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Abstract 

Aiming at the problem that satellites can not be positioned accurately in the harsh 
environment, this paper proposes an integrated navigation method of monocular vision 
assisted satellites, which integrates and aligns the scene 3D point cloud map, visual 
positioning trajectory and GPS positioning trajectory obtained in the process of visual 
navigation, and converts the relative positioning results in the visual coordinate system 
to the absolute geographical reference coordinate system. Firstly, the conversion 
relations among monocular camera coordinate system, visual world coordinate system 
and geographical coordinate system are introduced, and the calculation method of 
coordinate conversion parameters based on point cloud alignment optimization is 
deduced; Then, in the process of simulating the actual application, the GPS system on the 
UAV experimental platform only uses the monocular vision navigation algorithm to 
carry out the recursive positioning experiment in the harsh environment. The 
experimental results show that by using the alignment method of visual navigation 
coordinate system and geographical reference coordinate system proposed in this paper, 
the absolute geographical positioning results can be obtained only by monocular visual 
navigation, and the dynamic error cumulative drift rate is 7.94%, which can meet the 
application task requirements of small-scale GPS area rejection. 
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1. Introduction 

GPS navigation and positioning system has become the most widely used navigation and 
positioning system in the world because of its low cost and high accuracy, which can provide 
accurate geographical positioning results. However, due to its vulnerability to shielding, 
interference and deception, it cannot be reliably used in the adversarial environment[1]. Visual 
navigation takes environmental imaging as the source of navigation information, which has 
stronger anti-interference ability and higher relative positioning accuracy. However, it cannot 
directly provide geographic location information, and there will be error accumulation in long-
time work[2]. Compared with the inertial / satellite integrated system studied earlier, the visual 
navigation positioning has more advantages than the traditional inertial navigation positioning. 
The visual sensor is small in size and low in cost, and the image information obtained is more 
abundant[3]. It can be seen that the GPS navigation positioning method and the visual navigation 
positioning method have strong complementarity, and their integrated navigation has 
gradually become a research hotspot in recent years. 

Synchronous localization and mapping (SLAM) is the solution of navigation system in unknown 
environment and also the key method of unmanned system navigation in GPS disturbed 
environment[4]. Among them, the advantages of monocular vision slam are low cost, simple and 
convenient for practical application. However, the monocular camera cannot obtain depth 
information, which leads to the scale uncertainty of monocular vision slam. Therefore, the scale 
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factor must be estimated through certain methods. The position information output by the 
monocular vision slam system can only be used for actual navigation after determining the scale 
and coordinate transformation. At present, many excellent visual slam frameworks [5,6] are 
open source, which greatly promotes the development of this field. 

The early research of vision and satellite integrated navigation system is to use the motion 
parameter estimation of vision to assist the GPS system to realize the safe operation of the 
aircraft in the near ground or landing[7]. With the maturity of computer vision technology, visual 
information is more and more widely used to solve navigation problems, especially when GPS 
signals are interfered or navigation accuracy is insufficient[8]. In 2018, Ma Yuelong and others 
proposed a UAV video target positioning method integrating monocular vision slam and GPS, 
which realized GPS location query in UAV surveillance video[9]. In 2020, Feng Yi and others 
loosely combined GNSS positioning results and visual odometer positioning results in Kalman 
filter, and realized GNSS navigation and positioning in harsh environment by using visual 
odometer positioning results and predicted visual odometer error[10]. In 2021, Yang Kun and 
others introduced RTK information in visual image tracking, obtained the conversion 
relationship between the visual coordinate system and the world coordinate system, solved the 
scale uncertainty and trajectory drift, and realized the improvement of accuracy[11]. All of the 
above indicate that vision and satellite integrated navigation have certain combination 
advantages to a certain extent. 

From the above research results, there are two problems in the existing research in this field: 
1) Most of the research focuses on improving the accuracy, ignoring the practical application 
background that satellite signals may be subject to long-term and large-scale interference. 
Because the satellite signal is easily interfered, the continuous navigation cannot be realized 
when the satellite signal is limited, and at the same time, the significance of accuracy is lost; 2) 
Most of the integrated navigation methods have the problems of high demand for computing 
resources, harsh application requirements and high cost. For example, in some studies, 
binocular cameras are used for parallax calculation, so it is necessary to calibrate the binocular 
cameras accurately, and the installation and configuration environment is relatively strict. On 
the space-based platform such as UAV, it is difficult to obtain the accuracy that meets the 
practical requirements in practical application due to the limited installation baseline. 

This paper combines the GPS positioning results with the visual navigation positioning and 
mapping results, uses the GPS and visual positioning results in a period of time, and uses the 
coordinate transformation parameter calculation method optimized by point cloud alignment 
to obtain the transformation relationship between the visual navigation coordinate system and 
the geographical coordinate system, and provides the positioning reference standard under the 
geographical coordinate system for the visual navigation. Therefore, this integrated navigation 
method is called vision aided satellite navigation and positioning method in bad environment.  

2. Overall framework and algorithm design  

2.1. Algorithm architecture of visual satellite integrated navigation 

The position information output by the orb-slam and the absolute position information of the 
Airborne Camera satisfy a similar transformation relationship, while the monocular orb-slam 
lacks depth information. Therefore, we propose a vision assisted GPS navigation and 
positioning method in harsh environment. The overall flow of the algorithm is as follows: 1) the 
UAV video data is processed by the monocular orb-slam3 to estimate the relative position and 
attitude of the camera in real time; 2) The GPS data and slam point cloud data are matched 
according to the time stamp alignment. The final purpose of point cloud registration is to unify 
two or more groups of point cloud data in different coordinate systems into the same reference 
coordinate system through certain rotation and translation transformation. The positioning 
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result of GPS is based on WGS84 coordinate system; 3) The optimal transformation parameters 
and scale factors of WGS84 coordinate system and visual navigation coordinate system are 
calculated; 4) When there is no GPS, the trajectory points of slam are similarly transformed and 
mapped to WGS84 coordinate system to obtain their absolute position and attitude. The system 
algorithm flow is shown in Figure 1. 
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Figure 1: Algorithm flowchart 

2.2. Algorithm design 

The navigation coordinate system of the monocular orb-slam system is the camera coordinate 
system initialized by the map xC C C CO y z . The absolute position is represented in the coordinate 

system w w w wO x y z . The conversion relationship among the three coordinate systems is shown 

in Figure 2. 
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Figure 2: Coordinate conversion diagram 

The relationship between the pixel coordinate system and the world coordinate system shown 
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Where dx、 dy 、 0u 、 0v 、 f are the physical dimensions of each pixel in the image plane x 

and y direction, the coordinates of the origin of the image coordinate system in the pixel 
coordinate system, and the camera focal length. The above parameters constitute the internal 
parameters of the camera and can be obtained through calibration. s is the scale factor; t is the 
translation vector; R is the rotation matrix. 

The navigation reference coordinate system of the monocular vision slam system is the camera 
coordinate system at the time of map initialization, and its output trajectory data can be 
described as a series of sequential point sets 1 2{ , ,..., }nQ q q q= under this coordinate system. 

The GPS data is mapped into the WGS84 coordinate system, and its point set is

1 2{ , ,..., }mP p p p= . 
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In the registration process, the sequential trajectory point set 1 2{ , ,..., }m NP p p p= without 

interference in GPS data is selected first. At this time, n consecutive points are selected as 
registration points. Then, according to the timestamp information, find n corresponding point 

sets 1 2{ , ,..., }m NQ q q q= from the track points output by slam. The average error between the 

point pairs is calculated. 
N

2

i=1

1
= || ||

N
d - i ip q

 
When the error d is less than a certain threshold, the point cloud registration of the two groups 
at this time is relatively reasonable. Otherwise, the points of the registration part in the output 
data of the slam system are re selected. According to the time stamp information, the matching 
relationship where the error between the selected point pairs is less than the threshold and the 
error is the smallest within the matching range is traversed. 

Because there is a similar transformation relationship between them, we can get 

+= si ip Rq t                                                                        (1) 

Definition error -s= +i i ie Rp t q . When the error is the smallest, the obtained parameters are 

the required similarity transformation parameters, that is, the scale factor, rotation matrix and 
translation vector are obtained through a least square function. 
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Find the partial derivative of this function with respect to the translation vector t, and find the 
extreme point. The center point of the definition mP and mQ is 
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Then the formula (1) can be obtained 
s= −t q Rp                                                                              (3) 

At the same time, 

-=i ix p p  , -=i iy q q  

So far, a least square function is redefined in combination with equation (2), which does not 
include translation parameters, and the optimal rotation matrix and scale factor can be directly 
calculated. 
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The expression is in the form of a quadratic function, so the optimal scale factor can be obtained 
by obtaining the minimum value at its extreme point: 
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Then the formula (4) and (5)  
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According to the properties of matrix trace, we can get 
n

i=1

argmax = argmaxtr( ) = argmaxtr( ) T T T

i iy Rx Y RX RXY                                   (6) 

When there are many matching points, the optimal rotation matrix is calculated by singular 

value decomposition *
R , SVD decomposition is performed: 

 T
S = UΣV                                                                                           

Where S  is a square matrix, which can be transformed into three matrices U 、 Σ、V  of the 
same size by singular value decomposition . 

A rotation matrix B  is introduced .If there is an optimum, it is recorded as *
R .Then according 

to Cauchy – Schwarz inequality and Cauchy Inequality: 

tr( ) tr( )* *
R S BR S  

( ) ( )    ( )tr tr =T T T
AA BAA BB I  

Then the problem is to find a *
R so that *

R S  can be expressed in the form of 
TAA , then 

equation (6) can be expressed as: 

( ) ( ) ( )tr tr tr= =T T
RXY RS RUΣV  

Therefore, the optimization result is: 

= T
R VU

*                                                                                  

So far, the optimal transformation matrix can be obtained by combining equation (3), and the 

points in Q  are rotated and translated to obtain the point set 'Q  under the new geographical 

coordinate system: 

= { = + | }' '

iQ Q Pi iRp t p                                                                  

When the GPS is interfered and its positioning information is unavailable, the absolute position 
of the current UAV can be obtained by transforming the slam trajectory point to the geographic 
coordinate system, thus realizing continuous geographic positioning. The geographical 
coordinate system in the experiment is WGS84 coordinate system. 

3. Experimental verification and analysis 

3.1. Experimental pretreatment  

The UAV selected for the hardware of this experiment is the Royal mavic of Dajiang. The UAV is 
equipped with a 12 million pixel image sensor. Ocusync HD image transmission technology can 
realize 7 km image transmission and 1920 × 1080 resolution HD image. The parameters of the 
experimental platform are shown in the table below. 

Table 1: Experimental platform parameters 

Composition Parameter 

Software Environment 

Processor 

CPU main frequency 

RAM 

Ubuntu 16.04 

Intel(R) Core(TM) i7-7700HQ 

2.80GHz 

16GB 
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Application ORB-SLAM3 

 

Since the UAV has its own GPS module, it can obtain the GPS flight log offline. The sampling 
frequency of the data received by the module is 1s, and the position at the middle time is taken 
as the real position of the UAV at that time. The track shape of some data sets in satellite images 
and the plane track in WGS84 coordinates are shown in Figure 2. 

 

Figure 2: Flight path diagram 

Table 1 covers the flight distance, time, altitude, video frame rate, resolution and slam 
processing speed when the UAV collects data. The track, distance and time of the above three 
videos are different, so as to verify the accuracy of this method. 

Table 1: Data set related information 

Data Length Time height Frame rate Resolution  

DJI_0001 7354m 908s 500m 24 1920*1080  

DJI_0245 6115m 600s 500m 24 1920*1080  

DJI_0246 5123m 819s 500m 24 1920*1080  

 

In different data sets, the processing rate of orb-slam3 system is higher than the frame rate of 
input video. Table 1 shows that all experimental data sets meet the real-time requirements. In 
addition, it should be noted that the calculation process of coordinate conversion parameters 
takes 0.457 seconds, and still can meet the sampling frequency of 1s. Moreover, this process is 
only conducted once at the initial stage of coordinate conversion, and the time for the 
subsequent real-time conversion of the visual navigation recurrence results into the 
coordinates in WGS84 coordinate system is negligible. Therefore, the real-time performance of 
the integrated navigation system depends on the real-time performance of the visual navigation 
system. In the process of monocular visual navigation, the orb-slam3 algorithm meets the real-
time condition, so it can be considered that the integrated system meets the real-time condition. 
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3.2. Experimental result  

The experimental process is divided into three stages. The first stage is the initialization stage 
of orb-slam3. In this stage, the navigation coordinate system has not been generated, and point 
cloud registration cannot be performed; The second stage: in the matching stage, after the 
initialization of orb-slam3 is completed, point cloud registration is performed and the optimal 
transformation parameters are calculated; The third stage: anti GPS interference stage, the 
positioning results obtained by orb-slam3 recursion are mapped to the geographic coordinate 
system one by one, and the drift error is calculated. 

According to the above stage analysis, the data set DJI_ 0001 part of the experimental results 
are representative. In the first stage, orb-slam3 needs to be initialized. For scenes with many 
characteristic points in the urban area and its surrounding areas, the initialization time is 
generally several tens of seconds when the UAV speed is 9m / s. therefore, the first 200 seconds 
of the video are used for the initialization time of orb-slam3 to ensure that orb-slam3 has been 
initialized before point cloud registration. The comparison between the orb-slam3 trajectories 
transformed in the second and third stages and the real trajectories is shown in Figure 3. The 
accumulated errors in the three directions are shown in Figure 4. 

 
(a) Comparison of space trajectories 

 
(b) Comparison of X-Y plane trajectory 

Figure 3:Comparison diagram of track truth value and slam calculation track 
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In the experiment, the position information obtained by GPS is the truth value information. The 
effectiveness of the algorithm is verified by comparing the results of visual localization. Figure 
5 shows that after the calculation of the coordinate conversion optimization algorithm, the 
visual trajectory is given coordinate information, which has practical navigation significance. 
At this time, the visual positioning results can be used to realize continuous navigation in the 
satellite rejection area. In addition, it can be seen intuitively that the coincidence of orb-slam3 
track and GPS track is high in the matching stage, which reflects that the point cloud matching 
calculation is relatively reasonable. When entering the anti GPS interference stage (working 
stage), the actual position is derived by using the short-time positioning results of the visual 
navigation. The figure shows that the visual positioning results are close to the real position 
within a certain range, so the visual navigation can play a navigation role instead of GPS to a 
certain extent. 

 
Figure 4:Cumulative error chart 

In this experiment, the matching distance is 725.307m; The initial error is 2.197m; The anti-
jamming distance is 3402.49m, the positioning result drifts 266.1m, and the unit distance drift 
error is 0.0782m. It can be seen from Figure 6 that the errors in the three directions gradually 
accumulate with the working distance. In order to better statistics the performance of 
integrated navigation system, table 2 shows the experimental results of all quantified test data 
sets. 

Table 2 :DJI_0001 partial experimental results 

Matching 
distance/m 

Initial 
error/m 

Anti-interference 
distance/m 

Drift 
distance/m 

Unit distance 
drift error/m 

           725.307 2.19 3402.490 266.100 0.0782 

           725.307 2.19 2940.479 220.369 0.0749 

DJI_0001        
1438.489 

20.23 3697.136 295.317 0.0799 

            2201.500 20.38 3846.327 259.242 0.0674 

            3106.475 30.37 2941.353 195.663 0.0665 

            2274.082 44.37 1916.055 137.728 0.0718 
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            2019.821 33.32 2015.081 102.137 0.0506 

           776.711 24.17 2581.596 286.040 0.1108 

DJI_0246          
776.711 

24.17 1685.934 179.848 0.1066 

            2868.220 29.48 966.123 73.510 0.0760 

 

The matching distance is the matching distance between the two point clouds when the GPS 
auxiliary source information is free of interference. Different matching distances not only 
represent the length of the distance, but also include the different track shapes of the matching 
segments; The anti GPS interference distance is the working distance of the system when there 
is no GPS signal. The initial error is the error between the first track point output by orb-slam3 
in the anti-jamming phase and the track point corresponding to the true value after coordinate 
conversion; The drift distance is the sum of the errors of each point pair within the anti GPS 
interference distance; The drift error per unit distance is the average drift distance per meter. 

The estimation accuracy of the system is verified by the unit distance drift error of the 
positioning result. It can be seen from table 2 and Figure 6 that when the anti GPS interference 
distance increases, the drift distance increases, and the drift error per unit distance also 
increases, that is, there is a nonlinear relationship. Therefore, the accuracy can be maintained 
in the short-time satellite rejection environment such as small-scale regional rejection; The 
initial error reflects the matching accuracy to a certain extent. The longer the matching distance 
is, the smaller the initial error is generally. However, since the trajectory point output by orb-
slam3 has nonlinear drift error, the matching accuracy will decrease if the matching distance is 
too large. In addition, the shape of the track in the matching stage will also affect the matching 
result. The more tortuous the track, the better the matching effect, and the smaller the initial 
error. 

In order to quantitatively evaluate the navigation and positioning accuracy, the average value 
of the experimental results of each group is taken as the accuracy index in this experiment. 
According to the statistical results of data, when GPS is interfered and unavailable, UAV visual 
navigation performs recursive calculation independently, and the drift error rate is 7.94% 
within the working distance of 3.8km. Therefore, this method can be applied to the field of 
autonomous navigation demand in the short-time satellite rejection environment such as small-
scale regional rejection. 

4. Conclusion 

In this paper, a monocular vision assisted GPS navigation and positioning method in harsh 
environment is proposed, and the conversion relationship between the visual navigation 
coordinate system and the geographical coordinate system is obtained, which solves the 
positioning and navigation problem when the satellite signal is disturbed and loses the 
navigation significance. During the normal period of the satellite signal, the transformation 
parameters are obtained by using the coordinate transformation parameter calculation method 
optimized by point cloud alignment by using the GPS data and the output data of the monocular 
vision slam system. During the interference period of the GPS signal, the continuous positioning 
information output by the visual navigation algorithm is transformed into the geographic 
coordinate system to realize navigation and positioning. The effectiveness, real-time 
performance and good estimation accuracy of the proposed method are verified by UAV 
experiments. 
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