=34832898&selid=32465653
https://elibrary.ru/contents.asp?id=34031763&selid=22413235

