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GNSS / MEMS / MOEMS Algorithms and Software for Out-/Indoor
Navigation (People, Vehicles, Goods) and Georeferencing with

distributed Sensors and PIatforms
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Level 0

Level 1

Level 2

Level 3

Level 4

e(t) =y(1) Desired State y(t) Navigated State

» Gesamte Kontrolle liegt ganzzeitig beim Fahrer Autonomous
Driving
(.... and Flying)

» Unterstiitzung spezieller Funktionen
» ESP, ABS

» Zwei oder mehr Funktionen werden unterstitzt und kénnen miteinander interagieren
» Tempomat in Verbindung mit Fahrbahnassistenz, Parkhilfe

» Gesamte Kontrolle kann vom Fahrer abgegeben werden, der Fahrer muss jedoch
jederzeit einsatzbereit sein und im Zweifelsfall manuell eingreifen kénnen

» Gesamte Kontrolle liegt ganzzeitig beim Fahrzeug, das Fahrzeug fahrt véllig
unabhangig

SLAM
- Obstacle Detection
- Collision Avoidance

e(t) = Control Deviation (Regelabweichung)
u‘(t) = Control Variables, e.g.Thrust &Torque
u(t) = Control, e.g. Propeller-Rotations

Main Topics - Dynamic Path Planning
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Navigation with Distributed Sensors & Platforms (NAVKA-Concept)

y = \-Xe ye Ze|Xe ee |re e e”Xe 1€ - elweb ‘ngy ebZ|SJT
Distributed ttom
Sensors and 7'/| /i 5
Platforms o
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Navigation Frames
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Inertial Frame ,,(i)-Frame* — 600 Quasars ( a, d)
RE(1)=(Re(1) ' =Rp-Rg RN -Rpy

Very Long Baseline Interferometrie (VLBI)

Quaaar.
= £ /r (t) = R ®)-r' ()
[ C0S&-CoSa |
=| C0Sd-SINa
i sind |

i‘ZIN;{YINS

%' (t) =g' (x) +a' (Sensor,t) = g' () + R (t)-a° (Sensor,t) = ‘

'|Illiiil. !kp

Platform

Q:Jb (Sensor)

b

Body

R} (D) = R (D)2 (1)

e

Roll
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Navigationframe - ,Navigation-Frame* oder ,,n-Frame*

—cosB-sinL —sinL-sinB cosB] _p N-Frame
Re(B,L) = —sinL cosL 0 ZeA /4
cosL-cosB  sinL-cosB sinL /
i B .12 n

x"=RI(B,L)-(x*' —x(B,L,h)®)
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BOdy-Frame - ”b-Frame“ Sensor-Frame

,»S-Frame*
ZINS
CL }ZIYINS Platform-
Frame

- - p
D RE (r,p,y) - x™ z 4 E%\ls%a(ms _p-Frame*

XP platform N X';
\«t
i _ T Body-frame (b-frame
r tan R (3.2)/R" (33)] Y ( ; ; Roll
o)
D|= tan—l[—Rg(s,l)/\/Rg(z,l)z+Rg(1,1)2] :
y tan[R] (2.1)/ R (LD)] Pitch Yaw
B i b b
CoSpcosy cospsiny —sinp
Rb __ |sinrsinpcosy—cosrsiny sinrsinpsiny+cosrcosy  sinrcosp
N =
cosrsinpcosy+sinrsiny  cosrsinpsiny—sinrcosy  COSrcosp
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GNSS and Challenges
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Orbit Design of the 4 GNSS (without Augmentation Systems)

sa
esa ©

28 Dec.2005 Giove-A lift off
05:19 UTC Baikonour,
Kazakhstan

299
Orbit — Segment Galileo

Chinese
COMPASS Orbit

GPS Orbit and GIONASS Orbit
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Space/Satellite Based Augmentation Systems (SBAS)
..... fir DGNSS-Codemessungen (DNGSS-Korrekturen. Stanard RTCM oder RTCA)

/
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Regional Precise GNSS-Positioning Services — Worldwide
Frame ‘in‘ Europe:&(,,ﬂo;en Plate“). same as EUREF-IP Service

1 2 SmarthNet
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PPP-K / OPPP

GNSS-Positions — necessary to be integated in ,,OPPP age“
and ,,GNSS/MEMS sensor fusion age®“.

‘O’ ! Orbit & Clocks Useful for extended gemonitoring
W‘ I ( scenarios, e.g. large pipeline networks
@ “' i Ionosphere

Q 0 | 19 'O ® ‘@
Q é . 'O
Q Q Troposphere
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Earth Tides $

P(X,Y,2) Large Scale Plpelme

Monitoring, Russian Federation &
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GNSS Code- or ,,Pseudorange” Observation and Modeling

Pseudorange or Code-Observation

Pij (ti)Obs = C’Tijobs = C'(tiq(ti)_tjs (tj)) - C'((ti +AER,i)_(tj +A{S,j))

Satellite
clock ! (t )

Transmitted signal

Received signal, driven by satellite clock '\'\ /

o

Repllca signal, driven by receiver clock

Receiver --—Tobs

clock t. (t;) R(n)—t’s(t,-)
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GNSS Code- or ,,Pseudorange” Observation and Modeling

Pseudorange Modeling in ECEF and GNSS-time
P! (t)ops = €+ Tlops = - (tr (1) —t5 (1)) = ¢+ ((t; + At ) — (t; + At )))

with o, =tr(t) - t5(t;)
1. Without Atmosphere corrections

p(ti)ops =C- (t (t) - t s(t))=c-(t;-t)+c AtR| C AtSJ Ay A
” P. 2 ()

pi (t)
A

p(t)ops = P(t;, J’Oj) +C- A{R,i —C: A{S,j

P?(ﬁ)
| | I

P(t)obs = ‘;(lR (t)- )~(JS Ut Oj)‘ +C A{R,i -c A{S,j
P(t)obs = ‘;(IR (t) - X5 (t — 7, 0') + ¢ Atg; —C- At
Pl (t)

(8o = Re(6) ~%(, - 2 o) oAk, —o- Al with ()=
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GNSS Code- or ,,Pseudorange” Observation and Modeling

Pseudorange Modeling in ECEF and GNSS-time

2. With Atmosphere (lonosphere and Troposphere)

- - St _ _ . |
P(t)obs =Xr (L) —Xs —¥’°J) +C-Alg;—C- Alg +Ap! 0N+ APl TROP
A N T 1))
with p(t;) =|Xg (1) — X5 (t; —T) Atmosphere <. Ilonosphere
~ 7
PN
2() pi (t;)

S
pr (L)
|
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GNSS Positioning and Modeling

Light Time Equation

- Can be solved iteratively exactly based on GNSS
J time t(i), Orbit o! and good position xx(t(i))

) - Must be solved in repeated parameter estimation,
If Atg;(t;) @nd xg(t(1)) are unknown

p.()

Xg (t) —Xs (t -

o

';5I.j (t;) - lteration: "Light Time Equatlon

3. Geodynamic Corrections

1. 3D-Earth Tide Corrections

3

2, YaTi R3{3E2(R *r)R]+[ (h_—iz)(R *r) ——] }[ 0.025sinp cosp sin(8, + 4)|r

3.2. Ocean Loading (IERS Standards, 1996)
3.3. Atmospheric Loading

3.4. Earth Orientation
RP()=Rp -Re-Ry-Rp,  X°()=R{ (1)-x' (1)
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GNSS Code- or ,,Pseudorange” Observation and Modeling

Pseudorange Modeling in ECEF and GNSS-time

- - St _ _ | |
P(ti)obs =|Xr (1) —Xs (t; —¥’°J) +C-Alg;—C-Alg ; + ApiJ,ION + ApiJ,TROP

with P(t)ops =| Xr (t) —Xs(t — p,( )) OJ) and T, = -

.

Eij (t;) - Iteration: "L;éht Time Equatlon
4. Additionally: Relativistic effects (Special and General Relativity)

4.1 Special and General Relativity in general

= = = =— =—— = = =—(=-

T t X X f f m m

t—t At x—x Ax f—f Af m-m Am 1(vj2+AU

4.2 GNSS pseudorange-observation scenario

bt 2t
"t":'c.:—p'(t') and AU H{ 1 1} W,

! C c? Rc+h(t) Rg
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GNSS Code- or ,,Pseudorange” Observation and Modeling

Pseudorange Modeling in ECEF and GNSS-time
P(t)ops = [Xr (t) — X (ti - p,((:) o)+c- AtR| C AtSJ+Ap|ION+Ap|TROP

Further Clock/Time-Bias

Trimble NETR9 receivers: 18.0~24.0 ns

Septentrio receivers: 13.0~19.0 ns e GNSS differential code biases (DCB)
il g Trimblc-jfng —#— Trimblc-ons] !
| —¢— Trnmble-gmsd -&- Tnmbl:tk:rs Trimble-zim3 | DCB prOdUCtS
Septentrio-cebr Septenfrio-nnor —#—  Scptentrio-vill | i
E 25 .Sggenmo-idru L o Szttcn]no mdu' 1—0— S»z:entt:lo-brux. { L& L . | = g\i?zlloaf\l?’e from
= b/ 1ok 3 In ;._"” v | bliaiyl ) li- “ L |L .__‘»;_ ! ;" | obgalal Niig
& MRS 4}; } 'g"‘" iy, i “ e At t-*: |GG — updated
= VP wlT ey Hf 'H,' | |‘1¢ 1 &*M’ a” ih,]f“ lJ‘ ¥ ' s SR T ) :
G201 ik it AL e daily (daily
< s ' Lk interval)
£ s ) @' DLR - updated
- | guarterly (both
2013 52014 izols Wgek!y and
19 ' ; ! daily intervals)

Jan.  Apr. Ju.  Oct.  Jan. Apr. Jul Oct.  Jan. Apr. Jul. Oct.  Jan.

Time series of BeiDou C21-C71 DCBs for the selected receivers during
the period 2013-2015
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GNSS Code- or ,,Pseudorange” Observation and Modeling

Pseudorange Modeling in ECEF and GNSS-time
pl(t)
C

o)) +c- Atg;—C- Afs,j + ApijJON + Apij,TROP

P(t)obs = )?R(ti) _)?S(ti -

5. Final Rough Pseudo-Range observation equation
Observations:

J) iR(ti) and pij(ti)Obs :C’TiJObs

()

p(t)obs = P(t)obs =| X () —Xs (t -

’[Sl.j (t;) - lteration: "Light Time Equatlon

0 (8, (6) - (Kh(8) - XA 1)) (e XXk (1)

—c-(Atg(t) LZ Ju-a-e-sin(E(t, ))} )+ Ap!ion(t) + Ap)1rop(t)

Unknowns: (X,Y,2)r(t;), Atg;(t;)
Corrections: Sagnac R; Relativity S; Clock S,
Further Corrections, Add rel. clock varlatlons Add. ModelslON, TROP, Earth Dynamics
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Phase Modelling in OPPP / PPP-K

?‘ji (t)obs +D! (t)obs = Pl(t) + - Atg; —C- Ats j +Aplion + Aplrrop + 1+ (Ag; + Ag; —Ni)

X / /
Obsonyatins ot tig Uncalibrated phase delays
(UPD) relevant to undifferen-
Sun ted integer fixing for PPP
“Wind-up (“Phase wind up”) )
. /Sun

Yaw-steering Mode Orbit-normal (,Earth-centered”) Mode

Affects only carrier phase measurements (circularly polarized waves of GNSS signals).

A correction dPHi is only required for PPP absolute positioning.

DPhI depends on relative orientation of satellite and receiver antennas, and the direction of
the line of sight. While moving in the orbit the satellites perform a rotation to keep its solar
panels pointing to the sun direction in order to obtain the maximum energy, while the

satellite antenna keeps pointing to the earth's centre. This rotation causes the a phase
variation dPHi.
http://www.navipedia.net/index.php/Carrier_Phase Wind-up Effect
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Doppler-Frequency Measurement Types

1.) Add. Measurement for
Positioning by Phase-Measurements

j
. : , t
=int(Agj[cyc]) =int( [ (TR —Ts)"d)  [cycles D. at Phase-
to Measurements. Error: ,,Cycle-
S(ts) Slip(s)
S(t1) — orbit
S(ty) Ag,=Drh Ap,=D*\ 2 General Measurment for
S Positioning and Navigation
t e fs' rs-rg :
f=fs —fp == T (fs —1R)
N*A+ ha(to) s~ R
1 (v)® AU
srer (2] 24
RV C
T TRRAA ??/ R \\\\/\/\ i
7 "X earth
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1Global G(lobal“)NSS Precise Positioning Services - Worldwide

’0( : « SSR-based: Abs. Prec. OPPP
‘01 | Orbit & Clocks - Starfire™GPS-Corrections
% ‘e | @ - Starfire Receiver (left)
S ©% | ronosphere - Global Accuracy:
@ “.\\@ “.\\@ .':: @ @1"/,.' @

R, W @
‘\ “‘. Q :’ Q ',o" S T TS
é \\% 'Ifop?.sp‘here N
Q \‘\\ ' ",' Q h Deere Company
. . Abs. GNSS = ,,Non-DGNSS*“
— % . ﬁarth Tidés Leica Steerpl[‘?Ft No Reference-Stations
" But: NAVCOM Roverclients!

Centimetre-level RTK i
Comparison of HP and

Network RTK other DGPS service
OmniSTAR-HP characteristics

State Space Solutir= - b
Wide Area DGH OIS TAR-HP

* Uses range and phase data from a
network of L1/L2 reference stations

+ |ono effects removed by using stations
within 500-1000km

» Orbit corrections broadcast alongside
data to remove this as an error source

* Multiple stations combined into L1/L2

OmniSTAR. & Trimble.

The Global Posltioning System

13
16 March 2011 2 ” RTX

Check out the Latest News!

Read Press Release

Continue to an OmniSTAR website:

e Morth and South America
e Europe, North Africa, Middle East, India
e Asia Pacific

o Sl AR VBS solution for redundancy of
observations
OSR (= Observation-)related: Networked, scalabe (,,dm —cm®) ||+ Smooth decimetre level positioning - with
DGNSS RTCM Correction (VRS-Concept) scope for further gains 7
« RTCM-Standard =>Open for any Rover- and Software-Type
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Commericial OPPP / PPP-K Services
NAME Service Accuracy Supported constellations Method | Provider
performance
OmniStar | G2 <10cm GPS+GLONASS PPP Trimble
RTX CenterPoint | <4cm GPS+GLONASS+BDS PPP Trimble
StarFix G2+ 3cm GPS+GLONASS PPP Fugro
G4 5-10cm GPS+GLONASS+BDS+Galileo | PPP
StarFire SE2 5cm GPS+GLONASS PPP John
Deere
SF3 3cm GPS+GLONASS PPP
Future(BDS+Galileo)
Veripos C2 5cm GPS+GLONASS PPP Hexagon
Apex? 5cm GPS+GLONASS PPP A
TerraStar | TerraStar C | 2-3cm GPS+GLONASS PPP Hexagon
AB

August 2017: Joint Venture ,,Sapcorda Services* (Bosch, Geo++, Mitsubishi, ublox)
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Public OPPP / PPP-K Service
,»RTS": http://rts.igs.org/

International GNSS-Service (IGS

‘ :‘.‘ i Orbit & Clocks

Y i
s H
W V@
\\ [y T ¢
RS O , i 1 O h st ) o
“‘ \ ! Onosp el'e / ..‘.'.C.o S5 70
\‘ \ Q ! -4 ...:. o v
\‘ : "9 0p0aq % °
@ @ | S :
\\ lll p o
% 1
'
% ! "
i
8 s a
o
9
o
i i, ) s ff
a 9 o
i > 0. ° e L]
o ° a® o
° &

i5 Status 080420 : x..'}
'dl..f’ & " .
b

the International GPS Serwce

*InteyatlonalaGNSS Service
' : Formerl
Publicafions

User Access Products RTS Monitaring Contributors More Information Support

Real-time Service
Berlin, 25.-26.9.2017
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GNSS Positioning — Medium Term Geodynamical Modeling
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GNSS / MEMS / Laser Sensorfusion (ZIM-Projekt bis 3/2019)

NAVKA " o

Georeferenzierung
Mobiles GIS

MEMS

PREGON-X RaD at HSKA:
http://www.navka.de/index.php/de/weitere-projekte/fue-projekte-produkte-2b
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INSPIRE
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NAVKA Indoor-Navigation — General Aspects

AT UNIVERSITAT
Tm ) POLITECNICA
W DE VALENCIA

SMART CITIES SMART UNIVERSITIES

It's essential to develop technologies
that allow us to improve the
management of urban resources and
efficiency in areas such as transport
and traffic management, energy, health
care, water and waste

The integration of these
technologies is called Smart
cities, and it allows to reduce
costs and resource
consumption and let

+ Cities cover only 2 % of the Surface of the Earth, governments take better and

«  but they contain 50% of the population, faster responses to urban

» consume 75% of the worlds energy and chaIIenges and issues.
» produce 80% of the waste

G UNIVERSITAT
1) POLITECNICA

WWW.UPV.€S < “. DE VALENCIA
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NAVKA Indoor-Navigation — European Infrastructure INSPIRE

About EUR-Lex | Site map | A-Z | FAQ | Help | Links | Legal
EUR-Lex

Access to European Union law

EUROPA * EU law and publications * EUR-Lex * EUR-Lex - 02010R1089-20131230 - EN

Official Journal  EU law and related documents  Mational law  Legislative procedures  More

(7] (] EH share

® This site uses cookies to improve your browsing experience. Would you like to keep them?

Document 02010R1089-20131230 ) [%] Save to My items [ R] Bookmark this item [&] Download notice

About this document Text Linked documents All Collapse all | Exp
Title and reference

Verordnung (EC) Nr. 108972010 der Kommission vom 23. November 2010 zur Durchfilhrung der Richtlinie 2007/2/EG des Europdischen Parlaments

und des Rates hinsichtlich der Interoperabilitit von Geodatensitzen und odiensien
INSPe
.

INSPIRE

Languages and formats available Infrastructure for Spatial Information in Europe

ain Eura[,e
W
a”izonns?»\‘?
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&

S

BGC ES C5 DA DE ET EL EN GA O e’

HIMI A0 A0 A1 A1 A a7 A A

" Georeferencing and
bili
Inte rope ra I 'ty Title D2.8.11l.2 INSPIRE Data Specification on Buildings — Draft Guidelines

D2.8.111.2 Data Specification on Buildings — Draft Guidelines

FajERRE:

Creator INSPIRE Thematic Working Group Buildings
ITRF/ETRF89
Subject INSPIRE Data Specification for the spatial data theme Buildings
- -
- Publisher INSPIRE Thematic Working Group Buildings
http://inspire.ec.europa.e 9 Grovp Buiang
Type Text

» »
u"ndex Cfmlpage|dl3 Description  This document describes the INSPIRE Data Specification for the spatial data theme
- Buildinas
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NAVKA Indoor-Navigation — INSPIRE realization in Germany

Bundesanzeiger Bekanntmachung

Herausgegeben vom Veroffentlicht am Donnerstag, 14. November 2013
Bundesministerium der Justiz BAnz AT 14.11.2013 B1

www.bundesanzeiger.de Seite 1 von 17

Bundesministerium des Innern

Bekanntmachung
der Neufassung der Technischen Richtlinie zum Gesetz
uber die geodatischen Referenzsysteme, -netze
und geotopographischen Referenzdaten des Bundes
(Technische Richtlinie Bundesgeoreferenzdatengesetz - TR BGeoRG)

Vom 28. Oktober 2013

htip://inspire-geoportal.ec.europa.eu/

Seamless Out-/Indoor Georeferencing and
Interoperability based on ITRF/ETRF89
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http://inspire-geoportal.ec.europa.eu/
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Paradigma-Changes
GALILEO - Aspects
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GALILEO

In Orbit Placement of GALILEO Galileo-Satellites
Satellites
with Ariane 8 Satellites Yy
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GALILEO and GPS Satellites

GALILEO Satelliten GPS Satelliten

https://en.wikipedia.org/wiki/List_ https://de.mk _|pe_d la.org/wiki/Global
. : _Positioning_System
of Galileo_satellites

Empfangens Sabelliten 10
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GALILEO -E1 Code/Phase Linear-Combination

contains receiver's precise corrections  compensation by to be to be
position vector from weather model  estimation (option'  eliminated estimated
\1, ‘l’ ‘j/ \l/ (and fixed)
RANGE ot DISTANCE + TROPOSPHERIC + IONOSPHERIC
MEASUREMENT T | RECEIVER - SATELLITE SLANT DELAY SLANT DELAY
CARRIERPHASE | __ DISTANCE o TROPOSPHERIC | _ | IONOSPHERIC | _ | AMBICUITY
MEASUREMENT T | RECEIVER - SATELLITE SLANT DELAY SLANT DELAY TERM
\DDITIVE COMBINATION OF CODE RANGE AND CARRIER PHASE MEASUREMENTS ELIMINATES IONOSPHER
(RANGE + PHASE).2 3
CODEPLUS- | _ DISTANCE 4| TROPOSPHERIC S al amsicuiy
CARRIER " | RECEIVER - SATELLITE SLANT DELAY M 2 TERM
Ublox NEO 8MN R PR - R g
- SUBTRACTIVE COMBINATION OF CODE RANGE AND CARRIER PHASE MEASUREMENTS REVEALS IONOSPHERIC DELAY
29.- EUR RANGE - PHASE
CODE-MINUS- _ PR . IONOSPHERIC + AMBIGUITY
CARRIER - “Ongp, O © | SIANT DELAY TERM
Vereinfachte Beobachtungsgleichung ,,Code-plus-Carrier”:
PR + A c c
—4) =p——- N+ 2 5 SL 3 Z 18P
kombinierte I Mehrdeutigkeit T tropospharische Laufzeit-
Beobachtung  Entfernung lonospharenfehler verzogerung (Slant Path
hoherer Ordnung Delay)
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OPPP - L1-Pseudorange and —Phasemeasurements

RTS/IGS - Realtime Data Stream of IGS SSR-Products

» Rover Motion: Over Point2 » Rover Motion: Around Point 2 L1, PPP-K

20 cm

Key:

@ . Computed Position

e : Station’s True Position

found in “ITRF 2008"
Frame

3D IGS/RTS OPPP Kinematic Positioning Error at 1 Hz in ITRF2008.09.2015
Positioning Error, Point 2: 0.25m
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OPPP - E1/ES5 and L1/L5 Phasemeasurements — 21. Sept. 2017

GNSS ! B
POSITION Follow Us -

NAVIGATION

ThinG 00000

WORLD

, : Mapping GNSS | Defense | Mobile | Machine Contra
W YDV lUU§ IMAUVDINE EAFLUNKE NWVVE

GNSS receliver

,BCM47755
1lcm
OPP-K global
Positioning
Broadcom launches dual-frequency GNSS receiver for _
mass market « GNSS-Recelvers
September 21, 2017 - By Tracy Cozzens * Sm art p h ONES
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Open Source — DGNSS, PPP-K

RTKLIB - Open Source Software (DGNSS/RTK, GNSS-PPP, Postprocessing
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GNSS Rawdata on Smartphones (since Sept. 2016)

1.0 : - . , . : ; : ;
0.8
0.6 Phone Phone -

I
L

0.4} J
02| ™ / /. !
02}
04 !
0.6 '
08

_1 O 2 s 1 L N L : L 1 L X
21:46 21:47 21:48 21:49 21:50

GPS Time
North = East = Up =

||
1

Position estimate (meters)

T
*
1
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New Way (NAVKA): Algorithms for Multiplatform-, Multisensor-, Leverarm-Design

= GNSS Positioning Single L1 Receiver

Developments...Multisensor-Navigation...Autonomous Driving&Flying Reiner Jager AMAA 2017 Berlin, 25.-26.9.2017



Paradigma-Changes
MULTISENSOR-INTEGRATION
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NAVKA: Algorithms, Software & Systems for Multiplatform-, Multisensor-, Leverarm-Design

e ,c el e, e e

y={x y® z%|x®y®2% [r®p®y

e e e e b b b T
1%8 §© 3° | 's|

eb,x (Deb,y (Deb,z

3.) ,,Multisensor-Multiplatform Leverarm*“ Concept

bodv Sensor-
- Position
— and
(B, L, h) / s Orientation

z
S Y
;% <>T" sensor

Roll XP ' X s |

Platform
Position
and
Orientation
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Autonomous MEMS-Sensors + New Algorithms ,,Deep-Coupling“

2. Autonomous
1.) MEMS-Gyro 2.) MEMS-Accelerometers

DETECTOR
diiR DETECTOR BEAM
SPLITTER
|LASER=

-.___._“':: ::..':;,:_:: _\
CLOSED

LASER CAVITY MODULATOR
(2) Ring Laser Gyro (RLG) (b) Fiber Optic Gryo (FOG)

Observation I: mig

(’)gp :wiB_Rg(r’p’Y)"”iee

References: Inertial Space (i) and Gravity Field
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Autonomous MEMS-Sensors + New Algorithms ,,Deep-Coupling“

2. Autonomous
4.) Magngtic Sensors

5.) Barometric Sensors (Height)

Auxiliary Sensor

Reference: Earth Atmosphere

Reference: Earthmagnetic Field M o
Nordpo
magnetischer pol _ (4 vt ¥ USRS SNSRSSY SUSURS S ——
Sidpol E
o 06
E D4 b \\\\.‘ .............
= T~
02
0.0
magnetischer i) 2 4 B 8 10
Siidpol Nordpol hikm
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CPU and GNSS/MEMS Sensors e.g. in FlightControl FC4

4 microcontroller
Cortex M4 (ARMv7-M)
ST Microelectronics F4 family

¥
i
o
i
L
y
ny
i

\

9 DOF
accelerometer
gyroscope
magnetometer

telemetry

LAIRD RM-024

barometer

InvenSense Measurement
MPU-9150 Specialities MS5611
GPS accelerometer

(thermal MEMS)

™

u-blox NEO-M8N

MEMSIC MXR-9500

Developments...Multisensor-Navigation...Autonomous Driving&Flying

Reiner Jager AMAA 2017 Berlin, 25.-26.9.2017



NAVKA Camera based Indoor-Navigation-Concepts

o

A

SMART-Phone
Marker APP
(Optical
Markers, LED,
Infrared)

1“11 * (Xl - XO) + 1“12 * (Yl - YO) + 1’13 * (Zl - ZO))
*

IL:CX+(

1‘21 * (Xl - XO) + 1’22 * (Yl - YO) + 1'23 * (Zl - ZO))
*

Vi =¢C +—(
CT YT F (X, = X0) + rap # (Yi— YO) + ras + (Z; — Z0)
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NAVKA - Infrastructe-based Indoor-Navigation for Smartphones/Tablets

Cameras of Digital Smartphones / Tablet PC
Infrastructure-based (“Virtual Markers”)

ut * (1“31 * (Xl - XO) + r32 * (Yl - YO) + r33 * (Zl - ZO)

1‘21 * (Xl - XO) + 1’22 * (Yl - YO) + 1'23 * (Zl - ZO))
*

Vi <y (]_"31 * (Xl — XO) + I3y * (Yl - YO) + 33 * (Zl - ZO)

“Virtual Landmarks (VLM)”

SMART-Phone Marker
APP (Optical Markers,
LED, Infrared)

NAVKA Smartphone- and Tablet
Indoor Navigation with Virtual
Markers identified by Camera

&
Deep Coupling with all other MEMS-
Smartphone Sensors
&

Infrastructure Position-
Information (e.g. RFID and other)
&

Indoor Mapmatching

&...
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NAVKA Indoor-Navigation-Concepts - Visual Odometry

1.)
Velocity - Observation from the differentation of
subsequent VO-based position-differences

VVO (t)

General leverarm-situation for Stereo-Camera

=
I |

Final Observation Equation in Tight Coupling

b VO
tvo Rk rfy.r2),

V() =Ry -R(,P,Y), - (X(1)° +R(,p, Y); - (0, X y0))
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NAVKA Indoor-Navigation-Concepts - Visual Odometry

2.)
Orientation-rate observation from the
subsequent VO-based orientation change

Q56 (1)

General leverarm-situation for Stereo-Camera

a%

o R(x.r Y rz)b
B .

Final Observation Equation in Tight Coupling

QV Object—Frame" VO (t) RVO (Q Object—Frame,VO (t)) (RVO)
_ RVO (QObJect Frame,e (t) + Q e,b (t) + Q b,vO (t)) ) (R\tfo)
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NAVKA Seamless Out-/Indoor-Navigation-Concepts

(".()OQIC earth
L &

https:/lwww.youtube.com/watch?v=FvesMeAF3HY
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https://www.youtube.com/watch?v=FvesMeAF3HY

Autonomuous Out-/Indoor Navigation — ,,NAVKArine G1MC*

Geldrdert durch

Haochschule Karlsiuhe @ # | F’
Technik und Wirtschaft V el
www.na vks.0e Mt“"‘l :.:1‘» ines '{.-'.‘. .h'n\r“
0 Z it

RIVERSITY ¢ FeLIEn EN '

i

NAMKA-ris

Reiner Jager AMAA 2017 Berlin, 25.-26.9.2017
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New Way (NAVKA): Algorithms for Multiplatform-, Multisensor-, Leverarm-Design

= NAVKA-Sensorfusion (GNSS/MEMS/MOMS) - Full 3D Navigation State-Information

(Position,Velocity, Accleration, Attitude, Rotationrate-Rate) Information

https://www.youtube.com/watch?v=
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https://www.youtube.com/watch?v=ymuhJ6pt52o

NAVKA Seamless Out-/Indoor-Navigation-Concepts

MOEMS - Plenoptic Cameras

1cmx1cmx 1cm © Toshiba Sensor main lens
| MLA

; Principle: Main Lense and MLA
Pelican Imaging 3D-Viewer
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GNSS/MEMS/MOEMS based State Estimation

Developments...Multisensor-Navigation...Autonomous Driving&Flying Reiner Jager AMAA 2017 Berlin, 25.-26.9.2017



State Estimation bel(yt) _ p(Yt |Yo,|0:t’u0:t)

1.) Stepwise Prediction and Control, Error s, arbitrary density pq

Yt +S=T(Yt1,Ut)
2.) Stepwise Measurements |, concernimg the statevektor y, with
measurement error e, arbitrary density p,

l; +e=1(yy)

3.) Arbitrary starting statevector y,., and density p,,

General Concept: Recursive Bayes-Estimation and 1. Order Markov

+00
P(YelYolot:Uot)=mn-  PUelYe) - T PYilYi1:Ut) Pt o1, Uota) - dYta

A-posterigri Density Sensor Measure- " Pprediction- A-pvriori
ments Density Density t; Density

Chapman-Kolmogorov-Equation for Prediction of State from t-1 to t

+00
Pt IYo.lott It Vot Ut Yia) = [PVt 1Y Ut) - PVYia [ lota, Ugta) - dY g

=00
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GNSS/MEMS/MOEMS based State Estimation

1. Component: State Transition of the Body (b) in regard

Developments...Multisensor-Navigation...Autonomous Driving&Flying Reiner Jager AMAA 2017 Berlin, 25.-26.9.2017



NAVKA: Algorithms, Software & Systems for Multiplatform-, Multisensor-, Leverarm-Design

e ,e e

y = {x y® z°|x®y©2°®

e A& ,,e e
r® p® y® [|%°® §° 2° | oo

eb,x

o 18]

1.) State Transition-Equations for the body (b) in the e-frame

Space Curve of the body (b ) in the e-frame

x(9 =0 |
x(b| [0 0

Rotation Rates of the Body (b ) with respect to the e-frame

x(9] |1 A [ZNE} x(t-AY]

IAt] || x(t-AD)
| | X(t-Af)

Q) (1) = QJ, (t - At)

Orientation / Attitude

R2 (1) =R (t—At) -[1 + Q5 At+ (szb) AL+

....] with er =

Modifcation
of the State
Parameters
and
Equations

by

Considering
Special Conditions
Detected in
Multithreading
Computing

QP (Sensor) — Q2
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F

urther NAVKA-Key-Characteristics

e, e, ,& ,&€ .8 ~& et e e b b
X:\_X Yy z7 vy vy vz [T pT Yyt | XU VT 27 | ogh x ®eb,y Deb,z

bJT

2

.) General M-Estimation & Additional State Information

2

.1) Parallel Processing Algorithms | F(x) =0

;
;
* +
o *
4 *
; .
+ *
+ *

71N
'@ Roll T

Zero-Updates (,,ZUPT) , Automotive Mode* »Indoor-Map-Matching*

Providing also
Robustness via

2.2) Condition In/-Equations | U < F(X) <0 SIMPLEX Algorithms

2.3) Sensorintegration

L1-Norm based

M-Estimation

Developments...Multisensor-Navigation...Autonomous Driving&Flying Reiner Jager AMAA 2017 Berlin, 25.-26.9.2017



GNSS/MEMS/MOEMS based State Estimation

Sensors providing Space / Parameter Relation
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NAVKA: Algorithms, Software & Systems for Multiplatform-, Multisensor-, Leverarm-Design

Accelerometer- Sensorobservation j (Rawdata, on i-th Platform (p) — one-dimensional!)

Pi of b e,
asi,j —> aSiI,j Re (r, p’y).asi,j
4 b Observation-Equation for Sensor |
Re (r.p,y)- on Platform i

X" -7 00 +2- Qi - X(1)° + Qi - Qe - X(1)°],

body %
ﬁ //

z
y® - =0
*‘4 sensor c0s&-coso, |
Roll Xb ’ KS j pl _ .
- r~" . =| coso-sina
Si, |
sind

Orientation j-th
Sensor (s)
on i-th Platform (p)
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NAVKA: Algorithms, Software & Systems for Multiplatform-, Multisensor-, Leverarm-Design

y \Xeyezelxeeelre e e”
@) as Si, | rsr.).i Rg(r’p’y)
»1(1,§)"

eee
ebx

b JT
COeb,y eb z E

Observation-Equation for Sensor j
on Platform i

X" -9 (0 +2- Qe - X(1)" + Qe - Qe - X()]

Referencing : Platform p(i) on Body (b) and Sensor s(i,j) on Platform (i) — ,,Leverarms*

(2)

o € )
]
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Classical Kalman-Filtering as Least Squares or (robust) M-estimation

In caes of GauR densities

Developments...Multisensor-Navigation...Autonomous Driving&Flying

Procedure of Kalmanfiltering:

1.) Prediction of X by the system equations (1) reading:

(1) = T(X(1=1).8)

2.) Covariance matrix of the prediction:

ﬂx{i}i_1:[ ....... I ]ﬂx{i—1}+[ ....... M .. }f‘s

T S
. Cc, =T-C,..-T" + S.C_.S'
— {1 )i ®[1=1) 55

3.) Filtering (Least Squares Adjustment, L2-Norm):
(Approximate state vector, filtering stepi: X, )

X(i), + v, = l-dx roxg o Gy

1) + v, = Alx,)-dx + I(x,) ;: €

dx =[cl  +ATCIA[ - [ATC (1-1(x,) + €, - (x(i)

(3)

4)

(3)

(6)

(7)

-1~ Xp )] (8)

Reiner Jager AMAA 2017

Berlin, 25.-26.9.2017



Classical Kalman-Filtering as Least Squares or (robust) M-estimation

Definition of Kalman-Matrix : K

K=|c., +AC'A['.ATC/’ (©)
dx = K- [(1-10xy)+ Cy,_, - (X(0)-y — X (10)
X (i) =X + K- [(1-1(x;) + C;Si;.i_1 (X (- = X ] (11)

Special choice: Xy = X(I),_,

X(i) = x(1),; + K-[(1-1(x(i)_,)] (12)

C:%:(i)—[('m +ATCIAT =[1-K Al Cy) (13)

* From (13) it follows, that the Kalman Filtering is more precise than the prediction.

¢ This does however not mean, that the Kalman-Filtering of the state vector X in step i is more
precise than the filtering before in step (i-1). This question depends on the the influences, both
of the law of error propagation concerning the prediction i from (i-1), namely by (5) as well as
by the system clesign A, the control parameters s and the system noise C_..
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Ground-Robots
Paticle Filter and SLAM
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More flexible than Kalman-Filter: Particle-Filter

General Concept recursive Bayes-Estimation at time t, 1. Order Markov

+00
P(YelYolot:Uot)=m-  PUelYe) - T PYelYi1:Ut) PV o1, Uota) - Ayt

A-posterigri Density Sensor Measure- " Prediction- A-pvriori
ments Density Density t; Density

Chapman-Kolmogorov-Equation for Prediction of State from t-1 to t

+00
Pt IYoilott: It Upta Ut Yia) = TPV 1Y Ut) - PYia [lota, Ugta) - dY g

=00
Now: Approximation of the density of the preceeding state (form the start
state y, ) by N ,Particles” via Dirac Delta Function 8(Y;_1 —Yi_1)

N | N
P(Yt-1 [lot-1,YUot-1) = _21W't—1 3(Y1-1— Y1)  with _lelt—l =1
1= 1=
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Particle-Filter: Practical Use for the
Localisation and Orientation
Indoors. E.g. Robot: Starting

Situation

Q.0 0. 0.0 0 .0 - 0,.0..0.0 |
7 N A e i i e A T L el T Y
o ‘.;b ::';.q.-.. :'9_.:\' _-o,._:'lo.-.\“"a ",o. .l o X q. :. "Ib :
T o Y G A R e g
0,0 0 0.0 0..0:.0.0..0. 0
E A V‘.' T"f.‘ ‘\ '.-':.‘._": l_" o:i...z _‘V‘-'.. ..""...' < .'."_\Tr,.. ,'".:
1% . e oA A% ATt o .
(o \e.',.}‘..':‘_-:"o y ~ _o:.\ _:_-‘6:._.1°~ ? '.:o..f. Q\J:Jp
R o L R e e AN g e
o § e N W P A ol T b £ T AT o
0F 9 00,70 0 10 0 @ 0 0 |
"y <5 R . : P o D . -2 Yalran ; X
e { o ‘-\.:.-...“- -h‘ A “ l‘.. ". :_v;
0“0 "0 e oo e 0T 0" B o

B-Building: N = 30.000 Particles
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More flexible than Kalman-Filter: Particle-Filter

Informative Exploitation of the Prediction Model: Y{ +S=T(Y{_1,U¢)

Density Funktion of the Prediction
f(y¢|yia,ug) =fs 5=yt —T(Yt1))
Use in Chapman-Kolmogorov Equation
P(Y+t o1 e Vo, Ue Yea) = P(Y¢ | Y e, Ut)

~+-00 N . )
= | £ (SZYt_T(yt—l’ut)z'(zwlt—l’8(Yt—1_yll<—1))‘dYk—1

Y =1
Prediction - - v —
Model Preceeding State Estimation
from former predication and

sensor measurements

_/

N . : : N . .
= Twig £ (6 =ye Tl UD) = (SWia 30 ~Y1)
1= 1=

.

Preceeding State Estimation
using Prediction-Model
and Measurements
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More flexible than Kalman-Filter: Particle-Filter

Now: Exploitation of the Information of the Observations

f(le |ye) =Te (It = 1(yt))
N ] ]
f(y¢ [lpg,Uze) =Fe (I = 1(yy)) - € T wig -8(Y¢ — Vi)

=1
= ZC wi g -f (It_l(yt)) 3(Y —Yt)
i=1"
I
Wi N
Computation of new weights in step t with condition 2W¢ =1
1
1

wi=c-wi g -fo(l; = 1(x})) mit =7 -
%fe(lt —1(y1))-wi_4
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SLAM
Simultaneous
Localization and
Mapping

Based on a Kalman-
or a Particle Filter
Navigation State
Estimation y(t)
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Ground-Robots — Particle-Filter and SLAM

Laser 4«
SLAM-
System
MSM

7
//‘

580mm

Improving
Prediction u |
Part j B il

@D voiksbot” S

520mm

uuuuu
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SLAM (Simult. Localization and Mapping) Development

RaD “MultisensorSelfreferencing Localization & Mapping System (MSM)”
http://www.navka.de/index.php/de/weitere-projekte/fue-projekte-produkte

SLAM-based Mapping of B-Building HSKA, 2nd

L
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RaD “Multisensor Selfreferencmg Locallzatlon & Mapping System (MSM)”

htt
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UAV => UAS

Full Circuit

Navigation
and Control
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Flight Dynamics of a Quadropter - 4 Propellers and Symmetry

Motion of Body

Fr = 0 Total Motor Thrust F

A}T = Z T X _;
[ 0 —1 0 0 0 0 0
=1 0 X 0 +1 0 | X 0 + | =l | X 0 + [ X 0
—h —T5 —h Ty —h =17 —h —Tr
) 1-(TL-TR)
My =|1-(Ty - Th)
0
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Flight Dynamics with arbitrary propeller orientation

r = Radius

TP =p-n-c;-R'w? - (cosa, -sin&;,sina; - sin &;,—cos &;) "
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Flight Control Development Multicopter —n Prop.,no Symmetry

& Manned Volocopter VC 200
ZIM Project, Flight Control
by IAF / HSKA

— TN T5Y; TNy 33'2 + 2-2 — TN Y 24
Z’L y Z‘L ( 7 7 (] y
=D matizi =y maYizi poma(ad +y7)

Euler Equations - Discrete J Momentum of Inertia
- Dynamically changing J

N
Mges = ZM? + Mgy, (d) = wih < (J- Wip) +J- O

D i mi(y; + 27) — > My, — > MTi%; )

MP =1 < TP

- General Propeller
Design (I, h, r, Cp ,...)

wop,[i=1n]
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Flight Control Development Multicopter —n Prop.,no Symmetry

Manned Volocopter
VC 200

ZIM Project

Flight Control
by IAF / HSKA

Newton Equations [ [i=1,n]

ﬁtotal = [d(n;t V) }

d(m-v)
dt

Ftota|=fb+m-Ribg':{ } +wR xm-vp =m-vp +wh xm- v,
b
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Flight Control Development Multicopter —n Prop.,no Symmetry

Control Deviation .
(German: Regelabweichung) e(t) T y(t)desired _y(t) Nav.State

Fo. Mo [T =F(m.Jd.g%. y().y(1)
— FPD (m1J’ge’y(t)1e(t),e(t))
oo MS | = u'(t) =Fop (M, J.g°. e(t). &())

| [T |
T = (g+K.p(zg—2)+ K., p(zg— 2 m_
ot [t / CoCl u'(t) = K = u(e(t))
To = ([{@__ D (c’:f)d — Q) + ]{fj)__ p (D — (j})) I... NENE
To = (]irg.-jg (gd_ — H —+ [{g_p (Qd_ — H)) [yy- | Ty |
Ty = ([XFLD (L'd — Z_T — ]‘irﬁ-}1p (er — LT)) ]Z:;’- u (t)
Control Variable

| 1. Instance
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Flight Control Development Multicopter —n Prop.,no Symmetry

c | —
ontrol Deviation e(t) — y(t)desired —Y(t) Nav.State

(German: Regelabweichung)

Fo..Me [T =Fm.J.g%.y(t).y(1))
— Fop (M, J, g%, y (1), e(t), ()

[Fglgoes ’Mges ]T =u'(t) =Fpp(Mm,J,g%, e(t),é(t))

PD-Controller and PID-Controller, respect.

U'(t) =Ko -e(t) + K, - [e(t)-dt +Kp - &(t)
0
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Flight Control Development Multicopter — n Prop.,no Symmetry

Control:
e(t) => u'(t) => u(t) Final Control Variables «; , [i =1, n]

Qo @9, @9 n=4
R T

W2 o= LT T

YT 7 IF T2k 1

RO @H @O o T T .7

%@%@%@ 2 T Ak T2 T

| - F w2 = 1 L 10 Ta)

5T IR T2 T

’(}@' Xl’ w*_% _ L | T4 I Tab

~ Ak T2k T D
.
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Flight Control Development Multicopter —n Prop.,no Symmetry

i i

8 Control Deviation
(German: Regelabweichung)

e(t) =y(t)go — YD)t

u'i(t) = Kp,i . ei(t) —+ KI,i . Z e(t)dt + KD,i

e;(t) — e;(t — Aot)
' At |

AU (t) =[AF, AM]' =K -[A@,,...A@,,...., A ] =K -u(t)

AU=[Awy,...,Aw,....Am. | =K~ -[AF,AM]'
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NAVKA Flight Control Mathematical Model and Algorithms

A(x)|:>i,[i=1,n]_’

Motorcontroller

Flight Control
Algorithms

Cascade
Adaptive
Controller

l

i=1,n]

e .e el-e-e-e e e e”_

X“y-zT|XTyTz" |[rTpTy
@ @ =@ b b b
X"y ¢ |(Deb,x (Deb,y Deb,z E

Autopilot

10,899 960 bit

<—Ay(t) :Axe ye Ze |Xeyeze |re pe yeJT
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Flight Control Developments - Multicopter n Propellers
ZIM-Project ,,E-Volocopter 2012-2015
6 Consortium Members (including IAF/HSKA)

* Bendesministenun
& far Wirtschalt
und Fachnolegie

Gelordert
audgrund cloes Beschibasses
des Deutsehen Bundestages

Task of the Consortium Member IAF/ HS Karlsruhe

Development of the Flight-Control
Project-Leading: Prof. Dr.-Ing. Reiner Jager
www.navka.de/index.php/de/weitere-projekte/abgeschlossene-projekte/e-volo-bemannte-multikopter
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ZIM-Project ,,e-Volocopter 2012-2015*
Flight Control Developments - Multicopter n Propellers
IAF/HSKA

R —

S st 4

'\

Y | (L i b=
1y “
T

-
SET TS ERR
: ,J.‘
mm
|

Fllght Demonstratlon VC25 lronbird (3m)
NAVKARINE “FC2”
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Flight Control Developments Multicopter n Propellers

NAVKA-UAV and NAVKArine FC4 Flight Control Position Hold
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IAF/HSKA
Flight Control
Developments

Multicopters
n Propellers

ZIM-Project
,»e-Volocopter*
2012-2015
wWwWw.e-volo.com

NAVKArine-FC4
IAF/HSKA (right)

« Any Manned Volocopter
 Any UAV/UAS
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e-Volopter, June-2017: AUTONOMOUS FLYING AIRTAXI in Dubai

www.e-volo.com

,Dubai beginnt
2017 weltweit
ersten Testbetrieb
autonomer
Lufttaxis mit dem
Volocopter*

https://www.youtube.c
om/watch?v=V0810Qz7

Rk30

NAVKA Flight Control  _ gnyironment friendly, silent: air taxis, individuals
NAVKArine-FC4/FCS - 3D mapping and geosensing
o - Film industry
- Search and rescue of people
- Agriculture UAV
- Facility management & monitoring
- Wild life protection
- Transport UAV
- Fire Fighting air vehicles
- ABC sensing UAV for emergency event

Developments...Multisensor-Navigation...Autenomgy$ Driving&Flying Reiner Jager AMAA 2017 Berlin, 25.-26.9.2017
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NAVKA-Project — Daimler Indoor UAV

http://www.navka.de/index.php/de/aktuelles/news

\\ "‘
| & Marker Georeferencing
Daimler Crash Hall Sindelfingen
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NAVKA-Project — Multisensor Selfreferencing 3D-Mapping System (MMS)

http://www.navka.de/index.php/de/aktuelles/news

http://lwww.navka.de/index.php/de/ueberblick-msm
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NAVKA Seamless Out-/Indoor-Navigation-Concepts

Further Developments
Multisensor Selfreferencing 3D-Mapping System (MSM)

LOD4 Building Models
NAVKA - SLAM-Algorithms

Light Weight

UAS NAVKArine-FC5 and 6
Laserscanner

Scalable Multisensor Umanned Maritim Vehicle (UMV)
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Ground
Vehicles

Multisensor
Navigation
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NAVKA RaD Project ,,Autonomous Out-/Indoor Driving*

MM UNTERNEHMEN PRODUKTE T SALES SERVICE KOMMUNIKATION SHOP

GNSS: PPP-K

- ool AR

- ' . H 13
http://www.navka.de/index.php/de/aktuelles/news DGNSS: ,,Movmg- Base

SELBSTANGETRIEBENE TRANSPORTER . SPEZIALTRANSPOR TER

Further
Sensor
Dynamic
Inclinometer
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NAVKA RaD Project: KAMA Autonomous Out-/Indoor Driving“

Hochschule Karlsrune
Technik und Wirtschaft

INIVERSITY OF &APPLIED SOENCES

A

Biockschaltbild Navigationseinheit

GNSS #1
L1/L2

X

GNSS #2
L1(L2)

GNSS #3
11(L2)

Y Moving Base!

GSM

Telemetry
mobile internet  RTCM data

WLAN

|
T
X |
> A4
Navigation Unit L3} 1
NTRIP-Client 2 !
GNSS Software (o} |
NAVKA Software |
|
|
|
|
: Y FuE-Koop.partner: KAMAG
. v ki  J Transporttechnik GmbH & Co. KG
Vehicle Ethemnet RS-232 Rs.23y =Xternal Sensordata vers/rev:108
odometry W power energy gedndert: Schwenk
(velocity) User Interface supply other data Datum: 30.11.2016
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Partikelfilter => SLAM (Simultaneous Localization & Mapping)

Stereo Rig

—

1
Kalman Filter '

]
1
< ! VelodyneROS
~ : Driver Lidar Od
] | idar Odometry
D ’ ”" " and Mapping Package
)| MSM Box m——l NavkaROS | |
. > Driver :
D 1 Visual SLAM or Visual
: ] Odometry Package
5 TIS Stereo ROS '
Driver E‘g
¢l B |'C8)
e 1
[ % ——» Volksbot ROS 1 Motion model
> ' I
:
!

Robot Trajectory and

]

1

:

]
— 3D Point cloud
I

]

]

]

Fuk-Projekt Multisensorisches Selbstreferenzierendes Mapping System (MSM)
http://www.navka.de/index.php/de/weitere-projekte/fue-projekte-produkte

|

~\

Navka navsol

4 )
GNSS message Navka State Estimation
IMU g > N J
message > [ \
Baro message
Ma > Other Packages
g message > )
-
»

ROS Driver
to ROS messages.

Raw data access and conversion

J

TR )
Visualisaion and recording

(rviz and bagfile)

-

J/
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Examples
for
NAVKA

Developments

GNSS,MEMS, CAMERA
Out & Indoor
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Further Information: www.navka.de

Book on Parameter-Estimation including Naviagtion 12/2017

https://www.amazon.de/Klassische-robuste-Ausgleichungsverfahren-
Ausbildung-Geoinformatikern/dp/3879076154
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