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Visual navigation for airborne ground robot's
control

Scientific report:
Dr. Kupervasser Oleg
Prof. Domoshnitsky Alexander
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Abstract

In the presentation described algorithms for
airborne ground robot's control and navigation
developed in Ariel University during Kamin

project.
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Abstract of the project:

The subject of the project is vision-based navigation: airborne
control (tethered platform) of ground robots. The system may
be used for the coordination of the ground robots.

The result of project will be airborne system of control and
navigation simultaneously for a lot of ground robots that may be
used for a wide class of robots: automated lawnmowers, robots
for cleaning the rooms, tractors, snow-removal, garbage
disposal and flushing vehicles, vehicles for people and goods
transportation, agricultural and municipal vehicles, transport
and so on. This system may be used for extra-terrestrial robots
on other planets. The system can be used in “smart home” or
“smart city”.

Keywords: autopilot, delay, drone, vision-based navigation, stable flight,
visual airborne navigation, ground robot



Ground robots navigation and control- ¥pP>1797 NV
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Future for machines is unmanned technology.
Our mission is providing computer BRAIN (navigation and control) for unmanned ground
robots
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Future For
unmanned technology

Unmanned aerial vehicles (UAVs) terrestrial robots (landrovers,lawnmowers)
Satellite Planetokhods

Robot lawnmowers still a work in
progress




The most popular outdoor

agriculture robots currently:

A Remote Controlled

Robotic Fruit Harvester —
Slope Mower

the FFRobot

GREEN CLIMBER




for the project

Market (exponential grow)

The agricultural robot’s
market is expected to grow
from USD 2.75 Billion in
2016

to USD 12.80 Billion by 2024
https://www.marketsandmarket
s.com/Market-
Reports/agricultural-robot-
market-173601759.html
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Global Agriculture Robots Market Size and Forecast,
2015 - 2024 (US$ Billion)
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Source: Variant Market Research



https://www.marketsandmarkets.com/Market-Reports/agricultural-robot-market-173601759.html
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|
ARlEL\ Problems
UNIVERSITY

Ground robot navigation problem
THE ROBOT REPORT

TRACKING THE BUSINESS OF ROBOTICS

Robots-lawnmowers need for border
wires

*They have random navigation

methodologies R X
oIt is inconvenient, static, expensive

technology.
Solution: 4
Technology-
y Airborne ground
\ robots control . B e
UNIVERSITY .




Solution is Vision-based navigation of robots

Vision-based navigation of robots is similar to human navigation by the help of eyes vision
Airborne terrestrial robots control (Patents)
The solution of the problem is navigation by robot vision.
However, robot “eyes” are not on the robot, but eyes are autonomous:
POCCHACEAS SBIRPATILN they can observe the robot from above
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Technology: Lawnmower videonavigation methods

ground-based
energy charge
device (ECD)
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Technology: Gyroplane (autogyro)
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Full low semi-space
FOV by four camera,
information
translation by optic
fiber or Wi-Fi.

Tethered gyroplane — quadracopter
High-altitude wind power station.

Autonomous energy from rotation by high-
altitude wind

High-altitude wind exists anywhere! Energy
up to 10 KWatt/m?2. 11



Delay of vision-based navigation problem_2

output

Purpose
] parameters
Comparison Automatic pilot Drone
—' > -
(desirable
values of it
e
arameters
p ) state)
Measurement
with delay +
(detectors)

GUI (graphical user interface) |

coordinates . trajectory X
NeuroNet Navigation e Trajectory

date
system control

‘ WIiFi bridge or DivisionMemoryMa |

dufgg """" Unfortunately, there always exists noticeable

‘ ‘ delay in getting information about the output

controlled parameters to autopilot for vision-

'W‘ ontrl g based navigation measurements. So we have
a problem, because of the lack of some

reator ity simdation necessary information for controlling.




Engineering solution:
Automatic control with delay by prediction

Xdes System with RS .
A _ delay

Delay-free
system model
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Scientific solution
IS based on

- A. Domoshnitsky, E. Fridman, “A positivity-based approach to delay-dependent
stability of systems with large time-varying delays”

- R.P. Agarwal, L. Berezansky, E.Braverman, A. Domoshnitsky, “Nonoscillation Theory
of Functional Differential Equations with Applications”

- V. A.Bodner, M.S. Kozlov “Aircraft Stabilization and Autopilots”

Ravi P. Agarwal

Leonid Berezansky

Elena Braverman

Mexandes Domoshnitsky
Nonoscillation Theory
of Functional
Differential Equations

with Applications
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Proof of concept results (toy version and big real
robot) are achieved (path and random walk)

Webcam
/,/'/' GUI (graphical user interface)
.-//.'
|
I coordinates — trajectory -
NeuroNet Navigation ate Trajector
system control
WiFi bridge or DivisionMemoryMa |
We use an artificial neural network
to determine the coordinates and

USB Cable

P "
" | |Wi-Ficommunication
| tothecar <

Control Computer

visual |
| date

Real or Unity simulation

rotation angle of the ground robot.
The obtained data is compared with
the trajectory planned by the user,
deviations are calculated and further
movement of the robot is planned.
The program is written in MATLAB.

Unity was used as a simulation
environment.
The division memory map in C ++ is
used as a bridge between the two

programs

15
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toy model

Calib: 0 '

Route/Rnd: 0 '

Track: 0 '
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A |
AR'E'-\ Proof of concept results are achieved (random walk)6
toy model

UNIVERSITY
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Calib: 0 '

Route/Rnd: 0 '
Track: 0 '

LnfRet: 0 '

[
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New big robot prototype-photo (Robot, Kamin)
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Robot parameters

I'ae x n Yy — coordinates of ground robot

o - angle of rotation of the robot on the plane
v — translation velocity of the robot

o - angle velocity of the robot

R — wheel radius

[ — distance between wheelsr

wgr U w, — angle velocities of rotation of the right and left wheels

ARIEL\‘
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Robot motion equations

X =VCoSx
y=vsina
a=w

R(wp + wy)
v = 5

_ ZR((I)R — (I)L)
- l

w

\
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Study state trajectory

1) For rotation, the stationary solution is
a(t)=wt+q; v(t)=0; @=0

2) For linear motion, the stationary solution is
a(t)=a; v(t)=v

\
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Linearization

5x(t) = sv(t — 1) cos(a(t)) — v(t)sin(a(t))da(t)
5y (t) = sv(t — t)sin(a(t)) + v(t)cos(a(t))da(t)
Sa(t) = Sw(t—1)

Control parameter

Sv(t—1) = ax(t)ox(t— 1) + a, (t)dy(t — 1) + ay(t)da(t — 1)
Sw(t—1) = by (t)dx(t — 1) + by (t)dy(t — 1) + by (t)da(t — 1)

\
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Stability of the system. Theorem

Theorem. If the following conditions are fulfilled, then the system is exponentially stable.
Conditions for coefficients of motion equation Conditions for 7,45, (T < Thmax)

x"(0) = qi(®) x'(t —1;(0)) +Xj=i1pij(O) x(t —6;;()) = 0.t € 0,+) (2.2)
xi(§) = x(0); x'(§) =x,'(0), £<0,i=1,...,n,

i, j=1,...,n. The components x;: [0, +o0) = R of the vector x = col{x,,...,x,} are assumed . . L.
to be absolutely continuous and their derivatives x! € Le,. A vector-function x is a solution of ~ BY substitution coefficients of our

(2.2) if it satisfies system (2.2) for almost all t € [0, +0). motion equation to these
Let us denote . .
conditions we can find
T; = esssupso{Ti(0)} parameters of control:
It was shown in Theorem 1.1 in [6] that (we correct here some misprinting from this paper): ° ay (t), ay (t), Ay (t)
If the following conditions are fulfilled:
(1.1) The matrix P is Metzler: all its off-diagonal elements are nonnegative for 7 > 0, i.e.
pij(t) = 0 for every i # j, * bx (t)’ by (t)’ ba (t)
The matrix P is Hurwitz: all its eigenvalues have negative real part for >0
Pu(t) <0,q;(t) <0, 4lp () | < qf (1), *  Tmax

where i, j — 1, ..., n.
(1.2) Foreveryi =1,...,n the conditions be fulfilled:

R 1 .
|qi(t)|Ti < P 0u(t) =7i(t) =7y <0
Then system (2.2) is exponentially stable.

23
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Final solution are following:

1) For rotation, the stationary solution is
o(t)=wt+d; v(t)=0; $=0

where control parameters are following:
dv(t-t)=-2a cos(w(t-1))6x(t-)-2a, sin(w(t-t))dy(t-t) where w=0,a_r>|w|;
dw(t-t)=b, da(t-t) where b, <0.

2) For linear motion, the stationary solution is
o(t)=a; v(t)=v

where control parameters are following:
dv(t-t)=- ajcos(a)bx(t-1) - ajsin(a)dy(t-t) where a;>0
dw(t-t)=a sin(a) 6x(t-t)]-a cos(a)by(t-t)-2b da(t-t) where av>0; b>(av)*/2

3) The delay time is following:
tsmin(1/(2e|b]),1/(e|ajl),1/(e|byl),1/(2e]a,]))

24



Automatic control solution

Deep learning:
ground robot recognition and finding position and
orientation

Engineering solution:
Automatic control with delay by prediction

Xdes

System with

Sensor

% ¥
Delay model

v Zt—it

Controller

Simple Neural Network Deep Learning Neural Network
A (X 3

Delay-free
system model

@ noutLayer @) Hidden Layer @ Output Layer
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Figx

2] Show nuw ingn

] Sisom seommineholx

| Tining

BACK TO TRAJE... T

Muvarnmnl cuntiol

CHOICL DRIVL MOUL:

[TRAIFCTORY -

Ottt coet | 2 ‘ START STOP
Anglul | U

Lincary vel \ 0078

ttabilization [ A0 ’ Finish

TX = 1000.0026 Dist = 127.3678 STD_Error = 127.3678

TZ = 1001.5555
RY = 31.4131

Work angle = 164.3581
Comp1 = 81.076
Comp2 = -0.20505
Stab.Coef = 0.19174
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Proof of concept results (robot version) are achieved
(path)

? Robomow control

)

EDEE
B &) &)

X =1238.7195

Y = 855.8443
ANGLE =-116.9432
Error = 69.1506
LIMKIT = 2
Step = 4.355

oK Cancel

= 1603 ||
P B o d

28



[4] Robomow control

() () (6

Lineary vel

X =2748.3921
Y = 403.3468

ANGLE = -18.7206
Error = 86.7817

Proof of concept results (robot version) are achieved
(random walk)

29



\‘ .
ARIEL New Technologies - general

UNIVERSITY

Machine Learning

@bﬂ\i'ijﬂ' -

Feature extractio Classification

Deep Learning

G — stz — I

_Feature extraction + Classification
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Our Intellectual Property:5
Patents (2 Russia, Germany,
France, USA)

Patent 1

POCCHHCKAS GRIEPANEA

HATEHT

HA TOTEIYI0 MOZETE

-~

131276

YCTPOHCTBO /LIl KOO IHHALIMH
ABTOMATH3HPOBAHHBIX YCTPOHCTB

MaremooSreas (). Ofuecmeo ¢ 0zpanisvennoi
omsememsennocmsw "TPAH3HCT BHIEQ" (RU)

Amop(u) Kymepsaccep Onez FOpsesus (RU), Kynepoaceep I0pui
Huwus (RU), Pybunumeiin Anexcandp Anexcandpoaus (RU)

Surnea e 212447924
Tgwoper soseoh wosean 12 wosGps 2012,
Saperucrpuponaso s Focyaperaenon pasctpe poresx

EEE L L E R e s E e s e e e E e et

woteaet Pocarierofl Deaepn 20 aecyema 20132,
Cpox cicrans areara eresaer 12 nosps 2022

Py Dedepanac oy
o o

Q Z B Cuonon

EE RS R SRR AN AR R AR R

“HATEHET

HA WIOEPETEHME

N 2691788

CNOCOB KOORAMHAIMN HASEMHBIX MOJABHKHBIX
ABTOMATH3HPOBAHHBIX YCTPOHCTBC HIOMOLUBIO
EJMHON UEHTPATH30BAHHOM YIIPABISHIOILER
CHCTEMBI

“TPAHZHCT RIJEO" (RU)

Astop: Kynepsaccep Onez H0psesun (RU)

Jasma e 2015121583

Tipmopurer ioofpercrim 05 Wwomw 2015 1.
U ey ApETACHIOA pErHCTF IS 8
Tocaapersesaton peectpe suofperaini
Poccniicrns eacrann 18 wioun 2019 1.
Cpox aehcTaE WEORTELNOT

o wGoeressre nerekse 08 womn 2035 1

Pynosoimmesn Drdepasiaoi coyhia
e o

leee _ EI Hewee

B T e R P P R PR LRy g

405 S 08 K 00 6 0 0 O O e O R

Patent 2 Patent 3

== Bundesrepublik Deutschland ===

Urkunde

(ber die Eintragung des
Gebrauchsmusters Nr. 21 2013 000 225

Bassichmung.
Vorrichtung for Koordinierung automatisierter Vorrichtungen

we
GOsD 1/02
Inhabertnhaberin.

Kupervasser, Oleg Jurjevich, Moskau, RU

Tog der Asmaldung:
07.41.2013
Tag dor Elnragung:
10072015

Priodat
12.11.2012 RU 2012147924

Die Préscertn dos Detschen Patent. urd Markenarts

S INpEE BT

Comeia Rulofl-Schaffer [

Manchen, 10.07.2015

Certificat
d'utilité

ede e a it ntelectele - L ¥

DECISION DE DELIVRANCE

sl e b prpes
Jccefcetd b 1B VDR cor b i oo o dions &
TRAKSIST VDEQLL

O Ty L T T re—.
b,

 IRBA2A 0717 P palcaon 30 157).

FetaCastonia W HLIT T

]
et

(SN

US20160320189A1

US Application

[ Dornload POF  [8) Find Prior At 3 Similer

Inventor: Oleg Yurjevich Kupervasser, Yury lljich Kupervasser,
Alexander Alexandrovich Rubinstein

Original Assignee: Oleg Yurjevich Kupervasser, Yury lljich
Kupervasser, Alexander Alexandrovich Rubinstein

Priority date : 2015-04-30

Family: US (1)

Date App/Pub Number Status
2015-04-30 US14700180 Abandoned
2016-11-03 US20160320189A1 Application



Application RU 2015121583 is accepted during
project realization in 2019 and is transformed to

real patent
RU 2691788:
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https://findpatent.ru/patent/269/2691788.html

New prototype-photo (Robot, Kamin)
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New Project Kamin

A

15 month

'y

M1

month

M2

125
month

M3

Testing
robotic
system and
computer
program,
errors
correction of
robotic
system and
computer
program

month

v
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Strong team of experienced professionals from Israel
and Russia: Vision-based navigation of UAV

Project leader:

Kupervasser Oleg, works in Ariel University, Israel, PhD ( Weizmann, Israel) included to
30th issue of “Marquise Who’s Who in the world”, has 17 years of experience (leading

companies in Russia and Israel) and 11 papers, many conference reports Optimal control theory

specialist
Sarychev Vitalii Kupervasser Oleg Name: Alexander
CEO assistant, programmer Chief Scientist Domoshnitsky

ARIEL\‘
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Rubinshteyn Aleksandr
Aleksandrovich
‘r Programmer

Commercial

llan

Ehrenfeld

W Programmer
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Hennadii
Kutomanov
Programmer

expert:

Dr. Eli Zamir




Competitors

0 Robomow-

friendly home

irRobot

—_—~

v Technion
Israel Institute of
u Technology
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http://www.elbitsystems.com/elbitmain/default.asp

Competitor projects

Unmanned Ground vehicles (UGVs)

ARI
UNIVERSITY

ground robots (landrovers, lawnmowers)
planetary rovers

37



Market

The agricultural robots market is expected to grow
from USD 2.75 Billion in 2016
to USD 12.80 Billion by 2024

https://www.marketsandmarkets.com/Market-
Reports/agricultural-robot-market-173601759.html

Global Agriculture Robots Market Size and Forecast,
2015 - 2024 (US$ Billion)

a\
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ARIEL\ e: Variant Market Res
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As a result, we proved that it's possible to maintain
stable movement of a ground robot even when time
delay exists in transfer information about output
control parameters from navigation measurement
devices to autopilot. We can find control parameters
for a particular case of visual airborne navigation of
ground robot and estimated max possible delay of the
system.

\
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