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navigation



Abstract

In the presentation described algorithms for 
Vision-based UAV (Unmanned aerial vehicle) 
control and navigation developed in Ariel 
University during Nofar project.
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Lab drone flight
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 1   החדשנות
רקע טכנולוגי

Currently used GPS/INS methods are not trusty and are not noise-immune (easily

suppressed) enough. 

So, we plan to use vision-based navigation.

Contrary to the similar projects, we plan to use a big set of existing and new methods 

that allow us to get universality of our system – the  system will operate in different 

complex environments for different optical systems with precision enough for 

successful drone navigation.
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Navigationניווט  
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Coordinates and Euler angles
אוילרמיקום וזוויות 
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inertial navigation ניווט אינרציאלי
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Inertial navigation systems (INS) use a combination of 
accelerometers and angular rate sensors (gyroscopes) to detect 
altitude, location, and motion

מערכת ניווט אינרציאלית כוללת  

גירוסקופ למדידת כיוון ומד תאוצה 

למדידת מרחק

https://www.globalspec.com/learnmore/sensors_transducers_detectors/acceleration_vibration_sensing/accelerometers
https://www.globalspec.com/learnmore/sensors_transducers_detectors/tilt_sensing/gyroscopes


GPS  (ג"ממ)מערכת מיקום גלובלית
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Problems №1 -בעיה ראשונה 

• GPS/INS שטה שגרתית  -

• GPS – no autonomy and noise sensitivity

• לא אוטונומי ורגישה לרעש

• INS – increasing error

• שגיאה גוררת

• What to do?
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• Vision-based navigation – similar to the human navigation by eyes 

Solution -Vision-based navigation

ניווט מבוסס ראיה ממוחשבת דומה לניווט אנושי בעזרת ראיה: פתרון
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Millimeter-wave TV camera sees through 

smoke, fog and even walls (the need 1)

https://newatlas.com/nhk-millimeter-wave-tv-
camera/15411/
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ערפל ואפילו קירות, המצלמה רואה דרך עשן

https://newatlas.com/nhk-millimeter-wave-tv-camera/15411/
https://newatlas.com/nhk-millimeter-wave-tv-camera/15411/


Ability to monitor large areas in complete darkness, 
glaring light, and adverse weather (the need 1)

https://www.flir.eu/products/flir-elara-dx-
series/
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מוחלט בחושך שלילי אוויר ובמזג בוהק באור ,

https://www.flir.eu/products/flir-elara-dx-series/
https://www.flir.eu/products/flir-elara-dx-series/


Satellites that can see through clouds (the need 1) 

https://www.cnbc.com/2017/12/01/iceye-will-
launch-satellites-that-can-see-through-clouds-
in-january.html

The company uses synthetic aperture radar 
(SAR) to provide real-time imagery even at night 
or through cloud cover.
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https://www.cnbc.com/2017/12/01/iceye-will-launch-satellites-that-can-see-through-clouds-in-january.html
https://www.cnbc.com/2017/12/01/iceye-will-launch-satellites-that-can-see-through-clouds-in-january.html
https://www.cnbc.com/2017/12/01/iceye-will-launch-satellites-that-can-see-through-clouds-in-january.html


Event cameras – very high dynamic range, no motion blur, 

and a delay in the order of microseconds

file:///C:/fff/JOB/An_End-to-End_Broad_Learning_System_for_Event-Base.pdf

https://rpg.ifi.uzh.ch/research_dvs.html

Event cameras are bio-inspired vision sensors measuring brightness changes (referred to as an 
‘event’) for each pixel independently, instead of capturing brightness images at a fixed rate 
using conventional cameras. The term ‘event’ refers to an output spike, characterized by a 
specific spatial location (x, y), timestamp (t) and brightness change polarity (p), shown in Fig. 1.
Dynamic range - ratio between brightest and darkest of image
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file:///C:/fff/JOB/An_End-to-End_Broad_Learning_System_for_Event-Base.pdf
https://rpg.ifi.uzh.ch/research_dvs.html


הטכנולוגיה המוצעת
!?מדוע הטכנולוגיה צפויה לעבוד–רקע טכנולוגי 

New Technologies
Following the availability of the following 

technologies
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3 methods of VBN
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צילומיםממידע

נוכחים
גבהיםמפת צילומיםממידע

בזיכרון
אינרציאליתמערכת

מערכת מיקום  

(ג"ממ)גלובלית 

קלמןמסנן

תוכנית

משוחזרמסלול שגיאה



Figure 1. In the picture at the top left, we show how a single camera on a drone is used in two positions, allowing you to create the effect of 

stereovision even with only one camera. 

In the picture at the down left, we show how the coordinate systems of the aircraft and the on-board camera looking down are set. 

In the picture at the right, we show the structure of the operation of the video-navigation system, which uses three methods described in the text: 

data into the video-navigation program comes from the on-board camera (visual information), from the computer memory comes a priori 

known relief elevation map (Digital Terrain Map - DTM), from the computer memory comes a priori known images of the terrain (Aero or 

cosmos photos). In addition, video-navigation data is combined with data from the Inertial Navigation System (INS) using Kalman filter. The 

trajectory recovered (Recovered trajectory) using the video-navigation program (Programs) is compared with the trajectory obtained using 

Satellite Navigation (GPS) to find errors (Errors) and check the quality of video-navigation.  

3 methods 
of VBN
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In the first method, we do not use any prior known maps or images of the area.  There are two sub-

regimes. 

In the first sub-regime, the drone flies from an initial known point along a given route, using 

information only from a conventional primitive INS and camera. The calculation from the INS is corrected 

by measuring the relative displacement of “special” terrain points between vertical camera frames. This data 

is used for measuring the drone relative displacement each time. This sub-regime has an error that increases 

over time but is at the level of the best Inertial Navigation Systems (INS) for $100,000. In addition, you can 

use elements of Simultaneous Localization and Mapping (SLAM), i. e., in this flight we remember 

characteristic ground labels during the flight, which allow us to return absolutely exactly to the starting point 

of departure, if the target of the attack is not found. Such a problem cannot be solved only with the help of 

INS. Thus, using a conventional INS and a camera, we provide a fundamentally new quality - the return of 

the drone, and the navigation accuracy of the largest and most expensive INS.

In the second sub-regime, we use SLAM completely - we make repeated flights of the area around the 

starting point with returns and increasing distances, remember characteristic ground labels (or even produce 

complete maps of heights and images of the area); with each new return we know the position of the ground 

labels more accurately. This allows future flights to use these ground markers to accurately correct errors in 

determining the position and pose of the drone, i. e., eliminate increasing time errors during flying in the 

investigated area. In the second sub-mode, the navigation error will not increase over time due to the use of 

these corrections. In other words, this sub-mode allows you to create the necessary information about the 

terrain in the launch zone to prevent the calculation error from growing over time during repeated launches.   

The first method



Correspondent intrinsic points
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Metod1: finding coordinates’ increments by the help of visual 
data flow

Finding intrinsic points  in every sequential frame 
(usually corners)

Finding correspondent points

Finding epipolar geometry of two frames 

Finding the egomotion and the camera (UAV) 
position  

Data from INS

Kalman 
Filter

Corrected coordinates



לוקליזציה ומיפוי בו זמנית

Simultaneous localization and mapping 
(SLAM)
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צילומים

ממצלמת

ט''מזל

לוקליזציה  

ויזואלית  

ומיפוי בו 

זמנית

לוקליזציה  

ויזואלית

מיפוי

ניווט ובקרה  

של רובוט

ענן של 

נקודות על  

הקרקע

שיחזור מפה
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In the second navigation method, we use a priori known 

information about the relief elevation map on a given route, which 

must be entered into the computer’s memory before launching the 

drone. In this case, determining the location and pose of the drone is 

achieved by comparing the current terrain observed by the camera with 

the terrain on the input map. Since terrain is difficult to camouflage, 

this method is highly reliable. However, it is applicable only if there is 

rich terrain on the flight route (applicable only on very NOT flat 

terrain).

The second navigation method



Method 2: :    Finding position and orientation with the help of 

DTM.

Compute n feature correspondences

Compute pose and ego-motion that
best explain the features movement

Pose and ego-motion

Two consecutive images

2n constraints (u, v)

12 variables

DTM
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The third method uses additional information about a priori 

known images of the terrain, which must be entered into the 

computer’s memory before launching the drone. Navigation is 

carried out by comparing the current image from the camera with the 

image on the map. The method is very difficult to implement - the 

image of the terrain changes greatly when the position and pose of 

the drone changes, lighting, season, and changes in ground objects 

over time. With a single image, it is difficult to reconstruct the 

terrain. Very sophisticated identification algorithms are required that 

are robust to these changes. For these purposes, it is recommended to 

use modern artificial neural networks and advanced mathematical 

methods.

The third method 



The third method 
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ט"תמונת מזל

תמונת לווין



Actual camera image from UAV

Orthophoto from cosmos(digital 

terrain map  and brightness map)

Image of feature points from camera 
with actual position and orientation

 detectSURFFeatures() , extractFeatures()

Finding synthetic  image 

for approximated position and 

orientation. 
(images_and_masks_generation2())

 Finding feature points on synthetic  
image   detectSURFFeatures(), 

extractFeatures() 

Finding minimum of 6 
variables(actual position and 

orientation) giving the best 

correspondence between 

synthetic ground points and 

correspondent feature points 

on actual camera image 
estimateWorldCameraPose()

Actual position and 
orientation of camera and 

its errors from visual 
navigation  

Finding shift of  correspondent 
feature  points

matchFeatures()

Finding correspondent points on 

orthophoto from cosmos(synthetic 

ground points) from correspondent 
feature points on synthetic  image

 intersect_qs_with_smoothDTM_ind()

 

מקבילות עניין נקודות השוואת  :שיטה

getOpticalFlowField2()



❑ The direct algorithm we built is based on the Hausdorff Distance tool 

which is used to calculate distances between points of interest in an 

image in order to analyze data and shapes in that image.

❑ We chose this algorithm because today it is widely used in image 

analysis, shape recognition and comparison between identical 

images. We believe it can be used to build an efficient algorithm for 

identifying identical objects in similar images.

Direct algorithm - Hausdorff Distance



Metod 3 : Finding position and orientation with the help of the 
archival photo using Hausdorff Distance

Actual view from UAV

View from cosmos

Image of edges

Image of edges

Finding minimum of 6 
variables

Coordinates of position

Difference of images

Finding parameters:
coordinates, orientation



  נווט מערכת לשילובקלמןמסנן
  עם ממוחשבת ראיה מבוסס

אינרציאלית מערכת



Artificial Neural Network for 
recognition known 3D ground object
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AlexNet

• AlexNet - 

קריזווסקיהיא שיטה ליישום רשת נוירונים מלאכותית שפותחה על ידי אלכס 
(Alex  Krizhevsky).

• וזכו בכך ש 2012אלכס ושותפיו התחרו בשנת  

• .היה האלגוריתם המהיר והיעיל ביותר בהבדל משמעותי–  AlexNet

• .במשך השנים האלגוריתם עבר לא מעט שיפורים וייעול, 25האלגוריתם מונה 

• .האלגוריתם גמיש מאוד וניתן להתאים אותו בדיוק רב ולכן בחרנו להשתמש בו
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איסוף ועיבוד המידע

תמונות של מבנה אקראי שמציגות את המבנה  5000לצורך המחקר אספנו •

.כמעט מכל וריאציה אפשרית

התמונה מוקטנת  , כל תמונה עוברת עיבוד וכיווץ והתאמה לדרישת האלגוריתם•
.RGBפיקסלים ועוברת למערכת צבעים 227X227ל

פרמטרים עבור כל תמונה שמסבירה את , אספנו נתונים מדויקים של כל תמונה•

.המיקום המדויק של המצלמה במרחק ובזווית



Artificial Neural Network for 
recognition drone photo on Satellite 

image and drone camera pose 
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Given a pair of images - a UAV image and a satellite image - our goal is to determine:

❑ Identification and localization of the UAV image within the satellite image. In order to achieve this, 
we developed a neural network model whose first output is to identify and locate the UAV image 

within the satellite image.

❑ The UAV camera pose. The second output of the same neural network is to estimate the camera 
pose of the UAV.

❑ Synthetic UAV images for verification. By determining the location of the UAV image and camera 
pose within the satellite image, we can use homograph to produce a synthetic UAV image. We 
compare the synthetic image to the real image using a second Siamese network or Hausdorff 
Distance method to validate the approach.

Project goals:



This project is based on previous projects in which the following goals were achieved:

❑ We developed an initial Siamese neural network for identifying and locating UAV images within 
satellite imagery, as well as the UAV camera pose. In this project, the network training process was not 
completed, so we will need to finish the training process and improve or even change the network 
according to the results.

❑ We implemented a second Siamese neural network or Hausdorff Distance method to determine UAV 
camera pose and compare between similar images. Also in this process, the network needs to be 
trained based on the output of the first network, and it will be modified according to the output results.

❑ The overall goal is to develop and validate an integrative model that can determine UAV image 
location, camera pose, and achieve high accuracy. The current project represents gradual progress 
towards this goal.

Continuation of the project goals:



Our first model - Siamese neural network:
Neural network #1

the head of 
the network

Neural network #2

Second 
output of the 
model

First output of 
the model



תוצאות

• (3שקף )כתבנו תוכנית שמייצגת רשת שציירנו קודם 

• ו trainSetעשינו ריצות על כמות קטנה של תמונות ב testSet 

• ראינו שתוכנית רצה בלי שגיאות 

• . על התמונות ציירנו מקרים מוצלחים עבור ענף ראשון

,תמונה בצד שמאל היא תמונת לווין 

.ט"תמונה בצד ימין היא תמונת מזל

תמונה מצד שמאל זה : תמונות במרכז

Label (מצוי)ומצד ימין פלט של הרשת ( רצוי)

. הרצנו את התוכנית על סט תמונות הרבה יותר גדול

ט על תמונת  "ומקבלים גם תוצאות של מיקום וכיוון של תמונת מזל

. ט"אלה פרמטרים של מצלמת מזל. לווין

בצד שמאל רואים פרמטרים שנותנת הרשת ובצד ימין פרמטרים 

.מדויקים של מצלמה



Synthetic drone image by homography

We have a UAV image (top left and also top 

right) and a satellite image (bottom left). After 

finding the location of the UAV image on the 

satellite image by applying a homograph 

transformation, we can find a synthetic UAV 

image (bottom right).

The two images on the right side will be used 

as input into a second Siamese neural 

network (or Hausdorff Distance method) for 

additional matching validation.

After this process, we will obtain a more 

successful matching accuracy.



Second Siamese Neural Network:



רשת נוירונים אל מול  -תוצאות

האלגוריתם המתמטי

בהסתמך על התוצאות ובהשוואת שני המודלים אותם בנינו בפרויקט זה ניתן להסיק מספר  

מסקנות אותם ננתח בשקופית הבאה



אדום בצבע מדויק מסלול

  מערכת בעזרת מסלול שחזור
  בצבע צירים 6 של אינרציאלית

ירוק

  שילוב בעזרת מסלול שחזור
  צירים 10ב אינרציאלית מערכת
 מפת בעזרת ממוחשבת וראייה

  בצבע בהירות ומפת גבהים
כחול



ממוחשבת ראייה מבוססת מדידה עושים מתי

  ראייה מערכת של משגיאה יותר גדולה להיות מתחילה אינרציאלית מערכת של נגררת שגיאה כאשר��
 .ממוחשבת

.מצלמה של ומיקום כיוון שלנו הפלט של שגיאה רואים התמונה על��

 זה את מתקנים אנחנו גדולה מספיק אינרציאלית במערכת ששגיאה ברגע גוררת לא כבר ששגיאה ורואים��
.ממוחשבת ראייה מערכת י''ע
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אדום בצבע מדויק מסלול

  מערכת בעזרת מסלול שחזור
  בצבע צירים 6 של אינרציאלית

ירוק

  שילוב בעזרת מסלול שחזור
  צירים 10ב אינרציאלית מערכת
 מפת בעזרת ממוחשבת וראייה

  בצבע בהירות ומפת גבהים
כחול

Real path 1
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Real path 2



Optical flow search in a 
sequence of images in 

MATLAB and automatic 
translation to HDL.



Introduction to 
Optical Flow

Optical flow is a computer 
vision technique used to track 
the motion of points in a 
sequence of images. In this 
project, we explore the 
implementation of optical flow 
algorithms in MATLAB and 
automatic translation of the 
program to hardware language 
HDl.



Optical flow  for UAV camera
ט''מזלמצלתזרימה אופטית של 

צילומיםממידע

נוכחים
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Lucas-Kanade method for optical flow 
calculation

I(x,y,t) = I(x + δx,y + δy,t + δt) 



Real time hardware

50



Tools and Methods for 
Implementation

• MATLAB: Utilizing MATLAB for its advanced image 
processing capabilities, offering a flexible environment 
for algorithm development and testing.

• HDL CODER: Toolbox in Matlab for automatic translation 
from Matlab to HDL

• Hardware Description Language (HDL) Tools: Employing 
HDL tools to translate MATLAB processes into hardware, 
ensuring a smooth integration of software-based 
algorithms with low-level hardware programming.

• Efficiency Enhancement: The integrated toolset 
enhances efficiency and effectiveness, ensuring the 
successful execution of the project's objectives.



The process of creating a program in the project.

At the beginning, we write a program in MATLAB 
and then convert it to FIXED POINT form. This 
initial program is slow, utilizing expensive 
hardware with significant power requirements and 
large weight. 

Subsequently, we employ CODER HDL to translate 
the program into HDL language for FPGA 
hardware. This hardware operates in real-time; 
however, it remains expensive, uses considerable 
amount of power, has large weight. These issues 
appear because of possibility to change its 
program. However, once we have a finalized 
program that works, there is no need to form its 
further modifications.

At this point, we can make transition from FPGA to 
ASIC. In ASIC, modifications of its program are not 
possible; the software is written once. ASIC is 
significantly cheaper, consumes much less power, 
has much smaller weight. It allow us to produce 
the hardware in large quantities for the low-cost 
production (mass production).



Challenges of automatic translation 
from MATLAB to HDL.

• The main goal of the project: We already have a 
working program for optical flow, but we need to 
modify it to a robust algorithm for which it is possible 
to perform automatic translation.

• Indeed, It is not possible to automatically translate any 
MATLAB program that we want. 

• For example, we need to preprocess the program input 
so that the hardware receives not the entire image 
immediately, but only sequence of its portions. This is 
because the hardware input has a limited size. The 
transition from input that includes the entire image to 
input that includes only sequence of its portions is 
drawn on the left side of the slide. 

• The second example of translation issues : some 
MATLAB functions cannot be translated into HDL.

• The third example of translation issues:  many 
operations with matrices is necessary to replace to 
loops.

•  There are also many other issues, so such translation 
is a complex task. We need to consider all the 
constraints, to modify existing algorithm 
correspondently and to get a robust algorithm for 
which it is possible to perform automatic translation.  



Time delay of vision-based navigation

Unfortunately, there always exists noticeable delay in getting information about the 
output-controlled parameters to autopilot for vision-based navigation measurements. 
So, we have a problem, because of the lack of some necessary information for 
controlling.

THE NEED (2)

5
4



Automatic control

Solution (the need 2)

Ravi P. Agarwal, Leonid 
Berezansky, Elena 

Braverman, Alexander 
Domoshnitsky, 

NONOSCILLATION THEORY 
OF FUNCTIONAL 

DIFFERENTIAL EQUATIONS 
WITH APPLICATIONS, 

Springer, New York 2012

5
5



Parameters of drone’s motion



Nonlinear equations of motion



Linear equations of motion
Linear equations of motion

:משוואות דיפרנציאליות מסדר ראשון לתנועה אנכית עם זמן



Stability of the system. 
Theorem

We study stability of the following system:



Stability of the system. 
Theorem

Theorem. If the following conditions are fulfilled, then the 
system is exponentially stable.



אי שוויונים למשתנים של . שימוש בתאוריה לתנועה אנכית

משוואות דיפרנציאליות וזמן השהיה



יציבות אקספוננציאלית של משתנים עבור תנועה אנכית

עם פרמטרים  

נכונים מקבלים  

יציבות  

.  אקספוננציאלית

פתרון שואף ל 

0.

עם פרמטרים לא  

נכונים פתרון מתבדר



Competitors
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http://www.elbitsystems.com/elbitmain/images/hp/logo.jpg

http://www.elbitsystems.com/elbitmain/default.asp


Competitive advantages of the project with respect 
to the other methods not using visual navigation

64



החדשנות
רקע טכנולוגי

Currently used GPS/INS methods are not trusty and are not noise-immune (easily

suppressed) enough. 

So, we plan to use vision-based navigation.

Contrary to the similar projects, we plan to use a big set of existing and new methods 

that allow us to get universality of our system – the  system will operate in different 

complex environments for different optical systems with precision enough for 

successful drone navigation.
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Competitive advantages of the project with respect 
to the other visual navigation projects

Novelty with respect to creators of the similar systems

▪ Universality for UAV (ALL basic methods and 

complex situations) 66

UAV NAVIGATION
https://www.uav
navigation.com/
Product: VNS01

https://www.uavnavigation.com/
https://www.uavnavigation.com/


https://www.alltheresearch.com/report/140/unmanned-aerial-vehicle-
market

67



Intellectual Property: Know-how
Current stage is Know-how. In future we plan patent registrations of a 

new and advanced drone navigation systems in the case of regular 

and complex operating environment

קניין רוחני ופטנטים

68



הצוות

Visual navigation specialist

Dr. Kupervasser Oleg, included

to 30 issue of “Marquise Who’s 

Who in the world”, 17 years of 

experience (leading companies 

of Russia and Israel), 11 papers 

and conference reports

Optimal control theory 
specialist
Prof. Domoshnitsky Alexander
Mathematics Department of 
Ariel University,
has 30 years of experience, 

more than 120 publications, 

received 7 awards and grants
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Simon Kogan, Ph D
Algorithm developer

Igor Dadashov, M Sc
Programmer, drone operator, 
Hardware specialist
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