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9 TNO The Hague

Oude Waalsdorperweg 63

2597 AK The Hague

The Netherlands

» 1989 — 1994: Graduated cum laude
master electrical engineer TU Delft

Delft University of Technology 'A,{_'

» 1994 — 1996: Scantech B.V. / TU Delft
» Fuzzy logic in bar code decoding
» Patent NL9500597A

¥ Danny.Maat@TNO.nl

» 1997 — now: m > Research fields

» Portfolio manager PNT since 2010 ) PNT

» Program manager » Intelligent Autonomous Systems

» Project leader » Bird Radar (spin out ROBIN Radar Systems)

» Technical project leader » Semantic networks

» Quotation manager » Expert Systems

» Software system architect » Nuclear, Biologic, Chemical & Damage Control
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Integrated@A@gidre Analysis

> Reliable PNT undeniable for C2- and communication systems
» PNT has foundational role in military domain (MilGPS) e

all Joint Force operations

» Assured PNT cannot be delivered by Sat-NAV jamming GPS
» US DoD does not guarantee availability GPS \ Ne,‘,,”gcfé:;’;;:‘“‘
) i . Shi I ey ,
» MilGPS vulnerable for jamming sugge.coledin Gps ¢ -
ocg StRUSS, an ¢ Vb Spo Of'ngatta ck e
» GNSS becomes more robust, but stay vulnerable — ===%7° Pon  cnear 7.

» Challenges
» No single sensor system provides assured-PNT
» No single set operational conditions
» Different sensor options for every vehicle type
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» Solution has three parts:
> Sensors
» Sensor processing
» The fusion Assured PNT sourceS ST

applications are required in
all Joint Force operations

» Products delivered by industry
» Often knowledge about one sensor technology
» Black box
» Standardization { e
» Vendor lock-in Onboard and Offboard ISR

* PNT enables precise target/feature geolocation

Over-the-horizon Coordinated Fight
"~ * PNT enables hi-precision rendezvous

< Coalition Unity of Effort

* PNT enables synchronized operations

”

All Weather Day/Night Operations
* Assured PNT enables precise SA

Denied Areas / Featureless Terrain
= * PNT + ISR enables hi-confidence SA and C2

Secure Communications J

« PNT synchronizes high-speed data networks

) Why |S sSensor fUSIOn dlﬂ:lCUIt? !’lr:iﬁisiotr’}St:ndoffSE:gzgemept
) Sensor have many types Of error sources Picture from NATO navigation Warfare (NAVWAR) Playbook, d.d. 22-02-2021
» Sensor models and platform models not perfect

» Integration of multiple algorithms necessary
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Integrated, robust & validated PNT-solution needed

» Minimize vulnerability (avoid single sensor dependency)
» Complement strengths & create redundancies

» Higher accuracy PNT estimates (over time)

» Insight in PNT uncertainty

Radio (Earth) [
navigation i
Inertial BN
a; navigation i
Database :
matching i
'd Range finder i
Odometry/ i
velocimetry :
Signal of i
Opportunity &

What can TNO do?

» Determining which sensor to buy

) Innovative sensor processing methods
» Sensor fusion engine (online & offline)
» Testing and validating

ﬁmm rd sensor mmvw input

Why TNO?

» Independent & not-for-profit research organization
» In depth knowledge different technologies

» Defence laboratory

ard fusion

Stand

Clock

interface output
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TOPS OVERVIEW

Online use case

Real-Time Sensor

Graphical User Interface

Pre Processing

Data

Offline use case

Sensor and Track Offline Sensor
Simulator Data
Experiment Data 4I

State Estimation

State
Estimator

Config Flles

»

Post Processing

Online use case

Real-Time

=~ Smoother

optional

Fusion Engine

EE—

SENSED

Sensor Suite Optimization Toolset

"| Output Data

Offline use case

Offline Output

Data

S |

Approved for public release
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) TOPS Software suite

> Modular C++ sensor fusion framework

» Single SW base to deploy and maintain
» Focus on quality & performance

» Fusion engine
» Highly configurable
> Real-time (operational)
» Off line analyzing
» Pre processing (e.g. integrity)

» GUI
> Research
> Operational
> Maintenance

» Sensor Suite Optimization Toolset
» Simulation ENhanced SEnsor Design
> Which sensor to buy? Not trivial!
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Split, Croatia
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_ ROS1 Point Mass | Generic Six
» Configurable based on needs Interface model DOE State IMU UKF Bare
ROS2 Bicycle Bicycle Magneto- UKF
Interface Model State meter

» Selectable predefined components GENIUS Two Track Two Track

» Filter interface Interface Model State

» Plant model CSV Steering
) State Interface Wheel

» Sensor model
» Kalman filter speed
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» TOPS toolbox keeps growing
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)
™O dnk ivs_tt scenic_vehil_100hz.cfg - TOPS — O x
» Research tool
Config Tree g pot@ map [ Data g x
f. . . ‘Search config tree ‘ Parameters:
» Configuration & tuning ... Fig. 0.
> DNK 20 ] = acc_x (m/s/s) covd
M > initFilter ] covl
I " acc_y (m/s/s
» Sensor analysis - Y (misls) (O
> filterinterfaceRos 103 | =acc_z (m/s/s) cov3
. > state 1 covd
> Run state estimator > kalmanFitter 5- o
> plantModel ] covh
> acc_in 3 cov?
- — D __ L3 |
» Results analysis | e f
> gps 5 _: lat (rad)
> gyro r T T T T T T 1 lon (rad)
. . » sw 0 50 100 150 200 250 300 350 status (-)
> Online/offline use case  me timestamp
> amdl Fig. 1-0 x (m)
> uwb_f 0,6 = pitch_rate (rad/s) y(m
> uwb_r B
> ws fl 0,4 A = roll_rate (rad/s)
> ws_fr ] M .’]
| ] ]
> werl 02 b I yaw_rate (rad/s)
v WS IT - Datastores:
disableSensor O 0 — gps.csv
» Maintenance tool : | A
angularRate [l -0,2 4 v - v Oy U out_state_tt.csv
v measNoise Array 7] U V
01 04- T T T T T T T 1
» corMeasNoise Array 0 50 100 150 200 250 300 350
adaptiveCovEstimation O
learningRateCovEstimation 0.89999 5 i T e =l
adaptiveCovEstimation_CorrMin O [zzsfgis) IO amdk- 12857 0 EATES
alphaCovEstimation_CorrMin -~ 100 ( 24:19[,5) INFO|  uwb_r: 944 [ 0 ~ || Plot RefCurve Curve MSE MAE
correlationWindow 10 ( 24.190s) INFO|  ws_fl: 32678 / 1163 ~ Fig.0-0
. P ( 24.190s) INFO|  ws_fr: 32678 [ 1167
) O e ratl O n aI to O I qulE|EtI0nTlmE ° ( 24.190s) INFO|  ws_rl: 32678 / 1169 acc_x (m/s/s) acc_y (m/s/fs) 0.351533 311719
> minBound Array ( 24.1908) INFO|  ws_rr: 32678 / 1179 acc_x (m/s/s) acc_z (m/s/s) 93.978 15.7266
> maxBound Array ( 24.180s) INFO| Finished filtering v Fig.1-0
( 24.190s) INFO|  Time elapsed =24.0480 s ’ )
> smootherinterface ( 24.1905) INFO|  Filter iterations = 32097 pitch_rate (rad/s) roll_rate (rad/s)  0.000985002 0.21875
( 24.190s) INFO|  Average cyle ime = 0.746235 ms pitch_rate (rad/s) yaw_rate (rad/s) 0.0208105 0498047
( 24.1915) INFO|  Average frequency = 1340.06 Hz
Reached end of plant input buffer. 7
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TOPS - SENSED

» Problem and functional gap: reasoning from requirement to sensors difficult

constraints
requirements

fixed sensor
parameters

sensor
set,
type,
etc.

User-defined

Sensor
generation

» Simulation ENhanced SEnsor Designer
» Sensor (suite) designer/optimizer with TOPS
» Monte-Carlo-style verification

parameters

“perfect” |sensor data
opt.&

eval.

fixed
sensor
pars.

Parameter
evaluation &
optimization

Sensor
simulation

“real”|sensor data

Cost function

fusion engine

» Why SENSED?

Approved for public release

ground truth
data

ground truth data

» Design & sensor optimizer

» Optimize parameters for cost and requirements
» Evaluate user-defined parameters

» Sensitivity analysis

inno_vation
for life ms —

simulation data

Ground truth

experimental data
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RESULTS LAND BASED USE CASE 1/2 Approved for public release
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» Subsidy project in cooperation with " @
automotive TNO — Helmond e il

» Autonomous driving on bus depot ed ,

» Indoor/outdoor driving | b il

» Development high fidelity vehicle model |sseCr=STEEl S i £

» Research into GPS replacements T . B

> UWB

» Lidar SLAM
» Laser scan matching

» Differences military vs civil test case
» GPS-denied environment
» Off-road
» Operations at night time
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» TOPS sensor fusion suite
» Vehicle model
> IMU
» Steer angle
> Wheel speeds

> 15 minute data set

> Maximum error: 20 meter

» Very good!!

inno_vation
for life ms —

RESULTS LAND BASED USE CASE 2/2 Approved for public release

0TS
Vismoysered ‘ » Fusion Vehicle Model WS, Gyro, AccY

Fontys

Hogeschool
Automotve
Summo Campus
. College .
| Automotwe A~
: P
: |l
i ‘
ledpovrnw »
o wribherepas X
= ¢ B ’
us ok
P ' P 2 —~
y -
.................................................. " by Jatomote (%
------------ A s Atomotve Campus .
o0 © CoerSee™en g | Dats © QoMY eeiao contrbuters el

Sept. 29/30, 2021 SET-275 Symposium ‘Cooperative Navigation - ; ; N } © 2021 Point of Contact ~ =
11 Split, Croatia in GNSS Degraded and Denied Environments’ Timing, Orientation & Positioning Service 10&" Copyright TNO D.J. Maat, MSc. danny. maat@tno.nl @ +31651542250



CONCLUSION AND FUTURE DEV.

ROS1 Point Mass § Generic Six
ROS2 Bicycle Bicycle
Interface Model State
GENIUS Two Track Two Track
Interface Model State
CSV
Interface

» TOPS proofs a successful framework, toolkit and service!

» Operational service (white box) for Defence & Safety partners

» TOPS continue to improve and functionality added
» Sensor fusion: platform model enhancements
» User-friendly GUI for operational (& maintenance) usage
» Indicator for sensor input and fusion output quality

Approved for public release
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Magneto-
meter

Steering
Wheel

Wheel
speed

Barometer

GPS

DVL

Vendor

. . . . . developed E - I .

» Research & provision for new disruptive technologies sensors - m
) t b t t d t MH Ei'l ----------- ! ﬂ‘
Quantum sensors can boost gravity gradiometry Sorcor :Ei" o a—

» Effect of new technology (TOPS - SENSED) _ Sensor U,H ' Integrity

Eéi - Database 1 Database
» Cooperation and standardization | Datebase

. i : G t

» NATO RTG (SET-309) orver | | N — i "

) . . . river : river ! evelope

) Standardization sensor input and PNT-info output b L- _ __________________________________ vy
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