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L.E.S.I.M. activities;

Researches upon developments for mobile measurement platforms;
Drones;

Measurements for drone and drone for measurements:

»  Sensors for navigation;
*  Drones as mobile measurement platforms;
»  Applications;

Design of a drone-based measurement instrument:

Drones and uncertainty

General concepts about uncertainty and measurement

General architecture of a drone-based measurement instrument
»  Design parameters

Measurement uncertainty budget

Case study: 3D mapping of archaeological sites

Methods and instruments for drone characterization
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LESIM activities

. . . Project 2014-NIST-MSE-01
Laboratory of Signal Processing and Measurement Information A phase measurement system for calibrating
. . Electroshock-Weapons
v  LESIM is involved in NIST
v Definition of new measurement methods National Institute of

Standards and Technology
v' Processing of measurement information E——) 7 Tepement el Gonners
v Development of new electronic measurement instruments |
v" Application field

NIST financial assistance award:
$ 1.000.000,00

v" Characterization of electronic components - ADC and DAC Testing

Telecommunication - Monitoring of the radio spectrum T ———)

v
v Biomedical - Monitoring of patients (ATTICUS)
v

Aerospace - Drone-based measurement instrumentation s
. : ‘ '; Z-Spectrum
i; ? : Italian Ministry of Defence
e T ‘ :j € 480.000,00
Italian el
Government
Grant .
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This project has been funded with support from the European Commission. This publication (communication) reflects the views only
of the author, and the Commission cannot be held responsible for any use which may be made of the information contained therein.
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Outputs

ERASMUS+ Project eDrone

www.edrone.unisannio.it

Co-funded by the
Erasmus+ Programme
of the European Union

©TT COURSE STARTED ON MONDAY JUNE 4, 2018

CTT COURSE STARTED
THE ath JUNE 2018

Set up of four laboratories for drone educati
activities: one for each Partner Country

onal

Content management system

Ministerul Educatiel Cultuiiy Cerceuri
Republicii M
Universiarca de St din Moldova

PROGRAMUL

de recalificare profesional
wEducatic pentru drone’

in cadrul proiectului
Erasmus+ , Educatie pentru Drone — eDrone™
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740m0.

T —
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% 3 Facebook [ «Drone £-Leaming Platl: x

I©® www.edrone.unizannio.it/s

Co-funded by the
Erasmus+ Programme
of the European Union

MAIN MENU Welcome to eDrone E-Learning Platform

Available courses

© C1. Drone Architecture

Drones Equipment for Measurment and Monitoring

Drone Piloting

Processing of Measurement Data

Laws and Regulations
Drone Maintenance
Civil Applications

Disseminations
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MetroAeroSpace
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Metrology For AeroSpace
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Metrology For AeroSpace
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ltalian Air Force @ MetroAeroSpace 2014

2014 IEEE International Workshop on Metrology for AeroSpace
Benevento, Italy - May 29-30, 2014

Predator B

32° Stormo Italian Air Force
Amedola (Foggia), Italy

Ber 29 - 30, 2014
> |EEE International
L
Workghop on

. ‘mzbralaqq =
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ltalian Air Force @ MetroAeroSpace 2015

2015 IEEE International Workshop on Metrology for AeroSpace
Benevento, Italy - June 4-5, 2015

STRIX-C

16° Stormo Italian Air Force
Martina Franca, Italy ) NN
-
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Italian Air Force @ MetroAeroSpace 2016

2016 IEEE International Workshop on Metrology for AeroSpace
Florence, ltaly - June 22-23, 2016

SHADOW 200 -RQ-7TBV2

Italian Army and Rigel srl
AAl/Textron Systems

Textron Systems' Shadow® V2 Tactical Unmanned
Aircraft System, designated RQ-7B V2 by the U.S.
Department of Defense, delivers proven performance
with enhanced mission sets, along with Textron Systems'
unmatched battlefield experience - for a total capability
far beyond the typical TUAS.
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Military Metrology for AeroSpace Lo
Rome, Italy - June 20, 2018 v
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ltalian Air Force @ M|I|tary Metrology for AeroSpace 2019

Military Metrology for AeroSpace
Torino, Italy - June 19, 2019

u C
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MetroAeroSpace 2020

We are waiting to meet you in Pisa in 2020 !!

www.metroaeros pace.org
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Researches upon developments for mobile measurement platforms;
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Researches upon developments for mobile measurement platforms

o This activiy Ih I\AIO

TAN | issupported by:

REDtONE
More Connected Devices Than People
World
Population 6.3 Billion 6.8 Billion 7.2 Billion 7.6 Billion
Connected
(DI 500 Million 12.5 Billion 25 Billion 50 Billion
More
Connected 0.08 d‘z'“ec“’d .84 3.47
Devices 1 | 2
Per Person s ! % B
2003 2010 2015 2020
[Souce: Cisco IBSG, Aprd 2011]
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Examples of growing technologies

» Advanced CPUs are available with low ,
power requirements and in a small size. w

» Research in materials science has @

resulted in novel sensing materials for
many chemical, biological, and physical
sensing tasks.

N > Transceivers for wireless devices are
0 NF( ') becoming smaller, less expensive, and

less power hungry.

Ny

-@: » Power source improvements in batteries,
' as well as passive power sources such as
+ solar or vibration energy, are expanding
application options.

ADVANCED TRAINING COURSE
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LESIM Research objectives

Remote and mobile
measurement platforms

Sensors
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Wireless Sensor Network

Measurement 57 (2014) 1-14

Contents lists available at ScienceDirect

Measurement

journal homepage: www.elsevier.com/locate/measurement

I ons
Prototype design and experimental evaluation of wireless @ Crosshark

measurement nodes for road safety

Pasquale Daponte, Luca De Vito, Francesco Picariello, Sergio Rapuano, loan Tudosa ™

4
Department of Engineering, Laboratory of Signal and Measurement Information Processing, University of Sannio, Piczza Roma 82100, Benevento, Italy
ly 4
ARTICLE INFO ABSTRACT IJ
Article history: The paper presents the design and the experimental evaluation of prototypes of measure- ©
Received 3 February 2014 ment nodes that are part of the Wireless Active Guardrail System (WAGS). The WAGS is an
Received in revised form 11 June 2014 innovative infrastructure, allowing increasing traffic safety on roads, by monitoring vehicle
Accepted 17 July 2014 . . P R ; .
. " speed, proximity between vehide and guardrail, impact of a vehicle with the guardrail, and
Ayailable online 30 July 2014 . . N N N
several environmental parameters. In particular, in this paper, the designs and prototypes 1S
. of the nodes dealing with speed and proximity measurements are presented. Then, all the
Keywords: phases of their experimental evaluation are reported and discussed.
Speed measurement ® 2014 Elsevier Ltd. All righ d
Distance measurement sevier Ltd. ng ts reserved.
Traffic information system
Embedded systems
Wireless sensor networks 23
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Smartphone teardown

Measurement 46 (2013) 3291-3307

Contents lists available at SciVerse ScienceDirect
. Octa-C Measurement
T Newors
M GPU A generation
T ¢ R journal homepage: www.elsevier.com/locate/measurement 46
. RAM 4 B Nexus 4
. Phens
. Memor] Review S
. camer{ State of the art and future developments of measurement @ CrossMark &
. Fontd applications on smartphones
P. Daponte, L. De Vito, F. Picariello *, M. Riccio
. Department of Engineering, Laboratory of Signal and Measurement Information Processing, University of Sannio, Piazza Roma, 82100 Benevento, Italy nes
. Fingery 2758
. Accele
ARTICLE INFO ABSTRACT o shons
. Gyrosc
. Proxi Article history: The modern smartphones contain different sensor technologies, so they can be used as
roxim Received 20 February 2013 stand-alone measurement instruments on a wide range of application domains. The paper PP
. Digital ::‘E"'EE:'“;E"'“‘;U'”;’“ 9 May 2013 deals with a survey of measurement applications based on smartphones. In the first part, :
Av:IZLIE lm:\::yn “}'a 2013 the evolution of mobile phone technologies, including the sensors and mobile networks 2
. GPS Y developments, is presented. Then, in order to highlight the sensors and the communication a
- capabilities, the architectural overview of the hardware and software technologies, which ~ JFE™f2......
* Barom :fny::;:ine are available on latest series of smartphones, is reported and discussed. A review of mea-
. Heartr] Measurement application surements appllca[lansrusrlng the smart sensors anq [hercommunlcatlon |n|:erlac¢s ayall—
Smart sensor able on smartphones, it is also presented. A classification of smartphone applications, 26
o oxyge Augmented reality which looks the smartphone as a handheld measurement instrument, is presented. In
the last part, the integration of augmented reality to the measurement applications and Time [year)
new type of measurement systems, having a smartphone as processing support, is
presented.
© 2013 Elsevier Ltd. All rights reserved.
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Measurement 98 (2017) 192-198

journal homepage: www.elsevier.com/locate/measurement

Contents lists available at ScienceDirect

Measurement

A height measurement uncertainty model for archaeological surveys by
aerial photogrammetry

@ CrossMark

Pasquale Daponte, Luca De Vito, Gianluca Mazzilli, Francesco Picariello *, Sergio Rapuano

Department of Engineering, Laboratory of Digital Signal Processing and Measurement Information, University of Sannio, Piazza Roma, 82100 Benevento, ftaly

ARTICLE INFO

ABSTRACT

Artide history:

Received 30 September 2016

Received in revised form 14 November 2016
Accepted 19 November 2016

Available online 21 November 2016

Keywords:

Aerial photogrammetry
UAV

Stereoscopic measurement
Measurement uncertainty

In this paper, an uncertainty estimation model for object height measurement by aerial photogrammetr?
using Unmanned Aerial Vehicles (UAVs) is proposed. In particular, a procedure to evaluate the IIElgIIl
measurement uncertainty and its sources has been designed. In order to evaluate the uncertainty values
related to height measurements, experimental tests to obtain repeated measurements have been con-
ducted. Furthermore, an uncertainty propagation model has been developed considering the uncertainty
sources affecting the measurement process. An evaluation of each uncertainty source contribution has
been obtained by comparing the results of the experimental investigation and the estimation provided
by the proposed propagation model. The 3D maps, which provide object height measurements, are gen-
erated by a commercial aerial photogrammetry application, the Pix4Dmapper Pro, and a 3D reconstruc-
tion application developed ad hoc. The obtained results and a discussion related to each uncertainty
source contribution are presented.

© 2016 Elsevier Led. All rights reserved,
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DronesBench: An Innovative
Bench toTest Drones

Pasguale Dapota, uca De Vito, Francesco Lamonacs, Francesco Picariaflo,
Maris Riccio, Sergio Rapwana, Lic s Pompetti, and Mauro Pompatti
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Jobs for Drones

Commercial Drones Are Set to Take Off The Three Waves of the Drone Economy Jobs for Drones
Forecasts vary, _but anywhere from aquarter- As more industries look at drone technology,
million to a million-and-a-half working drones MARKET EVOLUTION the list of jobs drones can do—or could do—
will enter U.S. skies in the next four years. . is growing. But what's real?
Commercial
COMMERCIAL DRONES DEPLOYNENT FORECAST (too) DEVELOPMENT STAGE
20M
Early j Late
Mail/small Construction Aerial
Consumer package real estate photography

Hig fol'r'ecast delivery images and

monitoring

Border
patrol

(toy)

Emergency
management

Precision

agriculture
Filmmaking/
other media

Public
safety

10 Infrastructure

monitoring

Oil and gas
exploration

Weather
\ I forecasting/
2009 2014 2016 meteorologicd

J } research
components v ofilly +Cloud wildife/

| +Aops envionmental
6 00 08 200 W00 0N Drone monitoring

MARKET SIZE

05 Base forecast

™ Low forecast

0

SOURCE FAA © HBR.ORG SOURCE “DRONE INDUSTRY REPORT,”
SOURCE CHRIS ANDERSON © HER.ORG| OPPENHEIMER & CO., FEBRUARY 2016 © HBR.ORG
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Drones under study at LESIM

Specifications: £
MTOW < 13.5 kg; L i r3
Vertical Take-Off Landing (VTOL); /‘g;« |
Very low altitude (VLA), 500 ft;

Operations in line-of-sight (LOS) and beyond-line-of-sight (BLOS)

Remotely operated (semi-autonomous): the drone can perform high-level commands
(waypoints, objects tracking, etc.), and its performance is monitored by a trained
operator.
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Drone equipment at LESIM

ADVANCED TRAINING COURSE
safe and secure UAV
i e

Modern technologies enabling

LESIM has facilities to design and build
drones.

We are glad to share these opportunities
with other National or International
research groups

UNIVERSITY OF SANNIO
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Drone equipment at LESIM

ADVANCED TRAINING COURSE

s enabling safe and secure UAV
an air:

Exacopter with stereo camera housing
* 670 mm wheelbase length

6 Pulso U22 M motors

DJI Naza-M V2 flight controller

4S 5000 mAh battery

UNIVERSITY OF SANNIO
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Drone equipment at LESIM

——fe— e DJI Phantom 4 Pro

= «  Weight: 1388 g
- A  Diagonal size: 350 mm
E 1= * Max flight time: ~ 30 min
e » Hover Accuracy Range (vert.): £0.1m
A *  Hover Accuracy Range (horiz.): 0.3 m

» 3-axis Gimbal with stabilization within 0.02°
« 20 Mpixel camera

Parrot Bebop 2 FPV
« Max flight time: ~ 30 min
* 14 Mpixel camera with digital stabilization

ADVANCED TRAINING COURSE
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Drone equipment at LESIM

Intel Aero RTF development platform

 Intel Aero compute board with Intel Atom x7 processor
 Linux operating system (Yocto or Ubuntu distro)

* Intel Aero flight controller running PX4

2 Ublox C94-M8P GNSS/RTK development boards
«  Station and rover configuration
» 2 cm positioning accuracy

RP-LIDAR 360 Degree Laser Range Scanner
« 4000 samples/s 10Hz

* Range: 6m

» Rotation speed: 600 RPM

* Resolution: 0.9°
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What are drones? for others...

Drone is for making pictures;
Drone is for military missions;
Drone is a toy.
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What are drones? literature...

“An Unmanned Aircraft System (UAS) comprises individual system elements consisting of
unmanned aircraft, the control station and any other system elements necessary to enable
flight, i.e. command and control link and launch and recovery elements.”

European Aviation Safety Agency (2009)

| Number | Mean take-off weight (MTOW) | Name

0 Less than 1 kg Micro

1 Up to 1 kg Mini

2 Up to 13.5 kg Small

3 Up to 242 kg Light/ultra light
4 Up to 4332 kg Normal

5 Over to 4332 kg Large

Source: Dalamagkidis et al. (2012)
MTOW is proportional to the expected kinetic energy imparted at impact.

34
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What are drones? for us...

“Sensors and sensing strategies enable an unmanned aircraft to
sense, see, hear and understand the world around it’

Valavanis et al.

Drones are mobile measurement platforms
making measurements during flight *
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Measurements for drone and drone for measurements:

» Sensors for navigation;
* Drones as mobile measurement platforms;
* Applications;
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Measurements for drone and drone for measurements

The drone as mobile measurement

Drones require measurements for .
Instrument

flying
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Measurements for drone

During flight the drone must:

1. monitor the attitude of the drone during the flight mission;
2. localize the drone during the mission;

3. detect objects along the mission path;

4. measure the drone altitude respect to the ground.

According to that, the sensors embedded on drone are:
1. Inertial Measurement Unit (IMU);

a)  Gyroscope
b)  Accelerometer

Global Positioning System (GPS) or Differential GPS;
Light Detection and Ranging (LIiDAR);

Ultrasonic sensor;

Barometer

oL
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Accelerometer embedded on drone

Accelerometer measurements

0.45 . " . . 0.08 0012
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Drones for measurements

Monitoring of structure
and buildings

/ \
Survillanc

Monitoring of
photovoltaic systems

Agriculture

-~

Gas detection Archaeology

0

Fire detection

Environmental
monitoring
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Drones and Measurements

* Industries have long sought data from above, generally
through satellites or planes, but drones are better “sensors in
the sky” than both.

* They gather higher-resolution and more-frequent data than
satellites (whose view is obscured by clouds over two-thirds of
the planet at any time), and they’re cheaper, easier, and safer
than planes.

 Drones can provide “anytime, anywhere” access to overhead
views with an accuracy that rivals laser scanning.
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Pros of drone as measuring platform

Low weight;
Small size;
Low cost;
Easy handling;

Drone is a platform able to survey wide areas and reach human-
hostile environments;

Flexible platform, several kinds of sensors can be embedded on
them.
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Cons of drone as measuring platform

Due to the payload and the power consumption limits, the drone
cannot be equipped with heavy instruments;

Usually, the data processing is not performed on board (payload
and battery);

The flight mission and the environmental parameters can affect the
measurement results;

More and more uncertainty sources should be considered compared
with a “terrestrial” measurement system.

ADVANCED TRAINING COURSE

foand securo UAY UNIVERSITY OF SANNIO



https://www.nato.int/science/index.html

|&M applications of drones (1)

Monitoring of photovoltaic systems

The drone is equipped with:

* Video camera, for detecting cracks, yellowing,
snail trails and brunt cells;

 Thermal camera, for detecting high
temperature regions on a photovoltaic module
surface (hot-spot);

* GPS receiver for measuring the position
related to an identified failure.
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|&M applications of drones (2)

Structural health monitoring

The drone is equipped with:
 Video camera;
o GPS receiver.

Drone can be used for automatic
monitoring and localization of damages.

hftpS://W\Nw.civionidenginéering.com/uav-services/
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&M applications of drones (3)

Power line inspection

The drone is equipped with:
 Video camera, for detecting broken
strand:

Infrared camera, for preventing
breakage of the strands;

Ultra-violet camera, for detecting
corona effects;

GPS receiver for measuring the
position related to an identified failure.

https://www.dronevibes.com/tag/power-line-inspection/
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|&M applications of drones (4)

Environmental monitoring

The drone is equipped with:
https://www.droneggnuity.com/drones-helpng-marine—biologists/
& S S

* GPS receiver; s < e
 Asensor board, which depends on the
environment to monitor;

Example - The drone for water pollution
monitoring:

Video camera and multi-spectral camera
(sediment pollution, oil spill, red tide, and
thermal pollution).
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Documentation of archaeological sites

Survey of archaeological site aims to obtain accurate measurements for
producing maps and 3D models.

An important task is to choose the appropriate technique for the specific
survey.

A case study will be presented later.
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Contents

Design of a drone-based measurement instrument:

*  Drones and uncertainty

»  General concepts about uncertainty and measurement

»  General architecture of a drone-based measurement instrument
*  Design parameters

*  Measurement uncertainty budget

» Case study: 3D mapping of archaeological sites
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Uncertainty and Operation in Urban Environment

How uncertain the position of the drone is?

Position uncertainty should be considered in
allocating drone routes.

[am
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Measurement with drones: Uncertainty and Traceability

Drones have been recently proposed for the documentation of
car accidents:

» -80% of occupation time of the road,;
e -67% of measurement time

In all cases when economic transactions or legal issues are
involved, it is fundamental to provide the uncertainty of the ,
measurement result through structured and traceable b L ks
procedures.

“4 Reasons Drones will revolutionize accident scene response” @
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Drone calibration

In several applications, the traceability and the measurement uncertainty assessment are not
considered or specific solutions are adopted that refer the measurement uncertainty with drones to the
measurement uncertainty obtained with terrestrial reference systems.

Calibration
Certificate
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Accuracy and errors

Systematic

error
(bias)

recision

The accuracy of an instrument is defined as the difference
between the true value of the measurand and the measured value
indicated by the instrument. Typically, the true value is defined in
reference to some absolute or agreed upon standard.

For any particular measurement, there will be some error due to
systematic (bias) and random (noise) error sources.

There are a variety of factors that can result in systematic
measurement errors. One class of cause factors are those that
change the input—output response of a sensor resulting in
miscalibration.
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Calibration

Signal output (S)

The relationship between the physical

genciniy - 85 measurement variable input and the signal
ds = variable (output) for a specific instrument is
— known as the calibration of the instrument.
X, g
Physical input (X)

ADVANCED TRAINING COURSE

Modern technologies enabling safe and secure UAV

oeraion mtban ahagans UNIVERSITY OF SANNIO


https://www.nato.int/science/index.html

Precision and Random error sources

In many cases, if the systematic error source is known, it can be corrected for by the use of
compensation methods.

Random error is sometimes referred to as noise, which is defined as a signal that carries
no useful information.

Precision indicates the closeness of agreement between measured quantity values
obtained by replicate measurements

In case of random error Gaussian distributed, the
precision of the measurement is normally quantified
by the standard deviation (o).

Such value is then called standard uncertainty.

b HHHHHHHHHH
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Measuremen t value
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General architecture of a digital measurement instrument

Physical Analog Analog Digital

guantity signal signal signal
A/D Computer
mmm))( Sensor ) Amplifier jm—)y O Output
(Cmemory)

The design of an instrument involves the evaluation of the uncertainty budget, by
assessing the different components of the measurement uncertainty and their
combination.
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Indirect measurements

Many physical quantities are indirectly measured, by exploiting functional relations
(a model) that connect them to other directly measured quantities.

Y = F(Xl,Xz, ""X‘I’l)

In this case the uncertainty of the measurement result is obtained from the
combination of the uncertainties of the directly measured quantities (if the
measured quantities are all independent):

- 6F22+6F22+ N oF\*
= Nox,) ™ \ax,) e 0X,)

NATO "The NATO Science for Peace . .
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The assessment of the measurement uncertainty

To assess the measurement uncertainty, it is necessary to:

|dentify the uncertainty sources;

Define a model of the measurement procedure;

To evaluate the measurement uncertainty of the input model quantities;

To apply the law of propagation of uncertainty according to the model.

A drone-based measurement instrument is a complex system:

« Several sub-systems (propulsion, flight control, power supply, etc.) contribute to define
the overall system behavior;

« The final measurement result is generally obtained by complex indirect methods
operating on data from several sensors.
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Design parameters

The main parameters to be considered for designing a drone-based
measurement instrument are:

1. Weight;

2. Power consumption;

3.  Communication link;

4. Measurement uncertainty.

Those parameters strictly depend on the mechanical and electrical
parts of the drone.
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Weight budget

The weight is the main parameter for sizing the motors, the propellers, and the frame of the
drone.

The main contributors to the drone weight are:

1. The payload that depends on the
application (usually it contains at least a
gimbal and a camera);

H Frame
m Motors
= Flight controller

2. The frame. Its contribution on the total = ESCs

) . . mGPS +INS
weight can be reduced using carbon fiber = Propellers
frames; = Battery

= Payload

3. The brushless motors:

4. The battery. 1%

3% 1%
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Power consumption budget

The battery of the drone is sized according to
its power consumption and the required flight
time for a mission.

= Motors

m Flight controller + GPS
+INS

m ESCs

The power consumption shares have been
estimated considering the maximum power
consumption values exhibited by each drone

Su b-system. ® Payload

For the payload, a gimbal with a camera and

the transmitter have been considered.

Usually, the main contributors to the drone The capacity of the battery is estimated as:

power consumption are the motors. p
C =16.67 v tr [MAR]
b
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Communication link budget

. AM/FM
WIS (First-Person View
IEEE 802.11 FPV)
900 MHz/1.2 GHz/2.4
2.4 GHz 2.4 GHz 2.4/5 GHz GH2/5.8 GHz
Bitrate  Distance Bit rate Distance Bit rate Distance  Bandwidth Distance
[Mbit/s] [m] [kbit/s] [m] [Mbit/s] [m] [MHZ] [m]
b 11 140
16
3 1500 128 5000 g 54 140 (FM) 5000
n 300 250
Remote control X X X
Telemetry X X X
Payload X X (camera)
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(FPV)

900 MHz/1.2 GHz/2.4
GHz/5.8 GHz

Bit rate Distance
[Mbit/s] [m]

5 10000

X
X
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Measurement uncertainty budget (1)

The on-board sensors must be chosen such ~ MEASUREMENTTRACEABILITY PYRAMID
that the measurement result complies with
the target uncertainty. E—

_ e
_ re—"

http://www.isobudgets.com/

« Specific calibration methods must be
defined, applied and documented in order to
guarantee the measurement traceability.

https://bblsa.com/
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Measurement uncertainty budget (2)

Temperature
Humidity Frame vibration
Luminosity conditions Thermal noise
Motor vibrations Electromagnetic
Magnetic disturbances Thermal noise SN disturbances
Propeller turbulence Non-linearity estimation Temperature
Humidity
receiver Luminosity conditions
Physical Analog Analog Digital -
gquantity signal signal signal 4 g’l
» AD Computer / P
Sensor Amplifier S |§ 3 |
G % ¢
=y
Data Ground Wireless
management control interface
system system
P
L —_
Data Data
processing | processing, | Quantization

noise

Uncertainty sources
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Measurement uncertainty budget (3)

To define the measurement uncertainty budget, the following steps are needed:
1. Identification of the uncertainty sources affecting mission measurements;

2. Evaluation of an uncertainty model according to the identified uncertainty
sources;

3. Uncertainty sensitivity analysis.

The outputs of the uncertainty budget analysis are:
«  The feasibility of the system according to the target uncertainty;

«  The definition of the sensor specifications in terms of uncertainty for both the
pose and the mission measurements.
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Balance among budgets (1)

I N N N

Reduction of the drone pose Integration of a LIDAR altimeter (LW20) and SrereaaiTe e e el
measurement uncertainty GNSS (D-RTK) g
: L
Weight budget Power budget
4% 4%

6%

.

10 6%

1%

7%

3%
1%
® Frame = Motors = Motors
= Flight controller mESCs m Flight controller + INS + LW20 + D-RTK
® NS + LW20 + D-RTK = Propellers = ESCs
= Battery = Payload ® Payload
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Balance among budgets (2)

_ Wh | Hw? | Efet

Reduction of the uncertainty related to Using of a LIDAR for 3D mapping (RIEGL Change of frame and motors

mission measurement miniVUX-UAV) against RGB camera
Power budget
6% 4% 6%
1%
3%

® Frame = Motors = Motors
= Flight controller m ESCs m Flight controller + GPS + INS
m GPS +INS m Propellers = ESCs
= Battery = RIEGL miniVUX-UAV = RIEGL miniVUX-UAV
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Drone-based measurement instrument design steps

According to the presented budgets, it is possible to define the steps for designing
a drone-based measurement instrument:

o @y

Definition of the Bﬁélgﬁgﬂ 0:23 (t)?r%z[ Uncertainty Definition of Definition of the Definition of the
measurand ty analysis the sensors communication UAV platform
measurement range interface
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Case study: 3D mapping of archaeological sites

The aim is to provide a 3D map containing geometrical measurements related to
wide archaeological sites or archaeological sites with difficult access.

Survey of
archaeological
sites

Aerial Aerial laser
photogrammetry scanning

P. Daponte, L. De Vito, F. Picariello, S. Rapuano, M. Riccio, “An uncertainty model for height measurement based on aerial
photogrammetry”, Proc. of 1st International Conference on Metrology for Archaeology, Benevento, Italy, October 22-23, 2015 ®)
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Aerial photogrammetry

In aerial photogrammetry, the 3D reconstruction is implemented by means of structure
from motion.

https://www.geospatialworld.net/

The structure from motion consists of observing
objects from different positions.

In aerial photogrammetry, the structure from
motion is implemented acquiring two
consecutive images during the flight mission.
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Aerial laser scanning

An aerial laser scanning (ALS) system consists of a drone with embedded a LIDAR

system. —

R PHOENIX

AERIAL SYSTEMS
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Hybrid

* This technique combines aerial, terrestrial photogrammetry and terrestrial laser scanning.

* In order to define the reference coordinates, several targets for each acquisition method are
placed in the archaeological site and localized through a total station.

 The acquisition and processing steps are: (i) localization of the targets by means of total

station, (i) acquisition of the images with aerial photogrammetry, (iii) acquisition of the
images with terrestrial photogrammetry, (iv) generation of the 3D models, and (v) 3D models
integration.

e D
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Comparison

In this table, it is reported a qualitative analysis of the three

techniques.
B
Aerial Photogrammetry Medium
Hybric-techmigre High High High High
Aerial laser scanning High Medium Low Medium

NATO P
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1. Definition of the measurand - 2. Definition of the target uncertainty, and

measurement range

The measurands are the geometrical dimensions (height, width, and
length) of each object in the surveyed area.

Two values of target uncertainty will be considered: about 20cm
and about 5¢cm.

The measurement range depends on the maximum height of the
object in the surveyed area (e.g. 3 m).

Another important parameter for this specific application is the time
required for the survey (sensing time).
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3.a Uncertainty budget analysis (aerial photogrammetry)
In case of aerial photogrammetry height has a higher uncertainty than the other

dimensions. ¢ - sin(8) — f - cos() |
A h,, = - (f -cos(0) —cpp - Sm(Q)) b
| A S )

| ,.‘__\_\_‘\_-_ -—— >
| b v 7 « h, is the distance between the camera in the first
: v I waypoint and the point M;
e « C,,and C,, are the pixel projections of the point M on the
| R A camera sensor array in both left and right positions;

a hg‘-.. . o and C,, are the pixel projections of the ground level
| Y S pomt G on the camera sensor array;
: Y [, « 0O is the drone elevation angle of drone in the second
| Loy waypoint referred to the first;
| i « b is the distance between the positions related to image
. h M ‘u"G acquisitions;
L L ’ « fis the camera focal length.

6 6 . si _f.
h=hg—h, = g S() — f - cos(6) (f cos(0) — sin(&)) b — €rm - Sin(6) = f - cos(6) . (f ~cos(8) — ey - sin(ﬂ)) b

f (Crg - Clg) f e (rm — cun)
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3.b Uncertainty budget analysis (aerial photogrammetry)

e (AN (AN (dhN s dhNE s dnyE
i) "\dew) Yem T \deg) Mo T \de o \ao) T \ap) P \ar) Y

)

Y Y

1 WWorss

Ihis For achieving a target uncertainty in the order of 10 6m for a
maximum flight altitude of 14 m:
2

 The maximum baseline, b, uncertainty has to be 10 cm;

 The maximum orientation, 8, uncertainty has to be 10°.

33

a 1 4 6
u, ] Flight altitude [m)

Uncertainty [m] vs. flight altitude [4, 16] m and pitch angle uncertainty [1°, 10°], for different baseline
uncertainties [1.5, 10] cm
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3. Uncertainty budget analysis (aerial laser scanning)

In case of aerial laser scanning, the LIDAR provides the distance of each point respect
to its z-axis. This measurement has to be aligned to the drone coordnate reference
N For achieving a target uncertainty in the order of 10 cm for a
maximum flight altitude of 25 m:
* The maximum uncertainty related to the distance measurements
n has to be 10 mm;
 The maximum orientation, 8, uncertainty has to be 1°.

10 0.2
Flight altitude [m] u, [°]

The uncertainty sources affecting measurements are:
« The uncertainty related to the distance measurements provided by laser;

» The uncertainties related to the measurements of the pitch and roll angles.
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4. Definition of the requirements related to the sensors for navigation and for mission

For the measurements of the baseline b, distance between two waypoints, and the
angle 9, elevation angle of the drone in the second waypoint referred to the first,

mainly two techniques can be considered:

GNSS-based technique (e.g. D-RTK) Image-based pose estimation

 The payload includes a RGB camera with a gimbal;

 The sensors for navigation are GPS and INS
Daselline uncertainty 1S
target 10 cm);

* Wind conditions;

* The orientation uncertainty is 0.2° [+ Gimbal stability;
(max. target 10°).

» Background texture conditions.
UNIVERSITY OF SANNIO
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4. Definition of the requirements related to the sensors for navigation and for mission

aerial laser scanning

In case of aerial laser scanning, the system provide in real-time at
each waypoint the point cloud acquired by the LIDAR system.

RI EGL https://lwww lidarusa.com/
miniVII¥X.l 1AV

 The payload includes a LIDAR;
| » The sensors for navigation are GPS and INS.

Scan rate 100 scans/s

Points per second 100 kpt/s RIEGL mini VUX - UAV
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5. Definition of the communication link

Wi-Fi AM/FM
IEEE 802.11 (First-Person View
FPV)
2.4 GHz 2.4 GHz 2.4/5 GHz 900 MHz/1.2 GHz/2.4 900 MHz/1.2 GHz/2.4
GHz/5.8 GHz GHz/5.8 GHz
Bitrate  Distance Bit rate Distance Bit rate Distance  Bandwidth Distance Bit rate Distance
[Mbit/s] [m] [kbit/s] [m] [Mbit/s] [m] [MHZ] [m] [Mbit/s] [m]
b 11 140
3 1500 128 5000 g 54 140 (;&) 5000 5 10000
n 300 250
Remote control
X X X X
data
Telemetry data X X X X
Payload data X X (Camera) X
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6.a Definition of the drone platform according to the weight and power consumption

budgets.
Aerial photogrammetry Aerial laser scanning
Weight budget Weight budget
Gimbal + camera (Zenmuse X4S) 253 g LIDAR (RIEGL miniVUX-UAV) 1500 g
Quadrotor Frame (F330) 156 g Hexarotor Frame (F550) 478 ¢
Flight controller + GPS + IMU (N3 DJI) 132 g Flight controller + GPS + IMU (N3 DJI) 132 g
4 ESCs (DJI - E305) 108 g 6 ESCs (DJI - E800) 258 g
4 Propellers (Z-BLADE 9450) 529 6 Propellers (Z-BLADE - E800) 114 g
4 Motors (DJI - 2312E) 224 ¢ 6 Motors (DJI - E800) 636 g
Tot. 925¢ Tot. 3118 ¢
Takeoff weight 400 g/rotor with 4S LiPo Takeoff weight 800 g/rotor with 4S LiPo
Max. total weight = 1600g. Max. total weight = 4800g.
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6.b Definition of the drone platform according to the weight and power consumption

budgets.

Aerial photogrammetry
Power consumption budget

Gimbal + camera (Zenmuse X4S) 5W
Flight controller + GPS + IMU (N3 DJI) 5W
4 ESCs (DJI - E305)
200 W
4 Motors (DJI - 2312E)
Tot. 210 W

By considering a flight time of 20 min, the
capacity of the battery has to be about
4600mAh (4S-LiPo).

ADVANCED TRAINING COURSE

Modern technologies enabling safe and secure UAV
operation an airspace

Aerial laser scanning
Power consumption budget

LIDAR (RIEGL miniVUX-UAV) 16 W
Flight controller + GPS + IMU (N3 DJI) 5W
6 ESCs (DJI - E800)
400 W
6 Motors (DJI - E800)
Tot. 421 W

By considering a flight time of 20 min, the
capacity of the battery has to be about
9200mAh (4S-LiPo): 2 x 4600mAh (4S-LiPo).

UNIVERSITY OF SANNIO


https://www.nato.int/science/index.html

6.c Definition of the drone platform according to the weight and power consumption

budgets.
Aerial photogrammetry
Gimbal + camera
(Zenmuse X4S) 253 > W
Quadrotor frame (F330) 156 g
Flight controller + GPS + IMU
(N3 DJI) 132 ¢ 5W
4 ESCs (DJI - E305) 108 g
200 W
4 Motors (DJI - E305) 224 g

4 Propellers (Z-BLADE 9450) 52 g
Battery 4500 mAh 4S LiPo 3759
Tot. 1300 g 210 W

Cost: $ 1,500 - $ 2,000
Estimated uncertainty: 0.16 m

ADVANCED TRAINING COURSE

Modern technologies enabling safe and secure UAV
operation in urban airspace

Aerial laser scanning
LIDAR (RIEGL miniVUX-UAV) 1500 g 16 W

Hexarotor frame (F550) 478 ¢
Flight controller + GPS + IMU
(N3 DJI) 132 ¢ 5W
6 ESCs (DJI - E800) 258 g
400 W
6 Motors (DJI - E800) 636 g

6 Propellers (Z-BLADE - E800) 14 ¢
2 Batteries 4500 mAh 4S LiPo 750 ¢
Tot. 3868 g 421 W

Cost: $ 15,000 - $ 20,000
Estimated uncertainty: 0.05 m
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Methods and instruments for drone characterization
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Characterization performed during flight: aerial photogrammetry

Camera parameters Value

Number of effective pixels 12.4 megapixels

S Field Of View 94° at 20 mm
! Image Max Size 4000 x 3000 pixels
---------------- Sensor wide 6.16 mm

> 462 mm

..o e AT o s
a T i Focal length 4 mm
PyA ‘ =i | : o Diagonal pixel sensor size 21.8um
i J TP ISO 5800:1987 range 100-1600
0 b 26 3b X

»  Foreach position, 20 images have been acquired to evaluate the uncertainty related to each measurement.
«  Astarget, a box has been used and its height of 0.418 m has been measured with the Leica Disto D3a infrared distance
meter.

«  Two averages of 6 distances camera-topside box (h,) and 6 distances camera-ground level point (hy) have been
considered.

«  The difference between these averaged values provides the object height measurement.

*  Animage scaling operation is performed in order to compensate systematic effects.
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3D reconstruction applications

Pix4Dmapper Pro:

. Initial Processing, Pix4Dmapper Pro computes key points on the acquired images and provides a preliminary
3D map of the scene;

. Point Cloud and Mesh step increases the density of 3D points on the 3D map realized in Initial Processing
step;

. Digital Surface Model (DSM) and Orthomosaic step provides a digital surface model and orthomosaic of the
3D map points. The 3D map can be scaled according to a reference size.

The developed 3D reconstruction application (MATLAB):

camera parameters| =
estimation

v

camera parameters

Y

image 1 ot
camera pose eatures
estimation recognition [ ] 3D map
image 2
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Uncertainty of Uncertainty of
Eli . MATLAB-based 3D | Proposed model stereovision Proposed model stereovision
ight altitude [m] o
application [m] [m] geometry [m] geometry
parameters [m] parameters [m]

[ ¢ ] 0.20 0.20 0.20 0.25 0.24 0.24
0.12 0.11 0.10 045 0.44 0.44
9 0.7 0.16 0.13 043 0.43 0.42
o 023 022 0.18 030 0.29 0.26

» The main uncertainty sources for both the 3D reconstruction applications are due to the estimation of the
stereovision geometry parameters;

» The uncertainties related to the estimation of these stereovision parameters are higher for low flight
altitudes than for the high ones. This is due to the fact that for low flight altitudes more details of the
background are in the acquired images;

» The camera pose estimation algorithm is confused by the presence of more similar details on the
background texture.
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Bench characterization of drone elements

The most important parameters to be measured are: (i) the thrust forces in relation to the motor speeds, (ii) the motor
speed response time, and (iii) the power efficiency in terms of Newton per Watt, [N/W].

A common test bench used for measuring the static thrust force is implemented using an electronic weight balance.

A characteristic speed versus thrust force can be obtained and it can be used for optimizing the mechanical and the
electrical drone design and the control method.

Motor
@Thrust force Thrust force
| (o)

Propeller +
Motor + ESC Bearings
+ encoder

;7SS

Thrust

Arms

Balance

P. Daponte, L. De Vito, F. Lamonaca, F. Picariello, M. Riccio, S. Rapuano, L. Pompetti, M.
Pompetti, “DronesBench: an innovative bench to test drones”, IEEE Instrumentation and
Measurement Magazine, vo
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Open issue

In literature, the systems used for testing drones are mainly used for
measuring parameters related to each component of the drone itself (such

us control board, propeller, motor, and so on).

These measurement systems are designed for testing each drone
subsystem and they do not allow assessing the reliability of a drone as a

whole system.

B. Brzozowski, P. Daponte, L. De Vito, F. Lamonaca, F. Picariello, M. Pompetti, I.
Tudosa, K. Wojtowicz, “A remote controlled platform for UASs testing”, accepted to be
published into IEEE Aerospace and Electronic Systems Magazine.
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DronesBench (1)

. Video Camera
Accommodation plane

USB interface

Monitoring board

5V o

Atmega 328 Load cell 1
5V 5V
?
2 Hx711 UAS under
rc ADC 24 bit test
Q el
3 =
o Hx711
a ApC 2apit | JLoad cell2
HX711 i
X
c ApC 22t | JLoad cell 3
);; ADC 10 bit
— ACS770
CHO[ Hall-effect current
sensor Vg
CH1
J__ | J)SV J:_ Al
~ | Voltage
divider [y UAS battery

The system consists of: (i) the accommodation plane, where the drone is inserted, (i) the monitoring board, which is
used for acquiring the data of the sensors, and (iii) the video camera for online visualization and recording of the

testing scenario.
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DronesBench (2)

Load Cell1 4

Load Cell 2

ADVANCED TRAINING COURSE

Modern technologies enabling safe and secure UAV
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The sensing tips of the three load cells are attached to
the accommodation plane, while the other fixture tips
are connected through the chains to the test bench
frame.

The load cells are placed at 120° to each other on the
accommodation plane.

The drone under test is fixed through the four arms
that are attached on the accommodation plane and
the monitoring board is placed under the
accommodation plane.

The measurements are acquired in real-time, from the
monitoring board, on a PC by using a LabVIEW
application.
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DronesBench (3)

— By acquiring the data provided by each load cell
and by considering the z-axis of the three load
cells aligned, at each sampling instant the thrust
force exerted by drone along the z-axis is

evaluated as follows:
F - szl + FZ,Z + szg

The thrust force values, acquired at each sampling
instant, are stored in the vector:

9 F = [F(0), .., F(N)]

= =
Read Butter
4311530100 345055400 T2.00- 116 3840, 2 TO4E181194 520385

St | Powss Comumpton | Postion |
Strsin 1 (g]
2

The power consumption values, acquired at each sampling instant, are stored in the vector:

P =[P(0),..,P(N)]

A linear regression, based on least square fitting between vectors F and P, is performed, and the obtained slope
(FoM) is associated to the drone efficiency in terms of Newton per Watt, [N/W].
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Preliminary results (1)

Quadrotor
FoM =0.027 N/W

Thrust force [N]

Propeller

ESC
Control board

Battery

* measurements
— linear fitting

Thrust force [N]

N

o

Power consumption [W]

Sunnysky V3508

Turnigy 3S, 5000 mAh Fullpower 4S, 5000 mAh

wheelbase length 495 mm

wheelbase length 670 mm
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Hexarotor
FoM =0.038 N/W

100 200 300 400 500 600
Power consumption [W]

The testing procedure consists of driving the drone

manually by using the ground control station. In
particular, the test has been performed for about
45 s where the pilot executed one throttle variation
from the minimum to the maximum values allowed
by the drone.
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Preliminary results (2)

20 T T T T

z ——romal woring Test 1: the hexarotor was tested with all the
3 °l 3 winoupropeter] | propellers working (called normal working).
£_10 Test 2: the hexarotor was tested with one
’ " of
_ 20 bken
I 1. the development of a fully automated system for faults
- : t
detection; @
Rl 2. the assessment of the uncertainties associated with each
o 107 - orce
measured quantity. and
: 10 ‘ ‘ ‘ ‘ ‘ ‘ identifying faults or damages of drones.

Sample

B. Brzozowski, P. Daponte, L. De Vito, F. Lamonaca, F. Picariello, M. Pompetti, I.
Tudosa, K. Wojtowicz, “A remote controlled platform for UASs testing”, accepted to be
published into IEEE Aerospace and Electronic Systems Magazine. )
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