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INTRODUCTION

Unmanned Aerial Systems (UASs) — also named “Unmdnrhircraft Systems” — have gained a
significant importance in recent years due to tlogierational effectiveness and efficiency with
respect to manned aircraft, becoming a relevarit gfathe current aviation world. UAS role is
destined to further increase considering the chg#eof their integration in civil airspaces, that
would open a new range of missions with a consedu@ad diffusion of UASs. In order to reach
this goal, however, a series of improvements sf@brought to the current systems, that suffer of a
poor reliability with respect to manned aircraft. tAis purpose, analyzing the past mishaps, one of
the main causes is the poor Human Machine Interfatddl). The Human Factor is in fact
particularly critical in unmanned systems, due lte physical separation between human and
vehicle, and to the different function allocatioatWween user and automation. Therefore proper
solutions shall be adopted in order to keep adetu#te human operator inside the control loop,
providing a high situational awareness and an dé#fole workload.

At this purpose, the doctorate — done jointly bg tRolitecnico di Torino” and “Alenia Aermacchi”

— has regarded the study of an innovative HMI n&ddif to a Flight Management System (FMS) for
a MALE UAS Ground Control Station (GCS). FMS cantheught as the “brain” of a manned
aircraft, since it is responsible to manage severadtions: navigation, trajectory prediction, fiig
planning, performance computation/optimization, dgmice, communication and aircraft
configuration. Many of these functions are alrepdyformed on current UASs, but with a lower
level of integration and performances with respedhat offered by a FMS. A FMS for unmanned
system, introduces some peculiarities with respeatlassical manned implementations, both in
terms of architecture (due always to the physieglasation between operator and vehicle) and
performed functions (e.g. autonomous replanning)ahy case the critical element is again the
Human Machine Interface, since also in airlinerrapens the great quota of FMS related incidents
is due to human factor problems.

As design constraints for the FMS development, thwl certification and interoperability
requirements have been considered. In particlar jriteroperability is always more required for
UAS in order to reduce the operative costs and moehdhe mission effectiveness in terms of
exploitation, dissemination and analysis of gattietata. To implement it, the STANAG 4586 has
been followed as reference standard to define timanwnication protocol between GCS and
vehicle. As a consequence of this requirement akithg into account also the need to realize and
easily upgrade system for future improvements, ap@ical User Interface (GUI) has been
implemented, with an as much as possible paramatrcc modular structure. In particular, a
significant innovation is represented by the adwptof touchscreens, that provides a more
instinctive interaction and high flexibility to theterface.

Put together UAS HMI issues, current manned FMS HMbblems, design constraints and
touchscreen issues, the development of an innavatterface has been very challenging. More in
detail, the work on the HMI formats has not beemtkd to the design of the GUI, but has involved
the definition of the operative concept of the FMI8 decision of the functions to include in the
new system, their allocation between user and sysded finally the link between graphic controls
and STANAG 4586 protocols. Besides the studied ®d$ been integrated in a real GCS,
following a test process involving different enviroents with an incremental level of integration:
GCS sub system rig, UAS system rig, ground testhemeal system and finally the flight tests.



Enlarging the HMI concept to the human-automatiaeraction, some advanced mission planning
algorithms have been designed and integrated iG®®. Mission planning is a FMS function, and
for UASs it acquires particular relevance sincesiione of key factors in the determination of
system Level Of Automation (LOA). Planning a missis in fact a complex task due to the
number of involved parameters — especially for misseplan — and hence a system support in
terms of automatic options during manual planning amtonomous replanner represents a
significant added value in reducing the operatorrklead and increasing the operational
performances. These algorithms, in particular, Haeen studied from the operative and functional
standpoints: which functions shall be performee, paradigms and parameters to consider in each
computation, or how the human operator interacth Wiese algorithms are examples of treated
items and of considered standpoint in the reseactiity.

The thesis structure follows the work approachtisigfrom a preliminary analysis of the involved
issues and then presenting the developed interfdoee in detail, “Chapter 1” introduces the
concept of UAS, providing the relative definitidnstory, assigned missions, an introduction to the
different ways with which an unmanned vehicle cancbntrolled, certification and operator role
issues. It is a sort of introduction to the worfdummanned, and it provides the key concepts to
understand the operative and normative contextiicwthe research activity has been performed.
“Chapter 2" presents the manned aviation FMS, pliaogi a description of each performed
functions, of FMS interfaces in the cockpit andafiyp of current systems problems, due essentially
to HMI lacks. The chapter is concluded with an gsial of how a traditional FMS can be adapted
for an UAS, providing in particular a function atktion between ground and airborne segments.
Linking to the FMS problems, “Chapter 3" presertie UAS HMI deficiencies, analyzing their
contribution in past mishaps and to the lower UAHability with respect to manned aircraft. The
general concepts of workload and situational aweserare introduced as starting base from which
analyzing each UAS specific human factor issues different role of the automation included).
“Chapter 4” is an extending of “Chapter 3” relativéo the human automation relation, crucial for
UASSs. Starting from definition of automation, autimm, autonomy and artificial intelligence, the
concept of Level Of Automation and the relative sweang scales are presented, passing then to the
paradigm of Human Supervisory Control and to thestmuritic human-automation interaction
issues. References to their occurrence in manrrethftiare included. The chapter is concluded
with the presentation of the RAFIV model - chosepresentation of human-FMS interactions at
cognitive level — from which practical considerasoabout improvements of current interfaces are
drawn.

“Chapter 5” explains the STANAG 4586, the adopteterence standard for the interoperability
implementation. It results therefore a sort of geidbetween the preliminary analytic part of the
work and the practical implementation. Startingrirthe Level Of Interoperability (LOI) concept,
the system architecture to adopt in order to redhe desired LOI, the standard protocol message
structure and the suggested STANAG implementatioguadance-planning-navigation-trajectory
prediction functions are presented. The chapters emdh a list of current STANAG 4586
limitations and possible future improvements emerdering the work.

“Chapter 6” introduces the second part of the theslative to the new HMI development. The
chapter starts with a detailed work scope aboutré¢search activity and the relativant flow chart
(linking to UAS FMS function allocation of Chapt2), passing then to a presentation of high level
requirements from which the study is started anel ¢cbnsequent new HMI architecture. In
particular, the choice of touchscreens as FMS idpuices and resistive technology as touchscreen
type are motivated, presenting advantages andudistatjes of each available options.



“Chapter 7”7 is relative to the HMI style guide, this the followed guidelines in the GUI
development. Starting from the definition of Usean@red Design (i.e. design philosophy in which
the final user is at the center of the system dagraent), generic HMI heuristics derived from
technical literature and specific rules of our pobjare presented. Particularly relevance is gigen
specific graphical solutions for touchscreens.

“Chapter 8" presents the HMI design of vehicle cohtrelated functions, that is: guidance,
navigation (included trajectory prediction), vedlic profile, communications and system
configuration. Operative, functional and graphgsues are treated in detail for each format.
“Chapter 9” is relative to the mission planningafihg from the basic definition provided by the
STANAG 4586, the concept of mission is exploitedliag also elements non relative to the
communication protocols, passing then to the amalysdifferent planner/replanner types and to
present general planning algorithm issues. The tehap concluded with the presentation of
functional and graphic design of the GCS embeddegiom planner and the navigation format on
TSD map.

“Chapter 10" is relative to the planning algorithn®arting from an algorithm work scope, each
function is then presented.

“Chapter 11" concludes the research activity pregem, reporting the process of testing and
integration. In particular, the peculiarities othdest environment are presented.

At the end, the thesis conclusions are reported.



1 UNMANNED AERIAL SYSTEMS

1.1 Definition

Although the most visible element is the Unmannexdtia#l Vehicle (UAV), it is more correct to
consider an Unmanned Aerial System (UAS). In paldic according to the STANAG 4586
(standard for UAV interoperability), the followinglements (see Fig.1) can be distinguished in a
UAS [1]:

— On-board Segment

@ s

Modular Mission Payload Unmanned Aerial Vehicle [UAV]

[ Air Data Terminal [ADT] l

ink |

— Ground Segment |

i Ground Data Terminal [G—DTF |

Mizsion Planning Data Exploitation Ground Control Lounch & Recovery Lopistic Suppart
Stations Stations Station |GC5) Equipment

Figure 1. UAS Elements

Main distinction is between the ground based eléemand the airborne (on-board) ones, linked
together by the datalink. Entering more deep inGheund Segment, the core is the Ground Control
Station (GCS), from which the operators control onenore vehicles. GCS can be situated in a
room, integrated in a shelter, put on a carrieg.(a. cross country vehicle, a ship or a manned
aircraft), or hosted on a laptop, according to specific UAS. Besides, there are stations from
which it is possible to control only the payloaddanot the vehicle, and vice versa. Mission
Planning and Data Exploitation stations are “omlnbut they are usually provided for advanced
systems. Launch & Recovery equipment are typidaifure of “little” UAVs that are not able to
perform conventional take off and landing or asvmion for short take off and landing. Logistic
support is fundamental for the system operabitihd it means for example the ground power unit.
Airborne segment, instead, is made up basicallamyJAV and the relative payloads, with the
provision to control more vehicles from a single &n particular, a UAV must not be confused
with ballistic vehicles, cruise missiles, and &ty projectiles, also if many technologies are



common [2]. In fact, according to the STANAG 4584 and the “Unmanned Aircraft Systems
Roadmap 2005-2030” [2], there is the following dé&fon for an UAV:

A powered, aerial vehicle that does not carry a honoperator, uses aerodynamic forces to
provide vehicle lift, can fly autonomously or bofgd remotely, can be expendable or recoverable,
and can carry a lethal or non lethal payload.

Finally, datalink subsystem is divided in Groundl a&ir Data terminals. Many times there are two
datalinks for the Line Of Sight (LOS) communicati@me for the Vehicle Command and Control
(C2) functions and the other for the payloads (adrand data streaming). In case of Beyond Line
Of Sight (BLOS) operations, instead, there are pussible solutions: radio relay or satellite
communication (most used). Independently by thelot case the following two channels are
distinguished for each link:

» uplink: commands sent on-board from the ground segment,

» downlink data sent by the airborne segment to the ground.

Each of UAS recognized element, off course, variesze, capability and characteristics according
to the UAS category, but the general system dasanifis the one previously reported.

1.2 History

Origin of unmanned flight arose from the experinsesitthe Montgolfier brothers balloons in 1782.
First practical recorded application was the usaearybstats by Austrian army to attack Venice on
August 22, 1849. Aerostats were loaded with expsind launched from the ship “Vulcano”, but
many of them failed the mission due to a wind cleatitat deviated the balloons back over the
Austrian lines [3]. Similar use was done by the tNem Union in the America Civil War in 1861-
1865, when incendiary devices where put on aestad released toward the Confederate forces
[4]. Although these applications were far from emtridea of UAS, they represent a first attempt to
use an unmanned flying objects in military applmas.

A further step were the steam powered propelleredrimodel aircraft built by John Stringfellow
and William Henson from England in 1848-1868 [4].[Models were wire guided, but during a
display in the Crystal Palace of London in 1868rge model triplane was managed to leave the
wire and flew for a distance [5] (see Fig.2).

Figure 2. Steam Engine Powered
Large Model Triplane On Display At The Crystal R&laLondon, England — 1868 [5]

Another steam model - called Aerodrome Number s hwilt by Samuel Langley (USA) in 1896,
and flew for 0.75 mile along the Potomac river [4].



10

In 1883 the first aerial photograph was taken usiriggmera mounted on a kite and controlled by a
long string attached to its shutter. Six yearsr|61889), this technology was practically usedhe t
American-Spanish war [6].

In the aviation age, during the World War |, twofatypes of flying bombs (a sort of forerunner of
today’s cruise missiles) were developed in USA:Hesvitt-Sperry Automatic Airplane (1916) and
the Kettering Bug (1918) [3] (see Fig.3).

Figure 3. Kettering Bug [7]

Although they were not real UASs, they permitted iamprovement in the automatic control
technologies applied to the aircraft. Control sysi@as based on gyroscopes, barometric altimeter,
pneumatic/vacuum system ad an electric system. éharecal device tracked the distance flown in
order to hit the assigned target [7]. These tworaft were tested in flight, but they were not used
war. In particular the Kettering Bug flew for 501les on a preset course in 1918 [4].

Between the two World Wars, the research on unnthnebicles went on. In particular, in UK a
DH-82B “Queen Bee” were transformed in a radio oated aircraft, becoming the first reusable
and returnable UAV. “Queen Bee” was able to flytad 7000 ft, at over 100 mph for 300 miles [8]
(see Fig.4).

Figure 4. DH-82B “Queen Bee” [8]

In 1930s, radio controlled model where diffusedffghter and anti-aircraft artillery training [3a
particular, in1936, the term “drone” was createaider to indicate a radio controlled aerial target
by US Navy researchers.

During World War 1l, unmanned vehicle use grew. i@any develops the famous V1 (see Fig.5)
and V2 (1944), first real cruise missiles in thstbiy. Like the Kettering Bug, they are not UAVS in
the current meaning, but they involved a furthed amportant growth in automatic control
capability, besides to be a milestone in the n@sgithnology development. They were able to hit
London starting from their launch sites in Frangk [
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Figure 5. Fiesler FI 103 V1 [4]

Germany also developed two radio controlled glidenb: the Henschel Hs 293 and the Fritz X.
They were launched from a mother aircraft and steéwward the target by an operator. Two Fritz
X, in particular, were used to sank the Italiartlbahip “Roma” on September 9, 1943 [4].

On the Allies front, USA developed aerial “torpedie the Interstate BQ-4 (see Fig.6), converting
manned aircraft.

Figure 6. Interstate BQ-4 [4]

They were used in real operations resulting in &8 dn Japanese targets [4]. They were radio
controlled and TV camera guided.

After the war, converted manned aircraft (prop ben®-17, prop fighter F-6 and jet fighter P-80)
were used to monitor nuclear test (1946, 1947, 1Bbarder to gather samples in the nuclear cloud
[3].

During Vietnam war, the Ryan Model 147 “Lighting @®u (see Fig.7) performed 3435
reconnaissance missions over North Vietham anda&With 554 UAV lost [3]. It was launched in
flight and then controlled by a mother C-130 “Hédesl.

Figure 7. Ryan Model 147 “Lighting Bug”
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In 1970s, greater performances reached by sasellieomentary slowed down the UAS
development in USA (and more general in Occiddmtjfed to few prototypes. Unmanned rebirth
happened during the Israeli operations in Lebamoi980s, where the Scout and Pioneer (see
Fig.8) UAS were used [9]. They represented the wtianl toward the current glider-type UAV
model [10].

Figure 8. Pioneer

Starting from that years, the role, number and derify of UAS have increased continuosly, with
a peak in the last ten years after the Twin Tovedtack in 2001. Noteworthy the achievement of
1,000,000 flight hours by the General Atomic Preda 2010 (see Fig.9), especially considering
that in 2006 the flight hours were 80,000 [11]. Wescently also the aim of 2,000,000 flight hours
has been reached.

Figure 9. General Atomics Predator A

Currently UASs have reached a good level of matubibth in terms of operational capability and
performances, also if the reliability is still lowthan manned aircraft. This issue, in particuisr,
very important for the integration of UAS in thevitiair traffic, one of the primary milestone ofeth
expected UAS roadmap. Another and related poitih@sincrement of automation level of UAS.
Current UASs have been already developed in omlaely on less on remote manual human
control, but the trend is to confer more and martharity to the system, especially when a quick
reaction is required.

1.3 UAS classification

Several UAS classification have been created aoapitd different parameters and criteria, without
reaching a universal accepted standard. In paaticdthe NATO Joint Capability Group On
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Unmanned Aerial System (JCGUAS) classification Hmeen chosen. It proposes an UAS
classification in which three different classes éné&een individuated according to the UAV mass

[12]. Each class is further divided in differentegories according to the following parameters:

employment,

operative altitude,

mission radius,

primary supported commander in military operations.

UAV CLASSIFICATION TABLE
Class Category Normal Normal Normal Primary Example
Employment Operating Mission Supported Platform
Altitude Radius Commander
CLASS Il | Strike/ Strategic/National Up to 65,000 Unlimited Theatre COM
(more Combat ft (BLOS)
than 1320 | HALE Strategic/National Up to Unlimited Theatre Global
Ibs/600 65,000 ft (BLOS) COM Hawk
kg) MALE OperationalTheatre | Up to 45,000 Unlimited JTF COM Predator B,
ft (BLOS) Predator A,
MSL Heron, Heron
TP, Hermes
900,
CLASS 1l Tactical Tactical Formation Up to 10,000 200km Bde Comd SPERWER,
(150 kg to ft (LOS) lview 250,
600 kg) AGL Hermes 450,
Aerostar,
Ranger
CLASS | SMALL Tactical Unit Up to 5K ft 50 km Bn/Regt, BG Luna, Hermes
(less than | =20 kg (employs launch AGL (LOS) 90
150 kg) system)
MINI Tactical Sub-unit Up to 3K ft 25 km Coy/Sgn Scan Eagle,
2-20 kg (manual launch) AGL (LOS) Skylark,
Raven, DH3,
Aladin, Strix
MICRO Tactical, Pl, Sect, Up to 200 Ft 5km Pl, Sect, Black Widow,
<2 kg Individual AGL (LOS)
(single operator)

Table 1.JCGUAS UAV Classification table [12]

Following chapters are directly referred to thesSIdl, and in particular to the Medium Altitude
Long Endurance (MALE) UASSs, but many consideratioas be applied also to the Class Il and in
part also to Class I.

In particular, for strike/combat category (Clad} We talk about Unmanned Combat Aerial Vehicle
(UCAV), while the relative system is named UCAS.

1.4 Missions

Unmanned vehicles have been historically conceinexdder to replace humans in the execution of
the so-called “3D missions”, where the three D &rell, Dirty and Dangerous. Dull missions are
typically represented by long endurance flights/andepetitive tasks execution. Examples can be
surveillance mission or long roundtrip phaseshkse cases, psycho-physiologic human limitations
can affect the achievement of mission goals andeffextive endurance of the system. With an
UAS, instead, there are not these problems, sime@érsistence of the vehicle on the mission area
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depends only by the aircraft endurance, while therator turnover in the Ground Control Station
guarantees correct level of operator vigilanceaarkload.
Dirty missions are characterized by operating maagerous environment for the operator health,
characterized for example by radiation, pollutiohemical or biological threats. Example of these
missions were the nuclear cloud sampling perforimethe radio controlled B-17 and F-6 between
1946-1948, or the recent monitoring activities ld Global Hawk over the Fukushima reactor in
2011 [13].
Finally, Dangerous missions are defined in a nmifitsontext, where there are several threats to the
pilot life. In particular the original idea at thpurpose was to substitute manned fighter/bomber
with unmanned vehicles only for the most dangeraggs like for example the Suppression of
Enemy Air Defense (SEAD) or reconnaissance oveilfiidefense target, but the future trend is to
increase the role of unmanned aircraft for othessions. At this purpose, 3D concept has been
enlarged in military field, arriving to define ti@lowing mission types:

* Intelligence

- Image Intelligence (IMINT),

- Communication Intelligence (COMINT),
Electronic Intelligence (ELINT),

Signal Intelligence (SIGINT),

» Surveillance.
* Reconnaissance.
* Unexploded artillery detection.
» Battle Damage Assessment.
e Combat mission (generic).
Besides military field, however, UASs are expecdtede used ever more for civil applications.

Several civil missions in which UASs can providesignificant aid, in fact, have been individuated
[14], [15]:

e Security
- border surveillance,
- law enforcement,
- smuggling fighting,
- big event monitoring.

* Territory monitoring (e.g. after an earthquake).
» Searching Task (e.g. shipwrecked or missing pejsons

e Agricultural industry support
- fertilizer dispersing,
- pesticide dispersing,
- crop monitoring.

* Fisheries support.

* Environmental control /weather research.



» Scientific research support (generic).
* Mineral Exploration.

» Coast Monitoring.

* Pollution detection/monitoring.

* Telecommunication relays.

* News broadcasting.

» Air traffic control over busy airports.
* Ground traffic control.

» Sea traffic control.

* Terrain mapping.

* Pipeline monitoring.

* Firefighting.

1.5 UAYV Control

15

According to the system Level Of Automation (LOA)) UAV can be controlled in several ways.
The problem to define the LOA is complex and itlwi discussed in Chapter 4, but just to give an
initial idea the following vehicle control ways che identified in Fig.10:

LOA Control Type

Interface

Automatic Control
The UAV follows a route in 4D using
advanced navigation guidance mode.
The operator can be able to change the
route and/or route attributes.

Semiautomatic Control

The UAV follows discrete values of
altitude, speed, vertical speed and
heading set by the operator. The
guidance is provided by basic autopilot
modes

Manual Control

The UAV is manually remotely flown by
the operator using conventional flight
controls (stick, throttle and pedals) or a
radio box. Radio box, in particular, can
be used both inside and outside the
GCS: In the second case we speak
about “External Pilot” (EP), employed to
take off and land in some UAS (usually
ofClass | or Il)

Figure 10.UAV Control Types
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Route

Autopilot Panel

Flight Controls $
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In practice, the distinction is not so clear, siaceUAV can have the capability to be controlled in
different ways according to the selected guidanodemand plus there can be hybrid modes (e.g. an
automatic guidance to follow a route in the hortabrplane, while the altitude and speed are
controlled in semiautomatic way by the operatorcht control type involves specific Human
Machine Interface issues. Autonomous UAVs behavihénsame way of automatic ones from the
standpoint of vehicle control. Automatic and Automus behaviors are distinguished by the
allocation of higher level decisions between hunaan system. These concepts will be better
treated in Chapter 4.

1.6 UAS Certification

Since UAS have been initially developed for miltaapplications, there is not a defined and
universally accepted set of rules for civil ceddfiion. This lack shall be solved in the future in
order to integrate the UAS in the National Airsp&ystems. This integration is based on three
main principles [16], [17]:

1. Equivalence UAS shall demonstrate an Equivalent Level Of 8afELOS) with respect to
manned aviation.

2. Compliance UAS shall operate in compliance with the existawgtion regulation in terms
of operative and flight rules.

3. TransparencyUAS shall be transparent to other airspace userspther aircraft do not
perform extraordinary procedure due to the presehe@ unmanned vehicles.

These macro requirements need a regulation infictsiie analogous in form to that existing for
manned aircraft. In particular the following asgesthall be certificated:

* system airworthiness,

» operator certification,

» operating and flight rules,

» vehicle registration and marking,

* maintenance.

Currently these is a broad series of regulatiopgsals for the previous issues, derived by several
researches involving civil authorities, air traffaontrol authorities, air forces, industries and
universities. Developing the new regulation framewdhe basic approach is to start from the
existing manned aviation regulation in order toseeas much as possible the well proven manned
rules. However several researches have demonstratethis way is not completely pursuable. In
fact, it has been estimated that only the 30% afetui rules are directly applicable, while the 54%
may be reused with some modifications, and findlly 16% is not usable [18]. UAS in fact are
characterized by many features not contemplated oranned aircraft like for example the GCS,
the datalink or the greater level of automation.

In particular, for the airworthiness the STANAG 46Tnmanned Aerial Vehicles Airworthiness
Requirements” (USAR) has been adopted [19], sihde considered applicable as certification
basis by the EASA Policy Statement Airworthinesstiieation of Unmanned Aircraft Systems
(UAS) E.Y013-01 [20]. STANAG 4671 refers mainlyfiged wing UAV system with a maximum
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take off weight between 150 and 20,000 kg. It heenbderived directly by the EASA Certification
Specification (CS) 23, i.e. the European rule netato general aviation and commuter aircratft.
More in detail, the STANAG 4671 is divided in 7 8ens (see Fig. 11): sections from A to G are
directly derived from the CS-23, while the subpattend | have been properly created for UAS
[19] (see Fig.11).

UAYV System
TUAV | Command | Communication | UAV Other
and control system control ancillary
data link station elements
A General X X X X X
B TAV Flight X
C TAV Structure X X
D | vav Design and Construction X X
E TAV Powerplant X
F3 Equipment X
G Opel'ar.iug li mju.lrions and X X X X X
information
H Command and control data X X
link Communication svstem

1 UAV control station X

Figure 11.STANAG 4671 structure [19]

About the software, the STANAG 4671 considers th€CR DO-178B/EC-12B “Software
considerations in airborne systems and equipmehntfication” as reference.

1.7 UAS Operators

STANAG 4671 does not provide information about th&S Operator qualification. When we
speak about UAS crews, it is more correct to rafen generic “operator”, since it is not obvious
that he/she is a pilot. About the professional ijeation and background of UAS operators, in fact,
there is not a clear and univocal position: eaddr aslopt a particular solution according to the
specific case (UAS type, cultural influence, pres@xperience, etc.). Considering always a Class
[l UAS, the following possible operator figuresnche identified:

» UAV operator responsible of vehicle control. He/she can alsmaide with the payload
operator.

» Payload operatorresponsible of one or more payloads control. lHe/san also coincide
with the UAV operator.

» Mission Commandercrew leader and final responsible of the UAV. sTmole can be
assigned to a dedicated figure or to an anothelatqre

« Data analyst operatooperator assigned to the real time detailed amalyf the collected
data (e.g. images) and their exploitation.

« Communication specialisbperator dedicated to the communication with o#dators in the
operative scenario. In case, he/she can be alponsible of the management of some GDT
functions.
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According to the specific UAS, only a subset of gnevious roles are usually present in a GCS. In
particular, in this section only UAV operator ra¢econsidered — identified for simplicity as gegeri
“operator” — since he/she is charged to control EMS. A representation of the differences
between a manned cockpit and an unmanned GroutidrSi&areported below in Fig.12.

Aircraft Pilot UAS Operators

Figure 12. Aircraft Pilot versus UAS Operators

As UAS operators, basically, it is possible to idgtish between who has a previous rated flight
experience (as pilots or flying officers) or nothi§ is not a trivial issue, since it involves
consequences not only from the regulation standpid in the training process, but also in the
design of the Human Machine Interface (HMI) in GES.

Consider a rated pilot can be easier from seveeraldpoints: the pilot figure, in fact, is well
regulated, and the UAS qualification can be traeslan a type-rating like on manned aircraft with
an ad hoc training. However this choice has somad¥antages: first of all the cost, since the
flying training is really expansive. Besides a pitmuld not appreciate to work “on ground” —
missing the phase of flight — and this can invavgerformance detriment. Finally, a pilot could not
be the proper figure to manage an advanced autamAS, both for mentality and professional
background. These considerations are valid alsdlyorg officers, usually employed as payload
operator.

A generic operator, instead, could be potentialbrenoriented to control an autonomous UAS via
high level commands, and his/her training will bed expansive. In any case having to control an
aircraft (also if unmanned), they need at leastiamanship theoretical training. The issue is to
evaluate the need also for a minimum practicahfiyiraining (i.e. basic pilot training). Without a
real experience in controlling an aircraft, in faanh operator could have more difficulties to
understand the UAV state/behavior. Besides, ifdbesidered UAV can be also remotely piloted
through traditional flight controls (i.e. stick, rtttle and pedals), this experience could be a
fundamental step.

About this issue, it is interesting to consider éx@erience of the greatest UAS user in the world:
the United States Air Force (USAF) [21], [22], [28pat in 2011 has trained more UAS operator
than fighter and bomber pilots combined [24]. Iderto satisfy the increasing demand of UAV
operator, in fact, the USAF has opened the UASeraatso to undergraduate pilots and not flying
duty officer, developing a proper training syllab&seviously, this role was accessible only to rate
pilots. In particular, this has been done for tihed@tor/Reaper systems, that have the possikulity t
be manually controlled, and so a basic flying tragnhas been considered for duty officers. After
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the first training cycles, the amount of providéging hours have been increased from 18 to 35
hours, remarking the importance of flying backgmum the UAS training. Probably this need will
decline in the future with the UAS level of autoroatincrease, but now it is still required,
especially when the remote manual control is alkbgla

Italian Air Force, instead, employs only rated fsldout the it has a very limited numbers of UASs
and so it has not problems in finding operators.

The trend however is to move toward a greater eynpémt of non pilots operators, especially in
order to reduce the operational cost of the UASs definition of a dedicated set of rules to
certificate this role, in particular, is a mileséofor the unmanned system diffusion, especially for
civil application.

The design of the HMI is drawn by the operator lgaokind, since a rated pilot is more confident
with a cockpit like symbology/controls. A generigevator, instead, probably is more prone to learn
the use of a different type of interfaces — momailar to a computer — having not a previous
“imprinting” on manned aircraft.

In any case, independently to have a pilot or aaratpr, controlling an UAS is a particular
demanding task that involves several issues in deofn Human Factors due to the physical
separation between the operator and the vehicis.chiallenges will be described in Chapter 3.
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2 FLIGHT MANAGEMENT SYSTEM

2.1 Introduction

Flight Management System (FMS) can be though ashiteen” of modern airliners [25], and it is
devoted to the management of the following function

* navigation,

» flight planning,

» trajectory prediction,

» performance computation/optimization,
e guidance,

* FMS initialization,

¢ communication.

Historically it derives from the Navigation Managem System (NMS) [26], introduced in the
1980s in order to reduce the pilot workload to ptae flight and then navigate the aircraft.
Significant commercial flights increase, in facdshinvolved the need for airliners to follow strict
rules in all flight phases. So flight planning befaake-off and management of any possible
deviation in flight have become very demanding $agk pilots [25]. The NMS has automated
some functions and provided a better interfacestone others, reducing the pilot workload and
increasing their situational awareness. In pamrictlhe NMS has permitted the introduction of the
Area Navigation (RNAV), that is a navigation concép which an aircraft follows a 3D path
defined by waypoints, instead of standard routeterdened by the radio navigation aids
(NAVAIDs). The FMS derives from the merge of the SMith aircraft performance database and
autothrottle system, obtaining the capability tairojze the flight plan and following in automatic
way the computed speed schedule. FMS introductioparticular, has contributed to remove the
role of the flight engineer for the long range Mg, reducing the crew size from three to two. This
automation increase in the cockpit, however, hasaen introduced without problems, since it has
involved a shift of pilot role from aircraft manuabntroller to system supervisor, with several
issues about the human-automation integration. Saowdents have occurred due to these
problems. In recent years, the FMS has furthereamed its capability adding new functions and
taking into account the future of the Air Trafficaagement (ATM).

The idea to integrate a FMS into an UAS is veryaating, since it will enable an improve in
navigation, planning, communication and 4D traject@ontrol capabilities, needed for an
integration of unmanned vehicles in the Nationakpace System (NAS) [27].

2.2 Architecture

Flight Management System is made up basically by tmacro-elements: a Flight Management
Computer (FMC) and the relative HMI. FMC is redoaddfor safety, and is linked to several
aircraft sensors and equipments. Fig. 13 represeri{gpical FMS hardware architecture for an
airliner, providing an idea of the system comphexit
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Figure 13.FMS Architecturd25]

For the HMI, instead, the main data entry interfacghe Multifunction Control Display Unit
(MCDU), while the navigation status is monitoredtbe Navigation Format. In order to permit the
datalink communication with the Air Traffic Contr@ATC), further formats (considered part of the
FMS) have been added to the flight-deck. Howevee, EMS strictly interacts also with other
interfaces like the autopilot mode panel (FCU)onirwhich the guidance of the FMS is enabled —
or the display control unit, from which for exammdecontrolled the navigation format (orientation,
declutter, etc.). In Fig. 14, an example of thebas A-330 cockpit is presented.
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Figure 14.FMS HMI

2.3 Functions

In the following paragraphs the main FMS functiovif be discussed. Each of them is presented
alone, also if they are strictly related each othéhe FMS.

2.3.1 Navigation

The navigation is responsible for determining tlestbestimate of the current aircraft state (best
data) by the fusion of navigation data providedsbyeral autonomous sensors or receivers. Aircraft
state is provided by the following parameters [28]:

» three dimensional position (latitude, longitude aftdude),

» velocity vector in NED reference frame (i.e. Grouppeed — GS — in the horizontal plane
and Vertical Speed — VS),

» track angle,
* heading angle,
» drift angle,

* wind vector (speed and direction),
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e Estimated Position Uncertainty (EPU).

A typical navigation sensor suite for an airlinemade up by [28]:

Autonomous Sensors Navigation Receivers
» Air Data Reference + DME
* Inertial Reference + VOR
» ADF

» Global Positioning System (GPS)
» Differential GPS

Table 2.Navigation Sensor Suite

Navigation receivers are managed by the FMS. Itiquéar there is an auto-tune function that
permits to select the proper NAVAID frequency acliog to the aircraft position and the flight
plan. Different navigation data sources can be doetbtogether to determine the best estimate
with three possible criteria [26]:

1. Prioritization only the best system is used according to arbkstt@ed merit classification.

2. Weighted Averageavailable sources are combined, weighting thetixed data according to
the sensor characteristics.

3. Kalman Filter optimal recursive data processing algorithm, use@stimate the aircraft
state taking into account the input noise.

In practice — being the most accurate criteria e- Kalman Filter is actually used on airliners,
although its development is expansive. Prioritaatand Weighted Average criteria were used in
the past, and now they are available in some cheppcations for general aviation. The crew is
however able to force the best data source toisedesensor.

In any case, the precision relative to the aircpafsition computation (EPU) is calculated and
displayed to pilots. It is compared with the RegdilNavigation Performance (RNP) in order to
determine if the aircraft is able or not to perfothe RNAV. RNP varies with the airspace
according to the DO-206 standard [28]:

Airspace definition RNP (NM)
Departure 1.0
Enroute domestic 2.0
Enroute oceanic 12.0
Terminal 1.0
Approach 0.5

Table 3.Required Navigation Performance
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Current trend is to use the differential GPS coraBiwith the inertial data as primary navigation
data source [29], reaching RNP lower than 0.3 NIgo(@.1 NM).

2.3.2 Flight Planning

Flight Planning function is relative to the creationodification and activation of the flight plans.
Usually for an airliner a primary flight plan isespfied from the departure airport to the destorati
one. Some secondary flight plans are availablerderoto permit an aircraft diversion to other
airports in case of problems (e.g. bad weather failare). A flight plan consists in the aircraft
route, plus other related information like the cdiIAVAID frequencies. A route is specified linked
together several elements present in the airceafgation database [28]:

» Standard Instrument Departure (SID) procedures,
» Standard Terminal Arrival (STAR) procedures,

e approach / missed approach procedures,

* holding patterns,

e airways

« fixes (waypoints, NAVAID, airport reference pointsnway thresholds, etc.).

Procedures and patterns, in general, are coddaelyath and terminator concept [29], according to
which a route leg (i.e. the segment joining twee&of the route) is defined not only specifying the
ending point, but also the path that the aircradtiiSfollow to reach it. At this purpose, 23 legés
are reported in the standard ARINC 424. These temsslate in computer language procedure
originally created to be manually flown with compasd clock [29].
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According to the DO-206, non determinist legs -eldourse legs or legs ending at an unspecified
position — should be avoided, since they could Iver@roblems for air traffic separation and added
complexity to the FMS path construction being deleen to the aircraft performance. DO-206
suggests to use track legs with a specified tetminin particular, track legs are advantageouf wit
respect to course legs, since they not depend hg wondition and avoid problems related to
magnetic variation.

Among the deterministic terminators, the most rafgvare the waypoints. In particular, the users
can define the WP position on horizontal planeewvesal ways [28]:

WP determination Description

Polar coordinates (bearing and range) frpm

PBD an another fix.
PB/PB Intersection of bearings from two defingd
WPs.
Specified by an Along Track Offset (ATQ)
ATO o . )
from an existing flight path fix.
WP is defined entering the relatiye
LAT/LON Latitude/Longitude.
The WP is placed at the intersection of a
LAT/LON Crossing WP specified point (LAT/LON) with the activg

flight plan.

First point at which two given airways

Airways Intersection
crosses.

WP is placed at a given distance from fhe

Runway extension WP runway threshold along the runway heading.

When a direct to function is activated towdrd
Abeam WP a fix, abeam WPs are created at their abgam
position on the direct to path.

WP is placed at the cross between the adtive
flight plan and the Flight Information Regidn
(FIR) or Special User Areas (SUA)
boundary.

FIR/SUA Intersection WP

Table 4. WP creation methods

A WP can be of two different types, according te way with which the round between the relative
legs is flown:

* Fly-By (also named short turn): the WP is not olesvh and the aircraft links the two legs
with a turn.

* Fly-Through (also named fly-over): the WP is ovanfh and then the aircraft returns on the
leg.
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wpt.

Fly— through

Figure 16.WP types

DO-206 prefers the Fly-By type, since the Flightdugh trajectory is not predictable. Overshoot
due to the WP overflight, in fact, depend by seli&aators like the aircraft speed, aircraft bank
limitations and wind. With the Fly-By, instead, theare not these problems, since the roll-in points
(starting point of the turn between the two legsprioperly determined according to the aircraft
characteristics and wind condition.

Above issues about the WP creation methods andViReypes are relative to the Lateral Flight
Plan (i.e. Latitude / Longitude plane). Regardiaghte Vertical Flight plan, instead, at each WB it
possible to associate altitude, speed and timetreonis. The following constraint types are usually
available [28]:

+ at + at (termuinal area control)

« at or below . * before (en route track crossing)
+ at or above Time « after (en route track crossing)

* between * between

Altitude

* Climb: the limitis applied at the
waypoint and all waypoints preceding it

* Descent: the limit is applied at the
waypoint and all waypoints after it

* below
Speed * above

Figure 17.Vertical Flight Plan Constraints

In particular, DO-206 suggests to not use theualéit“at” constraint in order to avoid undesired
climb/descent paths. Analogously, also speed “atistraint is not typically considered, since speed
is normally varied by the FMS in the feasible rangerder to optimize the performance according
to the selected criteria. An example of verticaHt plan profile is reported in Fig. 18.

Apart the characteristics presented above, a Vitleigified by an alphanumeric string in order to
facilitate its recognition by the pilots.

According to the presented paradigms/rules, thghElPlans are created. Creation can be performed
both in the MCDU and in an external planning statilm the last case, the flight plans are upload
on the FMS by a proper memory card.

Only a flight plan can be activated at time (asad#fthe primary flight plan is activated). Crew is
able to modify the active flight plan during thegHt, changing any WP attribute or adding new
WPs.
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Figure 18.Vertical Flight Plan profile

In particular, there are the following two functgothat permits a change in the active flight plan
[28]:

» Direct ta the aircraft flies toward a given fix from itsreent position. If the selected fix
belongs to the active flight plan, the prior WPs deleted; while if the fix is a new point, a
discontinuity is inserted after it and currentHiligplan is conserved.

« Direct/Interceptequal to the Direct to, but the pilot specifiésoahe course with which the
selected fix shall be reached.

2.3.3 Trajectory Prediction

Trajectory Prediction function computes the prestidiour dimensional flight profile (both in lateral
and vertical planes) [28] according to the actilight plan (constraints), weather conditions,
aircraft performance and selected mode of operstion

Numerically integration on the aircraft energy Ioala equations is performed in order to calculate
for each WP the following variables:

» lateral path (e.g. cross track error and trackeeglor with respect to the current leg, roll-in
point and turn radius for fly-by WP, path to intept a WP, etc.),

» predicted fuel consumption,
» arrival time,
» distance to travel,
+ altitude,
e speed.
An initial prediction is performed before take offut then the prediction is continuosly updated

considering the best estimate of the aircraft stateulated by the navigation function, taking into
account any possible diversion [28].
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In particular the following two points are calc@dtduring the flight:

* Point of Non Return (PNR)point along the flight plan where the fuel to gkathe
destination is less than the fuel to return tod@parture airport.

« Equal Time Point (ETP)point along the flight plan where the time tolggck to the origin
Is the same as the time to continue to the degimat

In order to obtain an accurate prediction, weatt@nditions — in terms of wind (speed and
direction) and air temperature — are very importéntring the planning wind and air temperature
data are entered for the different flight phases. fake off and landing prediction, wind and
temperature are provided for the considered asp(departure, destination and alternates). For
climb and descent, instead, wind is usually entéoedifferent intermediate altitudes, while the ai
temperature is only provided for a given altitud@nally, for the cruise phase, wind and air
temperature are provided for the desired altitBlesides it is usually possible entering further
value at each cruise WP. In any phase, a linegpagation of wind and temperature data is
provided. During the flight the measured wind amndt@mperature values are used to update the
initial forecast, always applying a linear propagat Pilots, in any case, are however able to
modify the previously entered forecasts.

2.3.4 Performance Computation/Optimization

Performance function has enabled the evolutiorhefNMSs in the current FMSs, providing the
computation of several performance parameters guely manually calculated by pilots, and so
making possible an optimization of the flight pecording to several paradigms. The computation
takes into account the aircraft performance dagbasgine performance database, airport database
and weather condition. The optimization occurshia vertical flight plan, and in particular on the
speed schedule computation for each flight phaaking into account however the fixed
constraints. The following possible criteria ar@sidered for each phase [28]:

Climb Cruise Descent
e economy (lowest cost), e economy (lowest cost), e economy (lowest cost),
» steepest (max climb angle), ¢« max endurance, « fastest (max descent rate),
» fastest (max climb rate), * max range, e required time of arrival.
e required time of arrival. e required time of arrival.

Table 5. Performance Optimization Criteria

The criteria to use is selected by the crew foihgaltase or portion of phase. Some criteria are
common to all phases, like the economy and theimedjuime of arrival. Economy criteria
determines the optimal speed to minimize the overst of operation, according to a Cost Index
(CI) entered by pilots in the FMS (see Eq.1). Godex is determined by each company according
to the current economy state, especially considethe oil cost. Required time of arrival, instead,
varies the speed in order to minimize the overa#itCl), guarantying the achievement of the
required time of arrival at the considered WP.
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Flight Time Related Cost
Fuel Cost

cr=

Equation 1. Cost Index [28]

Speed is defined in terms of Calibrated Air Spe€Ag) or Mach number (M) according to the

cross-over altitude (i.e. the altitude for which £€&nd M are equivalent). In particular: when

altitude is lower than cross over altitude the CiaSused, while for greater altitudes the Mach
number is considered. This distinction is done iideo to avoid compressibility and aeroelastic
effects at high altitudes. In any case, the creabie to perform a manual override of the speed
schedule both in terms of CAS and M. Besides, lionlx and descent is also possible to manually
edit a vertical speed.

Regarding the altitude, the following data are glted [28]:

» Cross over altitudealtitude for which CAS and M are equivalent.

* Optimum altitude altitude for which the ratio between the groummked and the fuel
consumption is maximum.

* Ceiling altitude max altitude reachable with a residual climb mtailable.

» Trip altitude compromise between the optimum altitude and geeific flight profile. It is
considered for short range flight, when the aitctads not the possibility to reach the
calculated optimum altitude.

Optimum or trip altitude can not be usually reactedctly after the climb phase due to the heavy
weight of the aircraft. The FMS computes the optip@nt to execute a step climb and the new
altitude to achieve. The same happens for the desEhis is very important especially for the long

range flights in order to reduce the fuel consuopti

Another feature of the performance function is ¢benputation of the take-off and landing data in
terms of characteristic speeds and altitudes.

Input Output

* runway slope, * V3 =max speed at which the take off can be

aborted,
* runway length,

. . * Vg =rotation speed,
e runway threshold coordinates and altitude R P

* V, =take off speed,
e runway stopway,

Vg =flap retract speed,
e runway clearway, FR P P

. » Vgg= slat retract speed,
« flap setting, SR P

. V= final segment climb speed (alsq)V
air temperature, c. =T 9 ' peed (alsg)

_ * engine thrust reduction altitude (from take
* wind, .

off to climb value),
»  aireraft weight, * acceleration altitude.

» aircraft Center of Gravity (CG) position.

Table 6.Take off performance computation
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Input Output

* runway slope, *  Vpp = approach speed (the pilot is usually

able to do an override of this value),
* runway length,

. . * Vger = landing reference speed at an height
runway threshold coordinates and altitude of 50 ft above the runway threshold,

e runway stopway, - . .
y stopway e Minimum maneuvering speed in clean

* runway clearway, configuration,
« flap setting, *  Minimum maneuvering speed with slats
extracted,

e air temperature,
ind *  Minimum maneuvering speed with flaps

wind, extracted,
» aircraft weight, . Landing weight.

» aircraft Center of Gravity (CG) position.

Table 7.Landing performance computation

Another considered condition is the performance matation with One Engine Inoperative (OEI),
relative in particular to the following parameters:

maximum climb rate,
maximum cruise speed,
ceiling altitude,

take off data,

landing data.

In general, for any performance computation, theighlimit is considered in order to prevent
unexpected maintenance and to extend the engiieegnliparticular, several limits are calculated
according to many parameters:

Input to calculate the Thrust Limits Computed Thrust Limits

e aircraft characteristic, * Take-offthrust,

. _ e Climb thrust,
e engine characteristic,

* engine bleed setting, * Cruise,

.  Maximum continuous thrust,
e air temperature,

o altitude, e Go Around.

* speed.

Table 8.Computed thrust limits
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Finally, a performance factor entered by the crewansidered in performance computation to
make worse the computed values in order to takeaotount the aircraft age. Performance factor is
usually expressed as a percentage increment tocfgeduel flow. It is equal to zero for new
aircraft.

2.3.5 Guidance

Starting from the outputs of the previously presdrfunctions, the guidance lets the aircraft to fly
the active flight plan. Generally guidance functiprovides input to the Flight Control System

(FCS), but in modern aircraft FMS and FCS can hetlst coupled each other, and so the guidance
function provides directly the control surface/ergcommands. Apart basic autopilot modes (e.g.
altitude, speed, vertical speed, heading hold/aeduinctions), three different navigation related
guidance modes (specific of FMS) are usually predid

» Lateral Navigation (LNAV),
» Vertical Navigation (VNAV),

e automatic landing.

LNAYV provides the following of the active route ine LAT/LON plane. Altitude and speed are not
considered in this mode. Output of guidance fumcfar LNAYV is usually the roll command to
follow the flight plan.

VNAV, instead, is the opposite mode: it considérs altitude and speed/time assigned to the WP,
but not the lateral path of the route. It provigégsh axis and thrust command. VNAV mode can be
only activated if the LNAV mode is already activaedainvolves typically also the autothrottle
engaging. Activating together LNAV and VNAYV an aad is able to perform a 4D navigation.
Automatic landing function takes the aircraft tmdaannulling the deviations from the approach
path. Advanced systems executes also the fina tlaat brings the aircraft to the touchdown.
Deviations from approach path are traditionallyed@tined by the Instrumental Landing System
(ILS) or the less diffuse Microwave Landing Syst@viLS). Improvements in navigation precision
— due both to the sensor suite (e.g. augmented @&mRB)he FMS computation functions — permits
however to perform precision like approaches witidgnce both in lateral and vertical planes. In
practice the descent path is determined by FMS abmdpWP beam starting from the airport data
and previously stored procedures in the FMS dathasthis way it is possible to optimize the
descent path, reducing the flight time, fuel congtiom, pollution and acoustic impact on ground.
Besides in this way it is also possible performagomatic landing on airport for which previously
it was not possible due to the orography that prtsva straight alignment of the aircraft for th&IL
use, requiring hence a manual execution (possiblg with good weather conditions). Currently
these precision like approaches are cleared fapiMg conditions higher than that of ILS, but in
the future probably these differences will expiomsidering the estimated precision increase of the
differential GPS with airport local augmentation.

2.3.6 FMS Initialization

Initialization function permits to initialize sonkeMS parameters and to check some other data. This
is a very specific function of each system. Exangblparameters that can be set are:

» aircraft weight (in particular fuel weight),



32

* IRS initialization (if the IRS is available),

» Cost Index,

» Performance Factor,

» preferred altitudes for cruise,

» default air temperature and wind for cruise,

» departure, destination, and alternate airportss (tlata can be entered in the flight plan
creation or initialization phase according to thistem).

Possible data to check are the FMS software panbeu or the databases (navigation, performance,
engine, etc.) release dates. This is importantesfoc example the navigation database shall be
updated each 28 days.

2.3.7 Communication (Radios, Transponder, Datalink)

Basic communication function for a FMS is relatieethe tune (also automatic according to the
active flight plan and the navigation databasehefNAVAIDs. Current trend in avionics however
is to integrate navigation, communication and idmatiion (transponder) functions together. Some
FMSs, so, are able to manage also radio commuoisatind transponder. In particular Satellite
Communication (SATCOM) is managed through FMS. iy aase, a dedicated panel to manage
communication functions on the cockpit is howevevpled as back-up interface.

Another fundamental feature is the datalink commaitmns. Two different types of datalink
communications are distinguished:

» Controller Pilot Datalink Communication (CPDLC),
e Aircraft Communication Addressing & Reporting SysteACARS).

The former is relative to the ATC functions, and particular to the exchange of
request/authorization or information between thetidler and the pilots. It was introduced in order
to reduce the use of voice radio communicatior, wes becoming overloaded with the increase of
air traffic. Practically it consist in the exchangfetextual messages (like a mobile phone SMS) that
correspond to standard voice phraseology useddio cdommunications. Currently, CPDLC is used
on oceanic routes and in upper airspace (aboventFligvel 245) of Belgium, Germany and
Netherlands [31], but there are several researtttegsaim to extend the use of CPDLC to other
airspaces like the terminal areas (e.g. Single flgan Sky ATM Research — SESAR).

ACARS, instead, is a system to exchange textuabages not relative to ATC between aircraft and
ground station with a standard protocol. It is ukgdseveral purposes like for example:

» aircraft automatic maintenance report to the arhmaintenance staff,
» dispatch exchanges with the airline administration,

* weather report updates.

Some of the ACARS messages are automatically sesbired, while others are directly entered by
pilots through an alphanumeric keyboard like forDCE. In any case, in practical applications
CPDLC and ACARS are strictly related applicatiohs.Fig. 19, a list of CPDLC and ACARS
combined functions are reported according to tightfphase.
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Link Test/Clock Off Report Engine Data Position Reports
Update Weather Reports Gata Requests
FuslCraw ETA Updates Special Requests
Informnation Engine Parrameters  Engine Information
Delay Reports Maintenance Reports Maintenance Reports
Out
PDC ATIS ATC Oceanic Gate Assignment
AGIS Weather Reports Clearances Connecting Gates for
Weight and Balance ATIS Passengers and Crew
Almport Anatysls Weather Reports ATIS
Dispatch Release Reclearance
Flight Plan Ground Voice
Load FMC Requests

(SELCAL)

Figure 19.CPLDC and ACARS functions for phase of flight [32]

2.4 Human Machine Interface

Fual Information

Crew Information

Fault Data {from Central
Maintenance Computer)
Closaout

In this section, the main Human-Machine interfagkethe FMS will be examined, starting from the
traditional layout (see Fig. 20), and then presentihe most recent operative solutions that
introduce some innovations with respect to the sitasystems (see Fig. 21, 22). Datalink

communication interfaces are not considered.

2.4.1 Multifunction Control Display Unit

MCDU has a hierarchical organization in which, @y from the top menu, there is a sort of
“folder” for each macro function, composed at it by one or more pages. Pilots have to

navigate in these pages in order to access albiaidata/controls.

LITEeLS
TINE SPB/ ALY

-

Line Select Keys

Function and Mode
Keys

Alphanumeric keyboard

Figure 20.Classic MCDU elements

. Brightness Adjust

Annunciators
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Classic MCDU is made up by the following macro ederns:

* Line Select Keyspermit to interact with the current MCDU pageesting the available
items.

» Function and Mode Keypermit a quick access to the main FMS functiontbout passing
from the MCDU menu. Besides they enable the namgabetween the possible several
pages of the current selected function. Number tgpd of function keys depend by the
specific FMS: there is not a standard.

» Alphanumeric Keyboarddata entry interface for the pilots. It is usyatirganized in a
numeric pad and in a characters keyboard organizedphabetical order. A Clear key is
also provided.

* Annunciators convey urgent messages to the crew, like for gtam MCDU failure or the
reception of a datalink message.

» Brightness Adjust Knabpermit to regulate the display brightness acewdo the lightning
condition. If the MCDU has an automatic brightnesgulator, this control permit a manual
override of the brightness.

In classical interfaces, the Navigation format bas/ a monitoring function and the crew is not
able to provide command through it.

In most recent airliners like the Airbus A-380 atfte Boeing B-787, instead, the MCDU
configuration is changed, since there is a biggsplay without Line Select Keys, on which the
crew acts through a Cursor Control Device (CCDaf th a trackball or a trackpad. In this cases it i
possible to interact with the CCD directly on thavigation Format. With this implementation, it is
possible for example to command a “direct to” tadvar WP with a simple “point and click”

interaction on the Navigation Format, without mayin the pages hierarchy of the MCDU.

MCDU Display

Alphanumenc
keyboard

cco

Figure 21. Airbus A-380 cockpit
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In particular, the control devices (CCD and keylipdwave the following layout:

back-up CCD W )
P alphabetic
QWERTY pad

functional
short culs wheel

numenc pad
SCreen Gursorse

allocation track-ball

validation . : _ spare keys

CCD and Keyboard MCDU Display

Figure 22.A-380 FMS Interfaces [33]

2.4.2 Navigation Format

Navigation format provides the situational awarsnalout the aircraft position in the horizontal
plane. Core of this format is the aircraft symlawhund which some concentric circles/arc of circles
are displayed at indicated radial distances framnitparticular, the external circle reports the
compass rose with respect to the North, that givesxame to the entire symbol (external and inner
circles). There are usually two possible layoutaigfraft symbol/compass rose:

» center (also named “rose”) maodthe aircraft symbol is displayed at the centertlod
navigation format, with the whole Compass Rose radat

» offset (also named “arc”) modehe aircraft symbol is displayed at the bottom tloé
navigation format, with only a circular sector adr@pass Rose displayed.

Aircraft symbol is fixed in position on the displayhile the beneath world runs according to the
aircraft position. The entire navigation format deve several orientation: North Up, Track Up or
Heading Up. In the first case the aircraft symloihtes according to aircraft heading/track, while
for others two orientations it is fixed in uprighosition, and it is the format that rotates whea th
aircraft turns. Therefore offset layout is not dadalie for North Up orientation.

Besides aircraft symbol and Compass Rose, othebaygy is displayed on Navigation format:
active flight plan, navigation database fixes (eNAVAIDs, airport, etc.), wind indication,
autopilot/FMS demands, navigation parameters (@gjance and time to reach a WP, aircraft
Ground Speed), NAVAID frequencies, etc.

Other information can be displayed on Navigatiomkat background, like for example the images
coming from the weather radar or the terrain orplgya

Recent Navigation Format includes also a Vertigafife that provides situational awareness about
the VNAV.
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Figure 23.Airbus A-380 Navigation Format in Offset mode [33]

Especially for regional aircraft, there is also tHerizontal Situation Indicator (HSI), used
especially for radio navigation. It can be alsartiegrated in the Primary Flight Display (PFD).

Figure 24. ATR-600 PFD

2.4.3 Autopilot Modes Panel

Autopilot Modes Panel (AMP) is the interface wittetguidance function of the FMS. Considering
in fact the always greater integration between M8 FCS, the AMP can be considered a part of
the FMS HMI, also if historically it has been deyatd early as separate interface to control basic
autopilot mode. In general, from the AMP it is pgbksto perform the following actions:

» activate/deactivate the Flight Director,
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» activate/deactivate a guidance mode,
» select the guidance mode demand,
* activate/deactivate the autothrottle.
Advanced FMS guidance modes differs from the basiopilot ones in the level of automation,

that is higher in the first case where the airdi@fow an entire horizontal/vertical profile insig of
holding/acquiring discrete values entered by pilots

il
A4 TRSE S RE

Figure 25.Boeing B-777 autopilot modes panel

The indication of the active autopilot modes isallgudisplayed on the PFD.

Autopilot mode data

Figure 26.Autopilot mode data on Airbus A-380 PFD

The moding of autopilot mode pushbuttons on the AMRstead, is different from an aircraft to
another one. In particular, some mode pushbuttibun®inate or otherwise show they have been
selected regardless if the mode has been actuaigged or not [34]. The active mode, in fact, is
always displayed on the PFD. This different indarag, however, can be misleading for the crew,
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especially since the pilots usually expect to chidekmode on the relative control panel. Problems
relative to the AMP will be detailed in chapter 4.

Finally, autopilot/autothrottle disconnect pushbo#t are also present on stick/control wheel and
throttles in order to permit a quick recovery inrmmaal control by pilots.

2.5 FMS Problems

Introduction of FMS in the airliner cockpits hasabled an improvement in aircraft performances,
crew situation awareness and safety, supportingnitrease of the air traffic. Nevertheless these
advantages, the new level of automation to managertvolved several incidents/accidents. Pilots,
in fact, sometimes are in difficulty to understdahd system behavior and to choose the proper level
of automation to use. These troubles are related tuothe FMS algorithms and to the Human
Machine Interface. In particular, the followingugs have been risen in an investigation performed
by the USA Federal Aviation Administration (FAA)rtugh the Aviation Safety Reporting System
(ASRS) [35], that is a voluntary and anonymous tpillTC operators reports about incidents
occurred in flight:

ASRS FMS Incidents Report
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Figure 27.ASRS FMS related problems

Several problem have been reported, with comparadrieentages of occurrence. In particular, the
most diffuse type is relative to crew errors abth@ comprehension of the FMS logic. Second
position, instead, is relative to troubles aboat $klection of the guidance mode. More in detail, i
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is possible to distinguish between two categorigsoblems directly related to FMS
algorithms/components, and that relative to therfate with the crews.

FMS Algorithms and Components FMS Human Machine Interface

* Crew Keyboard Errors in Data Entering|

e Crew Logic Errors in Data Entering.

* Hardware problems. « Crew Errors relative to ATC Logic.
*  Software problems. » Crew Errors relative to FMS Logic.
»  FMS/AMP interaction problems. « Crew Workload above 10,000 ft.
* FMS Database Errors. «  Crew Workload below 10,000 ft.

« AMP Crew Selection Errors.

» Crew Training Deficiencies.

Table 9. FMS problems categories

FMS Problems Categories

m FMS Algorithms and
Components

B FMS Human Machine
Interface

Figure 28.FMS Problems Categories

As reported in Fig. 28, the HMI issues are prepoaade with respect to the FMS elements
problems. Logic errors — about the FMS moding, AddDstraints implementation in the FMS or
guidance mode selection/awareness — are respomsiblg@eneric poor comprehension of how the
automation works and what the automation is dom¢hle crew. FMS interface, in particular, does
not provide an adequate feedback about the automstate and requires a complex interaction to
modify the flight plan/guidance mode. This comptgxcontributes also to increment the pilot
workload, especially below the 10,000 ft of altéudthere the air traffic is particularly congested,
with consequent high time pressure on the crewetdopn flight plan/guidance changes. The
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workload is also due to the mnemonic effort reqiiia¢ the pilots by the MCDU menu structures
(i.e. number of pages and relative navigation [pght this purpose, the FMS has been originally
conceived for the long-term control of the aircraihd so when a suddenly flight path change is
needed the use of a lower level of automation asic autopilot mode/flight director) or manual
control is preferable. Many companies, in fact,grsjs to avoid FMS re-program below 10,000 ft.
For more details, a deepen analysis about humamatibn interaction will be reported in Chapter
4.

Data entering errors, instead, are related bottheoFMS complexity (in particular to the sub-
menus/pages structure) and to a poor interfacedies not guide the pilot in the task execution
alerting for possible erroneous entering.

Finally, there are the crew training deficiencipsgsticularly relevant in the first years after the
adoption of the FMS, when the new pilot role redate the higher level of automation to manage
was not well comprised, with consequent poor trajrrelative to the FMS. This issue, however, is
still relevant, since the difficulty to train adexaly the pilots to manage all possible automation
failures. Training necessity, in any case, shows bHte automation does not provide a complete
assistance to the operator, and requires a deteadlimihg to be successfully and safely managed.
Analyzing the occurrence of ASRS reports per plusiight (Fig. 29), we find that the greatest
number of incident is relative to the vertical Aigplan, and in particular to the violation of g
restrictions (in terms of altitude, speed or timeastraints) and to the climb management (altitede t
reach, desired climb rate, etc.). This result is tiuthe complexity of vertical route profile (deig.

16 for an example), and to the low situational @nass provided by the HMI. The introduction of
Vertical Profile in recent navigation formats ha&eb just done to alleviate this problem.

FMS Problems per Phase of Flight

40,0
35,0
30,0
25,0
% 200

NN N

Figure 29.FMS problems per phase of flight

To summarize, the current FMS Human Machine Interfsuffers of the following lacks:

» poor situational awareness about the automatide &apecially about the guidance mode);
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» complexity of MCDU interface — in terms of numbdrpages, linkage between them and
navigation logic — with consequent high workload atifficulty to timely re-program the
FMS;

* poor information/data arrangement in each screen;

» information sources are split in several formatg.(e complete situational awareness about
the VNAV is obtained combined the information prgsen AMP, MCDU PFD and
navigation format), with consequent visual/cogmtworkload;

* no graphic FMS assistance (e.g. pop-up, prompi ietthe task execution with consequent
possible errors/high workload;

* no erroneous data entered alerting;

e poor situational awareness about the vertical flggan management.

ASRS investigation is relevant to first FMS generad, and in fact the new models (e.g. A-380, B-
787, ATR-600 FMSs) provides some innovations tagaie the HMI problems, like for example
the Vertical Profile in the navigation format, dtvetbigger size of MCDU screen with a Graphical
User Interface (GUI) controllable with a cursor.eThrevious considerations, however, are still
applicable and shall be considered in the desigmext interfaces, especially considering the
foreseen greater role that the FMS should haviedriuture ATM scenario.

2.6 Flight Management System for UAS

Main FMS functions are usually performed by currgdSs, but with a lower level of integration
and performances with respect to that offered bnpditional manned Flight Management System.
Therefore the improvement obtained integrating aSHNto an UAS is fundamental, not only to
increase the operational capabilities of unmaniystems, but also for a future UAS integration in
the civil air traffic.

Unfortunately, a traditional certified FMS can rim taken and installed on an UAS without any
care. A Flight Management System for a UAS, in fastdifferent in terms of architecture and
functions with respect to an airliner one. Startirggn the architecture, the equivalent of FMCs are
split between on-board and ground segments, acgptdi the performed functions (see Fig. 30).
Referring to UAS elements (Fig. 1), on the grouadmnsent the FMS regards only the GCS, while
on the airborne part only the airframe is involvédore in detail, the HMI and all functions
requiring direct and frequent interactions with thyegerators are hosted in the GCS (high level
control loop). On the vehicle, instead, are alledathe inner control loop functionalities (e.g.
navigation, guidance, etc.). Besides the commomwtiomalities, on a UAS there are also other
functions not performed by a manned FMS (e.g. artaus replanning on the vehicle).

Generally speaking, in terms of functions a FMSdarUAS is simpler with respect to that of a
manned aircraft for some aspects (in particularthi@t directly related to the airframe), while it
could be considerably more complex for other fuordi especially that relative to the mission
planning and the vehicle autonomy. A possible fiematl division between GCS and UAV has
been defined starting from typical airliner funciso(see Fig 31). In any case, also if a function ha
been mainly allocated to a segment, there willfitenca part also to the corresponding element (e.g.
the navigation function is performed on-board, bl aircraft position is displayed on the
Navigation format in GCS). As UAV reference, a Gldd MALE has been considered. The
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payload type, instead, is not relevant in a gensoatext, since the FMS does not interact directly
with it. In the FMS, in fact, the payload can bensidered only during the planning or in the
selection of related guidance modes.

FMS (on-board)

FMCs MCDUs

UAS

TCS (ground)
UAV

Figure 30. Architectural differences between manned and umedfMSs [27]

Manned aircraft UAS - Ground segment UAS - On board segment
( 3 B2 |

+Navigation, +Navigation HMI, +Navigation,
 Trajectory Prediction, » Trajectory Prediction HMI, + Trajectory Prediction.
+Flight Planning. +Mission Planning. +On-board Replanning.
+ Performance, + Ground Replanning, « Performance,
« Guidance, + Performance, +Guidance,
+ Datalink COMM, + Guidance HMI, + On-hoard Radios.
«Radio COMM. + Datalink COMM.
«Transponder, + Radio COMM.
«Configuration. + Transponder,

« Configuration.

Figure 31.Functional differences between manned and unmalRkss [27]

Entering deeper in the functional analysis, in fodowing table the characteristics of the
considered functions are detailed, providing theiin features.
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Function

GCS

UAV

Navigation

Navigation output are displayed to t
operator in the Navigation Format (HMI)
order to provide situational awareness ab
the vehicle state.

Manual override of the best data source
be available for the crew.

It is usually based only on IRS/GPS sens

NUse of NAVAIDs would be considered
Opiovision for a future integration in the NA
if they will be required by the civi
cagthorities. In any case, also for man
aviation the trend is to rely on less
NAVAIDS.

Prs,

N&vith a Kalman filter as best estimate criterfa.

hS
S

ed
DN

Trajectory
Prediction

Trajectory Prediction outputs are display
to the operator in the Navigation Form
From the HMI standpoint, navigation a
trajectory prediction can be merged.

ednalogous to the manned FMS, with
aaddition possible calculation relatives
ndnission parameters (datalink covera
target visualization, etc.)

in

e,

Mission Planning

At difference of airliners, for UAS th
concept of mission is considered and ng
basic flight plan, with all the related issu
(mission zones, targets, emergency rou
etc.). Other peculiarities regard the Loi
WPs and the contingency WPs/Rout
terminating usually on safe crash points.

Besides, since UAVs are not yet integra
in the civil air traffic, the routes usually ha
less restrictive speed and altitude constrai

Autonomous
Replanning

It is a very specific UAS functionality
Ground replanning is preferable for mediy
Level Of Automation, and it is simpler t
certify.

On-board
feature of UAS. Basically it is relative f
.emergency conditions, but it can be 3
raonsider the operative context (e
oautonomous route replanning if a new tar|
has been detected). It is suitable for h
Level Of Automation, with the relativ
certification issues.

replanning is a very specifi

0
SO
g.
he
gh

1%

Performances

Performance calculation is
relative to the planning. Typically MALE
UAVs are propeller driven and single engi
(reciprocating or turboprop), and so t
computation is simpler than an airliner.

essentially

: Performance calculation can be involved
nthe autonomous replanning, trajectd
h®rediction and in the guidance.

n

Guidance

Selection of guidance mode and parame
(HMI).

Aircraft control algorithms.
guidance has a greater role than on a mal
teagcraft, since it is the main (or the only) w
to control the vehicle. A greater automati
level is usually provided with respect
manned aircraft.

In generx

ned
iy
bn
[0

Datalink COMM

Intended as communication with ATC a
other operative scenario actors, and
between GCS and UAV.

Radio COMM

Radio management (e.qg.
selection/storing).  Distinction is dor
between GCS, on-board and satellite radi

frequenc@n-board radios are used to avoid Line

eSight limits in the communication

ngespecially with the ATC).

DF

()

Transponder

Management of the transponder (moun
on-board).

Configuration

Setting of some configuration/initializatio

parameters of the UAS.

Table 10.UAS FMS functions
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3 HUMAN FACTOR ISSUES FOR UAS

3.1 HMI Deficiencies

Developing a Flight Management System for an UAdgc#ic Human Factor (HF) issues have to
be considered together with the HMI problems of neghaviation FMSs. In particular, these issues
have a considerable impact on the UAS reliabildAS, in fact, are still “young” with respect to
manned aircraft, and so they have a significaneloreliability, as reported in the following table
[27], [36]:

UAS Mishaps Manned Aircraft Mishaps
Predator — 32* F16 -3
Pioneer — 334* General Aviation — 1
Hunter — 55* Regional Commuter — 0.1
* much less than 100,000 flight hours (2004) Lafdgrtiners — 0.01

Table 11.Class A Mishap Rates Per 100,000 Flight Hours

These data are relatively old (2004) and probdimysituation is in part get better, due to the tgrea
experience obtained in the last years with thénfllgours increase, but the UASs still remain a step
below with respect to manned aviation. This is heavea problem of system maturity: comparing
the F-16 mishap rate with those of Predator and&Ilblawk at the same amount of flight hours, in
fact, the values are nearly the same [36].

The Pioneer has a greatest mishap rate with respdbe other two systems, but it is the oldest
model and it is characterized by a particularlyelinble engine. Analyzing the mishap factors, in
fact, the airframe failures are the main accidentses, as reported in the following figures reativ
to the USA (194000 flight hours) and Israeli (100@kight hours) fleets in 2005 [2].

@ Power/Prop
B Flight Control
0O Comm
O Human/Ground
W Misc
19% 289%
USA Israel

Figure 32.Mishap Causes in USA fleet

Summing the Flight Control and Power/Prop failuredyoth cases an airframe percentage of nearly
60% is reached. This is due in part to the useoof qualified/low quality components in order to
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reduce the UAS cost. This choice reflects the gtamd according to which a UAV is an
expendable vehicle due to the human absence. ©h&deration however is no longer applicable
considering both the UAS integration in the civil @maffic and the cost of modern UAVs, that is
increased due to the more complex payloads.

The second voice, instead, is relative to the Huikactor, settled at nearly 20%. Analyzing the
causal factors for some US UASSs, the percentagekatss according to the considered system. In
particular, the HF varies from the 21% (Shadow 2@0)he 67% (Predator). In Fig. 31, Human
Factor causes are broken down for each UAS [37].

UAS Mishap Causal Factors Breakdown of HF Issues
B 50%
s 4% Issue Percent
LR Pilot-in-command T%
12 Alerts and Alarms 13%
10 Display Design T%
g External Pilot Landing
g Emor 47%
4 2% External Pilot Takeoff
it ; J S Ertor 20%
unter ] Procedural Error 20%
o ; ; .
Maintenance Human Factors Aircraft Unknown
12 - 4794
ks Issue Percent
b Pilot-in-
y 8 ' command 40%
~— 23%
" 8 21% Alerts &
S ] 17% Alarms A0%
1 $9% Display Design 40%
24 Procedural
Shadow 200 o ' . : eITor 40%
Maintenance Human Aircraft TALS Unknown
Factors
0 65%
160
140 4 Issue Percentage
120 4 Alrcrew
100 4 Coordination 13%
80 28% Landing Error 65%
80 4 Take-off Emror 10%
404 I - 9
] 20 204 20, Weather 9%
Pioneer o — s— —
Masrtenance Human Aarcraft Enemy Unknown
Factars
9 67% Issue Percentage
8 Alerts &
; Alarms 13%
: 42% Display
4 Design 25%
; 17% Landing Error 13%
1 l Procedural
Predator 0 ; Error 759,
Maintenance Human Faclors Alrcraft

Figure 33.HF Mishap Causes
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On the vertical axis of previous histograms therthe accident number. Summing the percentages
of the histograms, the total is more than 100%gessome accidents have been classified in more
categories.

Analyzing the breakdown — apart from the mishaps uthe presence of an external pilot (i.e. an
operator that controls the UAV with a radio fligtantrol box during take off and landing) or to
crew coordination/procedure violation — we can nibke presence of display design and alert &
alarm deficiencies. Considering the Predator —afrtee most diffuse UAS in the world — that has
the worst percentage, in particular, several HMiigie errors have been identified [38], [39]:

» Sliding side bars in the HUD are not intuitive.

Sliding Side Bars

Boeing B-777 PFD

Figure 34.Predator HUD sliding side bars compare with B-7FDR39], [40]
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« HUD read graphic on sky blue background involvesogtostereopsis (i.e. difficulty to
focus on an image that combines two colors becaash colour is fuzzy when the other
colour is in focus) and eye fatigue.

Figure 35.Chromostereopsis example [38]

» Insufficient field of view provided by the guidancamera for manual landing (30°).

* In the Head Down Display (HDD) there are too maeyels in the page structure (e.g. in
order to change the autopilot mode, the operatostnmavigate through 4 submenus,
spending nearly 7 s [38]).

* In the HDD the information are displayed in a n@imized way.
* In the HDD the operational value ranges are inctest within the display.
» Critical commands are not protected.

* In the keyboard, functional keys are next eachrdiag. the keys to control the lights and to
cut off the engine), with consequent possible stror

» Alerts do not provide attention.

* Audio warnings are not sufficient or absent.

» Alerts do not provided enough situational awaremssit the real problem.
e Alerts are not correctly prioritized.

» Data to be compared are not displayed in the sasmdagt (this is a problem especially in
case of failures).

« Engine cut-off and weapon release commands areaatdd on the throttle, are similar in
shape (i.e. similar tactile feedback) and requieedame confirm: an error is so possible.

» The stick can not be long hold by the grips, siiig involves an unsupported arm fatigue.

As reported above, the HMI lacks are not only ratéwvto display design or alert logic, but also to
ergonomics aspects.

Figure 36.Predator GCS
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Analogous conclusions have been reached in an topervaluation of the Global Hawk HMI for
the Mission Control Element (MCE) station in 200dth a low global rating on a discrete scale
where the possible values are in order: Unaccept&dor, Adequate, Good or Excellent [41].

Chiestion Median Rating
Rate the mental effort workload during task completion with Poor to Acceptable
the Global Hawk (GH) UAV system.

Rate the physical workload during task completion with the Acceptable

GH UAV system.

Rate the time pressure during task completion with the GH Acceptable

UAV system.

Rate the work backlog during task completion with the GH Acceptable

UAWV systen.

Fate the adequacy of the physical arrangement of the
workspaces in the MCE.

Unacceptable to Poor

Rate the lighting in the MCE facility.

Acceptable

Rate the heating and cocling facilities in the MCE.

Poor to Acceptable

Eate the level of noise in the MCE. Acceptable
Fate the freedom of motion within the MCE Poor

Rate the utility of the status displays and indicators in the Unacceptable
MCE.

Fate the utility of the controls and menus in the MCE. Unacceptable
Rate the ease of access to displays, indicators, and controls in Unacceptable
the MCE

Figure 37.Global Hawk MCE HMI Evaluation

3.2 HMI Parameters

In order to discuss the UAS specific Human Facsues, it is important to fix the main parameters
considered in the evaluation of a Human Machinerfate: Situational Awareness and Workload.

3.2.1 Situational Awareness

The Situational Awareness has been defined by Epnd&l988) as three increasing levels of
operator comprehension about the operational sicefd@y:

\ 1
Level 2 |

The operator has
the perception of
the elements in
the environment
within a volume of
time and space.

The operator comprises The operator is able to
their meaning in the project their status in the

relative context nearfuture.

Figure 38.Situational Awareness
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In particular, for the UAS context the SituationAlwareness is relative to the operator
understanding of the following relationships/eletsdA3]:

* UAV position with respect to:
o0 relevant fixes (e.g. waypoints, airports, etc.),
o terrain (in order to avoid collisions),
o other aircraft (for mission purposes and in ordeatoid collisions),
0 targets.
* Future projection of the previous UAV spatial redaship.

* Weather in the mission area (e.g. wind, air tentpega clouds, turbulence, ice conditions,
etc.).

* UAV Health.
» UAV Status (e.g. attitude, speed, fuel level, airie configuration, payload state, etc.).

* UAS logic (i.e. operator mental model about howgkstem works, used to predict the UAS
responses to various conditions).

» Operational threats (e.g. anti-aircraft defensgbidrs, etc.).
* UAS Mission (i.e. operator understanding of thegresd mission goals and environment).
» Mission Progress (i.e. operator mental model abmitmission accomplishment progress).

» Degree to which an UAS Trust can be trusted (perator evaluation about the probability
that his/her commands are received by the UAV amcectness of UAV data).

Original Endsley definition assumes that the hurogerator is the only intelligent part of the

system. Considering UAVs with a high level of awoty, however, the concept of situational

awareness can be extended also to the vehicladbr to execute an autonomous replanning, for
example, an UAV requires detailed information abdst position, status, health, replan pre-
programmed laws, threats, etc.

3.2.2 Workload

Workload is a very complex meaning and it is rekatto the load felt by the operator in the
execution of a task. Basically it is possible tetidiguish between physical and mental workload
components. In our analysis the second — relatviaé human cognitive process load — has been
mainly considered, since it is the more relevand &S context. According to Hart and Staveland,
there is the following definition [44]:

Workload is defined as a hypothetical constructt ttepresents the cost incurred by a human
operator to achieve a particular level of perforncan

This definition is human centered rather than tesktered, since it involves several subjective
parameters in addition to the objective task demfdd], like for example the operator
training/experience or his/her psycho-physical sstreevel at the considered time. In particular,
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considering the workload subjective rating scaleSMATLX (Task Load Index), there are the
following workload causes:

e ———— e — _—_— -

Figure 8: NASA-TLX RATING SCALE DEFINITIONS

Descriptions

" Title Endpoints :J
— — C—— B e

MENTAL DEMAND Low/High How much mental and perceptual activity
was required (e.g., thinking, deciding, calcu-
lating. remembering, loeking, scarching,
etc.)? Was the task easy or demanding, sim-
ple or complex, exacting or forgiving?

PHYSICAL DEMAXND Low/ITigh How much physical activity was required
(e.g.. puching. pulling, turning, controlling,
activating. otc.)? Was the task easy or
demanding. slow or brisk, slack or strenuous,
restiul or laborious?

TEMPORAL DEMAND Low, High How much time pressure did you feel due to
the rate or pace al which the tasks or task
elements occurred? Was the pace slow and
leisurely or rapid and frantic?

PERFORMAXNCE good /poor How successful do you think you were in
accomplishing the goals of the task set by
the experimenter (or yoursell)? How
satisfied were you with your performance in
accomplishing these goals?

EFFORT Low/High How hard did you have to work [mentally
! and physically) to accomplish your level of
performance”

FRUSTRATION LEVEL  Low/High How insecure, discouraged, irritated, stressed
and annoyed versus secure, gratified, con-
tent, relaxed and complacent did you feel
during the task?

Figure 39.NASA TLX Workload Parameters [44]

Regarding the relationship between workload andfopmance, as the workload increases,
performance keeps oneself at maximum value ungiltdsk demand is lower than the operator
psycho-physical resources (zone “A” in Fig. 40).&ulhe demand exceeds the available resources,
instead, the performance starts to decrease (zBien® Fig. 40), until it reach a minimum
asymptotic value (zone “C” in Fig. 40), maintainedependently by further workload increase. A
positive difference between resources and demamésents a pool of spare capacity that permits
to the operator to face possible unexpected evigpta failure. Designing a HMI, in particular,ist

very important to guarantee this margin. In Fig. {0 simplicity operator resources has been
considered constant to their maximum value. In ligal however, they vary according to several
parameters (e.g. personal motivation, stress, @ted) in particular they decrease in time due ¢o th
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fatigue. Therefore operator shifts in GCS shalpbmperly defined in order to guarantee always the
safety, in terms of positive spare capacities.

Performance

~

Spare Resources

Operator Resources

Workload
-

Figure 40. Workload and Performance Relationship

3.2.3 Situational Awareness and Workload Relationship

Situational Awareness and Workload are characttiyea complex relationship:

high! max capacity
ideal staie challenged
SA
low | Vvigilance overload
low high .
Workload

Figure 41.Situational Awareness and Workload Relationshig [45

Although related, Situational Awareness and Worttlaee however independent constructs. About
their relationship, four fundamental states cardeatified:

1. Vigilance both Situational Awareness and Workload are IGhis state is typical of
monitoring task and can involve operator inattesmi®ss or low motivation.
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2. ldeal Stateoptimum condition in which the operator achieadsigh Situational Awareness
with a low Workload. It corresponds to the HMI dgsgoal.

3. Challenged Statehe operator is able to maintain a high Situatigkwareness, although the
workload is increased.

4. QOverload task demand exceeds the operator resources, et tthe workload is so high
that the operator is not able to maintain the Snal Awareness.

3.3 UAS Specific Issues

After having drawn attention about the current UARII lacks and having defined the concepts of
Situational Awareness and Workload, the specificSUMuman Factor issues due to physical
separation between operators and vehicle will lzyaad in details. These issues make the design
of a GCS HMI very challenging with respect to a meh aircraft cockpit, and the poor
consideration received in the past has contribtdedake the Human Factor one of the main UAS
mishap causes.

An improvement in this direction is so needed: jostio an example the NASA has recently started
(2010) a broad research activities about this gmobin the ambit of UAS integration in the civil
airspace [46].

In the following paragraphs, each issue is disaigséetail [27].

3.3.1 Different Functional Allocation between Human and Aitomation

In an UAS the functions allocation between autoamatnd operator is different with respect to
manned aircraft. In fact not only the level of antdion is usually greater on a UAS, but also the
functional division is different, with in generalame functions assigned to the automation in an
unmanned aircraft. This involves a shift in theraper role from a “traditional” pilot figure charde

of vehicle manual control, to a supervisor that itaye the automation behavior and controls the
aircraft through high level commands. A similaropilrole changes has been also verified on
airliners when the FMS was introduced, but on a UA8 shift is enhanced. The increasing
automation authority is needed due to the physiepharation between operator and UAV, to the
latency that makes difficult (especially in BLO&gtremote manual control and to the possibility to
control more vehicles from a single GCS. BesideamitJASs it is also possible to perform actions
usually not allowed on a manned aircraft, like égample the capability to wipe out the on-board
computer memory on Predator [37], [42].

This different human-automation interaction of gaimvolves several issues in the design of the
HMI — that shall always guarantee an adequate teituel awareness about the automation state
with a low workload — and to the automation logi@t shall be transparent as much as possible to
the operator. Unlucky, this issue has not been wattety taken into account in current UASs, that
have several problems about it. A detailed disamssif human-automation interaction will be
provided in Chapter 4.

3.3.2 Huge Disparity in Level Of Automation

An UAV can be usually controlled with different Ledg Of Automation, ranging from the remote
manual control to advanced full automatic/autonosnmades. In particular this disparity is greater
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than on manned aircraft. Since the HMI is strictiated to the considered LOA, having different
levels can complicate the design. According toléwel, in fact, the information presented to the
operator, the available controls and the systerdbf@eks vary. It is very different in fact providing

high level commands like the route to fly or thegtt to observe, rather than direct control
surface/engine commands with stick, pedals andtiaré\dding this huge disparity in LOA to the

others UAS specific HF issues, it is not obviousinojzing the interface, with consequent influence
on the operator performances. This issue, in pdaticis critical for an interoperable GCS able to
control different types of UAV.

3.3.3 Lack of Sensory Cues

Since the operator is not physically on the aitdfat controls, he/she suffers of a lack of sensor
cues, like ambient visual input, kinaesthetic (edpee of bodily position, weight and body
movement provided by tactile sensors), vestibudenge of balance and equilibrium provided by
the inner ear) and auditory information [27]. Tlsultant sensory isolation reduces the operator
situational awareness, increasing the probabifity lsazard.

This is especially a problem for remote manual drdf the vehicle, for which the determination
of aircraft state (attitude, speed, engine states) can be difficult for the operator, sincesibased
only on the information provided by the instrumeatsl not also to the physical feeling directly
experienced by the operator (e.g. acceleratiorggnersound, etc.). In particular, for manual flying
it is very important to have a visual referencetlod external environment, but usually an UAS
operator can rely only on the image provided byi@ance camera mounted on the vehicle nose,
limited in terms of field of view, resolution an@fresh rate due to communication bandwidth
constraints. Among the limitations, this absenca peripheral vision makes manual landings hard,
with increasing mishap rates (e.g. Predator [38]).

In order to compensate these lacks, there was enptst the tendency to provide a lot of
information to the operator about the aircraft itatgenerating a possible overload. Processing
more data, in fact, can generate a high cognitifeatedo the operator, especially when the response
time is critical, with a consequent workload in@eaBesides due to a bad display design, these
information are spread in different formats thab caquire several steps to be visualized, with a
further workload augmentation caused by the opefaistration.

An another way to mitigate the problem is to coasia greater automation, removing all problems
related to manual flying of the vehicle. In thiseat is not needed neither the video providediey t
guidance camera. It is not easy however to reaehséme flexibility provided by the manual
control.

In any case the HMI shall be designed taking céyefnto account the lack of sensory cues,
presenting to the operator in a feasible way al needed information for the achievement of a
correct mental model about the aircraft state.rranual control, in particular, the displays (el t
Head Up Display — HUD — superimposed over the quidacamera video) have specific symbols
not present on analogous manned aircraft formiis,fbr example a dedicated Angle Of Attack
(AOA) indication (see Fig. 34).

3.3.4 Latency

The datalink (uplink and downlink channels) introds a latency in the control loop that — added to
the lack of sensory cues — makes more difficult&\ control with respect to a manned aircraft.
In particular, this is a problem for satellite BL@8ntrol, for which the latency is greater than 1 s
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making manual control of the vehicle impracticahisTis true also for the payload control (e.g.
EO/IR camera orientation through manual input ostiak). So a LOA increment for BLOS
operation is mandatory in order to shift the opmradble to a supervisory figure. More in detaile th
latency effects are [38]:

» compensatory tracking performances deterioratiotatency of about 300 ms,
*  “move and wait” operator control strategy whenldtency is greater than 1 s,
» placement task performance deterioration when ¢gtenabove 82 ms,

e over actuation problems when the system delaypsadictable.

3.3.5 No Shared Fate

Being separated from the vehicle, the operator doéshare its fate. This point, together with the
sensory isolation and the latency effects, incredlse separation feeling in the operator mind. In
particular, this issue becomes relevant in caseaafrd conditions (failures and/or threats), since
the operator could manage the situation with atgreask-taking tendency than on a manned
aircraft where he/she shares the vehicle fate.

3.3.6 Long Duration Mission

“Dull” missions typically assigned to UASs (e.gasghing, monitoring, communication relay, etc.)
are characterized by a long persistence on arepashtion. This requires a proper crew turnover in
GCS in order to maintain an adequate level of perémces. Humans, in fact, present poor
performances on prolonged vigilance tasks. At phgpose, several studies have demonstrated a
vigilance decrement after only 20-35 minutes frorarkvinitiation, with a decline in correct
responses and/or an increment in reaction timdgs [d particular, analyzing the Predator” operator
community, an increment of 7.1 — 17.8 % in reactiore have been found on a course of an 8-hour
shift, associated to an increased fatigue subgctting and decreased alertness ratings. More 92%
of operators have also reported moderate to toradom [47].

3.3.7 Control Migration

UASs are characterized by the possibility to tranghe UAV and/or payload control between
different stations. This procedure is named “hamedbvin particular, the handover is possible
between two different GCSs, two stations in the s&@&CS, external and internal operators or
finally between two operators in the same interstattion (crew turnover). This procedure is
complex and in the past it caused several mishapsta procedural errors. A specific HMI is

required in order to guarantee an adequate sinatewareness during the control passage.

3.3.8 Lack of Standardization

Manned aviation has well established standards the HMI (e.g. standard “T” for the

instrument/formats arrangement in the cockpit),sotidated after the experience of millions of
flight hours and mishap lessons learned. UAS alleysting and so an analogous standardization
has not been reached in the past. The recent ieotenh flight hours, however, permits to define a
standardization for UASs. This is a quite difficdlisk, since the disparity in the Level Of
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Automation and the peculiarity of each system (tged in a military context and so with poor
attention to these aspects) make complex to dafceammon line. There can be in fact systems that
require an external pilot, others with conventiofight controls (stick, pedals and throttle) or
station with a desk station controlled with mouse &eyboard, and finally a mix of the previous
solutions. A first attempt has been done with tRASAG 4671, that in the section relative to the
Control Station defines some generic requirementsuia the control types, the mandatory
information to display and so on. But a more dethihctivity is needed in order to integrate the
UASSs in the civil airspaces. In particular, theidgon of common guidelines for the HMI design
and implementation — that takes into account tleipus issues — can lead to a reduction in the
hazards due to Human Factor. Besides this harmamzaill be useful also in an interoperability
context in which a GCS is able to control differei&Vs/payloads.

Generally speaking, however, therequested starmddioih goes beyond the simple HMI aspect,
since for example also possible Level Of Automationstraints (e.g. mandatory manual control as
safety back up) or operator qualification (seeieact.7) are not clearly specified. At the end this
problem is responsible to the general rule lackubbASs (see section 1.6).

3.3.9 Lack of Application of Manned Cockpit Know-How

Current UASs consider marginally the traditionalnmad aviation know-how. In particular, from
the HMI standpoint, a GCS is not an aircraft cotkjpie to all previously exposed issues, but the
HF principles establish in more than a centurylight are not to be rejected a priori, since thag c
increase the usability and hence the safety obylseem. Some of design errors of current GCS, in
fact, could be avoided if HMI standards acceptedrfanned aviation were be considered(e.g. MIL-
STD-1472G or DEF-STD-0025). Like for rules (seetimecl.6), in fact, only a part of standards
can be used without any change, while an anotheibeaconsidered with some modifications and
finally there is a not applicable part. This poerused of aeronautics know-how is also due to the
fact that in the past the main UAS manufacturersewet aeronautical industries (e.g. General
Atomics for the Predator). The optimum is to metige traditional aviation background with the
UAS specific issues/knowledge in order to defirenlew standards mentioned in section 3.3.8.
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4 HUMAN AUTOMATION INTERACTION

4.1 Definition of Automation

Automation has been introduced to reduce the openabrkload and to increase the safety,
replacing humans in the execution of prolongedtitpe or critical tasks. An example is the FMS
that relieves pilots from the boredom task to kéwpaircraft in route during the cruise phaseher t
advanced autolanding guidance modes that pernfdintbin poor/null visibility conditions without
loss in safety. More formally there is the followidefinition [48]:

The automation is defined as the execution by ehmaagent (usually a computer) of a function
that was previously carried out by a human.

Current automation in aeronautics concerns esdgnpaysical functions — like the previous
examples of navigation and autolanding guidanceasedfreeing humans from time-consuming
and laborious tasks. Automation of cognitive fuaes like decision making and planning processes
(normally devoted to the operator), instead, iserg8]. At this purpose, speaking about
automation it is possible to distinguish betweee two macro concepts of automatic and
autonomous systems, having the following defingi¢49]:

Automatic systems are fully pre-programmed and iacthe same manner regardless of the
situation and whether the solution is the most fabte.

Autonomous systems optimize their behavior in d-dioacted manner in unforeseen situations
(i.e. in a given situation, the autonomous systadsfthe best solution).

Today's Flight Management Systems belong essentialthe first category, since they act from
external inputs according to fixed laws. For examgliven deviations in azimuth/elevation from
the landing path and the aircraft state, the gudanill react according to an establish control
algorithm to annul the errors. But the mode actbraind validity conditions check are assigned to
the pilot. Autonomy, instead, is a wider concepics it provides automation also in the decision
making/planning activities, besides to the autosmatin the execution of the taken decisions. Just
to do an idea: a current FMS follows the route p&hby the pilot, while an autonomous system
first determines the optimum route according to mhission objectives and then follows it. In
manned aviation this concept is not implementedtdube presence of pilots on-board, but for the
UASs it is a fundamental characteristic in ordeetance the system capabilities, especially for
BLOS operations and the control of multiple vehscleom a single GCS. Autonomy, in particular,
sometime is confused with intelligence, but theg aot the same thing. Intelligence in fact is
defined as [50]:

The Intelligence is the capability of discoverimpWwledge and using it to do something.

To resume, an automatic system performs actionstlgxas programmed without any degree of
freedom, an autonomous system is able to choicadtiens to perform according to the assigned
objectives and fixed decision/planning rules, andlfy an artificial intelligence is able to modify

the decision/planning rules according to the knogé&learnt by mission environment. In any case,
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there is not an universally accepted distinctiotwieen automatism, autonomy and intelligence, and
these concepts can overlap.

4.2 Level Of Automation

In practice, it is not easy to classify a systemaa®matic, autonomous or intelligent — that is to
determine the Level Of Automation (LOA) — since rtheare many intermediate conditions.
Considering for example the performance optimizafimction of the FMS, it has the capability to
determine the optimum altitude and the step climin{s, but the acceptance of these suggestions is
however delegated to the pilot. Comparing thisagitun with the previous definitions of automatic
and autonomous systems, thus there is a middlatisituin which the system is able to propose a
decision to the operator if he/she requires it,rmitto activate it without an authorization. Le@Hl
Automation, in fact, can not be represent by thidesrete categories, but it evolves along a
continuum. Therefore in order to determine actutilly LOA of a system several measure scales
have been defined, discretizing the automationisonm with different criteria. One of the most
diffuse scale has been created by Parasuramanid&mest al. dividing the LOA in ten values
according to the allocation of the decision makiusk:

LOA Meaning
10 Computer ignores the human.
9 Computer reports only if it wants to.
8 Computer only reports if asked.
7 Computer executes, then reports to human.
6 Human can veto computer decision within timeframe
5 Computer executes suggestion with approval.
4 Computer suggest one alternative.
3 Computer chooses a set of alternatives.
2 Computer computes complete set of alternatives.
1 Human makes all decisions.

Table 12.Parasuraman, Sheridan et al. LOA scale

Although extensively diffused, this scale has sdimés, since it is limited to the decision making
phase, that it is the core of automation, but doeisrepresent the whole “cognitive” process
performed by the automation. Besides it is mordgabie to evaluate a single function than a
complete system, and it does not consider the fap@cintext. More details are provided by the
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Autonomous Control Level (ACL) scale, developedtiny USA Air Force Research Laboratory. It
was developed specifically for UAS and it basedardy on the analysis/decision making process,
but also to perception/situational awareness amahaanication/cooperation features. Considering
more parameters, it is able to distinguish betédwben the different UAS categories. At difference
of Parasuraman and Sheridan scale, it providesrl&awvels, ranging from the remotely piloted

vehicle (level 0) to the human like UAS (level 10).

Level Level Descriptor e Analysis/Decision Making Communication/Cooperation
Awareness
10 Human-Like / / /
Distributed cooperation with othgr
. . . . . . air vehicles. On-board deconflictioh
Multi-Vehicle Tactical . . Full decision making capability on-board. o .
Detection & Tracking of othe ) S . and collision avoidance. Full
9 Performance . . e Dynamically optimize multi-ship group fof . Py
R air vehicles within airspace. ) - independent of supervision/control §f
Optimization tactical situation. : :
desired. No centralized contr§l
within multi-UAV group.
Detection & Tracking of othe . I . . External supervision — abort/recall r
) . . : ) S Continuous mission/trajectory evaluation (&
Multi-Vehicle Mission | air vehicles within local - .. ['new overall goal. On-boar
. replan — optimize for current mission - L .
8 Performance airspace. o ] o deconfliction & collision avoidance.
R . situation. Avoid collisions and . : .
Optimization OK to operate in controlleg - . Distributed cooperation with othgr
. replan/optimize trajectory to meet goal, et¢. _. .
airspace w/o external control. air vehicles.
Continuous flight path evaluation & replan.On-board collision avoidance. Usg¢s
) . Detection of other air vehicles Compensate for anticipated systgnoff-board data  sources fd
Real-Time Multi- . . ; ; - L .
7 . . in local airspace. Multi-threal malfunctions, weather, etc. — optimizedeconfliction & tracking.
Vehicle Cooperation . . . : ; . .
detection/analysis on-board. | trajectory to meet goals, manager resourgeblierarchical cooperation with othgr
avoid threats, etc. air vehicles.
Event-driven on board. RT flight path On-board collision avoidance. Usgs
. . off-board data  sources fd
. . . | replan — goal driven & avoid threats. L )
. ) Detection of other air vehicles ; ) L deconfliction & tracking. Assume
Real-Time Multi- . . ; RT health diagnosis. Ability to compensate
6 : o in local airspace. Single threat . . o acceptance of replan. Externpl
Vehicle Coordination . : for most failures and flight conditions t+ o — .
detection/analysis on-board. | . : supervision — rejection of plan is gn
inner loop changes reflected in outer lopp . g .
erformance exception. Possible close air spgce
p ’ separation (1-100 yds).
On-board derived vehicle trajectofy
Automated Aerial Refueling & Event-drlven.on .board. RT trajectory replart‘corridors”. Uses _ o_f'f—board Qat
; ) P to new destination. RT Health Diagnosis.sources for deconfliction & tracking
. Formation sensing. Situational , .. . . ;
Fault/Event Adaptive Ability to compensate for most failures andExternal supervision — accept/reject
5 . Awareness supplemented by, - . . h
Vehicle flight conditions and to predict onset o¢fof replan. Possible close air spafe
off-board data (threats, other : .
. . failures. On-board assessment of status|vseparation (1-100 yds) for automatgd
air vehicles, etc). L . . ) . .
mission completion. aerial refueling, formation in non
threat conditions.
RT Health Diagnosis. Ability to compensateSecure within LOS electronic theatgr
Robust Response to for most failures and flight conditions.to nearby friendlies. Offboar
4 Anticipated Threat Sensing on-board. Automatic trajectory execution. On-boardderived vehicle “corridors”. Mediun]
Faults/Events assessment of status vs. missiovehicle airspace separation (100'’s jof
completion. yds). Threat analysis off-board.
- RT Health Diagnosis. Ability to compensal eHeaIth_S_tatus monitored by exterrgl
Limited Response to L . supervision. Off-board replan/Wp
3 ) / for limited failures. ) .
Real Time Faults/Events . . . plan upload. Wide airspacg
Automatic trajectory execution. . . .
separation requirements (miles).
External commands - alternatije
Pre-loaded Altermnative RT He_alth D_|agn05|s. Automatic trajectofyplans, approvals, aborts. Repqrt
2 / execution (via WPs). Preloaded alternativestatus on request or on scheddle.
Plans - . )
plans (e.g. abort). Wide airspace separation
requirements (miles).
External control via low leve
Situational awareness  vip commands. Reports  status n
1 Execute Preplanned | Remote Operator Flight Robotic/Preprogrammed. request. Wide Airspace separatipn
Mission Control and Navigation Pre/post Flight BIT. requirements (miles). No on-boagd
Sensing knowledge of other air vehicles-gjl
actions are preplanned.
Flight Control (altitude, rates
0 Remotely Piloted sensing. Nose Camera. N/A Remotely Piloted.
Vehicle Situational ~ Awareness  via Vehicle status data via telemetry.
Remote Pilot.
Table 13.Initial ACL metrics chart [50]
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Nevertheless the greater provided details witheesip the previous scales, the initial ACL metrics
have some problems [50]:

» the metrics are not broad enough to cover UAS gabin strategic knowledge: they are
limited to the tactical level,

» the cooperation (“what”) is mixed to the communigat(“how”) in the same metric.

In order to improve the scale resolution, a nevsioer of the ACL metrics has been developed:

. Obser\(e Orient Decide Act
Level | Level Descriptor Perception/ . - iy . .
o Analysis/Coordination Decision Making Capability
Situational Awareness
10 Fully Cognizant of all within Coordinates as necessary. Capable of total Requwes little guidance to dp
Autonomous Battlespace independence. job.
Battlespace Inference — D:;t;?:ted tactllzeéliv?drzgr
Battlespace Intent of self and others. Strategic group goal P 9. - Group accomplishment of
} . determination of tactical . .
9 Swarm Complex/intense assigned. Enemy strategy - strategic goal with nd
. . . %’ goal. Individual task . .
Cognizance environment on-board inferred. . ’ supervisory assistance.
tracking planning/execution.
’ Choose tactical targets.
. Coordinated tactical group
Proximity Inference — Inten . . o .
Strategic group goal$ planning. Individual task Group accomplishment of
Battlespace of self and others. Reduced . . . . . L
8 . assigned. Enemy tactigs planning/execution. strategic goal with minima|
Cognizance dependence upon off-board. ' .
data inferred ATR. Choose targets of supervisory assistance.
' opportunity.
Short  track  awareness.
History and  predictive
Battlespace Battlespace_ data in limited Tac.tlcal group Igoals Individual task planning Gro_up accomp_llshme_nt_ of
7 range, timeframe and assigned. Enemy trajectory tactical goal with minimal

Knowledge execution to meet goals.

numbers. limited inference estimates.
supplemented by off-board

supervisory assistance.

data,
Ranged awareness — dn Group accomplishment of
Real Time Multi- 9 ) Tactical group goalg Coordinated trajectory tactical goal with minimal
. board sensing for long range, . ) ) . )
6 Vehicle assigned. Enemy locatioh replanning - group supervisory assistancg.
. supplemented by off-board . o . .
Cooperation data sensed/ estimated. optimization. Possible close air spade
' separation (1-100 yds).
Tactical group plan assignedl. Group accomplishment of
RT Health diagnosis. Abilityy On-board trajectory| tactical plan as externall
Real Time Multi- | Sensed awareness — Lodato compensate for mogt replanning — optimize for assigned. Air collision
5 Vehicle sensors to detect otherg,failures and flight conditions| current and predictivg avoidance. Possible close dir
Coordination fused with off-board data. Ability to predict onset of| conditions. Collision| space separation (1-100 ydE)
failures. Group diagnosis ah avoidance. for air refueling, formation in
resource management. non-threat conditions.
Tactical plan  assigned.
Assigned rules of Self  accomplishment o
engagements. RT health On-board trajector: . P
. N ] ™ . . tactical plan as externall
Fault/Event Deliberate awareness — alli¢sdiagnosis. Ability to| replanning — event driver : - .
4 . . . . assigned. Medium vehiclg
Adaptive Vehicle | communicate data. compensate for most failurgs self resource management

=

airspace separation (100’s

and flight conditions — innef deconfliction.
yds).

loop changes reflected in
outer loop performance.

Tactical plan assigned. RT Evaluate status vs|.
Health/status  history & health diagnosis. Ability tg required mission
models. compensate for most control capabilities.  Abort/RTB
failures and flight conditions| insufficient.

Robust Response
3 to Real Time
Faults/Events

Self  accomplishment o
tactical plan as externall
assigned.

Execute _preprogrammep Self  accomplishment o

Changeable RT Health diagnosis. Off{f or wuploaded plans in .
2 S Health/status sensors. ) S tactical plan as externall

Mission board replan (as required). | response to mission and .

o assigned.
health conditions.

Execute Preloaded mission dat('Pre/Post flight BIT. Report Preprogrammed mission Wide airspace separation

1 Preplanned Flight Control and : .
N - . status. and abort plans. requirements (miles).

Mission Navigation Sensing.
0 Remotely Piloted Fllgh_t Control (altitude, rate T_elemetered data. Remo eN/A Control by remote pilot.

Vehicle sensing. Nose camera. pilot commands.

Table 14.Final ACL Chart [50]
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Since the final objective of the automation is éplace humans (level 10 of the initial chart), the
idea that has driven the development of the new ACdle is to consider a human effectiveness
metric to evaluate the UAS Level Of Automation: ti@bserve Orient Decide & Act” (OODA)
loop. OODA - originally developed to model the humizehavior in problem solving task — has
been interpreted for the UAS context, associatechdssue to the corresponding UAV step (e.g.
observation phase is considered as the achievitigedaituational awareness by the vehicle thanks
to its sensors). Although developed for militarynt&xt, the scale can be however used for civil
UASSs, since the capability to perceive the envirentmand to analyze the collected data is
equivalent independently to be in a battlespace @ generic operative scenario. Only the words
change.

Generally speaking the ACL charts is futuristiocs current UASs reach only a low LOA.

Autonomous Control Levels
Fully Autonomous Swams = 10

Group Strategic Goals |- 9

QUCAR Goal
Distributed Control = 8

Group Tactical Goals |- T

Group Tactical Replan |- 6 J-UCAS Goal

Group Coordination |- 5
Onboard Route Replan |- 4

Adapt to Failures & Flight Condiions - 3
Global Hawk, Shadow,

° ER/MP, and Fire Scout

Real Time Health/Diagnosis |- 2 G Predator

Pioneer
Remotely Guided |~ 1

1 1 1 1 1 1 l
1955 1965 1975 1985 1995 2005 2015 2025

Figure 42.Trend in UAS Level Of Automation [2]

As reported in the previous figure, the Predata &xa ACL of 2, while the more advanced Global
Hawk reaches about 2.5. The curve in Fig.42 idiveldo 2005, but the foreseen trend has not be
realized since now there are not operative UASB aiit ACL of nearly 7 (at least in MALE, HALE
and UCAV categories). Develop an high Level Of Aa#dion, in fact, is not a trivial task, due to
the difficulty in the implementation of the relativalgorithms, especially considering also the
certification standpoint. In any case, as the L@géreases, the type of interaction between human
operator and automation changes. In particularfalh@wving types can be distinguished:

» Direct manual controlthe automation has no or very little role.

» Assisted manual controthe automation helps the operator that keeps hewthe manual
control of the system (e.g. Flight Director).

» Shared controlautomation and operator share the control ot#tecle (e.g. basic autopilot
modes in which the operator set a demand, thatished and kept by the system).
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 Management by delegatiothe operator delegates the automation to perfewsme tasks
(e.g. advanced navigation guidance modes in wihietvéhicle follows automatically a path
defined by the operator or the autolanding). Theraation can not take the initiative.

* Management by consergutomation proposes an action that will be exatainly after the
operator approval (e.g. new route proposed by yls¢es according to a change in the
operative scenario, first evaluated by the operaorthen in case accepted).

« Management by exceptiorautomation proposes an action that will be exatut no
stopped by the operator within a time frame (e.g-board route replan in case of
emergency). Human approval is not mandatory.

* Autonomous Operation further advanced levels in which the automatioacides
autonomously to act, reporting or not the deciswtihe operator.

Comparing these interaction types with the LOA ahd Human involvement, there are the
following situations:

=
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Figure 43. Human Automation Interaction Levels [42]

It is quite easy to correlate the previous inteoactypes with the Parasuraman and Sheridan scale,
since it considers only the decision-making allmrathat is just the parameter used to discriminate
the several human-automation relationships. ForABé& chart, instead, the correlation is more
complicated, due to the fact that it is relativetite global system and do not consider explicitly
who takes decision between human and automatiaid®&sg in a UAS there can be functions with
different Levels Of Automation, and the ACL doed dascriminate this situation. In any case, a
possible classification of human-automation inteoas for the ACL and Parasuraman-Sheridan
scales is provided in Tab. 15. From the comparissiween these scales, the futuristic vision of the
ACL is reconfirmed, since more than half levels egkative to autonomous operation. Operative
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UASSs reach in fact only a Management by Delegaitideraction, and so they can be classified as
automatic system.

LOA Parasuraman-Sheridan et al. ACL

10 Autonomous Operation Autonomous Operation

9 Autonomous Operation Autonomous Operation

8 Autonomous Operation Autonomous Operation

7 Autonomous Operation Autonomous Operation

6 Management by Exception Autonomous Operation

5 Management by Consent Autonomous Operation

4 Management by Consent Management by Exception
3 Management by Consent Management by Consent
2 Management by Consent Management by Delegation
1 Direct, Assisted or Shared co-ntrol, Management by Delegation

or Management by Delegation
0 N.A. Direct, Assisted or Shared contrgl

Table 15.LOA scales vs. Human-Automation interaction

4.3 Human Supervisory Control

According to the Human-Automation interaction typlee operator role changes. In particular,
starting from the Management by Delegation stra{ggy automatic system), there is a shift from a
direct controller figure to a supervisor role. Aw tautomation increases further, the supervision
switches to higher command levels. In particulatvieen human and vehicle there are some
computers as intermediates. This form of computediated control is named Human Supervisory
Control (HSC), and it is particularly suitable tesgribe the control of an UAS

Controls  —— — AcCTUATON: | —
Human Operator

(Supervisor)

P R— Displays p—— E  —— Sensors *

Figure 44.Human Supervisory Control [51], [52]
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More in detail HSC can be represented by four esbatrol loops.

5 00 N
1
! Svsterm Health & Status Moniloring ;
- 1
==M Mission & == . .
Payload Navigation {Auto)Pilot > 1”‘5}‘1 >
Management Controls
Sensor, Plawing & execution Pitch, yaw,
commmnications, & for obstacle avaidance airspeed &

weapons management & route headmgs alfitude conltrol

Figure 45.HSC nested control loops [51], [52]

The inner loop is relative to the motion control@ance of the vehicle, and it is directly related t
the dynamics of the specific UAV. It comprises thanagement of autopilot (basic modes). The
second loop extends the control to the navigatibat is vehicle position determination, route
planning and its execution. Practically it involveany FMS functions. Finally outer loop considers
the management of the mission and payload. Indase the operator provides only high level
commands to the vehicle. Parallel to these thretr@ioloops, there is the system health and status
monitoring loop, that is transversely to the prergi@nes.

Each control loop can be allocated partially oallgtto human or automation. According to this
allocation there are all the possible LOA. In pardar different LOA there could be also inside the
same loop: for example the planning can be manhaéwhe route execution is automatic.

The reduction of human involvement in low levelkgxecution permits to allocate the limited
human resources to the more demanding knowledgedbpsocesses of monitoring, situation
analysis and decision making. As the LOA increaaksy part of these processes are allocated to
the automation. This permits a quick system readitiotime pressure situations (e.g. a failures or
new target detection), reducing further the operatorkload. Besides automating the first two
control loops is a fundamentals step in order toea® the multi vehicle control.

4.4 Automation Problems

It is apparent that rather than eliminating humamog; some of the new technology has simply
resulted in creation of entirely new opportunitisd entirely new categories of human error to
occur” (Lauber, 1987)[38]

Nevertheless the automation has been introducaddment the system capabilities and safety, the
poor attention to the HMI perspective has raised Heiman Factor issues. In particular, in the last

decades this matter has received greater attefiiomanned aviation after some catastrophic

accidents that have thought over the way in whiod automation has been integrated in the
cockpit. This knowledge pool is directly applicalallso on UAS, for which these issues are more
critical due to the greater LOA. Some UAV losses,fact, have been just caused by human-

automation interaction problems. In the followiregsons, the several Human Factor issues related
to the automation are discussed.
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441 Mode Awareness

On 20" January 1992 an Airbus A-320 crashed during tmelity to the Strasburg-Entzheim
Airport in France due to an erroneous crew autogddting. The crew inserted 3.3 intending to fly
with a 3.3 degree glide scope on the landing pativiaced to be in autolanding mode, but at the
moment the active autopilot mode was the vertipakd, and so the command resulted in a descent
rate of 3300 ft/min with the consequent crash [52].

This is only an example of one of the accidentsedlby a poor crew situational awareness about
the automation state and the way in which it workkis issue is named “mode awareness”
(sometimes also “mode confusion”), and it is onetlted main problems in human-automation
interaction.

A mode is defined as a system state that corresptmé@n unique behavior [27]. The operator
interacts with them in order to accomplish the gresil task. Comparing task description, user
mental model about how automation work and feedlprokided by the automation interface, the
following diagram is obtained:

: -Manhine'sElehavin.r =

)
[
¥

Figure 46.Mode Awareness factors [53]

Referring to Fig.46 the optimal situation is in ttene 1, where all factors are adequate. In oaler t
keep a good mode awareness, in fact, three conslifiball occur simultaneously: the task shall be
clearly specified (e.g. ATC constraints), the usteall have a comprehensive knowledge about the
automation functioning and finally the interfaceabtprovide an unambiguous feedback about the
automation state. Current systems are improvablallithese aspects. Starting from the task
specification, it depends only in part to the systbut having modes that permit to satisfy directly
the assigned tasks helps. Unfortunately autopfM§'s are very complex systems and the pilot
often has to reformulate the task in several stkashe/she has to perform. Complexity is related
directly to the big number of available modes atiradrs (in average 25 [54]) and to the transitions
between them. Just to give an idea: in average88@9é of control laws code consists of logical
statements [53].

Modes are usually classified in three categorigshpmodes (i.e. modes relative to vertical plane
motion through pitch commands), roll modes (i.e dewrelative to lateral plane motion through
roll commands) and thrust modes (i.e. modes raatwvvertical plane motion through autothrottle
commands). In Fig. 47 it is reported an examplatingd to the Boeing B-747 400, that has 21
different modes. The proliferation of guidance n®de due to the attempt to reproduce with
automation the same flexibility provided by theopimanual control, but this has complicates
considerably the management of the system. Besad#se difficulty to choose the proper mode
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combination to perform the assigned task on theetleontrol channels (pitch, roll and autothrottle),
there are other conditions that shall be monitdmgthe pilot. Each mode in fact is characterized by
a set of conditions relative to [55]:

* engagement,

e arming,

» disengagement,

» control properties (subsystem involved, set of pestars controlled, control moding),

» pilot overrides allowed.
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Figure 47.Boeing B-747 400 modes representation on PFD [34]

Further complication is provided by the fact thatne tasks can be performed in several ways: for
example the speed can be controlled with a pitckdemar the autothrottle, and still the demand
value can be taken from the flight plan or set bg pilot (eventually overriding the planned
demand). Although pitch/thrust are the same pammmeised in manual flight to control the speed,
the pilots have shown difficulty to translate thesecepts in relation to automation.

Besides not all the available modes can be comndabgethe pilot, since some of them are
submodes used by the system to achieve the asdigsled~or example the pilot usually activates
the autolanding, and then the system passes autathatrom the Glide Scope (G/S) during the
descent phase to Flare before the touchdown. GiSlame modes can not be activated directly by
the crew. This automatic mode changes are veryuémtgand they are critical for the crew
situational awareness. Researches on pilot comynimifact have demonstrated as 30-40 % of
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these changes go undetected with an increasingamiphobability [53], as occurred in some
catastrophic events in the past.

All previous considerations explains why it is diffit for the pilots to keep an adequate mental
model about how the automation works. “What is ggstem doing?” and “What will the system
perform?” are typical questions pondered by pildikis has an impact also on training, since
currently nearly 40% of an aircraft type rating smiis devoted to learn the use of autopilot/FMS
guidance [54].

Also the poor Human Machine Interface contributesdecrease the mode awareness. The
indication of active and armed modes is reportedttan PFD (see Fig.47), but the automatic
changes are not particularly highlighted. Besides Autopilot Mode Panel on which the crew
interacts directly with the guidance system ofteovaes less information than PFD, and this can
be misleading. As consequence the pilot is nosts$siadequately by the system to understand what
the automation is doing, and this could be dangerou

To resume: the poor attention to Human Factor getsge in the design of guidance laws (both in
term of functional moding and HMI) has leaded tassue about crew mode awareness, identified
as main cause of several catastrophic accidents.

4.4.2 Trustin Automation

The reduced mode awareness can draw the operasdr itr the automation. This is critical
especially in cases where the automation is opticaarad so the trust is one of the main factor
affecting the decision whether use or not the aat@ms. If the operator has a poor awareness
about how the automation works and what it is doingact, he/she can thinks that a so complex
system is very reliable also if little transparemtat the contrary he/she can maturate a podritrus

a system for which it is difficult to understanddapredict the behavior. In any case an incorrect
trust can be dangerous, because in a criticalteingan operator could react in a wrong way due to
his/her biases. An excessive trust in fact coudd lihe operator to blindly use the automation glso

it is in fail or if it is more appropriate to takeanual control, while a too low trust at the contra
could lead the operator to ignore system alertadicered false) or to disengage the automation at
the first demanding situation, also if it is safer.the first case there is the so-called complegen
phenomenon (also named automation misuse), whileeisecond case we speak about automation
disuse. Complacency, in particular, is dangeroupleal to poor human vigilance capabilities, with
consequent huge reaction time in case of suddecatevents.

100 %

Ovwer-trust ‘\
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Calibrated trust

Idis-trust
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0% 100 %
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Figure 48.Trust-Automation Reliability relationship [42]
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It is so very important for humans developing dbrated trust level in the system. Assuming an
adequate training of the operator, the trust im@ation is directly proportional to its reliabiljtgs
reported in Fig. 48. Human Machine Interface howes@ncurs to reach a correct trust. If the
automation state, action feedbacks and healthsadegtadequately presented to the operator, in fact
a greater mode awareness is provided and so his/stae prone to develop an adequate trust. This
issue is particularly critical for advanced UASswhich there is not the possibility of manual
control.

4.4.3 Switch from Physical to Cognitive Workload

Passing from manually controlled to automated systine cognitive workload component has
gained relevance with respect to the physical ®he has involved a change in the cockpit design
due to the new supervisor role of the operatopdrticular the monitoring, planning and decision
making activities can lead to a cognitive saturatod the operator (i.e. a very high workload) —
especially when there is the need to process nmapymation in a little time — with consequent

detriment of performance and the safety. This mnwbis in particular applicable for the UASs, in

which the operator is not physically on-board tledigle. Therefore the automation and its relative
interface shall be properly designed in order tbthe operator in these tasks.

4.4.4 Unbalanced Workload

Although automation has been introduced with thgeailve to reduce the operator workload,
sometimes it provides an unexpected effect in wthehworkload is reduced when it is already low
and increased when it is high.

Pillot capabilities
Margin of safety
I A
T
£ Task requirements
Prefiight Takeolf Crulse Approach & Landing
Time —»

Figure 49. Workload distribution per phase of flight

Considering the cruise phase for example, the doitbon of the FMS has reduced further the
workload in a low effort phase, automating somecfioms previously performed by pilots (e.g.

NAVAIDs tuning). Therefore pilots are relegated sgstem monitoring tasks, falling in the

vigilance case where humans perform poor. The tagulow attention can negatively affect the
pilot reaction time to a sudden event (e.g. callishvoidance or failure).

In the opposite case, in time critical situatiorteracting with automation could augment
considerably the workload due to the poor HMI andhe system complexity. A NASA research
about the FMS induced workload in the Terminal Aoparations (evaluated with the NASA TLX



68

scale) [56], in fact, has demonstrated as the FMB8a more demanding way to control the aircraft,
considering a route change and the communicatitimtive ATC as reference tasks (see Fig. 50). In
particular, in these cases the basic autopilot mdikeve been considered the less demanding
controls by the pilots, and it is preferred witrspect to manual control. In other words, an
intermediate Level Of Automation has been considienere suitable by the interviewee crews to
manage a quick aircraft path change in stresstuditions.

For the UASs this is a crucial issue, especiallytifie@ most advanced systems that do not have the
possibility to be manually controlled. In particyldue to the physical separation between vehicle
and operator, for UASs the opposite solution topa@ohigher LOA can be a better solution. Off
course a proper Human Machine Interface is neemledgport this solution.
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Figure 50. Workload vs. LOA in Terminal Area operations [56]

4.45 Increased Crew Coordination demand

Due to the poor transparency provided by highlymated system, a greater crew coordination is
required in order to provide an adequate situatiamareness for the operators. If a pilot, in fact,
reprograms the FMS without informs the other cresnrher, probably the second will not be aware
of the change and so he/she will develop an incomental model about what the aircraft will do.
This situation has caused several mishaps in the @amparing the time required to share a FMS
change with those relative to autopilot and mawoatrol, it is in fact evident a clear disadvantage
for the first due to its complexity.

Number of Times Flight
Plan Was Discussed

O = MW R~ @ oW O

Manual Autopilot FMS
Flight Condition

Figure 51.Crew Coordination Time vs. LOA in Terminal Area Q@gatons [56]
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Although this issue can be solved with a propanimg and procedures, the interface can however
help the crew providing a greater transparency @alauomation moding and notifying any
performed change. For a UAS this is critical foe tbhoordination between the several GCS
operators, especially between UAV and payload dpesa

4.5 RAFIV Model

In the previous sections the general Human Fadsuves relative to automation have been
presented, but the description of how exactly aarafor interacts with automated system has not
been provided. This knowledge is useful, sincer@vigles many practical indications about the
Human Machine Interface design.

Among the several models present in literatureRA&IV model has been chosen, developed by a
partnership between Honeywell (company active @mRNS design and production), the University
of Colorado (Institute of Cognitive Science) and MASA Ames Research Center [27], [57], [58].
RAFIV means “Reformulate Access Format Insert \{fe&f Monitor”, i.e. the five steps in which
the human-automation interaction is broken dowrnh@igh RAFIV has a general validity, it has
been specifically developed for the interactionhwihe MCDU of the FMS. Therefore it is
particularly suitable for our purposes.

Basic idea of the RAFIV models is that the effidgrmand the robustness of the interface is function
of the volume of actions memorized by the operator.

Pilot’s cogmition

\\

(1)
R:ji%i[::ﬂf External event (e.g. ATC instruction)
&tsnip:imofhaw T T i

automation will e

e S

Cues (e.g. button / knob labels, prompts)

PA: create
mental "
description PA: access page, panel, display
of how @ NE— —— o X L0606000
automation FORMAT Cues (e.g format prompts) toocooo
a8 000
User Interface

enntry

PA: entry in correct format

B e e —
Cues (e.g. labeis,
prompts)

PA: insertentry f

)
INSERT

"
]
i
i
1
1
L]
1
1
i
]
L
1
i
will be used —% data for

L]
1]
]
1
L]
L]
1
"
|
I data
H

(5)
VERIFY &
MONITOR

progress against
mitiion task ko, A s
ohjectives mission task objectives /)

Feedback of progress againts

PA = Pilot Action

Figure 52.RAFIV Model [57]



70

At each step corresponds the following operatdoast[27], [57], [58]:

1) Reformulate the assigned task shall be reformulated in tevfrdata to communicate to the
automation. In other words, in this phase the dpeaeates a mental model about how the
system shall be used. For example an ATC altitudarance is converted into the set of
data to enter in order to modify the current VNAMfile.

2) Access once a mental description of the automation use een defined, the correct
interface (i.e. hierarchy of pages, format, paatd,) shall be accessed by the operator. This
step corresponds to the operator mental orientativard the correct interface to use, and
to the identification of the required actions tepday the field for the data entry.

3) Format identified the interface the operator entersd& with the proper format (e.g. L0O.5
for a left route offset, or N4515.345 for the latie).

4) Insert once the data have been entered, the operatbrirstgxt them in the proper field.
This step is very typical of traditional MCDU in wh the data are entered in a scratchpad
and then inserted in the correct field acting amlthe select keys. In case a data is directly
entered in its field, the phases 3) and 4) camineg in a single step.

5) Verify & Monitor: finally the operator shall monitor that the cormddas been accepted by
the automation, that the system performs correatly that the command is appropriate to
accomplish the assigned task.

Each step can be accomplished by the operatolinectiie appropriate actions from the long term
memory or recognizing them from the visual cuesvigied by the interface [27]. Relying on too

much on memory is not an advantageous strateggcedly for infrequent tasks. In these cases, in
fact, it has been demonstrated that the succedslpfity is lower than 50%, with consequent

operator skills deterioration due to the low fregme of tasks execution and an increased
complexity perceived by the crew [57]. Besides als® training time is 2-10 time greater [57].

Unlucky current MCDUSs are poor from this standpp@gpecially in terms of not adequately task
support (with consequent needed reformulation) @owar guide provided by the interface in the
data entry.

Tasks Supparted by the
MCDU/FMS
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Flightplan/Route Planning

Aircraft Performance
Computations

Dhrect To
Holding Patterns
Lateral Route Offset

Missed Approach/Go
Around

Descend Direct

Descend Now

Tasks not Supported by
the MCDU/FMS

e Climb through
intermediate altitude
constramnt

® Descend to crossing
restriction

* Change
departure/arrival
mnway

e Adjust climb speeds to

achieve deswred chmb
gradient

e (Crossing radial with
altitude restriction

Figure 53. Example of tasks directly supported/not suppobied FMS [58]
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To aggravate the situation many tasks are not éeiquonsidering for example the Boeing B-777
MCDU and a sample of 102 tasks, the74% of thenheftneed memorized action sequences and
the 46% occurs infrequently [27].

Therefore the weak human-automation interactiomlue to the way in which the automation
functions have been implemented and to the poor.HMEplay size and device layout are not
considered as causes.

From this analysis some guidelines for a new FM&rface can be derived [27]:

» the interface shall support directly (as much asspbe) the mission task execution to
reduce the workload related to the reformulate,step

» the operator shall be guided in the interface adgon with visual cues like labels, prompt,
dialog boxes, pop up and so on,

« the step of verity & monitor can be simplified deyng to the operator a visual
representation of automation state.

In particular for the second and third points, #a®ption of a Graphical User Interface seems the
solution (in fact the modern FMSs have it as reggbih Fig. 33), but it is not enough alone. Ithe t
careful design of the automation functions in suppbmission tasks that makes the difference.
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5 STANAG 4586

5.1 Introduction

The STANAG 4586 is a NATO standard for the UAS iiapeerability that provides interfaces for
the communications between GCS/UAV and GCS/C4l (@anmd Control Communication
Computer Information center). External mission Rlag stations and logistic support are included
in C4ls. Today's many UASs have been designed sty with specific interfaces and unique
software/hardware architectures, that do not pettmitachievement of an adequate interoperability
with different UASs. Considering that usually there several UASs that cooperate to reach the
mission goals, there could be a proliferation ofS3@Gnd difficulty to share the collected mission
data to the C4ls.
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Figure 54.Current UAV System Operation Example [1]

In order to reduce the operative costs and enhdheemission effectiveness in terms of
exploitation, dissemination and analysis of gattierdata, a proper standard for UAS
interoperability is therefore needed. At this pupothe STANAG 4586 has been developed.
According to it, a compliant GCS would be ideallyleato control each compliant UAV/payload
and exchanging information with compatible C4lsptactice this is not directly possible due to the
need of some specific modules, with the relativabfams of integration and qualification (critical
for the civil certification). Actually a GCS willdable to interact with all UAVs and C4ls for which
it has been integrated and qualified. Followingamdard, however, the processes of integration and
qualification should be shorter and easier witlpeesto starting from zero with a specific solution
Although the STANAG 4586 has been conceived foitam} applications, it is directly applicable
also to civil missions, since they have the sameirements of interoperability. The matter of UAS
integration in civil air space however is not teghin the standard.
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Currently the STANAG 4586 is still not very diffusen operative UASs, but it is adopted as
reference in the design of many new systems, ag@fibre it is a very good candidate to become
the universal standard in the near future.

At the moment, there are two published editionghaf STANAG 4586, and the third has been
diffused in draft. In any case, due to the compjeaind the broad of the subject, and to the early
maturity of the standard, in practice the STANAG@&3%s difficult to implement since many design
choices and solutions can be adopted. In order elp kthe designers, therefore, a relative
Implementation Guide has been developed [59]. Theeghowever provides only suggestions to be
compliant to the standard, but not mandatory remouents.

The second edition has been adopted as referemcthdoFMS design, especially in terms of
interface protocols. This differentiates furtheFlS for UAS with respect to that for an airliner,
since the STANAG 4586 philosophy is quite differémm traditional manned aviation concepts
due to many peculiarities of unmanned systems.d@sshevertheless the STANAG 4586 provides
directly only a guide to define the system intermaérfaces, it affects as consequence also the
design of the system architecture, functionaliaes the relative HMI. Considering the interface
between GCS and UAV (or better a specific modulehef UAS control system as it is reported
next), in fact, the STANAG 4586 provides a seriestandard messages in both the link directions
(uplink and downlink) plus the possibility to creabhew specific messages (private messages).
However the use of a protocol (with the relativessage structure and data) inevitably affects the
design of the system functions and architecturpsaally considering the requirement to reduce as
much as possible the vehicle specific elements ideroto reach the greatest possible
interoperability.

5.2 Level Of Interoperability
According to the STANAG 4586 there is the followidgfinition of interoperability [1]:

The ability of Alliance forces and, when appropeidiorces of Partner and other nations to train,
exercise and operate effectively together in tlezetion of assigned missions and tasks.

This is a generic definition that does not discnate the possible intermediate situations. At this
purpose, the STANAG 4586 has created the concepkewél Of Interoperability (LOI) for the
communication between GCS and UAVSs. In particuiarée are the following five levels [1]:

« LOI 1: indirect receipt of UAV related payload data.

o LOI 2: direct receipt of UAV payload data.

* LOI 3: control and monitoring of the UAV payload in amioin to direct receipt of other data.
* LOI 4: control and monitoring of the UAV, less launcldaecovery.

* LOI 5: control and monitoring of the UAV (level 4), plieunch and recovery functions.

Note that higher levels do not necessarily inclpgevious levels: for example it is possible to have
the full control of the vehicle (LOI 5), withoutehpayload control (LOI 3). Payload control (LOI
3), instead, comprises the direct reception otiredadata (LOI 2).

Besides the LOI concept considers only the intawpbty between GCS and UAV, and not
between the GCS and C4ls. A GCS can implementrdiitdevels of interoperability for the same
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UAV or for different vehicles (e.g. a GCS can bdeato control the UAV “A” and its relative
payload, or to control the payload of the UAV “Bidato have a direct receipt of UAV “C” data).

For a FMS, the LOI 5 has been considered sincep#tiydoad control is not demanded to it. In
particular, fifth level permits to include also thetotakeoff and autolanding modes for the guidance
function. Interoperability with the C4l is not tted, since it is not a FMS function.

5.3 System Architecture

In order to implement the interoperability requikamy a proper system architecture shall be
adopted. In particular referring to the UAS defonit provided in the Chapter 1, it is possible to
distinguish the elements reported in Fig. 55. Thmmunications between them are defined by
several standards. In particular the STANAG 4586pplicable to the Unmanned Control System
(UCS), for which it specifies the requirements tbe definition of the architecture and the
interfaces.
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Figure 55.UAV System Interoperability Architecture [1]

The UCS is composed by the following elements [1]:
« Core UCS (CUCS),
* Human Computer Interface (HCI),
» Data Link Interface (DLI),
* Command and Control Interface (CCI),
* Vehicle Specific Module (VSM),
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Figure 56.UCS Functional Architecture [1]

CUCS is the “core” of the control system and itrésponsible to provide the control functions
according to the implemented LOI. In case an UA\ hat been fully developed according to
STANAG 4586, a VSM is added to the system. Veh@&pecific Module is mainly responsible to

translate the standard STANAG protocol into unigekicle proprietary native language and vice
versa, with the relative interface timing and dianat conversions. The VSM is the key of the
STANAG 4586 interoperability philosophy, since imder to enable the control of a new
UAV/payload by a GCS it is sufficient to integratee relative VSM with no changes or minor
changes to the CUCS (due to specific messages ANBG format and relative visualization on

the HCI). Besides the “translator” role, the VSMfpems other functions like [1]:

» acting as repository for UAV specific informationdafunctions,
» optimizing datalink transmission bandwidth,
* managing the interfaces to monitor and controldélink,

* managing the interfaces for the control of the lcu& Recovery Systems (specific of each
UAV).

Communications between CUCS and VSM are implemeoyettie Data Link Interface, with UAV
proprietary interfaces between VSM and air vehillements (e.g. Flight Control Computers or
Payload Control Computers). VSM can be hosted m@GCS, on the UAV or split in a ground
VSM plus an airborne VSM (see Fig. 57). In thetfrase, the Data Link Interface is not actual
connected to the datalink terminals, since it iatinee to intra ground segment communications.
Basically hosting the VSM in the GCS simplifies tthesign, but in order to increase the vehicle
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Level of Autonomy it should be hosted on-board.eintediate solutions are also possible,
especially to control specific launch & recovergraents for which the airborne VSM has an
excessive latency. Noting that in a GCS there cbeldhore VSMs for many vehicles/payload or to
implement different LOIs for the same vehicle (gpgyload and vehicle control). In case of a
ground VSM, it can be practically realized with geme, different or remote hardware with respect
to the CUCS [1].
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Figure 57.VSM allocation in the UCS [1]

The Human Computer Interface (HCI) receives inglitsctly by the CUCS. Vehicle specific data
are displayed using the private messages. The STAMB86 specifies macro requirements about
the HCI functionalities that the CUCS shall supdortdifferent LOIs, but it does not provide any
impositions about the human factors (e.g. displayolit) and ergonomics (e.g. physical
arrangement of displays) standpoints. Thereforestees presented in the previous chapters are not
considered by the STANAG 4586. For the LOI 5, imtigalar, the following functions shall be
provided to the operator [1]:

» configuration,

* mission planning,

* air vehicle control,

* operator control and monitoring,
e communication management,

« alert visualization and management.
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The first five points are more or less directlyated to the Flight Management System.

Considering the Implementation Guide, it suggestses possible HMI standards to follow and

provides a general guide to the design processhthat been considered in our work [59]. As HMI

standard, in particular, the MIL-STD-1472 has badapted, considering that is a common diffused
standard for several applications both in militang civil fields.

To conclude the examination of the STANAG compligydtem architecture, there are the CCl and
the CCISM, that are the equivalent of the DLI ahd ¥SM for the communications between a

GCS and a C4l.

5.4 Message Wrapper Structure

STANAG 4586 defines a wrapper structure
reported in Fig. 58.

IDD
Msg Instance

Header — Message Tvpe

Message Length
Stream ID
Packet Seq #

R

Message
Data

Checksum

commonh standard and private messages, as

Instance

Number of bytes in body

Unique stream for each source/destination
pair

Reassembly sequence number

Figure 58. STANAG 4586 Message Wrapper Structure [1]

Three main areas can be distinguished: the he#ldermessage data (message body) and the
checksum. The header is composed by several {i£]ds

» Interface Definition Document (IDDnumber relative to the implemented STANAG 4586

edition (e.g. 2.0 for the second edition).

* Message Instancerogressive uniquely numerical identifier of thressage instance (e.g.
101 for the 101 message type “X” sent by the CUCS),

* Message Typenumerical identifier of the type of message (&4gssage 2100). Number
under 2000 are reserved to the standard messabds,tihe greater ones are available to

create private messages.

* Message Lengtmumber of bytes in the message body.

» Stream ldentifier (ID)reserved for future capabilities.
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+ Packet Sequencaot used and set to “-1".

Message body is the core of a message and confteredt data according to the type. Unique
common information are the time at which the mesdaas been captured, and the ID of vehicle
and CUCS. Finally the checksum is a bit sequenttedaced in order to verify the message data
integrity. In practice transmitter and receiverccdate this parameters with the same algorithm and
So it is possible to detect an error comparing dhkeulated theoretical value with that actually
received. As reported in Fig. 58, a private messagkstinguished from a standard one only from
the message type and the typology of contained data

For each message, the STANAG 4586 provides thel agtéhe contained data, the conditions
relative to the message sending and a guidelimapgtement the relative moding. In particular each
data is characterized by the following informatjh

* Unique ID,

* Field in the message body (progressive number),

» Data name and description,

* Type (e.g. double, float, integer, unsigned, chtr,),

* unit of measure (in general the international systeconsidered),

» admissible range of value.

. . Data Element Name & .

Unique ID Field Description Type Units Range
0044.01 1 Time Stamp Double Seconds See Section 1.7.2
0044.02 2 Vehicle ID Integer 4 None See Section 1.7.5
0044.03 3 CUCSID Integer 4 None See Section 1.7.5
0044.04 4 Set Lights Unsigned 2 Bitmapped 0x0001=Nav

When a bit is set the lights are 0x0002=NaviR
commanded on, when the bit is 0x0004=5trobe
cleared the lights are 0x0008=5trobelR
commanded off. 0x0010=NVD
0x0020=reserved
0x0040=landing
0x0080=landingIR

Figure 59.Example of STANAG 4586 message body [1]

In general, the STANAG 4586 philosophy consideet thr each message sent by the CUCS, there
should be the relative response from the VSM (tedios of the vehicle response in its native
language), in order to be aware of the parameteatyg active on the UAV.

5.5 Guidance Implementation

Guidance function is implemented by the CUCS ardUBM with the standard messages reported
in Tab. 16. The moding foresees that the CUCS sentlse VSM the operator demand, and then

the VSM responses to the CUCS according to theediicle states. An exception is relative to the

loiter demand message (MSG #41), for which no stehdesponse has been implemented by the
STANAG 4586.
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Object CUCS Demand VSM Response
Guidance mode selection MSG #42 MSG #106
Guidance mode demands selection MSG #43 MSG #104

Guidance mode demand source

(database/override) MSG #48 MSG #109
Loiter parameter demands MSG #41
From-To WPs State MSG #110

Table 16.Guidance related messages

MSG #42 contains the guidance mode demanded hypi@tor. The following standard modes are
considered by the STANAG 4586 [1], [59]:

Mode Means

No mode No guidance mode active.

Flight Director Manual near real time UAV control using MSG #43 hwautopilot

disengaged.
Wavooint Automatic steering in order to follow a WPs sequerquivalent tg
yp the sum of LNAV and VNAV modes of a manned FMS.
Loiter Loiter around a point defined by MSG #413#4
Autopilot Autopilot engaged (general terms) with a possibibit a near real tim¢

manual override by the operator using the MSG #43.

Autopilot engaged plus terrain avoidance with aegi\height safety

Terrain Avoidance .
margin.

NAVAID navigation Slaved navigation with respectNé\VAID beacons.

Autoland Engaging of automatic landing.
Wave Off Automatic go around in case of abortedliag.
Launch Engaging of automatic take off.

Slaved navigation with respect to the active payl@ag. with respedct

Slave to sensor . . .
to the observed point with an electro optical cajper

Table 17.STANAG 4586 standard guidance modes
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As reported in Tab. 17, these are very general si@tiptable to several UAV types. The
STANAG 4586, however, foresees the possibilitytfar operator to define vehicle specific modes
using always the MSG #42 through an enumerativédie

Guidance mode relative demands, instead, are sgubaif the MSG #43. This messages contains
many parameters, but only a subset of them are assutding to the mode selected in MSG #42
and to the considered vehicle capability. In patéicthe following standard demands are available:

» altitude,

» vertical speed,

» altitude + vertical speed to achieve it,
* heading,

e course,

» heading rate,

e turn rate,
* roll rate,

» roll angle,
* speed,

» destination waypoint (DWP) for the waypoint modeabher vehicle specific navigation
mode (provided as an univocal numerical identfigexplained later for MSG #802),

» loiter point coordinates for loiter guidance modether vehicle specific navigation mode.

For vertical plane (altitude, vertical speed, atté + vertical speed) or lateral (heading, course,
heading + course, roll) demands, in particular, &G #43 specifies which is the parameter to
consider between the available options. Besides ipossible to specify the type of altitude
(pressure altitude, barometric altitude, GPS alétor height) and speed (indicated, true or ground
speed). For the barometric altitude is provided al$ield to set the altimeter reference pressure.
MSG #48 is used for waypoint and loiter modes ieorto determine the source of altitude, speed
and course/heading demands between the planned {(@dtiabase — DB) or an override (OVR)
value specified by the operator (sent through M8@) #

Finally MSG #41 contains the loiter parameterstha loiter guidance mode in terms of geometric
characteristics of loiter path, altitude plannetugaand type, speed planned value and type. More
details about the loiter waypoints is providing the next paragraph. Loiter types and relative
geometric characteristics will be explained laterthe MSG #802 (Mission Concept paragraph).
VSM responses (when available) are a copy of th€Elthessages, with the exception of the MSG
#104 that contains less parameters with respeittecoMSG #43. In particular no VSM echo about
the vertical speed demand is provided. Another gxame is the MSG #110, that is the VSM report
about the Next/To Waypoint state when the UAV iswaypoint mode or about the loiter
coordinates in loiter mode. MSG #110 can be alsal éisr periodic report during navigation.

The set of standard guidance messages thereforflearele and adaptable to many different
systems, with more options and a greater LOA wébpect to a manned aircraft. No standard
messages for remote manual control, in fact, aveiged.
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How using in detail each message and what datangrib them is left to each vehicle specific
implementation and it depends also by the considgy@idance mode. The STANAG 4586
Implementation Guides limits oneself to suggest €ldCS sends required message for the relative
mode, with the VSM that responds at each of theesid®s, for the scheduling, the guide suggests
that CUCS and VSM send messages only when theaemsde/demand change in order to save
communication bandwidth (i.e. asynchronous impletaién) [59]. Just to clarify the moding, the
paragraph is concluded with some examples relabivae possible guidance mode implementation.
Other data contained in the involved messages angpecified below are not considered, since not
applicable to the considered cases.

Mode CUCS Messages VSM Messages
e MSG #42-mode: autopilot. |« MSG #106-mode: autopilot.
« MSG #43: e MSG #104:
Altitude

- altitude demand = 1524 m - altitude demand = 1524 m

Hold at 5000 ft (1524 m

- altitude type: GPS - altitude type: GPS

- demand type: altitude. - demand type: altitude.

e MSG #42-mode: waypoint. | ¢ MSG #106-~mode: waypoint.

« MSG #43-DWP: 1157. « MSG #116-DWP: 1157.
MSG #48: .

- altitude DMD source = DB

MSG #1009:
- altitude DMD source = DB

LNAV + VNAV °
(route already loaded)

- speed DMD source = DB - speed DMD source = DB

- course DMD source = N.A. - course DMD source = N.A.

« MSG #42-mode: loiter. « MSG #106-mode: loiter.

« MSG #43: »  MSG #104:

- altitude demand = 1524 m - altitude demand = 1524 m

- altitude type: GPS - altitude type: GPS

- demand type: altitude - demand type: altitude

- speed demand = 55 m/s - speed demand = 55 m/s

- speed type = IAS - speed type = IAS

Direct to Loiter - loiter latitude = 0.77 rad .

MSG #1009:
- altitude DMD source = OVR

- speed DMD source = OVR

- loiter longitude = 0.131 rad
MSG #48:

- altitude DMD source = OVR
- speed DMD source = OVR
- course DMD source = N.A.

MSG #41-loiter type and
geometric characteristics.

- course DMD source = N.A.
MSG #110:
- loiter latitude = 0.77 rad

- loiter longitude = 0.131 rad

Private message to respond to MSG #4

Table 18.Example of guidance mode selection according toI$A& 4586
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5.6 Mission Concept
5.6.1 STANAG 4586 Mission Structure

An UAS shall extend the traditional flight plan mianned aircraft FMS to the concept of mission,
due to the particular tasks assigned. The STANA&4tefines a mission as [1]:

The route planning, payload planning, datalink plarg (including frequency planning), and UAV
emergency recovery planning (rules of safety) fotJAV flight.

More in detail, plans composing the mission conc¢eenfollowing items [1]:

Plan Means

Set of waypoints defining the path of the UAV. Qtkiean 4D attributes
Route Plan at each waypoint it is possible to define airframeions. Taxi Plan cap
be included with the same form.

Details about the sensor to use, the relative diperanode, image
Payload Plan resolution, configuration and the associated taigetn be linked to th
route plan through payload action specified at egaypoint.

14

Details about the bands and frequencies to usanlbe associated to the
Datalink Plan route plan through specific action specified foctea/P (e.g. handovgr
from a LOS datalink to a BLOS satellite link).

Details about the recovery actions that the UAVIIshatomatically
perform in case of failures (e.g. link loss) acdogdto the rule of safet
Emergency Recovery| defined during the mission planning. Typical exaespbf these action

Plan are reaching contingency WPs or following contir@ernoutes starting
from the current active route. Emergency WPs/Roateslinked to thdg
Route Plan.

[

Table 19.Plans composing a mission according to the STANAG4

In general, the STANAG 4586 does not consider tlaampng itself, but it rules the process of
upload/download of a mission to/from a VSM. Datagent in the relative standard messages
however influences the concept of mission andrithitecture. According to the involved standard
messages, in particular, the STANAG 4586 missiomagle by one or more routes, each of them
composed by a sequence of waypoints (see Fig. 60).

Loiter Characteristic

WP 1 -= '::. Payload Action
: i Airframe Action
: 1
Routet - “—__ Vehicle Specific WP
Mission WP “n"

Route "n”

Figure 60. STANAG 4586 Mission Architecture [17]
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Routes, in particular, represent the UAV path idlaspace through broken lines (see Fig. 61),
having the waypoint as vertexes. Fourth dimenssospecified assigning a speed or a temporal
demand to each WP. This is quite different from ARINC 424 concept, since STANAG 4586
specifies only the terminator (i.e. the waypointdanot the mode in which a leg is flown, that
depends by the specific implementation of the UAA¥igation laws. Typically however the legs
are flown in track mode. The track is determinedsidering the azimuth of each route segment
with respect to the North. Besides at each WP @iadied airframe, payload or other specific
actions in order to increase the system LOA. Thkia ifurther difference with respect to manned
FMS flight plans.

4 Altitude

WP3
WP2

WP1
WP4
&

Longitude A
Latitude

Figure 61.Example of route

Considering the communication protocol, apart tlaalink plan that is not directly relative to the
FMS, there are the following standard messageth&other plans [1]:

Message Object Affected Plan CUCS Use| VSM Use
#800 Mission Upload Command Mission level X
#801 Route definition Route / Emergency Recovean® X X
#802 WP definition Route / Emergency Recovery Plans X X
#803 Loiter definition Route / Emergency RecovelgnB X X
#804 Payload action definition Payload Plan X X
#805 Airframe action definition Route / Emergendyatalink Plans X X
#806 Vehicle Specific Action Mission Level X X
#900 Mission Upload/Download Statys Mission Level X

Table 20.STANAG 4586 standard messages related to the Misdgpoad/Download
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5.6.2 MSG #800
Examining more in detail the messages, the MSG #80its to execute the following actions [1]:
» clear a mission on the VSM,
* |oad a mission on the VSM,
» download a mission from the VSM,
» download a single waypoint from the VSM,
e cancel upload/download process.
Each mission is univocally identified by a strinfig2® characters. Although the number of missions

that can be uploaded on a VSM is not specified, liigic that there is only a mission at time oa th
VSM (and therefore on-board the UAV).

5.6.3 MSG #801

Message #801, instead, defines a route, identbie@ string of 33 characters. In particular, the
following route types are distinguished [1]:

* launch (i.e. take off route),

e approach,

» flight,

e contingency A,

e contingency B.
Apart from the take off and landing specific royta other normal routes are categorized as
“flight”, independently if they are related to anisit or to a mission phase (e.g. searching afgeta
in a given area). Contingency routes are relatovéhe emergency plans and are distinguished
between A and B, since at each normal route WPbeaassociated two contingency WPs from
which it is possible to define the relative rout€antingency WPs assignment is done in MSG

#802. Finally in MSG #801, it is specified the fil&P of the route, that permits to rebuild the WP
sequence composing the route.

5.6.4 MSG #802

MSG #802 defines a basic WP and it is the cordn®fSTANAG mission protocol. It contains the
following information [1]:

* Waypoint number (univocal identifier of a WP),
» 2D position:

o Latitude/longitude data (WGS 84),

o X, Y coordinates with respect to a relative refeeeframe.
» altitude (third dimension),

 altitude type:
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pressure altitude,
barometric altitude,
GPS altitude (WGS 84),
height.

» speed type (fourth dimension):
o Indicated Air Speed (IAS),

0 True Air Speed (TAS),
o0 Ground Speed (GS),
o]

Arrival time.

» speed value (set only if speed type is equal tq IR&S or GS),

» arrival time value (set only if speed type is eqoarrival time),

e turn type:

o short turn (i.e. Fly By WP),

o flyover (i.e. Fly Through WP).

* next WP number (data used to construct the routes),

* Contingency “A” WP number,
» Contingency “B” WP number.

The WP number is used as univocal identifier angl the key that permits to build the routes (plus
Initial WP number in the MSG #801 plus next WP nemin the MSG #802), to associate

Contingency WP/route or a generic action to a Wher& shall not be two different WPs with the
same number in a mission. WP number ranges from 85535. “0” indicates the end of route.

Considering for example a route composed in orgethb waypoints “WP1”, “WP2”, “WP3” and

“WP4”, it is constructed by the following messages:

MSG Instance Route Type Initial WP Number
#801 1 Route 1 Flight 1157

WP MSG Instance WP Number Next WP Number
WP1 #802 1 1157 1158
WP2 #802 2 1158 1159
WP3 #802 3 1159 1160
WP4 #802 4 1160 0

Table 21.Example of route construction from MSG #801, #802
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Although the WPs are identified by a number in phetocol, the operator usually identifies a WP
through a short text (e.g. “WP1"). This data howeige not needed to the VSM. The CUCS
therefore performs the association between theidextifier and the WP number (not displayed to
the operator). WP identifiers are managed difféydn the Mission and Route ones, due to the fact
that they are not only used by the VSM to distisguan item, but also to actually construct a route
with the relative actions associated from the seakreceived messages. For these operations a
numerical ID is more efficient from the softwararsiipoint with respect to a string.

From the attributes standpoint, a WP is alwaysnaefiin all four dimensions. Lateral position can
be specified with Latitude and Longitude with restp® the WGS-84, or by Cartesian coordinates
(X and Y values) with respect to a Relative refeesframe. This is defined with the MSG #47, not
reported here for simplicity. For the altitude, info about how the altitude is reached on the g i
provided. The climb/descent laws are vehicle speaifid so they are not treated by the STANAG
4586. If a user wants to specify them, a dedicptedite message shall be created.

WP2 Top Of Climb WP2

WP1 WP1

1) Linear climb fromWP1 to WP2 2) Initial Climb at best rate with a
cruise phasetoreach the WP2

Figure 62. Examples of possible climb laws

As fourth dimension on a WP, a speed demand orraraktime are considered alternatively (i.e. a
speed and a time can not be assigned together).midre common speed type is the IAS
(considered as reference by the ATC), but also B8 GS demands are available. GS, in
particular, is used for mission purposes (e.g. @epsinting) or to reach a certain time for UAVs
that have not the capability to process time demakrdval time is an absolute value (e.g.
15:59:25), expressed as number of seconds frorb*tdanuary 1970 in order to provide info about
the relative date.

STANAG 4586 does not provide directly the possipito assign altitude, speed or time constraint
to a WP, at difference of traditional FMS.

As WP type, instead, are considered only Fly By BhdThrough. Loiter path can be introduced
through the MSG #803.

Finally, contingency WPs/Routes are another diffees with respect to manned aircraft flight
plans, since for the UAV is needed to plan saftap#d be automatically flown by the vehicle in
case of lost link condition (i.e. loss of uplinkneamunication between the GCS and the UAV) or
when some failures occur [17]. Contingency WPsast Contingency Route WP can be also safe
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crash points for the UAV termination if no recovetions are possible, in order to reduce as much
as possible damage to people and infrastructurethi®\ purpose, the STANAG 4586 foresees for
each normal route WP the possibility to assign @amtingency WPs, named “A” and “B”. From
them it is possible to define a Contingency Rostaad before. Having two WPs permit to define
different path according to the considered emergefioc example the path A can be relative to the
lost link, while the “B” to a termination point dde a major failure of the vehicle. According t@th
STANAG philosophy many implementations are possible

— —® Mommalleg Emergency Leg
® >
o—oa—— > o Y
t\_ 1 "\\
\\ ‘\L‘ »
L .
Unigue contingency VWP Contingency WP for each route WP Contingency routes

Figure 63.Examples of Contingency WPs/Routes [17]

Although advised for safety, it is not mandatory 8ITANAG protocol to have two Contingency
WPs for each normal waypoint. Contingency WPs bdrays defined by a MSG #802. As example
of Contingency route upload, the following examigl@rovided:

— @ Normalleg WP1 WP2 WP3

Emergency Leg

MSG Instance Route Type Initial WP Number

#801 1 Routel Flight 203

#801 2 CNTG Route Contingency A 207




WP MSG Instance | WP Number NNi):;\bAél: C: r,]\fijnrgﬁgfy Cé) T\fmigfy
WP1 #802 1 203 204 0 0
WP2 #802 2 204 205 206 0
WP3 #802 3 205 0 208 209
CNTG1 #802 4 206 207 0 0
CNTG2 #802 5 207 0 0 0
CNTG3 #802 6 208 0 0 0
CNTG4 #802 7 209 0 0 0

Table 22.Example of Contingency WPs/Routes upload

5.6.5 MSG #803

Message #803 specifies a loiter pattern for a WiFparticular, the STANAG 4586 considers four

types of loiters:
» Circular,
* Racetrack,
* Figure 8,

» Hover (applicable only to rotorcraft or tilt-roteehicles).

. Loiter Bearing
Radius i
= True <
|/ ﬁ Loiter North?- g \.I
\__ /™ Point / \ '
Circle - - /
Loiter Point &
e . Fly To Point
igure
5 Race Track
Loiter Length
; L Loiter Length
: o )
/T \ Radius .— =
Radius ™ X ~ ” Focus ‘ \
| |
\  Focus Focus |
Loiter Point \\ /
& Fly To Point =Ty
¥ Fly Tof Loiter Point
Point

Figure 64. STANAG 4586 Loiter Patterns [1]
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Loiter Center is defined by the relative WP cooaties (MSG #802), while the pattern type and the
relative geometric characteristics are definechexMSG #803 (see Fig. 64 and Tab. 23).

Parameter Meaning Circle | Racetrack | Figure 8 | Hover

. Dimension of the circle or semi-
Radius width for Racetrack and Figure 8 X X X

Length of pattern in the bearing

Length direction for Racetrack and Figure

Azimuth with respect to the North g

Bearing the Racetrack/Figure 8 greater axi

Table 23.Loiter Pattern Geometric Parameters [1]

MSG #803 considers also the loitering directiorwsetn the following options [1]:
» clockwise,
» counter-clockwise,
* into the wind,

* vehicle-dependent.

Although the direction is assigned, the way withickihthe UAV enters in loiter from the relative
leg is not considered, since it is specific of thAV navigation laws. As loiter exit condition,
instead, is considered the expiring of a loiteriimge, reported in the MSG #803 as relative time
from the loitering starting.

5.6.6 MSG #805

Relative to the Route, Emergency and Datalink Rlahgach normal and emergency WP can be
associated an airframe action with the MSG #805panticular, this message consider some
standard actions for a series of vehicle functions:

Action Functions

« Navigation/Strobe Lights,

*  Turn Off * Primary/Secondary Datalink,
*  Turn On « Navigation/Strobe IR Lights,
e Go to Standby « NVD Compatible,

* Receive Only e Landing,

e Transmit Only e Landing IR,

* Vehicle Specific Action.

Table 24.MSG #805 data
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5.6.7 MSG #804

For the Payload plan, it is possible to associata ¥WP an action relative to a certain payload
(identified by the relative station number) by M&G #804. More in detail, the following options
are available [1]:

* set sensor 1/2 mode:

0 turn off,

o turnon,

o stand by.
e sensor output:

0 sensor 1,

0 sensor 2,

o both.
* set sensor pointing mode:

o nil,
angle relative to the vehicle,
slewing rate relative to the vehicle,
slewing rate relative to the inertial,
LAT/LON slaved,
target slaved,
stow,

line search start location,

o O O o o o o o

line search end location.

» set starepoint coordinates:

o latitude,
o longitude,
o altitude,

o altitude type (barometric, pressure, GPS altitudeeight).
» payload azimuth with respect to the vehicle,
* payload elevation with respect to the vehicle,

* payload sensor rotation angle.

5.6.8 MSG #806

Finally, the STANAG 4586 provides the MSG #806rtgplement the execution of vehicle specific
action. For each action — identified by a string possible to command the start and the end.
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Actions specified by the MSGs #804, #805 and #8@6started when the relative WP is the current
DWP. In other word, they are performed along therédative to the associated WP.

At each WP is possible to associate more additiomedsages #803, #804, #805, #806, always
using the field WP number.

5.6.9 MSG #900

As last message relative to the mission there @s#®00, used by the VSM in order to provide

feedback about the upload/download status (in pssgrcomplete or aborted/rejected) and the
complete percent.

5.6.10 Mission Upload Protocol

To conclude the section, in case of mission upltfael protocol starts with a MSG #800, followed
by a #801 and relative WP MSGs (#802, #803, #88@5##806) for each route of the mission. The
VSM responds with the #900 for the upload status.

#803

#804

#805

#3806

#803

#804

#3805

#806

Mission
CuUCS
Routes
WP and relative actions VSM
=
#802 %802 Status
t’:’:’

Figure 65.Mission upload according to STANAG 4586

5.7 Navigation / Trajectory Prediction Related Messages

In Chapter 2 some parameters relative to the “Neidg” and “Trajectory Prediction” functions of

a traditional manned aircraft FMS have been idetif(see section 2.3.1). They are perfectly
applicable also to UAS, and being calculated ordbdbey are affected by the STANAG 4586
protocol. Unlucky not all of these data are presarthe common messages. In some case, it is
possible to calculate the data from other pararsdteg. the Ground Speed and the Track from the
North and East speed components), but in othersldhee is missing. In Tab. 25 it is reported an
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analysis about the data availability, considerirggmple of typical FMS parameters. As reported in
Tab. 25, only the UAV position is directly preseshia the common messages, while other data can
be determined by the NED vehicle and wind speedpom@nts. Greater part however is not
available, forcing the designer to use private mgss since many of the missing data shall be
displayed to the operator according to the STANAIF M Some of missing parameters could be
calculated, but it is more correct that they areteweined on-board as output of the
navigation/trajectory prediction algorithms. Foraeple cross track and track angle errors can be
calculated by the CUCS comparing the current UAY¥ifan and track with respect to the planned
leg (i.e. geometric segment joining two WPSs). Tiasvever could introduce some errors, since the
navigation/trajectory prediction laws can consigeme virtual leg during the flight, not known on
ground.

Not Present & Not
Calculable

Calculable from

Data Present other standard data

UAV Position (Latitude,
Longitude, Altitude)

Ground Speed

Track Angle

Drift Angle

Wind Speed/Direction

Estimation Position
Uncertainty
Source of Best Data (i.e.
sensor used to determine t X
Navigation data)
Cross Track Angle X
Track Angle Error X
Predicted Fuel Consumptio X
Arrival time at WP X
Distance to travel at WP X
Point of Non Return X
Equal Time Point X

Table 25.Navigation and Trajectory Prediction data avaii&pil
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5.8 STANAG 4586 Limitations

The STANAG 4586 represents an admirable effort idep to develop an universal interface
protocol that permits the control from a single Ga& 8lifferent types of UAVs. Taking into account
for example the differences from a tactical rotafctJAV and a turbojet HALE, the complexity to
define an unique standard interface can be undetsteith the relative system architecture and
message structure that enable also to add privessages.

Despite its merits, the STANAG 4586 presents séuvgmgtations that complicate its adoption as
design reference. These issues are probably dtieetearly maturity of the standard and to its
limited diffusion, with the consequent poor data gmactical experience about its implementation.
Besides STANAG 4586 suffers of “aeronautical cwtulacks, since many practices well
established in the manned aircraft have not beesidered in the development of the standard,
with consequent problems especially in terms of raj@nal effectiveness. However these
limitations are not critical and in many cases tloayn be solved adopting a private message.
Anyway in order to enable a further greater interapility this is not a good solution, since pre/at
messages should be ideally limited as much as lessi is desirable that future editions of the
STANAG 4586 remove these problems. Unlucky thei@diB draft does not solve the whole list
[60]. Below the main issues discovered implementitegSTANAG 4586 in our work are reported.

5.8.1 Remote Manual Control

Remote manual control is not considered by the SABNA586 standard messages, with the
absence of the relative mode in MSGs #42/#106 antadds (pitch, roll, yaw, engine commands)
in MSGs #43/#104. Roll command is present in MSQ@8/#104, but it is relative to a
semiautomatic autopilot mode and not to a rematk shput of the operator. Besides also the
autothrottle activation/deactivation is not proddeSTANAG 4586 philosophy (although not
roundly reported) considers a good level of autamnafor the compliant vehicles (at least ACL =
2) in order to reaching a high LOI. There are hosveamany UAVs that although fully automatic,
can be also manually flown, and more generally tyjpe of basic control should be considered to
be as interoperable as possible. Besides is nat &lehe moment if the capability of remote manual
control will be mandatory (at least for emergenpgmtions) to operate in civil airspaces. Adding
these information in the standard interface reguicedistinguish between aircraft and rotorcraft
control surfaces commands, and between differeginentypes (piston, turboprop, turboshatft,
turbojet/turbofan).

5.8.2 Guidance Messages Implementation

Guidance implementation with eight asynchronous sagss (#42, #43, #48 and #41 from the
CUCS, and #106, #104, #109 and #110 from the VSithpticates the software design and
integration, due to the risk that one or more mgsseof protocol will be not received by the

CUCS/VSM, especially when they communicate throdagtalink. In other words although efficient

from the bandwidth saving standpoint, it is morkialilt to make it robust. In any case, also with
the asynchronous solution, the messages could foermdated in a more efficient way. For

example, for the loiter mode it is not optimized/ing the loiter point coordinates in the MSG #43
and the geometric characteristics in the MSG #41.
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5.8.3 Guidance VSM Responses

VSM standard messages do not provide full respemgbe CUCS demands. In particular MSG
#104 does not contain the feedback to the commaweeital speed, while the CUCS MSG #41
does not have a standard response (added in tiene®iof the standard [60]).

5.8.4 Fourth Dimension Definition at WP

MSG #802 assigns at each WP an arrival time oreadplt is not possible to not define the 4D
attributes. This can be a problem in some operatges, where there is an assigned time on target
on a given WP, with no rigid constraints to thevmas time. In this case a manned aircraft
typically adjust the Ground Speed on the previagslin order to satisfy the time on target.
According to the STANAG view, instead, in orderéach the assigned time, at the previous WPs a
compatible time or speed should be assigned, coaiplg the planning phase. Differences between
aeronautical traditional implementation and STANA®&36 are reported in Fig. 66. A possible way
to bypass the problem could be consider a cerfgedtime value in the MSG #802 (e.g. the speed
lower limit of 0 m/s) as indication of no 4D demamtbwever this could rise an other problems in
case of checks of admissible planned value by COCSSM, that will reject the zero value.
Optimum solution could be adding a new type of dpgpe: “system commanded GS”, leaving to
the system the responsibility of the 4D managen@na part of route. In this way however the
predictability of the actual route path/state dueed.

TRADITIONAL IMPLEMENTATION STANAG 4586 IMPLEMENTATION
Time at WP3 Time at WP3
— w2 W ® — Wz wha
WP1 WP4 WP1 WP4
From WP1 to WP3, the Ground From WP1 to WP3, the system follows the
Speed is automatically commanded demands (speed or time) assigned to WP1,
to reach the assigned time atWP3 WP2. In other words the time on target is

consideredonly from\WP2to WP3.

Figure 66.Traditional vs. STANAG 4586 Time On Target Implertaion

Besides, there is not the possibility in MSG #43&sform a manual override of an arrival time,
forcing the operator to modify the WP attributesl éimen upload again the route if he/she wants to
modify a time.

5.8.5 Additional Attributes/Action to WP

Actual implementation of MSG #803, #804, #805 aB05tis not robust, since it considers only the
WP number as link to the relative MSG #802. On Mh8G #802, however, there is not an
indication that it will be followed by other relatenessages. Therefore, in case one of the additiona
messages is lost during the mission upload/downlittesl will not be detected by the VSM/CUCS



95

with consequent incomplete routes constructiorortfer to solve this issue, the edition 3 proposes
to add this info to the MSG #802 [60].

5.8.6 Loiter Attributes in MSG #803

MSG #803 does not provide the capability to ent&iter speed different from the speed or time
assigned in the relative #802. Therefore, at lehautomatic aircraft speed change to a predefined
value or manual operator command, the UAV flies liieer with the same speed used in the
relative leg, and this is not an optimum solutionce usually a loiter is flown with the best
endurance speed in order to save fuel. Besidastas éxit condition is specified only the timedan
therefore the actual UAV path is not predictableirythe planning if a navigation/flight control
laws model is not used to check the route. In spnagtical cases, in fact, it is requested the
possibility to specify the exit radial from a lait@specially considering the future integratiorthia

civil airspace. Another not considered exit comditcould be the number of loiter rounds.

5.8.7 No Contingency WPs/Routes for All Guidance Modes

The STANAG 4586 provides definition of UAV emerggngaths in case of Waypoint guidance

mode. No general definition of contingency WPs/RsUst provided for other modes. Although the

vehicle behavior in these cases is usually speoifieach system, a standardization is required
especially for future civil certification.

5.8.8 No Standard Target Characterization

No common messages for the target upload are mduwy STANAG 4586. This lack limits the
Payload plan detail and definitively the achievabBA.

5.8.9 No Mission Zones Characterization

Analogously to the previous point, the upload os8fon Zones (e.g. area of operation or No Fly
Zones) has not be foreseen by the STANAG 4586. Gais be an interoperability limitation for
more autonomous vehicles having replanning or Mg algorithms that check the respect of
these zones, since a private protocol would beemphted.

5.8.10 Route/Waypoint Repetition Attribute

In MSG #801 there is not an attribute that deflmenumber of route repetitions, i.e. the number of
times that a route is flown. The same for the MB2 in order to implement the repetition
function only for a route portion. This attribut@wd be useful for an UAV involved in monitoring
or searching task along a planned path. Withouit iis needed an operator's command or the
creation of a private message to repeat the route.

5.8.11 Navigation / Trajectory Prediction Parameters

As reported in the section 5.7, standard messagegotl consider all navigation / trajectory
prediction data. In any case the problem can bibydagassed through private messages, although
it would be more desirable the definition of commuassages in order to reach a greater level of
interoperability.
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5.8.12 Differences between STANAG 4586 and ARINC 424

STANAG 4586 route format is quite different fromaditional manned aviation flight plan. In
particular there are not comprised the instrumdtitdit procedures (SID, STAR, holding pattern,
NAVAID approach, etc.), as defined for example bg ARINC 424. Besides common messages
do not consider the possibility to specify altitudpeed or time constraints to the WPs. A study
with the civil aviation authorities would be penfioed in the future — when the UAS integration in
Common airspaces will be closer — to evaluate #eded to add these items to the UAS route
concept. In positive case, the STANAG 4586 showdabcordingly modified. This issue affects
especially the UAVs of Class Ill.
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6 NEW FLIGHT MANAGEMENT SYSTEM HMI

6.1 Work Scope

Research activity has been practically concretizgd the study of an innovative HMI for a Flight
Management System relatively to a MALE UAS. Refggrito the FMS functional allocation
reported in Tab. 10, a subset of GCS macro funstmm which concentrating the work has been
identified:

e guidance,

* merging of navigation and trajectory prediction,

* radio communication,

e configuration,

e mission planning,

e autonomous replanning,

» performance.
For each of these macro functions a new HMI sotukias been designed in order to be compliant
to the STANAG 4586 and to reduce UAS mishap rate tduthuman factor, taking into account the
problems/limitations of current interfaces exposedhe first four chapters of the thesis. HMI
development cycle will be presented in detail ie tiext section 6.3, but just as introduction it has
not been limited to the symbology standpoint, sittee Graphical User Interface (GUI) design
derives from an analysis of the related operatiwecept and the definition of the functions to
provide at the operator (linked to the messageST&NAG 4586 protocol). More in detail, design
activity has been concretized in the realizatioaminterface prototype that has been integrated in

real GCS to validate the proposed concepts, agitinthe flight tests. As test bench the Alenia
Aermacchi MALE UAS Sky-Y has been considered.

6.2 Alenia Aermacchi Sky-Y

The Alenia Aermacchi Sky-Y is a MALE technologicdemonstrator used to validated key
enabling technologies for a surveillance UAS [6tlis characterized by the following data [61]:

Dimensions Weights Performances
* length=9.725 m, e MTOW = 1200 kg, e LOS radius = 100 NM,
e wing span =9.937 m, e OEW =850 kg, « Range =500 NM,
« wing area = 10.785Mm *  Fuel =200 kg, e Ceilling Altitude = 25000 ft,

* Typical Payload = 150 kg. e Endurance =14 h

Table 26.Sky-Y Characteristics
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Figure 67.Alenia Aermacchi Sky-Y
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6.3 HMI Development Process Cycle
The following design process has been followedtlier development of the new Human Machine

Interface:

T Theoretical analysis about UAS,
Preliminary Study FMS and defects of current HMI.

High Level System Specification
Analysis

'

New HMI Architecture Definition

P

HighLevel Design — i

High Level HMI Requirement
Definition

}

Style Guide Definition

[«
v
Detailed Function Analysis

LowLevelDesign — |

Detailed Symbol Design
Check

Y
End

Figure 68.HMI Design Process

First phase coincides with a preliminary study dhbibe subject, the in service systems and the
relative defects/problems. Obtained results haen lpeesented in the first five chapters. Passing to
the practical realization, the high level designoires the definition of the HMI architecture, the
macro functions that shall be performed by theesysand the style guide according to which the
symbology will be developed. In other words, instlphase the frame around which actually
developing the interface is built, starting frome thnitial considerations and the analysis of the
assigned system high level requirements. Defined ftame, it is possible to do the detailed
functional and symbol design for each consideredn&b. Link between GUI elements and
STANAG messages is done in this phase. In partictdaealize the format draws, the free drawing
software “Inkscape” has been used.

Detailed design output then is checked, and ifréselts are negative it is modified until reaching
complete system validation and integration. Testamgl integration, in particular, has been an
iterative process involving several environmentshwan incremental level of integration. The
iterative characteristic is due to the fact thanfintegration problem is found after a test, sigie
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change that solving it is done, and hence a newihatverifies the bug absence of new software is
needed.
In particular the following items are verified:

» correct GUI functioning according to the design,
* GUl integration in the real GCS and with other Udi8ments,

» operator evaluation.

Testing & Integration process will be detailed pred in Chapter 11.

6.4 High Level System Specifications

Design activity starts with the analysis of thehhigvel system specifications, that is a series of
assumption — done before starting the design —tahewperative environment and reference UAS
for which studying the new FMS interface. An ing&#, in fact, can not be created independently
by the context and the specific system in whichilitbe used.

6.4.1 Mission

A generic MALE UAS designed to perform monitorirgyrveillance and searching missions has
been considered. Typical operative tasks, thergfoeecharacterized by a long endurance.

In terms of flight permission, currently only opgoas into reserved areas are considered, due to
the absence of rules to fly in common airspaceshistpurpose, the concept of Area Of Operation
(AOOQO) —i.e. an area in which the UAV is free (@an free) to move in order to satisfy the assigned
tasks — has been considered, joined to airportsaby corridors. Particular areas for which an
overfly is prohibited by the Authority (e.g. higlojulated areas) are identified as No Fly Zones
(NFZs). NFZs can be also present inside corridas &0O. It is also possible the case in which
there are more AOOs connected by corridors.

Finally, for the mission range, currently only LO&oerations are considered, but many
considerations are perfectly applicable also toBh©S case.

6.4.2 Crew

A crew made up by a pilot and a payload operatsrbdgen assumed. Pilot operator is responsible
of the vehicle control and he/she is usually thesmn commander, while payload operator is
charged of payload control. FMS HMI, in particulsronly relative to pilot station.

For the operator qualification, the Italian ciwliation authority (Ente Nazionale Aviazione Civile
ENAC) requires rated test pilot/navigator as cré&wcording to this, rated test pilots have been
considered as main stakeholders for the developnethe following part of the thesis, the terms
“operator” and “pilot” will be considered equivaterFinally, a provision to extend the new
interface to enable a single operator to contrdi lvehicle and payload have been considered.

6.4.3 Civil Certification

As critical design constraints, the civil certifica for the FMS has been considered according to
the STANAG 4671. The DO-178B has been followedtfa software certification. In particular,
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using certifiable hardware, operative system, mogning language and graphic libraries makes
more difficult the realization of safety criticaiterfaces. Seeing section 1.6 for more details.

6.4.4 Interoperability

Together with the certification, the second keyassd design constraint is developing the FMS in
order to reach the LOI 5 according to the STANA@@&dition 2.

6.4.5 HMI Upgradability

Having realized a subset of full FMS functions @ondsidering the Interoperability requirement, the
new HMI shall be developed with an open structarerder to have the possibility to easily add
new specific functions in the future keeping a fatraommonality. In other words, the interface
shall be realized modular and parametric as mugiossible.

6.4.6 Level Of Automation

Having as goal the development of a new interfaee dvercomes many human factor issues of
operative UASs, we have assumed as reference Gdvltomation an ACL of 2, that is the best
reached value of current systems. In particula pbssibility to control the vehicle in several way
has been considered (i.e. manual, semi and fullgnaatic). Manual control capability has been
included also because it is not clear if futurdleiegulations will require or not a manual mode as
emergency backup in order to operate in commopaades (at least for LOS operations).

A provision to increase the LOA to an ACL of 3 Hmeen considered relatively to the autonomous
replanning function. Seeing section 4.2 for furttietails about ACL.

6.5 HMI Architecture

The two considered operators (see section 6.4.2¢ Ih&en assumed to be sit in two stations
disposed side by side like on manned cockpit. Ugymlot sits in right seat in order to have the
stick in right hand for manual control.

Figure 69.New GCS general layout
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More in detail each operator station is made ughbyfollowing elements:

Figure 70. Station Layout [27]

Referring to the pilot station for which the FMSdieveloped, the studied interface philosophy is to
display all information about the current UAV st&ton the Main Display (26”), and using two 10”
Touchscreen Displays (TSD) as data entry interfaBesides touchscreens have also a secondary
role of displaying information about the futuretstaf the vehicle. No data, instead, are entered
through the Main Display. A TSD and the Main Digple considered Safety Critical (SC), while
the other TSD is dedicated to the Non Safety GiitilNSC) functions [27]. In particular, all
functions involving a communication between GCS ad/ or other actors (e.g. ATC) have been
assumed as safety critical. SC touchscreen hasdmeeidered in the opposite side with respect to
the stick, in order to permit actuations on it dgrmanual flight.

The use of TSD as input device enables the adopfiarGraphical User Interface (GUI), that is the
natural solution considering the requirements of IHNgradability and the complexity of the
involved functions. Adopting a GUI, in fact, it p@ssible to host more software formats/controls in
the same hardware device, with high flexibilityadding new items or modifying others. Besides
the interface is able to support the operator duthre execution of mission tasks, through for
example prompts, pop-up and other visual cueslliFiaso the operator workload due to the visual
searching of the control to actuate is reduced.

Central panel contains hard switches relative ¢éostiifety critical functions for which a quick aczes
shall be provided, and hence interacting with tlh# @enu is not suitable.

Flight Controls (i.e. stick, throttle and pedalsg ased for manual control. Besides some switches
on stick and throttle — Hands On Throttle And St{elOTAS) concept — enables the operator to
execute some actions in a quick way (e.g. changedisplay zoom or the autopilot demands),
avoiding the possible workload related to TSD pelggnge to perform frequent operations.

Finally, from the STANAG 4586 standpoint the VSMshaeen assumed on-board, and therefore
the HMI (HCI in STANAG language) has been considespeaking directly with the vehicle.
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6.6 FMS Input Device Selection

Touchscreens have been selected after a companigbnother possible solutions, taking into
account operative and certification aspects. Impemice choice is not a trivial issues, since it
significantly affects the SW design and realizationparticular, common GCS solutions adopt only
a keyboard, but it has not been judged as compls#tisfactory by the operators for the following
reasons:

* Quick selection of a function could be difficultitfeough time critical functions are not
controlled through keyboard, but by panel switches)

» Keys are very close each other and so errors aslpe.

e In order to avoid errors, keys combination (e.g.RCT+ A) are used, with consequent
mnemonic load for the operator and further diffigub perform quick actions.

The following two alternative options have beensidared, assuming in both cases to have always
one Main Display and the Flight Controls:

1. touchscreens,

2. keyboard plus a Cursor Control Device (CCD) actnghe Main Display.

Traditional MCDU has not been taken into accountlie reasons reported in the Chapter 2, while
innovative MCDU (like that of A-380) conceptuallglapsing into the second case.

Touchscreens Keyboard + CCD

Figure 71.Alternatively FMS Input Devices

In the following tables, advantages and disadva#ag each solution with respect to the others are
presented. In particular, for the CCD three différtypes have been taken in exam.



104

Advantages

Disadvantages

More Instinctive Interactions.

Operator verifies the results of his/her actions
the same interface where the inputs are entere

Possibility to adopt new types of interaction lik

for example the scroll movement on the sliders.

Alphanumeric keyboards are displayed only
when necessary.

Greater display dimension with respect to a
traditional MCDU, due to the absence of line
select keys and fixed keyboards.

Possibility to have a back-up of the Main Displ
in case of failures.

Main Display is devoted only to the monitoring
without input interactions on it (i.e. there ard n(
pop-ups or windows that cover the UAV status
information).

Current UAV state is always displayed in the
Main Display, giving the capability to see on th
Touch Screens other information about the
mission (e.g. future UAV status).

No size issues related to the keyboard and CC
positions, particularly critical due to flight coat
presence.

5

ck

D

Touchscreens are more expensive than keyboa
and CCD.

For prolonged interactions the TSD is not the be

interface, especially considering the arrangement

due to the presence of the flight controls.

Input entering happens at “head down”, that is
a temporary loss of visibility on main display.

Touchscreen use in aviation is at the beginningd
and therefore there is very limited know-how,

especially in terms of reference standard and ciyi

certification.

Finger size limits the number of controls in a page

and the interaction quality when an accurate
pointing is required.

Fingers could obstruct the display view.

St

ith

Table 27.Touchscreen Advantages and Disadvantages [27]

Advantages

Disadvantages

More cheaper than touchscreens.

Writing with a hard keyboard is more ergonom
than use the virtual one.

More controls on a page and a greater interaction

quality in case of accurate pointing can be
obtained due to the smaller size of a pointer w
respect to the finger.

GUI can potentially have greater dimensions,
since it is allocated on the Main Display,
compatibly with the current UAV status info.

th

Potential Situational Awareness reduction when
the operator enters inputs on Main Display.

Less information are provided to the operator,
since there is only a display.

It is difficult placing keyboard and CCD taking
into account the flight controls.

No Main Display backup is available.

Keyboard is used essentially to writing and se it
very little used.

Table 28.Keyboard + CCD Advantages and Disadvantages
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Mouse Trackball Touchpad

Figure 72.Possible CCDs

Device Advantages Disadvantages

e It's a very common device: high e ltis difficult to use in GCS, since
Mouse

acceptance from the operator. the lack of a proper space.
e Smaller than a touchpad. * More difficult to use than a mouse
Trackball
« Fixed device. « Not much usable in a big display.
¢ More instinctive than a trackball. | « Not much usable in a big display.

e Usually present in notebooks: morg
Touchpad acceptance from the operator with
respect to a trackball.

* Fixed device.

Table 29.CCD Comparison

Comparing the two solutions, the most suitable dor case is the touchscreens, due to its
flexibility, instinctively and further informatiomprovided with respect to the keyboard plus CCD.
Besides the touchscreen modularity permits to redihe number of interfaces on which the
operators controls the vehicle, lowering in thisywthe workload and increasing the operator
performances. An example of overmuch controls pored in Fig. 73, relative to the Predator
GCS, for which there are two Multi Function DisgaFD) controlled by a keyboard and a CCD,
two main displays (not present in the figure), pitiser optionally displays.

Examining the touchscreen disadvantages, the assumihat the operator does not interact
continuosly on them, but only when a system sth#ange or a specific information is required, has
been done, especially considering that common tipascan be performed on HOTAS. In this
way, there are not ergonomic problems (e.g. armgua) or situational awareness losses due to
“head down” operations. This assumption has beem tonfirmed by simulator and flight tests.
Regarding the limited know-how, currently there aeey few examples of touchscreen in aviation,
like the cockpit of the F-35, the Garmin G-5000/@G/G-2000 MCDU for business jets and
general aviation, and some IPad ®and IPhone ® tfmrlgeneral aviation and sailplane pilots.
However the fast growing rate of the relative testbgies — in terms of performance, size, weight
and reliability — makes really interesting the n§éouchscreen on manned cockpit, and in fact there
are several research activities about that (e.glOT® and ALICIA at European level). It is
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therefore natural extending their use at the GGfedally since in this case there are not vibmatio
sun reflection and ergonomics (due to aircraft maees and glove use) problems.

Figure 73.Predator Pilot Control Station

F-35 G-5000 IPad

=),
—

"/ AgustaWestland

ODICIS ALICIA [62]

Figure 74 Examples of Touchscreen in Aviation
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With respect to a traditional cockpit, a GUI on¢hscreens represents a significant change in the
interaction way for pilots, but the instinctively muchscreens plus their diffusion in everydag lif
(e.g. smartphone, tablet, cash dispenser, sateit@ation device, etc.) reducing the traininggim
and increasing the operator feeling about them. Hidsign standards and certification rules,
however, are still lacking on these issues, and nda editions will be required in the future as
TSD use for safety critical applications increases.

Finally, the number of controls in a TSD page msited by the finger size, but a proper design and
the reduced required inputs due to the system attommake this issue not critical for us. Besides
an accurate symbol/formats arrangement in each pageits to avoid also the problem of critical
page view obstruction by the operator finger/hand.

This input device analysis was performed in tharfgpof 2010 and its results have been confirmed
by a new issue of the MIL-STD-1472 (edition G) e tJanuary 11, 2012 as reported below:

Advantages Disadvantages
Mo separate input device Slower alphanumernic data entry
Programmable interface Arm fatigue
Fast access Finger may obstruct view
Direct mampulation of targets Fingerprints or other debris may obscure screen
Input/output in same location Larger buttons required for finger use
Intuitive Pointing 1s not very accurate
Natural pointing action User must be within reach of screen

Generally no additional desk space required L' | No tactile feedback provided 2

Generally no training required Unable to rest finger on target without
actuation =

Accuracy degraded by vehicle movement and
vibration.

Gloved operation may be mcompatible with
some touch-screen technology.

Controls must be deactivated for cleaning.

NOTES:

= Hfincorporated as part of an existing primary display.

(=]

Application-dependent.

|t

If a tactile feedback membrane 1s not incorporated.

Table 30.Touchscreen Advantages and Disadvantages AccotaibiyL-STD-1472G [63]

In particular, MIL-STD-1472G suggest to use touchsns for intermittent actions, and not when

continuous data entry is required[63].

In any case, a GUI on touchscreen permits alsedaae the number of interfaces with respect to a
manned cockpit, since in a single device can beeamnated several controls, that are usually
separated on a traditional cockpit (e.g. MCDU, oaahid autopilot panels).
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6.7 Touchscreen Type Selection

Touchscreens can be realized with different teatmes, affecting the type of control supported
and in general the interaction quality. Theref@eecond step of input device selection, there have
been the choice of TSD type. In the following sasi the common touchscreen technologies are
presented with the relative advantages/disadvastagarder to justify the final choice.

6.7.1 Touchscreen Elements

Figure 75.Example of Touchscreen Elements [64]

Each TSD - independently by the type — is madeyupd following three elements:

1. Sensor device joined to the screen that detects theabpetouches in terms of display
coordinates (X,Y). It is the element that discriates the different touchscreen types.

2. Controller electronic interface between the sensor and thempater at which the
touchscreen is connected.

3. Drivers firmware enabling the interaction between touodsc and computer.

6.7.2 Resistive Touchscreen

Resistive touchscreen is the most common type.tiPallg, it is realized with two layers each
coated with a transparent resistive material (Indilin Oxide — ITO). Bottom layer is rigid and it
usually made in glass, while the upper is flexdohel made in plastic. They are separated by spacing
dots and run by an electric current. When the dpetauches the screen, he/she pushes in contact
the two layers closing the circuit. From the electcurrent variations, the touching point
coordinates are detected. Several variants caneséézed according to the way in which the
coordinates are measured. In other words, this@ydeSD is based on electric resistance property.
In Tab. 31 the relative advantages and disadvastagereported.

6.7.3 Capacitive Touchscreen

A capacitive touchscreen is basically made up binamlator like a glass layer coated with ITO, at
which a potential difference is applied. In thispeauniform electric field on the screen is obtdine
and in general the display acts as a capacitor.nvithe operator touches the screen, it alters the
electric field, since the human finger has veryedldnt dielectric properties with respect to the ai
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Figure 76.Resistive and Capacitive Touchscreen Working Rulasi[65]

Advantages

Disadvantages

It is cheaper with respect to the other types. | ¢

It can be used also with fingernails, gloves or a
pen stylus.

It can work with a wide temperature range: from
-15° to 45° in average. Besides there are no
humidity constraints.

Precision is strictly correlated to the pointing
device. In case of hand actuation, it is limited to
the finger size.

Poor image contrast in some lighting conditions
(especially in external environment) due to the
flexible layer.

e External layer can be liable to damage or wearing
External layer is resistant to crash. by sharp object
It is not affected by grease, moisture, liquids of «  Multi-touch is not supported, unless to do a re-
other contaminants. engineering of the device.
e The reactivity is lower with respect to other typep
(e.g. capacity TSD) due to the need to press doyvn

the upper layer.

Quality interaction is lower than capacity types,
especially in sliding movement or double click
interactions.

Table 31.Resistive Touchscreen Advantages/Disadvantages

Electric field distortion is measured in terms apacitance variation and permits to determine the
touching point coordinates. According to the waghwvhich the capacitance is measured and to the
glass/conductive layer structure, there are differariants of capacitive TSD. In Tab. 32, the
relative advantages/disadvantages are reported.

Resistive and capacitive touchscreens, in particata the most diffused types.
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Advantages Disadvantages

» It has a better reactivity and in general a greater It is expansive with respect to the other typesqal
interaction quality, since it is sufficient to asto 50% more than a resistive TSD).
the screen: no pressure is required.

* It can not be used with a non conductive materigl,

e Multi-touch is directly supported. like fingernail, glove or pen stylus.

» Greater image quality due to the absence of |« Itis easier to be damaged by crashes.
external layer (glass layer usually transmit almost

the 90% of the display light). e Itworks in a little temperature range (typically
from 0° to 35°), and it requires at least a hunyidif
* ltisresistant to wear. of 5%.

* It can be affected by moisture, grease, liquids o
other contaminants.

« Precision is limited by the finger size.

Table 32.Capacitive Touchscreen Advantages/Disadvantages

6.7.4 Surface Acoustic Wave Touchscreen
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Figure 77.Sound Acoustic Wave Touchscreen Working Prindip&}

Surface Acoustic Wave touchscreen is based on saané properties and not on electric ones.
Practically it is realized placing two transduc@dransmitter and a receiver) on each screen axis
(X and Y), plus a reflector on the glass. TSD coligr generates electric signals that are converted
in ultrasonic waves (not perceived by human hearmgthe transmitter and emitting toward the
receiver through the reflector. Waves are reflettedhe receiver to the transmitter, that converts
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them again in electric signals sent to the cordrollin other words a web of ultrasonic waves is
created on the screen. When the operator touckescthen, the wave beam is interrupted and part
of its energy is absorbed. The controller detebts tbuching point coordinates measuring the
variation in the sound wave amplitude due to thergyreduction. Peculiarities of this touchscreen
are reported in the table below:

Advantages Disadvantages

e It provides a very good image quality (100 % agf+ It is very expensive with respect to the other yp
display light transmitted) due to the absence of a
metallic conductive layer. e It can not be used with hard tip stylus.

1%

» It supports the multi-touch. * It can be affect by dirt, dust, liquid and other
contaminants.

e It can be used with fingernails, gloves or in
general soft tip stylus. » Precision is strictly correlated to the pointing
device. In case of hand actuation, it is limited to

the finger size.

e Glass can be damaged by crashes.

Table 33.Surface Acoustic Wave Touchscreen Advantages/Disadges

6.7.5 Infrared Touchscreen
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Figure 78.Infrared Touchscreen Working Principle [66]
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This type of touchscreen detects the operator &sibly the interruption of an infrared beams grid
over the screen. The grid is obtained by two ar@yshe screen sides of Light Emission Diodes
(LEDs) and photodetector pairs.

Relative advantages/disadvantages are reportée itable below:

Advantages Disadvantages

» It provides a very good image quality (100 % gf¢ It can be affected by dirt, dust or other
display light transmitted) due to the absence of a  contaminants that interrupt the beams.
metallic conductive layer.

« It can suffer of parallax in curved screen.

e It supports the multi-touch.

e There can be an accidental pressure when the

» It can be used with fingernails, gloves or any operator hovers his/her fingers over the surface
stylus. while searching the correct control to push.

Table 34.Infrared Touchscreen Advantages/Disadvantages

6.7.6 Touchscreen Selection

Comparing the previous types, the resistive toueest has been chosen for the following main
reasons:

* It has the better environmental properties in teahsperative temperature, humidity and
contaminant resistance. Although the GCS is a diepace with an environmental control
system, in fact, it is a mobile shelter and thaefan operate in different climatic zones.

* MIL-STD-1472 requires a resistance to the TSD dmna and therefore the unique
compliant type is the resistive (see section 7A@.4nore details).

» ltis cheaper with respect to the others.

Reactivity and in general quality interaction retilue does not significantly affect the system
operability with respect to others types (e.g. cape). In any case, the lower reactivity couldde
further protection from undesired inputs by the rapm's, more probably for example with a
capacitive touchscreen in which it is sufficientajoproach the screen to actuate a command. This
issue, in particular, is critical for the touchsmmause in a mobile vehicle (aircraft, ships, etm), it
could be also considered in a static GCS. The rulith absence is not critical and can be
substituted by other types of interaction/graphfoanats.

Besides, working in a close environment with a proplighting, there are no problem of image
contrast due to the external flexible layer. Fypwathe TSD is manually actuates by the operator,
without using gloves (not required due to the G@8irenmental control system) or stylus (not
practical for operative use), and therefore alleyfhave the same limitation of finger size in the
GUI design.
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7/ HMI STYLE GUIDE

7.1 General Principles

A GUI is usually developed according to a set afieggal guidelines defined before to start the
detailed format design. Some of these rules arentmmto every GUI and present in literature,
while others are specific design choices that @env part from the firsts and in part from the
application context. The whole of these rules defithe “HMI Style Guide”. In particular, the
design process (see Fig. 68) is compliant to theetUCentered Design” (UCD) principles
(Woodson, 1981) [67]. UCD puts the user at the erenf design in order to be sure that the
developed product satisfy as much as possible érigibeds. In other words, the human is not
considered as the final element with which verifythe product compatibility, but at the contrary
the core around which the system shall be desigimee the early stages.

Standards, rules and guidelines present in litezahelp to design a good GUI providing some
advices to the designers, but they are not riglietglists” that guarantees the achievement of a
good interface. More in detail, the following heics have been considered for GUI design[67]:

» Display the data in a wusable and consistent form d@nder to avoid
reformulations/transpositions by the operator vatimsequent workload increase (see also
section 4.5).

* Maintain a display layout commonality for differefbrmats in order to reduce the
mnemonic operator load, the error possibility dmelttaining time.

* Use simple and natural dialogue.

» Use the operator language (i.e. aeronautic language

* Minimize the mnemonic load (see section 4.5).

* Provide feedback about the given commands andmsy&tgus.
* Provide clear way to exit from a format.

* Prevents error (e.g. asking confirm for relevanions).

* Provide adequate error messages.

» Design the interface as simple as possible.

» Optimize the visibility, conspicuousness (ability attract attention and distinguishability
from other symbols/background interference andatision) and legibility.

» Compatibility of data display with data entry.
» Standardize abbreviations.
* Present only data useful to the operator.

* Present information in analog (i.e. graphic symgg)aand/or digital (i.e. numerical value or
string) way according to the specific case andwitht fixed rules.

* Involve directly the operator in the design.

* Use an underlying layout grid.
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» Standardize the screen layout.

* Related element should have similar format and Ishbe grouped. Vice versa for not
related elements.

* Provide an initial focus for the operator attenfidirects attention to important, secondary
or peripheral items and assist in navigation (eeti@gn 4.5 for the assistance).

» Use clear and unambiguous symbols and icons.

* Use familiar references when possible (taking iammrount the operator culture and
training).

* Colors shall be used in a clear and unambiguous Ww&ysing the operator attention on
critical information and respecting cultural anafessional usage. In other words, colors
are information and not decors.

» Adopt a color coding with the minimum possible n&nbf color (considering the human
cognitive limitations in the short memory, at mawm 7 + 2 color should be adopted).

» All the information required during a transactidrosld be available on the current display.

 When display are partitioned in pages/folders, teelainformation should be displayed
together.

* Feedback should be provided to indicate that antihps been correctly received and that
the system performs as intended by the operator.

» Display should be designed in order to minimize meygeements.

* The information to display should be prioritized #wat the most critical are always
displayed, while the others are available upon aiperequest.

» User should always feel in control of the system.

* Make all available objects accessible at all times.

7.2 Specific Design Issues

In this section, the specific choices of the siylede are reported. In particular, the touchscreen
adoption has risen several peculiar issues thag hequested a particular care in the design. As
reference to tailor the GUI design for the TSD, Mi-STD-1472F has been considered (1999)
[68]. In January 2012, the edition G was publishad, it does not modify the data presents in the
previous edition.

7.2.1 Types of Controls
Apart specific cases, the following generic typetoachscreen controls have been considered:

* Pushbutton used to select functions/system modes. Sevegastyof pushbuttons are
provided, different in terms of size and color.

» Data Entering Fieldused to display a function parameter or a modeatel. Several types
are provided, different in terms of size, color autive area. Pushing on an active field, the
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relative alphanumeric/numeric keyboard is opened dander to modify the
parameter/demand.

Radio buttonused to select a parameter/item when differeetdfioptions are available.
Slider. used to select an item between variable lists.

Scrollbar coupled to sliders with many possible rows f@ssible options for the operator),
when a quick navigation is required.

Alphanumeric/Numeric keyboardused to enter parameters/demands. Several tyges a
provided, with specific pushbuttons for the relatiunctions. Each of them is made up by
some pushbuttons and a not interactive parameder(fie. the keyboard scratch pad).

Combo Box used to open a submenu with fixed options retdator HMI setting and not to
the communication with the VSM.

Alpha 25
Charfie 1

Delta 7

1AS
AP

—— |0 o

Pushbutton Data Entering Field Radio Button Slider Scrollbar Numeric Keyboard Combo Box

Figure 79.TSD Control Types

7.2.2 Symbol Definition

Apart the assigned functions and specific modingt tary in each case, the following set of
information have been chosen to graphically desaisymbol:

Position with respect to the format in terms opthy X, Y coordinates.
Active Area (only for TSD symbols).

Type and Range of Movement.

Resolution (the step changes for continuous vagidhta).

Default Color.

Change Color.

Text Size.

Layout.

Line Thickness.

Occult (conditions for which the symbol is occulted

Window Required.
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» Priority (i.e. order with which displaying the syoillin case of superimposition with other
symbols).

* Flash Rate.
* Update Rate (i.e. rate with which the symbol statsl be updated).

7.2.3 Modular and Parametric Interface

In order to satisfy the interoperability (STANAG 8% and upgradability requirements, macro

control categories have been defined as much ashyp®$e.g. pushbutton type 1, numeric keyboard
type 3, and so on), in order to use them for sévewaposes. For example, considering the

equivalent of the autopilot mode control panel,ratide pushbuttons are of the same type, also if
they controls different guidance modes. Besidesstdme pushbutton can be used for different
purposes. This parametric structure of the desighan reflected in the software.

7.2.4 Touch Area Dimensions

First critical issue in the GUI design for a toucteen is the sizing of the controls, particularly
critical since they are virtual. Having no a phgsipushbutton, in fact, may increase the error
possibility and operator frustration if the consrdlave not a sufficient active area (i.e. the amea
which the operator touch triggers an effect) dhdy are not adequately separated. At this purpose,
the MIL-STD-1472 proposes possible values, distisigng between virtual alphanumeric/numeric
keyboard or other functions related pushbuttons.

il
1
-

ALPHANUMERIC / NUMERIC KEYBOARDS
A (Actuation Area) S (Separation)! Resistance
MINIMUM — 0 250 mN (0.9 oz)
PREFERRED 13x13mm(0.5x0.57) — —
MAXIMUM — 6 mm (0.257) 15N (53 o0z)
OTHER APPLICATIONS
A (Actuation Area) 5 (Sepamrionjl Fesistance
MINIMUM 16 x 16 mm (0.65 x 0.657) 3 mm (0.13 m) 250 mN (0.9 oz)
MAXIMUM 38x38mm(15x157) 6 mm (0.257) 1.5N (53 o0z)

IFor touch screens that use a “first contact™ actuation strategy, separation between targets should be not less than
5 mm (0.27). For touch screens that use a “last contact”™ strategy, separation between targets may be less than 5
mm (0.207), but not less than 3 mm (0.127) for applications other than alphanumeric/numeric keyboards.

Figure 80.MIL-STD-1472 TSD Active Area Dimensions [68]



117

As reported in Fig. 79, the standard considers eglyare active area. For the separation, different
values are considered according to the actuatratesfy (see section 7.2.5). Noting the presence of
a column relative to the control resistance, thahinimum and maximum admissible loads that the
operator shall apply to activate the TSD. This doplevent the use of some touchscreens.
According to these issues, the MIL-STD-1472 is guistrictive, and in fact some adjustments
have been done in practice. First of all also reguiéar active area have been considered, respecting
always the standard limits for the two sides. Tihiselated to the fact that when the dimensions
were sufficient, an active area equal to the pubbwgeometrical area has been implemented, in
order to simplify the interaction with the operat@hen this is not possible, the active area is
however centered with respect to the control. Aangple of this solutions is reported below, with
the active area is represent in red.

Figure 81.Active Area vs. Control Dimension

As regarding the separation for generic pushbutsmassimilar controls (e.g. radio buttons or data
entered fields), when possible the maximum sepmaratias been used both for alphanumeric
keyboards and other applications, in order to redhe possibility of an erroneous selection. Some
exceptions have bee done for the Mission Planneesta specific layout constraints. In any case
this concerns specific functions not frequentlyuatéd (e.g. the creation of a new route in a
mission) in a not safety critical application.

The problem arises for the sliders, that are naoisiciered by the standard. Trying to match the
MIL-STD-1472 with these controls, it is obtainedituation in which each slider row has an active
area smaller than the geometric one. This case mvobid since it can create confusion to the
operator when he/she pushes on a not active pdheotontrol obtaining no effect. Besides, the
operator can be habituated to use sliders on shwargs, and differences can generate further
confusion. Adding the consequent frustration todbgnitive load due to the need to recognize each
time the active part of the slider, as result thera workload increment and a minor feeling of the
operator with the interface. Finally, adopting digi the MIL-STD-1472 brings to a global active
area on the touchscreen little smaller than thangdac area, and therefore there is not a real
advantages in terms of control separations. Thereftaking into account the previous
considerations, the whole slider area has beerid=resl active.

Different, instead, the situation of a scrollbar, éhich only the moving part is active.

Test pilots have rated positively these solutions.
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Alpha 25 Alpha 25 Alpha 25

Charlie 1 Charlie 1 Charlie 1

Delta 7

India 12

Slider MIL-STD-1472 Our Solution

Figure 82.Slider Active Area

T

Figure 83.Scrollbar Active Area

Unlucky Sliders are not taken into account alsah®/recent Edition G and therefore a new issue
considering also this type of control is neededhm future. Besides also the actuation resistance
requirement can be discussed, since in some appficzan be interesting to adopt a capacitive or a
sound acoustic wave touchscreen. A similar reagamas been done for Combo Box rows.

To conclude, a diffused touchscreen critic is theater required virtual control size to avoid esror
with respect to traditional control panel. At tlparpose, it is interesting a comparison with hard
pushbuttons, considering the case of fingertipaano in analogy to the touchscreen. As reported
in Fig. 84, the dimensions are lower, but the s&j@r is greater with respect to the TSD. Therefore
it is possible concluding that there are no reshdvantages adopting virtual controls with respect
to hard ones in terms of interface sizing.

7.2.5 Touchscreen Type of Contact

Second issue of touchscreen use is the choiceeofyffe of contact strategy required to active a
control. Generally speaking the two following types be distinguished:

» First Contactthe control is actuated when the operator pudte3 SD.

» Last Contactthe control is actuated when the operator reldas@ressure from the TSD.
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DIMENSIONS (Diameter, I FEESISTANCE

Fingertip Thumb Palm

Bare Gloved Bare Gloved Bare Gloved Smgle | Dufferent | Tlumob/'
hand hand hand hand hand hand Finger | fingers! Palm
MIN 10mm | 19mm 19mm | 25mm | 40mm | 50mm 28N 14N 28N
{047 0757 | (0757 (1.07) (1.67) (2.0 10 oz (3 oz) (10 oz)

MAX 25 mm — 25 mm — 70 mm — 110N 36N 30N

(1.07) (1.079) (2.87) 400z) | 2oz) | (Bloz)

DISPLACEMENT (&)
Fmeertp Thumob or Palm
MIN 2 o (0.087) 3mm0.127)
MAX 6 mm (0.257) 33 mm(1.57)
SEPARATION (5)
Single Finger Smgle Fimger Different Fingers Thumb or Palm

Bare Gloved Sequential
MIN 3mm | 25mm 6 mm 6 mm 25 mm

(0.57) (1.07) (0.257) (0.257) (107
PREF 50 mm — 13 mm 13 mm 150 mm

(2.07) (057 (0.57) (605

L Actuated at same time
MNOTE: Where gloved hand critena are not provided. mmima should be smtably admsted.

Figure 84.Hard Pushbutton Sizing Parameters According tiheSTD-1472F [68]

As generic rule, the last contact interaction hesnbadopted in order to avoid undesired commands.
In particular if the operator releases the pressuiteof control active area, it is considered d nul
command. In this way, keeping pushed a controleffects are scheduled (apart some exceptions)
and the operator has a feedback of his/her actiom the color coding of the pressed control.
Besides this solution is particularly suitable &mborne touchscreen.

Some exceptions have been done for alphanumeriefmtirkeyboard pushbuttons, data entering
fields and radio buttons, for which a first contaderaction has been adopted. For Data Entering
field, in particular, the pressure feedback is gilmgy the relative keyboard opening, and if the
control was not desired it is sufficient to cloge tkeyboard. This solution permits a quicker
interaction and avoids the need to define a proptar coding for the pressed data entering field.
Of course, the keyboard appears in a differenttiposwith respect to the relative field if possible
but in any case no undesired commands are possiile a new pressure on TSD is required to
actuate the keyboard. For the keyboards a sinmglasaning has been done, since in this case the
feedback of the first contact pressure is giverihgyselected digit in the keyboard scratch pad. A
graphic pushbutton pushed state has been howewvglermanted as redundant information.
Keyboard confirm pushbuttons however have a lastawb strategy. Finally, radio buttons are
usually used to choose alternative options, ancetbee the selection feedback is provided by the
graphic state change of the corresponding butttm respect to the pushed one.
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7.2.6 Touchscreen Type of Interaction

Generally all controls are activated by a singlekcinteraction, independently if they are based on
first or last contact strategy. Prolonged pressura control does not usually provides effectshwit
the exceptions of some pushbuttons for which a I@ngssure opens a submenu, or the
alphanumeric/numeric keyboard delete pushbuttonwbich the long pressure deletes all the
entered digits/characters. Again the problem has bbaised by the sliders, for which there are two
different types of interaction:

» single click and drag to move the slider,

+ double click to select a slider row.

The adoption of double click has been consideredrder to avoid erroneous selection when the
slider is moved with a single click. This is diféeit with respect to the classical smartphone
implementation in which movement and selection drgtinguished by the drag movement
associated to a single click: if it is lower thatheeshold the command is a selection, while i$ it
greater it is interpreted as a sliding commandorfsrthowever are quite frequently with this
solution. According to this, the double click hasebadopted for the selection, especially
considering the use of a resistive touchscreemwfoch the sliding movement requires a continuous
pressure on the screen. Similarly, a scrollbarased with a click and drag interaction.

Combo Box rows, instead, are selected with a sintik since for them there is not the sliding
movement.

7.2.7 Tactile Feedback

One of major touchscreen drawback is the abseneecoinmand tactile feedback. This involves
“head down” operations and a greater workload,esthe sight is the unique sensorial channel that
provides information to the operator about the riatee status. A partial fix can be obtained
adopting TSD with tactile feedback. This technolagyusually realized making movable the
external screen of the TSD with some actuatorsrderoto provide a direct feedback (i.e. a
vibration) that a control has been pushed. In padr, varying the vibration parameters (i.e.
frequency, amplitude, wave shape, duration), gidssible to associate a specific feedback to each
control. In the early phase of the research, aopypé of a sound acoustic wave TSD with this
technology has been evaluated. Several vibratiofilgs were available, and in particular some of
them reproduced the feeling of actuating the vireguivalent of hard switches (e.g. a rotary
knobs).

In a first analysis three different profiles haveeh identified, associated to the following three
actions:

* normal operations,
 command confirmations,

» error message acknowledgement.

More in detail, the associated vibration parameteesreported in Tab. 35. In a successive analysis,
involving also the test pilots, it has been recagdithat providing the tactile feedback for all
interactions may be annoying for the operator,esithe vibration is however an artificial feedback
different from the real feeling of pushing a cohtend repeated frequently may frustrate the user.
Therefore the decision to remove the feedback domal operations has been taken, leaving it only
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for the command confirmations and error acknowledga. In this way, the vibration is associated
uniquely to critical commands, for which the operathall be sure about their actuation.

Operation Frequency Amplitude Shape Duration
Normal high weak smooth short
Confirm low strong sharp short
Error high strong sharp long

Table 35.Tactile Feedback Vibration Parameters

Adopting last contact interactions, however, rafsether issues about tactile feedback, sinceis th
case it provides a feedback that the control has loerrectly pushed by the operator, but not that
the command is actually sent (it depends by theass point that shall be in the pushed active area)
In any case, unlucky, tactile feedback technol@gstill immature for several reasons:

e itis expensive,
* the Mean Time Between Failure is lower than tha ptire TSD,

» actuator dimension makes really bigger the TSD.

According to the previous points and in particularthe third, this technology has been leaved.
Format layout and a proper color coding, in faalyéhbeen rated as sufficient by test pilots to keep
a good situational awareness. In any case, tdetdback technology will be surely to consider

when it will reach an adequate level of maturity.

7.2.8 Graphic Feedback Actuation

In order to provide a feedback that a last contaca keyboard pushbutton has been pushed, a
proper color coding is adopted (background inverstutline and text bolded):

Pushed

Selectable

Figure 85.Pushed Graphic State
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Pushbutton dimensions are sufficient to make \esibe graphic change when pushed nevertheless
the presence of the operator finger. Besides dkduindication a marker is displayed above the
touching point. On the NSC TSD the marker is thelse” cursor, since the screen is controlled by
a “commercial” workstation. The cursor thereforaliways present at the last touched position. On
the SC TSD, at the contrary, there is not an amalegndication, and an apposite marker has been
created. At difference of the previous case, wihendperator does not touch the screen it is parked
in a display corner (default position).

A further feedback is provided by the general lagfithe GUI: generic selectable pushbuttons (i.e.
“other functions” in MIL-STD-1472 language), in tagvhen pushed change always their state (e.g.
passing in active state).

Figure 86.Pushbutton State Change

A similar moding has been also implemented foreslidws and Combo Box options selection.

In case of Confirmation Pushbuttons, they change gtate while pushed, and then disappear from
the page if the VSM answer is received or returselectable state if no answer is received.

Finally for first contact controls the results of actuation are immediately displayed (e.g. digit i
the numeric keyboard scratchpad), and hence ndigrafate change has been provided.

However, color coding is not used only to highlighforessure or a state, but also to drive the
operator in the selection of the correct pushbuttopush. In particular, different layout in terois
size and color is used to distinguish between &mgepushbutton and a confirmation.

.
L

Generic Confirmation

Figure 87.Generic vs. Confirmation Pushbuttons

Besides, in some cases there can be momentargtig pushbuttons, and this is communicated to
the operator again with a proper color coding:

Figure 88.Not Active Pushbutton
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This graphic coding, in particular, has been raeflicient by test pilots to provide an adequate
situational awareness about the system state, widmopting the tactile feedback.

7.2.9 Pushbutton Background

Besides the absence of a tactile feedback, a Vidomatrol lacks also of depth feeling, being
represented by a two-dimensional shape on thersdreerder to partially supply at this deficiency,
pushbuttons have been realized with a linear agladient as background instead of a transparent
or uniform color background.

-/ I &
L

Transparent Uniform Linear Gradient

Figure 89. Different Pushbutton Background Color

As reported in Fig. 89, the linear gradient prosidesort of three-dimensional feeling, making more
recognizable a control from other format elemerd arcreasing the operator feeling about the
interface. Besides linear gradient permits a morginguishable graphic layout when the

pushbutton is pressed (see Fig. 85).

7.2.10 Critical Commands

Another relevant issue in the TSD use is the rafitim of critical commands, i.e. controls that §hal
be protected from a non desired actuation of thexadpr. In a traditional cockpit they are protected
by a guard, but in a TSD this is not possible.

Figure 90.Example of covered switch

According to the MIL-STD-1472, the following twolstions to actuate these commands have been
adopted:

* two pressures on different and distant pushbuttons,

e confirm pop-up.
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The first solution is used to provide relevant ccamofs to the vehicle, like for example the
guidance ones. In this case a confirmation pusbbu#t placed in the right bottom corner of the
screen, very distant from the function selectioshfuttons. In this way the command activation
requires a voluntary double action by the operatad can be difficulty the result of an error. In
particular the position of confirmation pushbutisrthe same in all formats.

Figure 91. Example of Action Sequence to Activate a CritiCaimmand

This solution has been preferred to the secondrderoto avoid a pop-up that could cover the

parameters of the function to activate (not yepldiged on the Main Display), and to its higher

instinctively. Confirmation pushbutton, in partiaul is displayed only when a function to activate

is selected and in the same position for all foem@b annul the operation, it is sufficient to dese

the relative function pushbutton.

In the opposite case — i.e. to deactivate a functid has been instead chosen a confirm pop-up tha
appears when the relative function pushbutton ésged. It is more suitable in this case, since it
asks to the operator if he/she really wants togoerfthe selected action, without modifying the

active graphic state of the relative function pugtdn. Covering function parameters it is not a

problem since they are already displayed on thenNlasplay, and the pop-up is displayed for a

short time until the operator decision. Pop-Up rae up by a text and two pushbuttons: “Yes”

and “No” relative to the possible user decisiornss lautomatically closed when a pushbutton is
pressed.

Deactivate AT?

mm

Figure 92.Example of Confirmation Pop-Up [27]
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7.2.11 Graphics Status Monitoring

In order to be sure that the graphics is not slodean or frozen due to computational/hardware
problems, the following indications have been adaeebch display:

» Frames per second is a graphic refresh rate in Hertz, and ityides an indication about
possible slowdowns of the graphics.

» Cyclic counterused to indicate to the operator a graphics froze

7.2.12 Alphanumeric/Numerical Keyboard Layout

For alphanumeric keyboard, the “QWERTY” format heen assumed as default since the greater
operator feeling with this layout thanks to the poier and smartphone use, but it also possible to
change the layout to “ABCDEF” format. Numbers atacpd above the letters, just below the
scratchpad. Since it is possible to enter longgtra cursor is provided in the scratchpad, with th
possibility to move it along the entered data tlsattkarrow pushbuttons. Also Cape Lock, minus,
point and space pushbutton are provided. Alphanigcrkelboard is used only in the NSC TSD for
the Mission Planner, since in other formats onlynetic data are entered, and therefore it is
sufficient a numeric keyboard, more practical fog bperator if he/she has to enter only numbers.

( ]
 _ _ a
PLILFLEL LT
TR
“FFFEFLL
“FFTE T
DesEEEmoon
< S/

Figure 93.Example of Alphanumeric Keyboard

Considering the Numeric Keyboard, instead, numhshputtons can be arranged in two different
layouts:

» telephone layout,

e adding machine layout.

In our work the first layout has been adopted, wuthe greater user feeling with the mobile phone
use. In particular, several types of numeric keythdzave been implemented, differing for few
pushbuttons specific of their use: for example mimushbutton for integer values, point
pushbutton for real values, letters “N”/”S”/"E”/"Wror Latitude/Longitude and so on.

For data with a complex format the operator is é&lp the data entering in order to reduce the
required mnemonic load. Considering for example |#teude, until one between “N” or “S” is
selected, the number pushbuttons are not selectAltler the hemisphere selection, when the
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second digit is entered the “°” symbol and a spa@eautomatically entered to remember at the
operator that the degree field is complete andntineute have to be entered. The same for the
remaining digits. A similar moding is present als@lphanumeric keyboards.

7
4
-

1
4
.

Telephone Layout Adding Machine Layout

Figure 94.Possible Numeric Keyboard Layout
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=

Figure 95. Examples of Different Numeric Keyboards

7.2.13 Error Protection During Data Entering

Alphanumeric or Numeric keyboards are used by pexators to enter data. In order to aid the user
and preventing possible errors, a protection ha&n lwonsidered directly in the keyboards. If the

operator, in fact, enters a value out of rangenaani erroneous format, the keyboard scratchpad is
showed in error state and it is not possible tdioonthe entered data. Below, an example relative

to an erroneous entering of Longitude Minutes:

Figure 96.Example of Numerical Keyboard in Error State
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Deleting the erroneous data (in the previous exartifd “7”), the Error State is removed.

7.2.14 Number of Opened Windows

At difference for example of a traditional Persoamputer GUI that permits to open several
windows at the same time, in our case at maximum op-up or keyboard can be displayed at
time, in order to keep a quick access to the page@ and avoiding errors.

7.2.15 Font

Many fonts are available for a GUI developmenthwdifferent characteristics in terms of shape,
size, character spacing, and ultimately legibil@pme examples are reported below:

Font Lowercase Alphabet Uppercase Alphabet Numbers
Arial abcdefghijkimnopgrstuvwxyz ABCDEFGHIJKLMNOPQRSTUVWXYZ 0123456789
Calibri abcdefghijkimnopgrstuvwxyz ABCDEFGHIJKLMNOPQRSTUVWXYZ |0123456789

Courier | abcdef ghijkl mopqr st uvwxyz ABCDEFGHI JKLMNOPQRSTUWKYZ 10123456789

Microsoft
Sans abcdefghijklmnopgrstuvwxyz ABCDEFGHIJKLMNOPQRSTUVWXYZ 0123456789
Serif

Tahoma abcdefghijklmnopgrstuvwxyz ABCDEFGHIJKLMNOPQRSTUVWXYZ |0123456789

Times
New abcdefghijkimnopgrstuvwxyz ABCDEFGHIJKLMNOPQRSTUVWX | 0123456789
Roman

Table 36 Examples of Possible Fonts at 10 Pt

As reported in Tab. 36, nevertheless the same dilmermn terms of points (Pt), the presented fonts
are quite different from each other. In particullae “Tahoma” has been chosen, developed by
Matthew Carter for Microsoft in 1994 [69]. It is pigularly suitable for GUI applications, thanks to
its legibility with respect to dimensions. In patiar, the lowercasd™is distinguished from the
uppercasel”, avoiding errors in technical texts.

As general rules of use, the uppercase has begrteadonly for word fist letter and acronyms,
preferring the lowercase for full text due to itee@ter legibility. For the dimensions, seven
categories have been defined, ranging from neartyn3 to 6 mm of height, considering the
distance at which the operator seats with respedhé screen and the different type of text to
display. Bold is used to rise the attention onxa ¢e.g. active pushbutton name), while the itaiécs
avoided since it is not very legible.



7.2.16 Units of Measure

In the GUI design, the following units

aeronautics:

of measusyé been adopted considering the standards in

Parameter

Unit of Measure

Accelerations

Number of “g” (9)

Air/Ground Speed

Knots (kts)

Altitude/Height Feet (ft)
Angles Degrees (Deg)
Distance Nautical Miles (NM)

Latitude Longitude

Degrees Minutes.Millesimals (Ddop.mmm)

Mass Kilogram (kg)

Pressure Millibar (mbar)

Temperature Celsius Degrees (°C)

Time Hours:Minutes:Seconds (hh:mm:ss)

Vertical Speed

Feet Per Minute (fpm)

Table 37.Units of Measure

Noting the difference with respect to the units sidared by the STANAG-4586 (International
System). A conversion is therefore performed byGhECS software.

7.2.17 Touchscreen Menu Organization

Generally speaking, Multi Function Displays — tH&Dris in every respect a MFD finger actuated —
had reduced the operator workload due to the viseatch of the apposite format in the cockpit,
raising instead the cognitive load due to the ratiog in the hierarchy of pages. Hierarchy can be
organized in two different ways [67]:

» Depth organizationthere are more sub-menus accessible in sequeaca bhierarchy tree),
with few selectable items for each level. A sub-mean other words, can be accessed only
from the node that lies above it.

« Breath organizatiarthere are few submenus with many items in eag#l.le

In the first case, the operator has to recall tbsitipn of the needed function and accessing it
passing through the previous pages. This can isertbge workload and reducing the reaction time,
critical when a quick access to a control is resgliHowever a depth structure can also provided
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some advantages, especially in the cases where éinermany possible options (especially if the
processing time for each of them is long), andtle Iscreen size.

Breath organization, instead, is more suitable wihemne are relative few possible options (with a
little processing time), and a quick access is aededn particular, it has been experimentally
demonstrated that the maximum number of items peatb level should range between 4 and 13, in
order to maximize the operator performance [67].

According to the previous considerations, a breaffanization has been adopted, in which from a
main menu is possible to select the desired pageh Bage has a left blue bar in which its name is
reported in order to aid the operator in the meanigation. In case of complex function with many
possible related controls, the relative TSD pagerganized in folders (maximum 5). In each
folders no further sub-menus are provided. Besifites; each page/folder it is always possible to
return in the main menu pushing the menu buttontéshangle on the blue bar). Folder navigation
is provided pushing on the relative name, with @ppr color coding showing the current folder. In
other words, a structure with two depth levels lbesn realized.

At the moment, in each menu (SC and NSC TSDs) thezefew pushbuttons to access to the
implemented function. In the future, adding new FMBctionalities or other function controls, the
number of options will increase, taking howevepiatcount the maximum suggested numbers of
13. At this purpose, the possibility to group rethtfunction pushbuttons and/or using different
color coding has been considered to quicker diatstgthe several menu options.

Function 1 Function 2 Function 3

MenuPage

Active
| Folder 3 |

Page Name

Single Folder Page Multi FolderPage

Figure 97.Menu Structure
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7.2.18 Main Display Layout

Typically a GCS has two main displays for eachiatatike for example the Predator (see Fig. 36).
In our case, adopting a single Main Display therafwe visual search workload has been reduced,
but the design has been complicated since therenany data to display with different priorities
according to the performed task. In order to awaricbperator cognitive overload and to put greater
relevance to the most used information in eacheoana reconfigurable Main Display according to
Phase of Flight has been studied in a previousiresectivity [70].

navigation
format

guidance camera & HUD

Vertical
Profile

general systems,
comms & DL

surfaces

Figure 98.Main Display in Take Off and Landing Configuration

guidance camera & HUD

navigation format

alert general systems,
comms & DL autopilot & navigation data

Vertical Profile

Figure 99. Main Display in Cruise Configuration
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In particular the two following phases have beestiniguished:

» Take Off & Landing greater relevance to the Head Up Display (HUDjnfat, i.e. Primary
Flight Display information (attitude, altitude, suk heading, etc.) superimposed to the
image of the guidance camera, at detriment of NdMig Format.

» Cruise greater relevance to the Navigation Format wilittla HUD.

In particular, the first layout is thought to besdgor the departure and approach phases, in vithich
is important to have a greater image of the extemuald. The little navigation format it is to be
used to visualize the situation at short range raddihe vehicle, and therefore the reduced size is
sufficient. In any case, this format is most su#¢abhen the system is manually piloted.

Cruise format, instead, would be the standard layouthe mission execution, with the aircraft
controlled in automatic way and hence with greegivance on the navigation format.
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8 VEHICLE CONTROL RELATED FUNCTIONS

In this section the formats relative to guidancayigation (extending the term to include also
trajectory prediction), communication and configiuma functions are presented. In particular, these
formats are hosted in Main Display and SC touclestre

8.1 Guidance Formats
8.1.1 Operative Concept

As required by the initial assumptions (see sedfigh6), the vehicle can be controlled in manual,
semiautomatic or automatic ways (see Fig. 10).r&hér distinction is done between basic autopilot
and navigation related modes. First are relativeeimiautomatic guidance, in which the operator
specifies discrete demands about the vehicle statables (i.e. altitude, speed, heading, etcj) tha
are then acquired automatically by the system. i@¥s;oinstead, involves the fully automatic
following of a planned path in four dimensions. iHgb between basic autopilot and navigation
modes are possible, for example with the LNAV deteed by the route and"34™ dimensions
assigned dynamically by the pilot like in semiauébim guidance (see STANAG 4586 MSG #48 in
section 5.5). Operatively, semiautomatic guidaneemits a more flexible way to control the
vehicle, with the possibility to change the vehistate with discrete commands on a single or more
parameters. Besides this type of control is thetraogable to fly under direct ATC control and
therefore it shall be considered in the desigraftuture integration in the civil airspace. Autoioat
modes, instead, are thought as main guidance tppg @lanned route or user defined loiter WPs
(i.,e. STANAG 4586 waypoints and loiter modes). Reping capabilities in terms of guidance —
that is the possibility to upload a new route wtihe vehicle is flying — is required in order to
provide operative flexibility. Although foreseen BTANAG 4586, this is not a trivial capability:
for example the first blocks of the Global Hawk slamt have this option [41]. Further flexibility is
obtained by the autopilot/navigation hybrids memtid above.

In a second phase also a Slaved Navigation to $€8biS) mode has been considered according to
STANAG 4586. It is a quite different mode with respthe others, since in this case the aircraft
position is determined by the sensor observatiantpdhis involves a strict crew coordination
between pilot and sensor operators, since it issdo®nd that — although indirectly — controls the
vehicle. This is a very different situation witrspect to the standard way in which it is the piait
decides where the aircraft goes according alsdvéosensor operator requests. Apart its operative
value, the SNS mode represents also a step towarckalization of a single station that controls
both vehicle and payload. In any case it has besuorally added to the interface, thanks to its
modularity.

8.1.2 Functional Design

In the functional design the study of guidance fioms to provide at the operator has been done.
Critical issues presented in section 4.4 have laken into account in order to realize a better
interface with respect to the current ones. Inipaldr, in order to reduce the Mode Awareness
problem, the available guidance modes for the dpehave been reduced only to 5 with respect to
the 20 or more of an airliner, simplifying the smst moding. Also considering possible new future
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functions, the final number will remain significhntower than 20. At this purpose the concept of
mode can be distinguished at three different levels

* HMI: modes presented and selectable by the operator.
» System modes at FCS/navigation laws level (e.g. modesste by STANAG 4586).
» Control Laws basic control loops in flight mechanics contieok.
These three levels can coincide (e.g. in casetifide hold function) or diverge, especially for

complex mode. As example of the second case, ammgais reported below about a possible
division for a 4D navigation mode:

HMI System Control Laws
*NAV 4D + STANAG mode 11 + Lateral Path
(i.e. Waypoint) + Altitude Control Loops
« Speed

e =
e =

Figure 100.Example of Guidance Mode Definition At Several Lisve

According to the previous example, apparently theme few differences between the HMI and
system levels (just the mode name), but in mang tas system discriminates from a mode to an
another one using more information with a complegid (for example considering the mode
demands not reported above for simplicity). Besitless same system mode can correspond to
different HMI level modes, due to the demands s$etedy the operator. The real differences
however is with respect to the control loops, fdvick there could be a greater mode number than
the HMI level, since there could be a mode for eatlhe following references: vertical plane,
lateral plane, throttle/speed axis.

Instead in an airliners — always according to tkengple of Fig. 100 — at HMI level there would be
a situation in which LNAV, VNAV and AT are reportetttive on the mode control panel and the
PFD, reflecting the situation at the lowest levéltime control laws. However having a triple
indication for a single macro mode is not exactlglear information for the operator, with a
reduction in system transparency and a conseqnergasing of workload. This situation is due to
the need (raised when high automation was intratloceaircraft) to report at the pilots the system
behavior with the greatest possible detail — likeessvthe human to control the aircraft and not the
automation — in order to have the maximum numbenfofmation about the automation state.
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On a UAS, however, the same detail is not requestgpkecially considering the greater level of
automation with respect to a classic manned atrdBafsides realizing a system with a transparent
unambiguous moding helps to reduce the detail stesy feedback, simplifying the interface and
reducing error possibility. In particular, modesluetion has been done at two levels: HMI and
system.

Starting from the latter and considering the semiaatic guidance, hold and acquiring functions
on lateral/vertical planes and throttle/speed aeshands have been joined together in single
modes. Distinction between “hold” (i.e. keeping therent vehicle state) or “acquire” (i.e. achieve
the set value) functions is performed accordingh® mode demand. With these two modes, an
operator is fully able to control the aircraft gami in the space with discrete commands. It is not
possible therefore activating modes on a singleregice (e.g. a pure altitude hold without modes
on lateral plane and throttle/speed axis). For A% Lhowever, this is not a limitation, since inist
useful having an automatic control on a single @laxis, and manual on the others. Instead to have
a great flexibility, in fact, this could increasesterror probability.

For the automatic guidance, it has been operatéthitlevels adopting a single mode for all the
possible VNAV demand combinations reported in tfe@®/#48. In particular this solution has been
preferred by the test pilots with respect to haiféerdnt modes with relative pushbuttons and
parameters.

Having coupled semiautomatic or fully automaticdguice modes, however, increases the system
complexity making less predictable the vehicle lvédra Possible situations typically involve the
VNAYV and are relative for example to conflict betmealtitude/speed demands (e.g. climbing and
accelerating at the same time) or to the way wikhictv a new altitude is acquired. To solve this
issue, the control laws have implemented fixedsrdiée climb and descent, making very easy for
the operator to keep a situational awareness dheuircraft. Initially, the pilots have requested
degree of freedom in the setting of climb/descemameters, bringing back to the familiar case of
manned aircraft, but eventually they have accefitecautomatic solution since it is more suitable
to the unmanned contexts. Besides this implememntdias permitted to avoid automatic mode
changes, that are a relevant source of poor urahelisig about the vehicle state.

Finally 5 modes have been obtained at HMI levelt 3ystem level and 7 at control laws levels. For
each system level, in particular, 2 or 3 controlpl® are involved each time.

Another aspects affecting mode awareness are thengrand engagement/disengagement
conditions. To avoid related problems, our prop@sahmits always to arm and then engage (if all
the relative parameters have been set) a modet Hlhneeded demands have been entered, in fact,
the GUI prevents the mode activation. This is défe¢ from many manned aircraft, for which a
mode can not be always engaged. For example maessldoes not activate LNAV mode if the
aircraft has cross-track and track angle errorsatgre than some thresholds. Automatic
disengagement, instead, are not foreseen in oer easode change in fact is always commanded
by the operator, at difference of manned aircrafttomation disengagements, in particular, are in
contrast with the UAS concept of operation thae$éses an automatic/autonomous control, for
which a reversion to manual remote control is magless.

Mode activation is therefore performed in two stepsguiring an arming before the engagement in
order to enable operator demand overrides beferadtivation.

More in detail, arming a semiautomatic mode, deéfdamands (equal to the current UAV values)
are armed. If the mode is activated in this condsj the “hold” function is obtained. The operator,
however, is able to armed a different value for onenore demands before engaging the mode,
realizing the acquire “function” for the affectedlwes. Therefore it is possible to have hybrid in
which some parameter are held and others acquired.
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For the navigation management standpoint, instiedfollowing specific functions are available
[27]:

» upload of a route (chosen from the available rdisteof the current mission) to the vehicle
maintaining the current active guidance mode,

* route upload plus engaging from a selected WP,
» upload of a route in reverse order (useful for epl@nduring monitoring or searching tasks),

» changing of the active route destination waypoaoristdering both next WPs (i.e. still to be
flown) and flown WPs (i.e. WP already flown),

* revert to semiautomatic control for VNAYV,
* route waypoints characteristics visualization far bperator,

» realizing a direct to toward a loiter WP.

8.1.3 GUI Implementation

The STANAG 4671 requires that the active guidanaelenand the relative demands are always
displayed to the operator, like on the PFD of a meanaircraft. Starting from this requirements, it
has been designed the GUI allocating these infoomain the Main Display, that is the primary
monitoring interface for the operator. Noting thatinformation about armed modes are displayed
on Main Display.

ALT/HDG

IAS 100
HDG | 100

ALT [ 5.000

Figure 101.Example of Guidance Data on Main Display

On the SC TSD, the equivalent of the Mode Contand® plus MCDU page to control the current
route has been implemented in the same interfaee.dBveloping of this format has been very
complex, since many versions have been designedhentime before reaching the final
configuration. Below an examples of the final impkntation is reported.
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Figure 102.Example of Guidance format on TSD [27]

Having a single format requires a dynamical pagemiguration capability. As default, the page is
relative to the active mode, but when a mode isedrih is reconfigured in order to display the
relative data enabling operator setting. This régamation, however, is not total. Nevertheless the
indication on Main Display, in fact, it has beeref@rred to maintain always visible the guidance
mode pushbuttons in order to provide a fixed intitbcaof armed and engaged mode also in the
TSD. In this way the operator keeps an adequatmat®inal awareness about the vehicle state
during “head down” operations and can quickly mg@ihnul the arming selection. Besides, in the
Reconfigurable Area, functional items (e.g. demfaelds, numeric keyboards, navigation data pop-
ups, confirmation pushbuttons, etc.) are displagtagys in the same position independently by the
armed/engaged mode in order to maintain a layomnoonality and hence increasing the operator
feeling with the interface. According to this desigssumption, the adoption of two folders in this
page (one for the semiautomatic modes and anathénd navigation ones) has been rejected, since
in this case no all mode pushbuttons are visiblehatsame time and the mode changing time
increases. This final layout is schematically régadin Fig. 103.

Fixed area Reconfigurable area
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Figure 103.Guidance Format Layout on TSD
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Considering the demand fields — displayed in theomégurable area — the initial idea was to
provide indications only about armed and engagai@st but the test pilots have requested a further
distinction between the engaged demands in acmuidily the system and that already achieved in
order to have a greater situational awareness athmutvehicle state. Besides also demands
commanded by the system during altitude variatiehpaesented to the operator with an apposite
graphical layout. This information is helpful tocd mode awareness problem. Altitude acquisition
laws are fixed and hence easily predictable byofterators, but providing an indication is however
preferable in order to increase the system behawiderstanding. In the figure below, possible
graphical states of a guidance demand field isrtegoAn analogous indication is also provided on
Main Display (see Fig. 101).

Climb I1AS Climb 1AS

|IAS IAS

Armed Operator Operator Demand Operator Demand System Demand System Demand
Demand in Acquisition Achieved in Acquisition Achieved

Figure 104.Guidance Demands Layout in the TSD

Demands are aligned from left to right at the tdghe Reconfigurable area, with an order that
recalls the standard “T” of the traditional cockpithis is the classical disposition of main
analogical instruments adopted in all aircraft.(ianemometer, attitude indicator, altimeter and
directional gyro indicator). and then borrowed atsomulti function display and HUD symbology
for commonality with traditional analogical panels.

Apart the attitude information that are not pemini our case, this rule has been followed for the
demand disposition in order to reduce the openatual search workload. A pilot in fact is skilled
to find information in fixed zone of the screenddherefore he/she will find “natural” this layout.

An exception to the previous rule has been done tfeg demands that has not the
acquisition/achieved attribute, like for example geometric characteristics of a loiter WP. In ¢hes
cases, therefore, there is not the magenta/gretineouBesides these demands are arranged into
apposite box relative to the navigation function @ot at the top of the screen to distinguish them
by the demands relative to the UAV state.

Standard - T"

%

%, S
Py

Figure 105.Example of Standard “T” Layout in a Traditional ®pi
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In order to avoid errors during data entering, nuekeyboards are opened in a free position that
do not cover the current demand values, so thatigbe is able to see at the same time old and the
values. Besides until a keyboard is opened, ibtgossible to activate a mode/demand.

For the navigation related functions, the operasor select a route from a list relative to the enirr
mission received from the Mission Planner. No gepfgic or type WP attribute modifications are
possible in this format. From the graphics standfpabute and WP lists of the selected route are
visualized through sliders. In particular, an iradion of armed and engaged route/waypoint is
provided with a color coding common to demands medes pushbutton. Besides also a graphical
indication of on-board but not active route is giveor the current armed WP — or engaged WP if
no arming is done — the relative attributes aresgmeed to increase the operator situational
awareness. The possibility to change the DWP ofattteve route in both the route direction, in
particular, provides a high flexibility to the sgst since the operator is able to conduct the vehicl
to any route WP at difference of typical mannedawn system. In particular, it is possible to
upload and engaged a new route, while the verscidréady in navigation guidance mode, without
the requirement to disengage it. Further flexipilis obtained by the possibility to revert to a
semiautomatic VNAYV profile control, i.e. the capépito set discrete altitude and speed demand
while the LNAYV is automatically followed by the sgm.

Engaged status of mode pushbutton, demands arml sbds is triggered by the reception of VSM
response at the CUCS command and not by the umbdide command itself, since they shall
present to the operator the vehicle status anthealiser requests.

To conclude the presentation of the guidance iaterfthe possibility to change some demands
through HOTAS has been considered in order to attedworkload relative to the TSD page
change is an another format is visualized, andn@ble frequent operations to be performed at
“head up”.

From the STANAG 4586 standpoint, the GUI has besalized with a modular structure that
enables easily further updates. If a new mode dvde timplement, in fact, it is sufficient to add a
new standard pushbutton in the apposite free spébethe relative demand, and then linking the
symbology with the relative common and/or prival@SIAG messages to realize the function.

8.2 Navigation Format
8.2.1 General Layout

Like on manned aircraft (see Fig. 23 for an examplee Navigation Format is the main navigation
interface for the operator, providing the awareradgsut the horizontal situation around the vehicle.
In particular both navigation and trajectory préidic information are presented together in this
format, named only “navigation” for simplicity. i hosted on Main Display and therefore it has
different layout according to its format. In padiar, in both cases it is possible to distinguish
between an upper zone in which a symbolic repratientof the external environment is provided,
and a lower zone in which the navigation/trajectprgdiction data are displayed. Besides at the
corners of the upper zone there are some fixed sigiixe for example wind symbol and format
scale indicator.

This format responds to the STANAG 4671 requirematiout the visualization of vehicle position
with respect to the mission environment, absolute treference and wind direction/speed data.
From the STANAG 4586 standpoint, the Environmenpiie@eentation is applicable to any vehicle
since many symbols are directly generated by th€Ellom the mission database (e.g. No Fly
Zones), while vehicle position/orientation and &etroute are provided by standard messages. Off
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course if an UAV requires the visualization of &dfic symbol for its mission, a change will be
needed. For the data, instead, they are usuallydeo by private messages and so they are vehicle
related (see section 5.7 for more details). Thesta, chowever, are common to any navigation
system, and so the effort to adapt the formatrteva vehicle should be low.

Take Off & Landing Layout Cruise Layout

|:| Environment Representation |:| DWP data Fixed Symbols

Figure 106.Main Display Navigation Format Layout

Finally, on manned aircraft also a Horizontal Siiwa Indicator (HSI) is present — usually
integrated in the lower part of the PFD (see Fig.f@ an example) — as further navigation
reference, especially for NAVAID procedures. It et been included, since UAVs typically do
not navigate with NAVAIDs, but if needed it can é&&sily added to the interface in the future.

8.2.2 Environment Representation

The core of the upper zone is the aircraft symbaliad which it is displayed a Compass Rose (see
Fig. 107), that is a format that permits to deteame the polar coordinates in terms of range and
bearing (with respect to the True North) of an obpeith respect to the vehicle. Compass Rose
radius varies according to the zoom level of thentt. With respect to classical manned aircraft
implementation (see section 2.4.2 for more details)y the center configuration (i.e. rose layout)
has been considered, and not the offset one. Shigea to the type of mission performed by UASs —
for example monitoring or searching task — thatinexg a 360° monitoring around the vehicle since
the flight path can be complex with frequent di@ctinversions and for mission purposes. An
airliner, instead, performs transit tasks from apaat to an another with a near straight path that
does not foresee an inversion, except in caseilafda or problems. Offset layout in this case is
more suitable, since it provides a broader visibthe environment ahead the aircraft.

Likewise classical implementation, the Compass Rasd the external environment can be
represented with different orientations: North Upack Up and Heading Up. In North Up, the
Navigation Format is oriented with the North direntupwards. Therefore in this case the Compass
Rose is fixed in the format, while the aircraft $yoh rotates according to the current vehicle
heading. A track symbol rotating around the CompRase is also displayed in order to visualize
the current vehicle track, permitting to the operan easier evaluation of the wind drift effect. |
Track Up orientation, instead, the environment @spntation rotates to be aligned at the track, that
is kept upwards. At the contrary with respect ® pinevious case, the aircraft symbol is fixed dnd i
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is the external circle of the Compass Rose to ecaatording to the track. No Heading symbol is
provided in this case. From the operative standpdne North Up orientation is more useful for
landmark searching or in general when the operat@nts to correlate the vehicle
position/orientation with respect to an externalt Track Up orientation, instead, offers an ego-
centered representation of the environment to therator, making easy a correlation between
Navigation Format representation and guidance camege.

Figure 107.Example of Compass Rose

Comparing these two options, rated test pilotsgurééfe Track Up layout, that it is demonstrated to
provide lower reaction time and workload to pilots manned aircraft, as reported in Fig. 108. This
result show the relevance of pilot skills on flyiag aircraft, that are transposed to the unmanned
context also when they are not completely appleali many missions typical of UAS, in fact,
North Up orientation is more suitable, like for exale to correlate vehicle, sensor footprint and
targets positions. From the experience at the sitoyl our opinion of no pilot operators is that
Track Up format is more preferable for manual resmand semiautomatic control, while in
navigation the North Up permits a greater Situatiokwareness. This is an example of differences
between rated pilots or operators in terms of mentalel about the way to operate the system, and
hence of interface type to support the user. In ease, having the possibility to choose the
orientation, the HMI can be arranged to meet theeetation of each category of user, according
also to the specific task to perform.

Mean response time (sec)

Track-up North-up

Figure 1. Mean navigation response
time as a function of map type.

Figure 108.Track Up and North Up Orientation Comparison faaried Aircraft[67]
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Finally, the Heading Up orientation has been inetlhot common on manned aircraft), that could
be a useful reference when the aircraft positiocommanded through discrete heading demands,
especially when there is a high drift angle thakesasignificantly different heading and track. In
this last case, Heading Up orientation permits aldwetter correlation between guidance camera
image and Navigation Format representation.

Basic Navigation Format functioning mode considbesaircraft symbol fixed at its center, with the
external environment representation that slidesratades according to the vehicle position, like on
traditional implementation on manned aircraft. Farnitoring or searching missions, however, can
be interesting for the operator to focus his/h&rditon on a given zone also if the vehicle is goin
away from it, or still analyze a zone ahead the UA&t has not been yet reached. For this reason, it
is possible to move the navigation format througpasite control on a dedicated TSD page, fixing
its center in any desired position. When the NawgaFormat is not centered on the vehicle,
aircraft symbol and Compass Rose move accordirigeosehicle position, until to exit also from
the screen. There is however a quick control tdezesgain the format on the vehicle. Off course
this geographic position centered mode is to usHarth Up orientation, since in the other two
cases at each aircraft turn the format rotatesjmgakore difficult for the operator the analysis.

From the scenario representation standpoint, rBfies representation and mission relevant
symbology have been implemented. As format backgtat is possible to display a certifiable
aeronautical map. In particular, for routes/WPis ipossible to distinguish between “armed”, “on-
board but not engaged” and “on-board engaged” statbese are the only armed parameters
presented on the Main Display, in order to perraitshe operator to evaluate the future aircraft
position before to engage them. An example of Natiog Format symbols is reported in Fig. 109.

wWwwww
@

No Fly Zone Area of Operation Armed Loiter WP

WWwWww

Engaged Route

Figure 109.Example of Navigation Format Symbology
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8.2.3 Navigation Format Setting

The operator is able to configure some Navigatiomfat setting with an apposite TSD folder, like
for example the orientation, zoom level or the eemhoving. An example is reported in Fig. 110.
Zoom level has been considered also with HOTASrdeoto avoid the workload and frustration
relatively to the TSD page for a very frequent apien.

Alert Config Nav HUD

Nav zoom Nav declutter Nav orientation

(4] Oy |uwfynkd ~ Nup
Sl Rl e GEce.

Display Settings

Nav move Vertical Profile

= e s
S

Figure 110.Example of Navigation Format Setting Folder

8.3 Vertical Profile
8.3.1 General Layout

Vertical Profile provides situational awarenessudlibe aircraft state on vertical plane, in terrhs o
terrain separation and route altitude profile. Bally it is a Cartesian graph with the ground
distance on the horizontal axis and the altitudehenvertical one. A vehicle marker moves along
vertical axis according to the current vehicletatte. A lubber line (starting from the vehicle
marker) provides an information about the curremhp angle, and hence of the future vehicle
altitude. On the graph the terrain profile is dag@ld as background. It is generated by the Digital
Terrain Elevation Data (DTED) and slides from l&ftright according to the aircraft position. In
particular, for the profile creation the DTED angeged to get terrain altitude for some intermeaiat
point coordinates along the considered directiororeVidetails about DTED are provided in
Appendix A. According to the considered directidoisthe terrain profile generation, two working
modes have been implemented:

e track,

* auto route.

Like on manned aircraft Vertical Profile is dispdybeneath the Navigation Format, with different
dimensions according to the Main Display layout.
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AUTO RTE

Figure 111.Example of Vertical Profile

In particular, for the terrain separation this fatms an aid for the operator since it provides a
prediction of the future vehicle altitude, but ralision alerts are raised. Alert generation shdwgd
allocated to a Ground Proximity Warning System oafld, that is better able to evaluate the safety
margin of the vehicle from the terrain taking irgocount also the pull-up capability. In this way
also automatic recovery action should be implentente

Finally, STANAG 4671 does not put any statementuab@rtical profile, while for the STANAG
4586 this is a common format since it requires rmi@tion provided by standard messages.
Changes would be only required to add specific $imb

8.3.2 Track Mode

This is the basic mode, in which the terrain peofs create considering the intersection of the
terrain model with the vertical plane determinedlig current vehicle track.

Distance

o Bricheraslo

s Fi T
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Figure 112.Terrain Profile Generation in Track Mode

To generate the terrain profile, a plane — andtimethighest terrain altitudes in a volume centered
on the plane — has been considered for the follgwaasons:
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* A MALE operates typically above the terrain witlsa&fety separation margin. Its missions in
fact do not require to fly into valley or canyon.

» Terrain has not typically discontinuities and tliere the altitude values on the track plane
are similar to ones of the nearest parallel plgiaeseast of canyons or sharp valley, not
considered for the point above).

« 2D terrain information can be available on demalsd @an Main Display, integrating the
Vertical Profile when the vehicle flies over a rbugrography.

According to this implementation, the profile varieach time the aircraft turns. The effect of
continuous variations present for example flyindoat altitude above the Alps do not annoy the
pilots, and in any case it is realistic.

In this mode the horizontal axis distances aregodélsf coherent with the Compass Rose radius.

8.3.3 Auto Route Mode

This mode is automatically activated when a roweengaged in order to provide situation

awareness about the VNAV and the orography aloagdhte. Mode awareness is provided by the
Vertical Profile mode annunciator at the top leftttoe format, and by the route visualization. At

difference of the previous case, the terrain isgesterated along the track plane, but arranging sid
by side the terrain profiles generated on the @adentified by the route legs. In case of Lost
Uplink condition, Contingency WPs are considerethmgeneration.

ity

Figure 113.Terrain Profile Generation in Auto Route Mode

When a route is flown, however, the vehicle doesaver follow exactly its horizontal path: apart
the engagement, in fact, there are fillings dué&lBy/Fly Through WPs, loiters, change DWP
commands and so on. In these conditions repreggittia terrain along the route could be
misunderstand for the operator, and so the traclems the more correct. At this purpose an
automatic switching has been implemented betwed¢a eaute and track modes according to
distance and orientation thresholds of the vehiaté respect to the route. More in detail, if the
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vehicle is within the thresholds, the auto routd & considered, while if at least a threshold is
passed the profile returns in auto track. This mgds therefore valid also if the route directign i
inverted. In particular, in this case the horizbuliatance is relative to the leg lengths and nas
comparable to the Compass Rose radius.

Auto route implementation has been positively jutbg the pilots, that have appreciated the great
situational awareness provided by the format.

8.4 Radio Communications

8.4.1 Generalities on UAS Communications

Radio Communications page has been studied in ¢toderalize a GUI for the control of the GCS
radio and interphone system.

Generally speaking the Communications system ofJAS can be made up by several elements
according to specific case:

* Ground Communications segment
o0 GCS radios
= LOS aeronautical radios (VHF, UHF)
= BLOS aeronautical radios (HF)
= Satellite Communication (SATCOM)
= Ground radios
0 Interphone system
* On-board Communications segment
o LOS aeronautical radios (VHF, UHF)
o BLOS aeronautical radios (HF)
« Communication Relay (on-board payload)

e Transponder.

GCS aeronautical radios are used to communicate twé ATC — in particular with the airport
tower/radar since the GCS is usually placed neamth and with other actors in the scenario.
SATCOM increases the UAS operational flexibilityBh OS, enabling direct communication of the
GCS with others actors (ground teams in operatiareds, aircraft, etc.), without using the vehicle
as repeater. Ground radios, finally, are used bytbw to communicate with the UAS ground team
during airport operations.

Interphone is the manager of the ground commumicattegment, enabling/disabling the
communications of each crew member (pilot, sengmeraior or other members like mission
commander, image analyst, etc.) with the othersthacexternal users (UAS ground team, ATC,
C4l, etc.), according to the selected configuration

On-board radios, instead, permits an extension hef ¢communication range on traditional
aeronautical frequencies in BLOS operations, whth iadio controls in GCS and the antennas on
the vehicle, using the datalink to transfer therafme commands. In particular it is possible to
distinguish between the on-board radios used bypleeators to communicate with external user —
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that is a part of the FMS — and the communicatepeaters used by external user to extend their
communication network (e.g. to replace damagedrgta@elephonic repeaters) — that are considered
as payload and not as part of the FMS.

Transponder, finally, is mandatory to operate intoaled airspaces.

Our preliminary design has concerned the developwieimterfaces to control ground aeronautical
radios and interphone system. STANAG 4671 doeshawve requirements about Communications
system, while the STANAG 4586 is not affected sirardy ground equipments have been
considered. Standard messages to control on-badialst communication repeaters and transported
are instead provided.

8.4.2 Radio Control

Radio control function has been studied considetimge LOS radios. As key design driver we
have considered that each operator should be abhle tin reception on more channels, while
obviously he/she can transmit only with a radictiate. Besides a single format to control the
communication settings for both operators has lmsidered, like a common radio panel in a
manned cockpit. This operative concept is based tle assumption that all interphone
configurations enable both the operators to userddéos. More in detail, radio management
involves the following functions [27]:

e transmitter setting,

* receiver setting,

» frequency setting,

» frequency storing,

» frequency loading in a DB,
* squelch enable/disable,

* Build In Test (BIT),

e Quick Emergency Frequencies Selection (121.5 MHzMAF radios and 243 MHz for
UHF radios).

For audio volume regulation and Push To Talk (PFTi)e. the pushbutton to press in order to
transmit on the radio set as transmitter — funetidrard controls have been assumed in order to
make these very frequent functions quick to exetutgthout forcing the operator to interact with
the GUI. According to the operative concept, if tperator transmits on a channel, he/she will be
also in reception on it, while on other channels timly reception can be enabled without
transmission. Besides being the radios common é¢octbw, the GUI enables the configuration
setting for both the stations. A strict crew coasation is therefore required like on manned aitcraf
Passing to the GUI study, the current status iglayed on Main Display and the controls on TSD
like for other considered macro functions. An ex@ms reported in Fig. 114.

On the SC TSD, instead, the Communication managage is made up by two folders: one
relative to the radio and the other to the interghdn particular, the radio folder has a structhed
recalls the assumed operator arrangement in the G&Sstation controls are in fact allocated in
the left part of the page, right station contraisthe right part and common/other controls at the
center. This solution increases user feeling vhhihterface, reducing the visual search workload.
Some examples are reported in Fig. 115. The pagbden positively rated by test pilots.
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Figure 115.Example of Radio Folder

8.4.3 Interphone Control

Interphone management is strictly correlated toiorashanagement, and hence it has been
considered. Interphone folder enables the opetat@arm and then engaging one of the stored
configurations. A test function of the interphosealso provided. Mechanism of arming/engaging,
in particular, permits to see a preview of the ctel@ configuration before its activation. Creatang
new configurations and storing it has been consttler maintenance level operation, and therefore
it is not performed by the operator. An exampléheffolder is reported in Fig. 116.

8.5 Configuration

Configuration functions permits to set some paranmsebf the GCS and the On-board segments.
This is a very specific function, developed essdiytior flight tests. STANAG 4671, in fact, is not
involved, while for the STANAG 4586 standpoint éahbeen realized with private messages. It is
performed through a TSD page divided in five foijezach of them with a moding analogous to
that of guidance and communication pages. An exaispieported in Fig. 117.
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9 MISSION PLANNING

9.1 Enlarged Mission Concept for UAS
9.1.1 Mission Definition

STANAG 4586 mission concept reported in sectionlspgovides a mission definition based on the
data exchanged between CUCS and VSM. In a broatseshowever, a mission is a collection of
data comprising also information not transmittedhte VSM, like for example target images or
radio frequency database for the GCS radio. Acogrtb this statement, a new definition can be:

Mission is a kind of folder containing all infornnah needed to perform the assigned goals.

Besides, the plans considered by STANAG 4586 (sd® T9) are not fully exhaustive of all the
possible operative conditions and needs of an a#hlbAS. A more complete and general set of
plans with respect to the STANAG 4586 is reportelbiy:

Routes Plan

MSZ Plan

Emergency Plan
Taxi Plan

Airframe Plan

Payload Plan

Flight:
- Goals
- Constraints

Mission Planning » Mission Plan |—=< Targets Plan

COMM Plan

Data Link Plan

Handover Plan

Weather Plan

R

UAS
Configuration
Parameters

——

Figure 118.Mission Elements

With respect to STANAG 4585 concept, Taxi and Ainfre plans have been treated as independent
items, while the following plans have been adde&2ViTargets, COMM, Handover, Configuration
parameter and weather.

The number of considered items provides an idgheimission planning complexity for an UAS
with respect to a manned aircraft, due to the humaohine physical separation and the greater
Level of Automation. As the LOA increases, in fastyertheless the system replaces the human in
the execution of several tasks, the relevancearfrphg phase before the flight increases since the
system shall be *“instructed” about the mission dtggthe way to reach them and relative



150

constraints. Realizing a detailed mission plarpanticular, permits to exploit as much as possible
the UAS capabilities and reduces the operativesri$kis is particularly true for vehicles that can
not be guided in semiautomatic or manual way. Bseas can be further complicated if multiple
UAV control is considered, but in our work the dission has been limited to a single UAV. In the
following sections, each plan is analyzed moredtaiil

9.1.2 Route Plan

It is analogous to the STANAG 4586 concept, withitna part relative to the taxi or the automatic
vehicle actions. At difference of an airliner tlngts a transit mission from a departure airport to a
destination one, for an UAS the routes profile mencomplex.

En Route

Takeoff
Preflight

L7 A

Figure 119.Classic Airliner Mission Profile [71]

Considering the assigned goals, in fact, for an WAS different types of route plans can be
realized:

» Single route that cover the whole mission from take off to landing (in the same or
different airports), plus one or more diversionsdad alternate airports.

* More routes that cover all possible operative sibug. Usually there are ingress/egress
routes joining the airports with the Area Of Opa&rat and more alternative routes inside it.

. Area of Operation
Area of Operation

A .
e A *
- ..-'{: .
A =
A R T/O Airport b . [ ]
f A . . .
T/O Airport \\
¢ .
.
. o= : .
Landing Airport
——=®@ Route : ';Zﬂi'::m e ez
A Target ®an  Alternate Airport ° Landing Airport
Single Route More Routes

Figure 120.UAS Route Plan Profile [17]



151

Single Route profile is used for monitoring missan fixed targets or searching missions along a
planned path. More Route profile, instead, is msu#able when targets/searching paths are not
known a priori, but depend by the operative condii It is near mandatory, in particular, for UAS
that does not have the capability to upload a rewerto the vehicle in order to provide a minimum
of flexibility. A variant of the Single Route prditypical of HALE UAS — but applicable in certain
conditions also to MALEs — foresees a big loiteerothe Area of Operation, on which the vehicle
stands to monitor an area expectant an opporttaiget (i.e. a not planned target) to execute a
diversion. Sensor with a quite wide range are alsliprequired to implement this type of operative
route. In particular, this is the standard profileen the UAV acts as communication repeater for
other users. An example is reported in the figuwiew.

Figure 121.Loitering Route Profile [72]

Contingency Routes/WPs are included. In particaar,FMS implementation permits to realize all
the three presented profiles.

9.1.3 Mission Zones (MSZ) Plan

Mission Zones are particular areas relevant tdXA¥ fly permission. In particular, the following
items have been considered (see also section 6.4.1)

» Area of Operation area in which the UAV performs its operative wskCurrently it
coincides usually with the restricted area in wittoh vehicle can operate safely.

» Corridors safe path from the airport to the Area of Operaind vice versa.

* No Fly Zones zones for which is prohibited the overfly. Thegncbe also placed inside
Corridors or Areas of Operation.

9.1.4 Emergency Plan

Analogous to the STANAG concept. Its outputs (immte of Contingency WPs/Routes) are
included in the Route Plan.

9.1.5 Taxi Plan

It is relative to the ground vehicle movements wnigiriaxi before take off and after landing. It has
been separated by the Route Plan (relative tolitite path of the UAV) due to its peculiarities, at
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difference of STANAG 4586 that joints them. Besidegomatic taxi is an advance functions, that
could not be available on a vehicle. In this cadthough there are not data exchange between
CUCS and VSM, the operator plans however the grqath in order to have a visual reference on
the displays during the manual execution.

9.1.6 Airframe Plan

Airframe Plan is relative to automatic actions parfed by the vehicle at certain WP of Route and
Taxi plans. It has been separated from the Rowate, BInce it is an advanced function that involves
specific planning logics.

9.1.7 Payload Plan
It is similar to the STANAG 4586 concept. It isistiy related to route and target plans.

9.1.8 Target Plan

Target Plan is made up by the list of potentiajeéts to monitor during the mission. This plan shall
be always included in monitoring mission, alsohiére is not a payload plan. In particular the
following type of targets have been basically cdased:

» Target Pointfix identified by its coordinates (LAT, LON, ALT)
» Target Line broken line identified by vertex coordinates.

» Target Areaarea identified by perimeter vertex coordinates.

Ny . e \\
A AT / A
\A/A/
Target Point Target Line TargetArea

Figure 122.Considered Types of Targets [17]

Besides, each target is also characterized by & ndescriptive attributes and target images to
simplify the target recognition (optionally).

9.1.9 COMM Plan

It is relative to the planning of interphone condfigtion, radios and relative frequencies to ugéeén
current mission. Available frequencies on the SMTSommunication page are defined here. A
link of the available frequencies to the route ptauld be considered in order to reduce the
workload. Besides, a possible subset of the frecqu®B could be also uploaded to the UAV for
the on-board radios according to its specific imaatation.

If a new interphone configuration is required fbe tmission execution, it will be included in this
plan.
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9.1.10 Datalink Plan

Datalink plan it is relative to the definition ohd LOS and BLOS datalink parameters, like
frequencies, code, hop pattern, channel, etc. Cakoklt possible electromagnetic interferences on
datalinks in the considered area is comprised #imilar to the STANAG Datalink plan, with the
exception that the handover is treated apart.

9.1.11 Handover Plan

Generally speaking, handover is the procedure $s e vehicle control from an operator/station
to an another. In particular the following types ledndover (“old/new” controller) can be
distinguished:

¢ GCS/GCS (both in LOS or BLOS),

» datalink/datalink with the same GCS,

» operator/operator in the same GCS station,

» operator/operator in two different operator stagiohthe same GCS

* LOS datalink repeater/LOS datalink repeater withghme GCS.

First case is the most typical in the UAS contespecially considering the passage from LOS to
BLOS control. For long range operations, in fasyjally there is a GCS in the airport that manages
the phases of departure and arrival for which I@mgmission latencies are required, while the en-
route phase is controlled by another GCS in BLO8nmther station in the same GCS (usually with
a satellite datalink). The passage of control egsitical procedure that shall be carefully planied
order to avoid mishaps, and it is strictly relatedthe datalink plan. Another possibility is to
perform the handover between two different datafigkically from LOS to satellite BLOS) in the
same GCS.

The third case is relative to operator alternafamprolonged missions in order to avoid human
fatigue issues, and should be however taken intouaat in the planning. The fourth case, instead,
can be relative to the passage from LOS to BLOSragiously exposed, or to a control handover
from a failed operator station to a back up onthénsame GCS.

Finally, there is the handover between differenali@k repeaters. Datalink repeaters are a differen
way to operate BLOS without using satellite comnsations. Also in this case the handovers shall
be accurately planned. In particular, accordingtlie system LOA, they can be performed
automatically by the vehicle when specific planiéBs are reached.

9.1.12 UAS Configuration Parameter

Finally, there is the setting of the possible cgufation parameters, very specific of each system
and operative context. Vehicle weight and fuelnigbn are comprised.

9.1.13 Weather Plan
Collection of all forecast weather data pertinenthie mission. Examples can be:
e airport air temperature and wind,

» air temperature and wind at different altitudes,
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» turbulence,

» hazardous phenomenon (e.g. thunderstorms, sandsteofoanic ash cloud, etc.),
» cloud covering,

* rainfall,

 visibility,

* ice conditions,

» ephemeris,

* ionosphere perturbations (possible impact on déaommunication especially for satellite
control).

9.2 Mission Planners

9.2.1 Classification

Mission Planner is the dedicated device to perfarmission planning — that is the process with
which a new mission is created (see Fig. 118) teanodify a previously created mission. In the
second case, when the modification is done duhegntission execution, we speak about mission
replan. A replan typically involves a change in thete plan plus related actions. Anti collisionr on
board devices are considered apart and not irefflan category, since relative path is intendea as
momentary deviation from the planned route andawroits permanent change. According to the
previous considerations, the following planner /pan be distinguished:

* external,
* embedded in a GCS,
* on-board an UAV.

9.2.2 Ground Based Planners

External and GCS embedded planners are classifiegtaind based. More in detail, an external
planner can be hosted in a fixed workstation oa@dp, and can be a part of the UAS ground
segment (according to the STANAG 4586 UAS defimtpyesented in section 1.1) or of a C4l. Itis
the main device to plan a mission, since the plagnoif a scheduled mission is usually done some
days before its execution. In any case, also f&ir ti@nute planning, it is the most suitable device
since it has several specific tools that enable axendetailed planning with a reduced user
workload. Also from the ergonomic standpoint ipieferable, since a workstation is usually placed
in an office (more comfortable than a GCS), while laptop can be used everywhere. Beside, if an
internet connection is available, the user willdide to access a lot of information and other tools
(e.g. Google Maps), that simplify further the plangn

A GCS embedded planner, instead, is mainly usednfiort an externally generated plan and
modify it just before or during the flight (i.e. fwerform a replan). However it is usually possible
creating a mission from zero directly in an embeddi&nner, also if it is not the most suitable
interface to do it in terms of ergonomics and aldé tools/data. It is in fact integrated in the
operator station displays, that have a small scneddnrespect to a standalone computer and require
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a prolonged “head down” interaction. Besides, aeriret connection is not usually present in a
GCS due to security constraints. This situatioanalogous to that of manned aviation, in which the
flight is usually planned on external devices aneéntloaded in the FMS. The MCDU keeps the
possibility to create a flight plan from zero, liuis a quite boring and long operation. Returniog
the UAS context, it is also possible to have hylmahfiguration in which an external planner is
used by the user inside the GCS, but not on theledbayload operator stations.

In both cases, however, creating a complete missisults a very complex and long activity, due to
the amount of information to process. Just to mtevan example, first “Global Hawk” blocks
required nearly nine months to plan a complete ions§2000) [41]. In particular, obtaining an
optimum result could be difficult. At this purposelvanced route creation algorithms can be an aid
for the operator, producing in output a route opted according to certain paradigms (e.g. payload
performance, fuel consumption, datalink coverade,),ethat respects the assigned constraints.
These algorithms however can create only a porntibthe route plan. The complexity of the
subject, in fact, makes really difficult realiziagsingle algorithm that takes into account all ioiss
elements, mission constraints, air rules and operekpectations of how a mission (and in
particular a route) should be planned. Thereforease of mission planning these algorithms are
commanded by the operator and do not run autontigtica

The situation could be different for a mission egpt usually restricted to a mission portion — that
can be performed both by the operator or autonopdwysthe system. First case is analogous to the
initial planning presented above, while the secanduite different since it is a more complex
function that involves also a monitoring module.nSidering the OODA loop (see section 4.2 for
more detail), autonomous ground replan functiontlimmodeled as follow:

OODA Loop Direction

-
Ll

Monitoring Module Route Creation Module Human Operator
Evaluation of Replan Necessity Route Creation according to Replan activation after
Meonitoring Module Outputs evaluation
c Observe Orient Decide Act
nvironment Situation Decisi -
i / ecision Decision
Eltuatlonal Analysis Making Actuation
wareness
OODALoopPhase I:I Automatic Replan Moclule Operator’s Role

Figure 123.Autonomous Ground Replan Functional Architecture

“Decide” loop phase has been considered coincidatht the route creation, leaving the operator
evaluation as part of the final “Act” phase. Thartan remains directly in the control loop, since
the operator keeps the responsibility of replarte@pproval. Human authority on automation is a
very complex matter, especially considering operetiin the civil airspace that require the plan
sharing with the ATC. At the moment, the STANAG 4xovides only a generic indication about
the fact that automated mission planning calcutatimust not lead to unsafe conditions [19], but
more detailed indications are needed. A proposatpsrted in Fig. 123, with the human that has
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the unique final capability to approve or not theoanation proposal. In other words, an automatic
ground replan module is implement with a “Manageir&n Consent” logic (see section 4.2 for
more details).

Considering a complete ground based mission plaitngan work with different LOA — according
to the human selection during the initial planniagd manual replanning — while advanced
autonomously advanced function requires a greatuev In particular, considering the
Parasuraman-Sheridan and ACL scales (see sect@rigrdnore details), the following values are
applicable for ground based planners:

Planning Context Parasuraman Sheridan et al. ACL

« Initial Mission Planning
e Manual Replanning

e Autonomous Replanning 5 3

Table 38.LOA for Ground Based Planners

Having a great LOA, however, makes really importadopting a HMI that keeps the operator
inside the control loop, in order to avoid a “spbetween user and system. At this purpose, there
was a “famous” accident to a Global Hawk during,takie to an erroneous taxi speed of 155 kts.
The misbehavior was mainly due to a bug in the immsplanning software, but the operator failed
in the result monitoring, not helped by the integfghat presented the plan data in hexadecimal
code [17], [41].

9.2.3 On-board Planner

Finally there is the possibility of an on-boardleep This is an advanced function typical of UAS

that requires a vehicle with a high LOA. In partauit is adopted to provide a quick system

reaction in critical conditions. It can be also eheg for multi-vehicle control, not considered here.

The main difference with respect to the ground tasplan is that the human approval is not
needed: the operator in fact has usually a timemstop the automatism and after it the proposed
action is executed. Considering the OODA loop, tdyglan model is reported in Fig. 124. The

automation, therefore, is controlled with a “Managat by Exception” logic. This raises several

issues especially in terms of civil certificationdaintegration in the common airspace. Considering
the automation scales, the following values ardiegipe:

* Parasuraman-Sheridan: 6,

 ACL: 4.
Higher LOA are still more complicated to be adoptekice they do not foresee a direct human
control, at least to revert at lower LOA. Using “Magement By Consent” logic like in ground

replanners, instead, is not advantageous, sintteeibest case there are nearly the same number of
interactions in terms of route upload/download apdrator evaluation, while in the worst (i.e. the
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operator modifies the automatism proposal) they gaemter in the on-board case. This can be
critical when a quick response is required, esfigcieonsidering the latencies in BLOS
communications.

QODALoopDirection

-
>

Monitoring Module Route Creation Module Route Actuation Module
Evaluation of Replan Necessity Route Creation accordingto Route Activation After
Monitoring Module Outputs Timeoutifno Veto is put
EoPsewe t Orient Decide Act
Q;L':EQ,’,'ZT Situation Decision Decision
Analysis Making Actuation
Awareness

Possible VVeto

F

Human Operator
Replan Evaluation and
. Possible Veto
|:| OODALoop Phase I:I Automatic Replan Module
Act
Decision
D Operator’s Role Actuation

Figure 124. Autonomous On-board Replan Functional Architecture

In the next figures, two examples are reportedtiveao the comparison between on-board and
ground based replanners with a “Management By Guhksgic.

Ground Replan On-board Replan
10
UAV Replanner »  UAV
A
2° 4°
Route Upload 3° Route Download Route Approval
Acknowledgement
v
10
Replanner »| GCS GCs
A
20 Replanned Route .| ReplannedRoute
Evaluation 3 Evaluation
Operator Operator

Figure 125.Ground vs. On-board Replan Without Operator Modifimn
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Ground Replan On-board Replan
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UAV Replanner » UAV
A
= 4°
Route Upload 3° Route Download Medified Route
Upload
v
10
Replanner »| GCS GCS
Replanned Route Replanned Route
2°| Evaluationand 3°| Evaluationand
Modification Modification
Operator Operator

Figure 126.Ground vs. On-board Replan With Operator Modifizati

9.3 General Issues on Planning Algorithms

In the following sections general issues relatiwehe definition of route creation and validation
algorithms will be discussed. These algorithmsaaré&elpful aid for the operator in manual mission
creation, and one of the two main modules of groamdi on-board replanners (see Fig. 123, 124).

9.3.1 Route Creation Algorithms

Creating an optimum route for an UAV is not an etask, since several parameters have to be
considered, many time in contrast between thenh fumitther constraints that limit the admissible
solutions. When a route is manually created, theraipr is responsible to weight the several
aspects to obtain the global optimum, taking irtooant its operative experience and the specific
mission context. Reproducing this knowledge basatstbn process with an algorithm is not a
trivial issue, especially considering constraints the computational time [17]. From the
mathematical standpoint, this is a multi-objectoyimization problem. To solve it, there are two
possible approaches according to the desired result

1. Identifying a main paradigm according to which op#e the result. In case of complex
route, its parts can be created according to @iffeparameters (e.g. fuel consumption for
transit phase and payload performance in the dpaedtarea).

2. Running several algorithms that optimize the roateording to different objectives, and
then combines the result with proper weights t@ioba globally optimized final route.

In any case, also when a main objective has beentiittd, there can be many secondary
parameters to consider, in order to obtain a resulilar to a manually created routes, remaining in
the case of multi-objective optimization. A listpdssible parameters is reported below [17]:

¢ minimum time,
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* minimum distance,
* minimum vehicle turns,
* minimum vehicle altitude variations,

* minimum risk considering given threats to avoidcteaf them characterized by a risk
probability),

* Dbestrange,

* best endurance,

* best image visualization (considering a given tgppayload),

* Dbest data-link coverage.
Besides, as reported above, the admissible sotutioa further limited by mission constraints. At
this purpose, it is possible to distinguish betwegeneral constraints (e.g. terrain separation) or

constraints embedded in the objective (e.g. begje@onsidering a given fuel quantity). A list of
typical mission constraints is reported below [17]:

» obstacles (terrains, threats, No Fly Zones) avaidan

» operating inside the assigned areas of operatidrcamidors,
 altitude limitations,

» fuel available,

» aircraft performance,

» datalink coverage,

» respect of the air rules,

* time constraints.

Practically, to solve a multi objective optimizatiproblem randomized search methods must be
used — like for example simulated annealing, evahairy or genetic algorithms — in order to avoid
the possibility to be trapped in local minimums][1Cost function is constructed according to the
assigned objectives, and it is evaluated on theplmoute, properly created taking into account
the problem constraints. Apart the 3D coordinat@sh WP is characterized by other attributes, and
therefore some rules shall be defined in orderettuced the degrees of freedom and hence the
problem complexity (e.g. the logic with which thePAype is chosen).

Finally, there are limits to the admissible compiotzal time, especially for the GCS embedded and
on-board planners due to operative needs. Thidrenms can be achieved for example limiting the
maximum number of interactions in the algorithmalabcing the time with the risk to not find a
good solution.

9.3.2 Plan Validation Algorithms

A relevant issue for all type of planners is thesion validation — in terms of goals reaching, eout
profile feasibility, constraints satisfaction, dgfeetc. — critical due to the absence of a pilot o
board. Also in manned aviation, in fact, a fligh&mpis checked before the mission execution, but
for UAS this aspect is more important and a dedadealysis is often required by civil aviation
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authority. At this purpose, route validation algioms are included to check both manually create
plans and autonomously ones with respect to thet@nts reported above.

9.3.3 Algorithm Certification

Adoption of advanced route creation algorithms tfog initial planning and in particular for the
mission replanning raises several issues in terfnesvib certification, since they are not present i
manned aircraft FMS and therefore there is not iipewles. As reported above, in fact, the
STANAG 4671 reports only the indication that auttimglanning shall not lead the vehicle to
unsafe conditions, but not further indications pmavided. Considering the current manned aviation
standards, there are generic requirements abostamialgorithms that require deterministic results
(i.e. running more times the algorithm with the samputs, the outputs and the computational
times shall be the same) and put constraints onpatational time [17], [73]. Determinism,
however, could be difficult to obtain, since margtimization functions are probabilistic. If the
civil aviation authorities will not accept this hor, a solution can be validating the routes with
deterministic check algorithms before making thewailable for the engaging. In any case,
dedicated and universally accepted rules shaletieet by the authorities at this purpose.

9.4 Mission Planning Functional Design

Starting from an existent initial design relative an another research activity [70], a GCS
embedded mission planner have been developed takiogaccount the previous considerations.
Mission Planning has been considered a not safédtgat applications, in order to obtain a more

flexible interface being free in the use of mapsl admissible software libraries to code the
graphics. The main idea is to manage the wholeiomsa the planner and then exporting a subset
of information to the safety critical guidance mtadaf the GCS, from which the operator is able to
provide navigation commands. The functional chaireported below in Fig. 127:

Vehicle

Route Upload,
NAV Commands

GCS Validation Checks \

Mission Planner Guidance Module
Export [ Validated

[ [

Management of the whole Subset of the mission data

mission (creation, modification, v pertinent to the guidance
etc.). Rejected and the visualization on
- - - - - Navigation Format.

Figure 127.UAS Mission Management Functional Chain
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More in detail the following macro functions cangesformed on the planner:
* import of an externally created mission into planD8,
» creation of a new mission from zero,
* import of a mission from the planner DB and modifion,
* delete a whole mission from planner DB,
* export of a mission to the guidance module,
» export of a mission to an external user (e.g. adC4in external planner),

* mission validation.

The core of the planner is the database, that @es btructured starting from the STANAG 4586
mission concept for the subset exported to theagaoe module, and then adding the information
not involved in the communication between CUCS ®%M. STANAG 4671, instead, does not

specify requirements for the mission planning desig

Mission validation checks have been added to tlamnd@r in order to provide an immediate
feedback of erroneous WP positions directly durihg route creation and validating the final

mission. Besides also advanced route creation iigts have been taken into account. More
details about the algorithms are provided in Chapde

9.5 Mission Planning GUI Design

Mission Planner has been designed with some demgfrom the common graphical layout due to
its specific function and to the fact that TSD page have a digital map and not a dark uniform
color as background. The pilots have positivelyl@ated this design choice. Loaded map, in
particular, are hosted in a specific folder of tenputer and hence can be easily changed.

Any mission item (e.g. waypoints) can be enterethieyoperator in two different ways:

» directly on the map,

» through the alphanumeric keyboard.

In the first case, considering for example a ra@edreration, the operator enters the Waypoint (the
leg are automatically displayed for each WP cougigctly on the map defining therefore the 2D
profile of the route. Symbol layout, in particulas, the same of the Main Display Navigation
Format in order to increase the operator feelintdy wie interface, reducing the error possibilitgan
the training time. When the WP entering is finishetther WP attributes (i.e. altitude, speed, alriva
time, type, loiter attribute, etc.) are entereatizh an apposite sliding table. In particular freath
table cell, it is possible to open the alphanumkegboard or a pop-up according to the selected
cell. Alternatively, the entering can be directlgrfprmed on the table. Comparing the two
solutions, the first is the most intuitive and e&sythe operator, since he/she has a direct feddba
of WP positions not only in absolute terms but akslatively to the other mission items. Besides,
typing all information on the virtual keyboard cdlle a long an boring operation for the user. This
could be a preferable solution when the coordinaes known a priori or for short new
entering/modifications. While the operator entéesns on the map, in particular, the interaction
laws are more complicated with respect to the nahstate, as reported in the table below:
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Type of Interaction Result

Single click on a map free space. A new item igwr=at in the pushed position.

Single click plus drug movement over
threshold on a map free space (threshold is
to discriminate a single click by a single cli
and drag movement).

a
iﬁ\ﬁgp panning.

Single click plus drag movement over

threshold on a previously entered item. %elected item panning.

Table 39.Interaction Laws During Manual Item Entering on Map

Apart pan moving, during the manual entering theraor is also able to change the map zoom. At
this purposes, in every day life — using smartpkpteblets or satellite navigators — an operator is
felt to change the map zoom though a particulabtibtouch interaction named Pinch (see the next
picture for an example).

Figure 128.Pinch Interaction to Change the Map Zoom

First time that our TSD is used, every user treeadopt the pinch interaction and this provides an
idea of how touchscreen technology is diffused em fyears. Using a resistive touchscreen,
however, double click is not available, and therefdifferent solutions shall be adopted to vary the
map scale , like “zoom in” and “zoom out” pushbuato

Finally the operator is able to delete an item friti@ mission, to declutter the symbology on the
map and to measure linear distances on map (vefylusol during the mission creation). Some
page examples are reported below in Fig. 129.
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Wpl  Fy-through N45° 06'565 E 007" 47.200 10000 100
WPl | Py-through N 45" 4549 E Q07" 4F.965 10000 100

WPl Fiy-through N 45° 02133 E007* 46'849 10000 100

m @

Planning&Replanning

Planning&Replanning

Wk Fy-through N 44® 59'916 E 007 42.715 10000 100

Circle N 44" 59'599 E007* 37.150 10000

......

Figure 129.Examples of Mission Planner Page

The interface has been designed taking into accthentconclusions of the RAFIV model (see
section 4.5 for more details) in order to realizgoad interface. In particular the following sotuts
have been adopted to guide the operator in theanisseation:

» Several fields in alphanumeric keyboard (e.g. coatés or time) are formatted to
remember at the operator the correct format.

» If an out of range value has been entered in tgbdard, the error is immediately shown to
the operator.

* Mandatory fields to be filled are properly coloiadrder to help the operator recognizing.
* Icons in the pop-ups help the operator to recogthieeseveral options.

* Feedback pop-ups provide details to the user abmfiher command status and failure
conditions (e.g. details about the causes of pasged validation check).

An example of these solutions is reported below:

Mission Not Validated X
C} RTE: "X
Leg: WP1/WP2

Failed Check: terrain horizontal separation 0.4 NM,
safety margin 0.5 NM

Q

\ J

300 >

Figure 130.Example of Graphical Aids for the Operator in thessibn Planner

9.6 Navigation Format on Digital Map

Having developed a digital map for the plannindyas been exploited to create another Navigation
Format on the NSC TSD providing a more detailediapsituational awareness to the operator
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Figure 131.Example of Navigation Format on NSC TSD

From the functional and graphic standpoints, itamsalogous to the Main Display Navigation
Format, but it provides a greater flexibility abaime usable type of maps (not forced to be
certifiable) and the easiness of interaction fer tiser being on TSD. In particular, it can be used
interface to make a quick replan during the misswithout passing from Mission Planner. Without
it, in fact, a mission change should be performedh® mission planner page, that requires more
interactions and does not show the aircraft positidavigation Format on digital map, therefore,
acts as the classical MCDU page that manages threntulight plan. This solution has been
preferred to a more rigid modification in the guida page, considering the greater flexibility and
situational awareness provided by the navigatiomé& on touch map.
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10 ADVANCED PLANNING ALGORITHMS

10.1 Algorithm Work Scope

As first step to increase the Level Of Automatiorah ACL of 3, a set of advanced algorithms have
been studied about mission creation and validafitiese functions form a software library from

which it is possible to realize automatic optiols manual planning or autonomous replanner
modules. Besides they have been designed withaangdiic and modular structure in order to be as
much as possible independent by the considered WAIS.modularity permits in fact to host these

functions both on external, GCS embedded and ordhq@anners. In particular, referring to ground

(see Fig. 123) and on-board (see Fig. 124) replanribese algorithms represent part of the
“decision” module. More in detail, the following @aligms have been considered for the route
creation/validation:

» Datalink Coverage
0 Line Of Sight
0 Link Budget
» Standard Search Patterns
» Electro Optical / Infra Red Cameras performance
0 target line observation
0 target area observation
* Fuel Consumption and Performances,
* Mission Zone
* Emergency Route in case of vehicle failure.
Practically, these algorithms have been studiedhftbe functional point of view, covering the
aspects closer to the operative and HMI standpoidesign at software level and in particular the

definition of the optimization methods have beemdeded to software team that has coded the
functions.

10.2Datalink Coverage
10.2.1 Line Of Sight

This function provides a map of the available Li@€ Sight (LOS) given the Ground Datalink
Terminal (GDT) position. Practically it is realizadtersecting the terrain model (obtained by
DTED) with a plane at fixed altitude, and then dhieg the LOS for each DTED point with respect
to the GDT position. In other words, the map shavs given altitude which zones are terrain
obstacle free and within the horizon line for LO%talink communications. A complete
representation is obtained merging a set of magt@defor some discrete altitudes. These maps can
be used as an aid for route manual creation, aat ifgr another creation algorithm or for a
validation check. An example of the LOS check moréed below in Fig. 132.
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[ Plane ALT=6000 1 |

LOS Not
Available

Altitude [ft)

Latitude [deg) Longitude [deg]

Figure 132.Example of LOS check

This function has been integrated in an externakian planner (hosted on a commercial PC) with
a test interface in order to validate it. An exaenigl reported below in Fig. 133, with the free zone

in red superimposed to the cartography (South Poedm

e @

2 () mission Operatar Station - [Datalink Functions]
2 Fle  Planning  Monitanng  Windows Settings Help

(SEE)

I (8% ey
Geogle Earth i) Gurrent Route: | =] aircraft weight tkgl: |
_ | Dted1 Dted2 || Dred3 Dr=d 4 Mission fuel (kg) ]
o —— - Tolerance altitude (m): | |
AC . S
- N distance (m) [
Model Zoom  [10 2]
~Track - spralfmi: [ |
] SHow SRt time (s1: ]
Sve [ Fuet Check |
Result |
sensor Consumes fuel (kg): |
~FaotPrint-
%l Show | Becord i
Threshold fm) 200000 [%] k
~Targsts |

o Ty -"'-'g;e .': , i
GS Lavtude: 447419 |
GS Longitude: [7.53788
AC Altitide. [1000
Cursortabtude: [447419 |
Longtude: [7.53780
Albtude: [262-260 |

Result: [DL SUCCESS |

Time : [0.984 sec ]
Map Latitude: [24 508
Longitude: (766382 |

Value: |11

Figure 133.Los Map
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In particular, the computation is performed at 3@@Sund the GDT. This function is thought to
create a DB relative to the mission zone, at wtachessing for several purposes (e.g. during
manual route creation or as input for another algms). Finally computation time can be long for
high precision DTED (i.e. Level 2) and large coesatl zones, while with lowest precision DTED
(i.e. Level 0) the computation is near real-times&ts have been checked by the comparison of the
map provided by the free software “Radio Mobile i@’ that make the same computation, but
does not permit to export the data in a usable féimexample is reported below in Fig. 134, again
with the LOS map in red.

< 3 368 733 A
| o |

Figure 134.Example of Radio Deluxe LOS Map

10.2.2 Link Budget

Starting from the LOS map, a more detailed inforomatabout the link quality is provided
calculating the link budget for the points havihg LLOS with respect to the GDT. Link budget is
the power actually received by an antenna — theDatalink Terminal (ADT) in our case — taking
into account the transmitted power (by the GDTg, éimtenna gains and several present losses. In
particular, it has been evaluated with the Friitgiation [74], [75]:

Pr=Pr+ Gr+ Gg —Lgp,— Ly— Lg— Ly

Pr = power received by the ADT [dBW or dBm]
Pr = power transmitted by the GDT [dBW or dBm]

Gr = GDT antenna gain [dBi]
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Ggr = ADT antenna gain [dBIi]
LrpL = Free Path Losses [dB]
Lt = GDT (i.e. transmitter) losses due to coax, cotors, etc. [dB]
Lr = ADT (i.e. receiver) losses due to coax, connsctetc. [dB]

Lw = losses due to transmission media [dB]

Equation 2. Friis’s Equation

4md
Lep, =20 logy, (—J
A

d = distance (i.e. slant range) from the GDT [m]

A = wavelength [m] A =light speed in the vacuum [m/s] / frequency [Hz]

Equation 3. Free Path Losses

Friis’s equation parameters are given in inputhe function. For details about some units of
measure very specific of telecommunication engingesee the Appendix B.

Practically, knowing the minimum admissible receiymwer for the ADT (usually evaluated with

a safety margin), with this function it is possiliéedetermine the operative datalink range in LOS
for a given altitude, that depends mainly by theefpath losses. In fact, as the distance between
GDT and ADT increases — being constant the othierde- the received power decreases.

As for the previous function therefore, a completgresentation is provided by the merging of
several maps stored in a DB relative to the miszmre.

Using the Friis’s equation involves some assumpgti@d], [75]:

1.

a M oD

o

transmitter/receiver antenna and transmissiondreeconjugate matched,

antennas are correctly aligned and polarized,

the bandwidth is narrow enough that a single vidu¢he wavelength can be assumed,
antennas are not isotropic,

wavelength term is included in the free path lostasceptable for LOS terrestrial
communication),

all carrier wave propagation is assumed to be veangth independent,
antennas are not omnidirectional,

near obstacles (i.e. terrain in our case) therduatler effects due to reflection, absorption
and refraction.
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9. no electromagnetic interferences are considered.

First six points are usually satisfied by datalinlsed for UAS. For the seventh, the antenna has
been considered omnidirectional in order to hawengle map valid in first approximation for all
the possible antenna orientation. Besides GDT aateare usually mounted on movable pedestals,
and hence they can be approximated as omnidirettidneritic point is the eighth, that makes the
result not very precise near the transition betwe®® / No LOS zones. However an UAV flies
usually over the terrain with a significant sep@amtand besides the link budget is evaluated with
safety margin. Finally, the ninth is a forced asptiom, since the evaluation of possible
interferences requires a more complex electromagnempatibility analysis. In any case, the use
of the Friis’s equation for first evaluation of dimbk performance has been proven in real
operations. Also this function has been integratethe external mission planner, for which an
example is reported in Fig. 135, with the link betidisplayed in a grey scale. As reported in the
example, the received power decreases from the @i3ifion as the distance increases. The results
have been again compared with the “Radio Mobilaukebutputs to validate the function.

2 (0 mission Operatar Station - [Datalink Functions] e ®
2 gle Planning Monitoring  Windows  Seltings  Help —|8x]
Coagle £ ] ————
R0piE Cant i Current Route [*] [ tos Map | ~Man Overiapping- Aircraft weight (kg
ﬁ bred 1 | [ Dweda | [ biea3 | [ pwas Tricpudger] | O Sinale tision fue k). |
= e | 8 Overlap Tolerance altituda Imi: |
AC - Link Margin:| e
— b GhoE gy distance Imi: |
Wodel Zoom |10 [2] -
. F ol spiral Im)- | ]
x| show l Agset -—d- ; time (s |
| i
(s J | Bl check
. [
- | B [

Result

Consumed fuel (kgl |

o ——
® show fecord

Threshold {m) | 2000.00 |2 r

AC Allitude

Cursor Labtude: 419

|

|

Map Latitude: ]

Longitude: [ 753789 J
TR ]

Longitude:

e Value:
Alitude: (252 - 260 | TS

Figure 135.Link Budget

10.2.3 Link Budget Real Time Monitoring

In order to guarantee safe operations, Link Budidetll be always above a threshold. At this
purpose it has been designed an on-board monitéuimction that can evaluate in real time the
ADT link budget for the estimated future vehiclespion, updating the theoretical calculation
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provided by the Friis’s equation with the curreigngl strength actually received by the ADT. In
practice, the output of this function is used tiggan alert about a future lost uplink.

More in detall, the future position is estimatetéahf time span (given in input to the functiomnir
the function running. This estimation is performedwo different ways according to the engaged
guidance mode:

* navigation route mode: projection of the aircrafspion along the engaged route.

» other modes: projection of the current NED speedshfe time span.

Possible ADT antenna masking due to aircraft masesuis not taken into account. This function
has been successfully tested, with a testing dehintegration in the external planner.

10.3Standard Search Patterns

Typical UAS missions are monitoring or target sharg (e.g. a castaway) on an area. To perform
these tasks, there are several standard pattemma@aly used also by boats or manned aviation:

» Step ladderoptimized path for a complete and progressive s¢an area

* Expanding Squareptimized searching path from the last knowneappsition.

» Sector Scanpath that maximize the probability to quicklydia target in an area, with a not
progressive pattern.

Each pattern is characterized by the following gewital characteristics:

t .,
t »e WP3 . .w
A 3 9
WPn 2
- LEG ®
i 4 SPACING o
SPCH START i A 4
] POSITION WP1
WP2 e WP I Normal
t LEG DISTANCE wPa Maximum 1 7 @ radial [ ] 5
square Qrientation
radius +
Watior - ] 4
WP ;L‘,‘f—fﬁ.hm ' P 10 4
H WPn " wen
ENTS
Step Ladder Expanding Square SectorScan

Figure 136.Standard Search Patterns

In particular, the algorithm creates the patterntarms of WP list, according to the received
parameters in input. Altitude and speed are asdigugial for all WP according to the received
inputs, while for WP type the Fly-By has been clmo§aost suitable to fly path with perpendicular
legs). From the practice standpoint, this functam be an aid during manual route creation or a
sub-module of a more complex autonomous function.
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10.4EO/IR Sensor Coverage
10.4.1 EO/IR Sensors & NIIRS scale

Electro Optical / Infra Red cameras are the basikS Upayload for monitoring and searching
missions, due to their flexibility, high resoluti@md ease of interpretation with respect to o adar
or multispectral sensors. Considering a MALE UABese cameras are usually mounted in a
gimbaled turrets in order to decouple vehicle atser movements (an example is reported in Fig.
137). Looking a target with the proper camera, haweis not sufficient if a good image is not
provided to the operator. Evaluating an image ¢y éainot a trivial task, since it depends by many
factors like the specific payload considered, thtemmal environment, the looked target and the
assigned task (i.e. what the operator wants tevwetfrom the image considering the mission goals
and the operative context). At this purpose, thatidhal Imagery Interpretability Rating Scale”
(NIIRS) has been created by the aerial imaging camty, in order to rate an aerial image with a
simple graduated numerical scale (from “0” to “@hd distinguishing between several payload
types. NIIRS has become a standard in the aeragy@ny evaluation.

Figure 137.Examples of EO/IR Cameras Installation and EO knag

NIIRS level, in particular, can be associated ® @round Resolvable Distance (GRD), that is the
minimum object length that can be distinguishethimimage (i.e. a sort of sensor resolution). More
in detail, the NIIRS scale is reported in Tab. 48][ Third and Fourth columns of Tab.40 provide

only a subset of the available examples for eaehl.Ién particular the following terms occur many

times relatively to the type of information obtaieby the imagery [79]:

» Detect the capability to find or discover the presenceexistence of an item of interest,
based on its general shape and other contextuwamiation (e.g. a ship).

» Distinguish betweenthe capability to determine that two detectedeotsj are of different
types or classes based on one or more distinggideiatures (e.g. distinguished that the
previously detected ship is a merchant ship).

e Identify: the capability to name an object by type or c¢lasased primarily on its
configuration and detailed components, thanks ® ithage details (e.g. identify the
merchant ship as belonging to the “Nemo III” class)

As emerging from the previous considerations, thagery evaluation with the NIIRS scale is a
subjective process that could lead to differentiltssaccording to the user expectations.
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Q.

NIIRS | GRD [m] Example of EO Capability Example of IR Capability
0 / Interpretability of the imagery is Interpretability of the imagery is preclude
precluded by very poor resolution by very poor resolution
Detect a medium-sized port facility Distinguish between runways and taxiwalys
1 >9 and/or distinguish between taxi-ways andn the basis of size, configuration or
runways at a large airfield. pattern at a large airfield.
. Detect large buildings (e.g., hospitals, | Detect individual large buildings (e.g.,
2 45+9 : . L
factories). hospitals, factories) in an urban area.
Detect trains or strings of standard Identify individual thermally active flues
3 2.5+ 4.5 | rolling stock on railroad tracks (not running between the boiler hall and smole
individual cars) stacks at a thermal power plant.
. Identify, by general type, tracked oddentify individual closed cargo hold
4 12+25 : . )
wheeled vehicles when in groups. hatches on large merchant ships.
5 0.75+1.2 Ide_ntn‘y radar ‘asvehicle-mounted OGdentify outdoor tennis courts.
trailer-mounted.
) Identify the spare tire on a medium-sizeddentify individual thermally active engine
6 0.4+0.75 : .
truck. vents atop diesel locomotives.
7 02-04 Identify ports, ladders, vents gnldentify automobiles as sedans or statior
=" 77| electronics vans. wagons.
8 0.1 +0.2| Identify windshield wipers on a vehicle .Ide.ntllfy limbs (e.g., arms, legs) on an
individual.
9 <01 Identify vehicle registration numbers on Identify cargo (e.g., shovels, rakes,
' trucks. ladders) in an open-bed, light-duty truck.

Table 40.NIIRS Scale

10.4.2 Sensor Footprint & Pixel Density

In order to use in practice the NIIRS scale foroaotmous planning, the starting point is the
determination of the sensor footprint, that is ¢gheund/sea area covered by the sensor when it is

pointed toward the Earth.

Sensor Footprint is given by the intersection ef skensor Field Of View (FOV) corner versors with
the ground (see Fig. 138 for an example). Sensaingipoint (also named Sensor Line Of Sight) is
contained inside the footprint. More in detail, #o®tprint dimension depends by the following

parameters:

» sensor field of views:
o horizontal (FOV),
o vertical (FOV).
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* sensor orientation with respect to the vehicle baxlgs (usually gimbaled sensors has not
the “roll” degree of freedom):

0 azimuth,
o0 elevation.

» vehicle attitude (partially balanced by gimbaledrdts, especially for some sensor modes
that keep constant the observed point):

o roll,
0 pitch,
o heading.

» sensor distance from the ground (evaluated in tdrstant range between the sensor and the
relative aiming point),

» terrain orography (FOV versors projection is adjuaiterrupted by the terrain).

Figure 138.Example of Sensor Footprint

Sensor footprint alone, however, does not provideiaformation about the image quality, since no
data about the camera resolution have been includéee computation. The adoption of a proper
figure of merit is therefore needed. At this puspdise pixel density along the footprint has been
chosen (expressed in pxXmnsince it takes into account both camera chatiatits (i.e. resolution

in pixels) and captured image (i.e. footprint adl@aensions and shape). Pixel density is in fact not
uniformly distributed on the footprint: it is greatin the part closer to the vehicle and incredging
lower toward the farer side. Considering one fdatpdirection (e.g. the longitudinal) and a flat
terrain (i.e. the terrain is considered a flat planfixed altitude with respect to the sea levighaut
considering the real orography), the pixel density point “Q” is calculated with the following
formulas
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Sensor

Figure 139.Pixel Density Calculation in a Point “Q” for a Slag-ootprint Direction [80]

cos* ()
- H - ¥

H = sensor height [m]
a = angle between the unit vector from sensor tom@the normal to the ground plane

y = pixels angular size [p%

cos* ()

a

0 = sensor focal length [px]

3 = angular offset of Q with respect to the footpti®S

Equation 4. Pixel Density in a Point “Q” for a Single Footpridtrection [80]

To calculated the pixel density on the footprintagrthe previous equations are used to calculate
both horizontal and vertical linear pixel densit@sfootprint grid points, which are then multiglie

to obtain the areal density [80]. In particulartenmediate points for which calculating the pixel
density are obtained dividing the footprint intadgof equal pixel size and considering their center
As the grid is larger, therefore, the smaller tikedpnsity and hence the image quality will be. An
example of pixel density distribution is reported Fig. 140, in which starting from a default
configuration, the effects of FOV, sensor positieghicle attitude and slant range are shown,
changing one parameter at time keeping constanotiers. Focal length has been considered
constant in all cases. Basic configuration has leedrulated with the following data:

* FOVy =20°,

* FOWVy =15°.

* sensor azimuth = 45°,

* sensor elevation = -45°.

« vehicle roll = 0°,
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* vehicle pitch = 4°,
» vehicle heading = 0°.
» vehicle altitude = 10000 ft (3048 m).
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Figure 140.Pixel Density Examples

The pixel density is reported in relatively termghwespect to the maximum value on footprint. In
particular, in subfigure a) the basic configuratispresented. Subfigure b) is always relativento t
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basic configuration and it shows the grid centerdamtprint, giving an idea of the stretching. In
subfigure c) horizontal and vertical FOV are halvadd as consequence the footprint is smaller
with a greater pixel density. In subfigure d) tleasor elevation is reduced to -30° keeping constant
the azimuth. The footprint is stretched, and hehegox density is lower. In subfigure e) the vehicl
rolls of 15°, with a consequent footprint distortiand px density variation Finally, in subfigure e)
the altitude is halved to 5000 ft keeping constaet sensor orientation at the default value (slant
range is therefore reduced). Pixel density distitouis very similar to the basic configuration,tbu
in absolute value it is increased due to the smailaprint size. In particular the maximum valse i
the 480% with respect to the basic case.

In order to practically use the pixel density,strieeded to correlate it with the NIIRS scale, i.e.
determining the minimum number of pixels coverimgagea around an object having the relative
GRD as characteristic dimension. This is not datitask, due to the great variability (e.g. detect
people in a desert is very different than in a waad subjectivity of the matter. A possible way is
to create a database of px densities relativeNItRS scale, comparing the human NIIRS rating of
sample images with the relative computed densikys Bperation could be performed both with
real aerial images, or at the simulator. Accuratyp density and NIIRS correlation is direct
function of the database detail. A simulator examglreported below relatively to an airport tower,
and considering the imagery displayed to the seaperator in the relative HMI to evaluate the
NIIRS level.
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Figure 141.Example for Pixel Density Evaluation

The following values have been obtained:
 FOVH=12°
« FOVW=0.9°
e sensor azimuth = -23°
* sensor elevation = -6°
» vehicle roll = 0°

* vehicle pitch = 4°
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* vehicle heading = 347°

* vehicle altitude = 380 ft (116 m)

« NIRS level =5 (GRD = 0.75 + 1.2 m)

« Minimum Px Density = 0.88 px/m

« Maximum Px Density = 3.92 px/m

« Px Density at the footprint LOS = 1.94 pX/m

e Medium Px Density = 2.08 px/m2
Noting that the px density is evaluated assumirftataterrain and not the intersection with 3D
objects. Hence the differences between the fodtgrae and the visualized image on display. The
tower, in fact, is located in the closer part o flootprint having a high px density (see Fig. 142
below), and as consequence it is visualized wiglo@d resolution. Differences between actual and
ideal flat footprints are annulled when the targetoverflown, that is when the sensor aims

perpendicular to the terrain. Px density remainséw@r a good measure of the image quality, since
the measure can be correlated to a certain imagety and hence to a NIIRS level.

Sensor

Footprint on which the Fx density 1s evaluated

Figure 142.3D Object Influence on Footprint

10.5Target Line Algorithms

First sensor planning algorithm family is relatiteethe observation of a target line, for which a
route creation algorithm and the corresponding ktenction have been designed. In both cases
the pixel density has been assumed as figure at memate the imagery, while an automatic sensor
pointing mode has been considered as law for datergithe sensor LOS from each route point.
Being sensor movement decoupled from the vehicleenngers thanks to the gimbaled turret, in
fact, a relationship between them shall be assufoe@lgorithm development. The considered
automatic mode, in particular, aims to the optimiamget line point according only to the vehicle
position. The mode “philosophy” is to move as lam) possible the sensor and not the vehicle,
considering that frequent route changes are naiateaith a gimbaled movable sensor and that
they are not good for an integration in the ciwispace. In particular, a route created considering
the automatic mode is also suitable for the usa sémiautomatic mode, in which the operator is
free to vary the line scan speed decoupling it fribra vehicle position. These automatic and
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semiautomatic modes permit a reduction in the dperaorkload, especially considering the

provisions of BLOS latency (that make difficult eanual sensor control) and the possibility of
controlling vehicle and payload from a single statiAn example of the aiming logic for the

automatic mode is reported in Fig. 143.

More in detail, the route is created having as primobjective the maximization of the pixel

density in the assigned range in input (functiontre required NIIRS level), and as secondary
objective the minimization of aircraft route chasgéitial and final WPs are provided in input.

Besides the following constraints have been taktmaccount:

* no obstacles along the sensor LOS,

» altitude constraints,

» terrain avoidance with safety margins,

» vehicle performances,

» observation side with respect to the target line,

* minimum distance from the line.

Vehicle Path

TargetLline

Figure 143.Sensor Automatic Mode

Validation function works in specular way: givemaate and a target line, the good observation of
the second respecting the assigned constrainesiised.

10.6 Target Area Algorithm

Second item treated relatively to the sensor peréoice is a route creation algorithm in order to
cover an area with a given NIIRS level. Only regiaar areas has been considered, and hence an
irregular target shall be included into a propetagagle to be processed. In particular, the functio
has been conceived to monitor big areas for whichnot sufficient moving the sensor but also the
vehicle shall change its path. Step ladder has beesen as UAV output route, while the sensor is
considered aimed with fixed azimuth at zero (ogvard the vehicle) or scanning with a given angle
centered on azimuth zero (the mode is a functipatin According to the footprint size (determined
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in function of the required px density), the geomcat parameters of the ladder are set (see Fig.
144), considering the footprint size for the ladsteip width determination. Ingress and egress WPs
are provided in input by the operator.

Besides, the following constraints have been takiEnaccount:

» altitude constraints,
» terrain avoidance with safety margins,

» vehicle performances.

Starting WP

Legspacing

Ending WP

Leg Length

. . Strips

Figure 144.Step Ladder on a Target Area

10.7 Fuel Consumption and Performances
10.7.1 Route Validation

A function verifying the fuel consumption to flyraute has been designed relatively both to the
mission planning and performance FMS functionscdse of replan check, in particular, first route
WP coincides with the current vehicle position. &tgr with the fuel verification, secondary
checks about vehicle performance respect are dogegssigned IAS and ALT to the WP, or ramp
angles for climbs and descents). Climb and degoeribrmances are provided in terms of curves
relative to time, horizontal distance and fuel eaonption to change altitude, while in cruise fuel
flow [kg/min] and specific range [NM/kg] are repedt in tables according to different parameters
(e.g. weight, speed, etc.). This form of databaseery generic and hence it can be extended to
other vehicles simply changing the values and mettructure of the DB. Wind and air temperature
in altitude are considered. Due to the wind effactparticular, the fuel consumption in flight is
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evaluated through the fuel flow (i.e. from the titoefly each leg) and not from the specific range
(i.e. from the leg length). Finally also terraino&ance and mission altitude limits are checked.
More in detail, the fuel check is done leg perdégrting from the determination of the arrival time
at each WP. An alert about a missing assignedisrakso raised.

This function has been successfully tested andyiated in the external planner, comparing the
function results with the values obtained flying thnission at the simulator. A test example is
reported below, with a computed fuel consumptidatree error of -0.24 % with respect to the

values obtained at the simulator. In any caserthdusafety margin is provided assigning in input
to the function an available fuel lower than therent value.

Latitude Longitude . Assigned . .
[deg] [deg] Altitude [ft] IAS [kts] Time Type Loiter Time
N 44.5 E7.5 3000 90 / Fly Through /
N 44.85 E75 5000 / 09:16:00 | Creular 5
Loiter
N 44.85 E 7.85 5000 90 / Fly Through /
N 44.5 E 7.85 3000 105 / Fly Through /

Initial Time (i.e. time at WP1) = 09:05:32

Table 41.Data for Fuel Consumption Function Validation

10.7.2 Route Creation for Fuel Consumption

Parallel to the route validation function, alsmate creation algorithm has been produced to create
a route between two entered WPs that optimizedubleconsumption, according to one of two
alternative paradigms chosen by the user:

* Dbestrange,

e minimum cost (see Eq. 1 for more details).

This function is especially used to determine titartaite toward/outward Areas of Operation, for
which the fuel is the key parameter. As secondgriinozation objective there is again the
minimization of flight path changes, while the @lling constraints have been considered:

» terrain avoidance with safety margins,
 altitude limitation (mission constraints),

* vehicle performance.
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In particular, the algorithm works on the VNAYV pitef considering the following aspects:

* balancing between increased True Air Speed (TAS)ise at a new altitude (and hence
reduced time of flight and fuel consumption consrg the fuel flow) with the climb
consumption,

» cruise fuel flow variation according to altitudedamssigned speed at the leg,
* wind and air temperature at the different altitydes

» determination of the top of descent point in orleexploit as most as possible the low fuel
consumption and high speed of the descent.

Horizontal path is instead determined considerindjract geodetic line between initial and final
WPs (i.e. minimum distance), at least of obstatdes/oid.

10.8 Mission Zone Respecting

According to the mission zone types initially assdn(see section 6.4.1), a relative validation
function has been designed. In particular, theWihg checks have been considered:

* No Fly Zones avoidance with a safety margin,
* Areas Of Operations respecting,

» Corridors respecting.

10.9 Autonomous Emergency Ground Replanner

In a successive phase, an autonomous emergenaydgreplanner has been designed, with a first
integration in GCS. Replanner analyzes a seriegpafts coming from the UAS health monitoring
system, and when an alert is raised it producesute rto land as soon as possible to the nearest
admissible airport, that in UAS typical operatiawncides with the departure airport where the
GCS is located. In particular, this function regres a practical case of human — autonomy
integration and plays a relevant role to incredse ACL to 3. According to the previous
explanation (see section 9.2.2), the integratiag lbeen realized with a “management by consent”
logic, in which the system proposes an emergenatero the operator that decides if engaged it or
not. As graphical format, the TSD Navigation Forrhals been chosen in order to exploit the
advantages provided by the touchscreen flexibibtythe replan and the digital map (see section
9.6 for more details). In particular a proper a&rtl a pop-up notify to the operator that a nevierou
has been proposed. Then on a Navigation Formatidbe can approve the route or reject it. Test
pilot have been rate positively this implementatiém example of the developed interfaces is
reported in Fig. 145. More in detalil, the routersated considering the following parameters:

» vehicle performance,
* No Fly Zones avoidance,
» Areas of Operations and Corridors respect,

e terrain avoidance,
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* link LOS budget coverage.

Manvigation Format

Replan Perfarmed |

[

Figure 145.Autonomous Emergency Ground Replanner HMI
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11 FMS TESTING & INTEGRATION

11.1Testing & Integration Overview

As reported in section 6.1, testing and integratamtivity has been performed in different
environments at increasing level of system integmaand realism (see Fig. 146). Operating on
multiple environments is required to integrate wafe inside a complex system, since there are
many aspects to verify, with each of them thatetdy evaluated in a certain environment and with
particular tools. Besides, before the final flighs$ts it is mandatory to evaluate as much as gdessib
the software on ground in order to avoid problefifscing the safety — especially considering that
there is not a pilot on-board — and taking intocat the economic factor that limits the flight
activity. Testing and Integration has been an ftegaactivity, with successive tests in order to
verify the bug fixing effectiveness and that no mawblems have been added. This aspect has been
further stressed considering that the FMS softweae been realized in many releases with an
incremental level of functions. When a new reldasielivered, as first step free tests are perfdrme
on it, just to evaluate that it does not have mdmrgs prejudicing further tests with other system
components. If they are passes, the successivgatiten and validation activity is done following a
fix procedure in order to execute established agpkatable tests. At this purpose many test
requirements (successively converged in test proges) have been defined for each FMS elements
in the different environments. In the following 8ens, test environments peculiarities are
analyzed.

Integration and
GCS .
Sub System RIG Realism Level

UAS
System RIG

l

Ground Tests with
real UAS

l

FLIGHT TESTS

V

Figure 146.Testing & Integration Process
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11.2GCS Sub System Rig

GCS Sub System Rig (SSR) is made up by a real G@Bected to a simulated on-board segment,
and it is used as preliminary GCS testing enviramnaad system simulator for operator training
and system demonstration/validation. In particutance the first steps the real guidance control
libraries has been hosted in the simulator, while &vionics (i.e. VSM and navigation laws)
software was simulated. Only in a second phasastieen re-hosted at simulator with incremental
steps. Datalink is simulated through a latency redteén the simulation model. In Fig. 147 a
simulator view is reported (keyboards are presentesting and simulator configuration purposes).

Figure 147.GCS SSR

GCS SSR is the first environment in which a new G0Ofware has been tested before passing to
the system rig where it is integrated with othensnts. More in detail, the following aspects have
been tested/performed:

» GCS graphics,
* GCS internal moding:
0 NSC function moding,
0 interaction between GCS NSC and SC nodes,
o SC internal functions,
0 SC function related only to downlink data and motiplink commands,
*  GCS-UAV moding preliminary testing,
» operator evaluation.
Graphics test refers to the evaluation of each syméquirements (see section 7.2.2 for more
details), and more general to the issue reportethanHMI style guide (see chapter 7). Symbol
position, color, dimensions, state change moding ameraction quality are an example of
considered test points.

GCS internal moding evaluation, instead, involvesernissues. Starting from NSC moding, mission
planner and navigation format on digital map hagerbentirely tested at the GCS SSR. This has
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been possible since the NSC node communicatesiotiiythe SC one or an external computer (that
simulates an external mission planner or a C4l)jlevthe on-board segment is not directly
involved. Therefore, testing these functions atdi&tem rig does not provide any advantages, but
only drawbacks due to the absence of the SSR t@dth moding evaluation, it is intended the
checks about the functional requirements of eagh @nd the communication protocols if involved.
Just to provide an example: considering the missigort from the NSC planner to the SC node, it
is checked that pushing the relative controls @@l the requested function of export procedure
starting is performed, while for the communicatstandpoint the correct message sequence and
content are verified. In particular, the commun@atprotocols have been tested with the aid of
specific tools to monitoring the Ethernet traffl@@S and simulator are connected through Ethernet
cables in place of real datalink):

» decoded monitoring tool,
e Wireshark.

Decoded monitoring tool enable a real time moniigrof the Ethernet traffic, with the messages
already decoded and displayed on a dedicated GaimgBa real time device, however, the interface
displays only the last sniffed message, and haniseimpossible monitoring a protocol sequence,
especially considering that the time between twesgages is of the order of milliseconds. A
recording with a successive post analysis is howpussible. In order to quickly execute the tests
of protocols messages, Wireshark is preferable.iit fact a free “packet-sniffer” tool, that enesl
the real time messages visualization and analyses @UI.

File Edit View Go Capure Analyze Statistics Help

Beoega rOdxye eIy BB 6QQN WP

[ eiter | v! 4 Expression... | ygw| 4 Mpiv|
}Nn‘ : |T1me |Snurce !Desnnaliﬂn |’m10cni|lnfc |L‘—‘
| 504 152.15820! 192.168.12.21 66.187.224.210  DNS  Standard query A www.redhat.com
505 152.24944 66.187.224,210  192.168.12.21 DNS  Standard query response A 209.132.177.50
508 152.25001 102.168.12.21 200.132.177.50  TCP 48890 > http [SYN]) Seg=0 Len=0 MSS=1460 TSV=1535
507 152.31125 209.132.177.50 q
508 152.31132 192.168.12.21 200.132.177.560  TCP 48890 > http [ACK] Seq=1 Ack=1 Win=5840 Len=0 TS
500 152.31154 192.168.12,21 200.132.177.50 HITP  GET / HITP/1.1
510 152.38737 209.132.177.50 182.168.12.21 TCP  http > 48800 [ACK] Seq=1 Ack=408 Win=6864 Len=0 '
511 152.405161 209.132.177.50 192.168.12.21 TCP  [TCP segment of a reassembled PDU]
512 152.40520 192.168.12,21 200.132.177.50  TCP 48890 > http [ACK] Seq=498 Ack=1369 Win=8576 Len
513 152.41351: 200.132.177.50 192.168.12.21 TCP  [TCP segment of a reassembled PDU]
514 152.41356 102.168.12,21 200.132.177.50  TCE 48890 > http [ACK) Seq=498 Ack=2737 Win=11312 Le
515 152.45058: 192.168.12.21 200.132.177.50  TCP 48891 > hrtp [SYN] Seq=0 Len=0 MS5-1460 TSV=1535
516 152.47685, 209.132.177.50 192.168.12.21 TCP  [TCP segment of a reassembled PDU]
517 152 47A00. 192 1AR.12.21 20013217750 TCP 48RO0 > httn TACK) Sea=408 Ack=4105 Win=14048 Te (]

P Frame 507 (74 bytes on wire, 74 bytes captured)
b Ethermet II, Src: Amit_0d:ae:54 (00:50:18:04:ae:54), Dst: Intel_e3:01:£5 (00:0c:fl:e3:01:£5)
b Internet Protocol, Src: 209.132.177.50 (209.132.177.50), Dst: 192.168.12.21 (192.168.12.21)
7 Transmission Control Protocol, Src Port: http (80), Dst Port: 48800 (48890); Seq: 0, Ack: 1, Len: O
Source port: http (80)
Destination port: 48890 (48890)
Sequence number: 0  (relative sequence number)
Acknowledgement number: 1 (relative ack number)
Header length: 40 bytes
I Flags: 0x12 (S¥YN, ACK)
Window size: 5792
Checksum: 0x89db [correct]
b Options: (20 bytes)
b [SEQ/ACK analysis]

[0000 00 Oc f1 e3 01 £5 00 50 18 04 ae 54 08 00 45 00
0010 00 3c 00 00 40 00 35 06 f6 47 dl 84 bl 32 c0 a8
0020 0c 15 TEMHEL be fa b5 36 ce 1B €0 bb b5 58 a0 12
0030 16 a0 99 db 00 00 02 04 05 64 04 02 08 0a 10 14
10040 ee de 5b 81 15 20 01 03 03 02

 Cl |

Source Port (rep.sicport), 2 P 1096 D: 1096'M: 0 Drops: 8

Figure 148.Generic Example of Wireshark GUI

At difference of Decoded Monitoring tool, Wireshadksplays each messages byte per byte in
hexadecimal form, as visible in the low part of.Fig8. To retrieve a particular values, therefore,
the user shall isolate the relative sequence adsbiyt the captured packet referring to the message
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structure (an example is reported in Fig. 59), #reh converting it in a usable form (e.g. decimal
for numbers of string for texts). Nevertheless thifort, Wireshark has been fundamental in the
integration process, in particular to discover peot bugs relative to the message content, sequence
and scheduling

Finally, internal GCS moding comprises also theenmal SC functionalities and the functions
relative to downlink vehicle data visualization.eTeeconds, in particular, have been considered as
“GCS internal”, since they are relative to datauai&zation without message exchange between
CUCS/VSM, and with the graphic moding and compatediperformed on ground. Examples of
internal functions are the mission validation cteakd the numeric keyboards moding, while for
the data visualization there are the Navigationnfadrand the Vertical Profile. These formats in
particular have been mainly tested at the SSRrdaerdo not engage the very busy system rig with
a test not involving bilateral communications watther elements and to use the potentialities of the
SSR. Having the full simulator at disposal providefact a greater flexibility in the test executjo
making possible to quickly change the aircraftes{at terms of position, attitude, etc.), freezihg
simulation in order to do a specific test pointtordisconnect the GCS by the VSM making a
manual setting of the downlink messages. Thesetinadities have been used for example in the
Vertical Profile evaluation, for which some sampderain profiles have been created (using the
software “Global Mapper”) to check the format comipg the expected profile with which actually
displayed on the Main Display, placing the vehicleghe foreseen positions and then freezing the
simulation. An example of the sample terrain peoid reported below in Fig. 149:

From Pos: 7.0000000000, 44.0000000000 To Pos: 7.0000000000, 44, 6666000000

TOOBG fm = = ¢ = s = r o e e e e e s et et s

5nm 10 am 15 nm 20 nm 25 nm 30 nm 35nm  40.0nm

Figure 149.Sample Terrain Profile

Also a preliminary evaluation of the functions ihwiag uplink commands and relative downlink
feedbacks (like the guidance control) has beermopeadd at the SSR, especially in order to verify
that the correct STANAG message sequences are deldeh uplink when a command is given
through the TSD or HOTAS, and the correct grapbedback on TSD and Main Display when the
VSM feedback are received. These tests repressmt af threshold to discriminate if the software
is able to be tested at system rig, where a margtie and dedicated integration is done.

Last but not least, at the simulator the test pilmve evaluated many times the new FMS when it
reached a good level of maturity during the develept. More in detail, the evaluation has been
provided in qualitative way about generic interfafg®ling, touchscreen interaction quality,
provided functionalities, GUI moding, preliminarjguational awareness and workload assessment.
Pilot advises and requirements have been translatedftware modifications that have improved
the system, making the interface closer to thd fisar expectations according to the User Centered
Design principles (see section 7.1 for more détails



187

11.3System Rig

System Rig is made up by a real GCS and real ordba@onics (both in terms of hardware
components and software), connected to a basibt fsgnulator for the vehicle dynamics and
relative data. This basic simulator has not th&ilfiéty of the full GCS SSR simulator, and in
particular the presence of real avionics make nesjple adopting some features like the simulation
freeze. CUCS and VSM, in particular, are conneutitd Ethernet cables in place of real datalink.
System rig has been used for the final testing iatefration of the FMS with the other system
components, before the software installation inrda GCS.

In this environment, in particular, the FMS guidarand configuration functions have been tested.
Great care is put in the verification of the STANAMB86 protocols relative to the guidance
commands and the mission upload to the VSM, wittlicddéed test requirements at this purpose.
These tests have been performed in definitive wahe system rig, since in the first integration
steps the avionics was simulated at the SSR anéftine there could be divergence between
simulated and real software. These software inHave been developed side by side starting from
the requirements, and hence the two final impleatents may diverge. In any case, also when the
real avionics software has been re-hosted at thelaior, the correct test environment for a full
validation remains the system rig where there # ahe real on-board hardware, that makes
possible discovering problems about schedulingsymé¢hronization between ground and on-board
segments. The same Ethernet traffic monitoring tdathe SSR have been used. Ride along the
integration tests, also the functions validatethatSSR have been re-tested in a more representativ
environment.

11.4 Ground Tests

Once the software has been cleared at the sysgeiis installed in the real system and testetth wi
the vehicle on ground and the real datalink. Tighflis simulated by a basic portable simulator
connected to the vehicle. These tests are thestegtbefore flight and aim to verify the software
compatibility in the real system, in particular ithe datalink. At this purpose test requirements
have involved the check that any possible ope@ormands are actually performed by the system,
verifying their availability by vehicle reactiond the simulator and feedbacks displayed in the
HMI. No communication analysis is performed, sitive protocols have already been validated at
the system rig. Ground tests are usually shorin that of system rig, since they are only a final
check. If a problem is discovered, it is analyzetha system rig.

Finally, during the design phase, on the real GE®rgonomics assessment has been performed
with the operators about touchscreen position, rikero to validate the installation in the real
environment, especially taking into account théatilgg conditions for the TSD visibility.

11.5Flight Tests

Definitive system validation has been done witlgHti tests, in order to verify the system
effectiveness in the real operative environmenttivifg for flight test has been relative to the
definition of the test requirements for the HMI. éfhare not relative to the system function
availability (since this aspect has been alreadigated before flight), but to a HMI assessment in
terms of general operator feeling, global providextkload and situational awareness.
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Apart a global interface evaluation, a more detlhjlelgment for each format has been required to
the operators in terms of:

 visibility,

* symbol movement fluidity (when applicable),
* interaction quality (for TSD format),

» interaction feedbacks (for TSD format),

» specific situational awareness,

« specific workload.
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CONCLUSIONS

An innovative Human Machine Interface for a MALE BA-light Management System has been
studied in order to overcome the human factor ssdieurrent interfaces, one of the main causes of
UAS mishaps. At this purpose a preliminary analysis been performed in the first four chapters.
Main identified issues are listed below:

» current interfaces do not directly support the exiea of mission tasks,

e operator is not guided in the execution of missasks,

» interface interaction can be complex,

» related information are split in several formatgwionsequent visual search workload,
* interface interaction requires an excessive mneoioad to the operator,

* poor situational awareness about the VNAYV profile,

e current automation moding is very complex and tweeethe interface suffers of poor
transparency (mode awareness issue),

» greater LOA typical of UAS is not well supportedtne current interfaces,
e automation mode changes are frequently not perddiye¢he operators,

* current UAS interfaces are few standardized, winyittle application of aeronautical
know-how about HMI.

Starting from the above considerations, the intesarelevant to a large subset of FMS functions
have been designed, following the STANAG 4586 dsremce standard for the interoperability
achievement (see Chapter 5) and the STANAG 467thtcivil certification. The interoperability

is a more and more required feature for new systemse this capability permits potentially to
reduce operational/logistic costs with a single Gb& to control more UAVs, and to enhance the
mission effectiveness in terms of exploitationsdimmination and analysis of gathered data. More in
detail, the STANAG 4586 provides system architextgtandard communication protocol messages
and the structure to define private messages tdeimgnt the desired Level Of Interoperability.
Although its benefits, the STANAG 4586 is still @aarly mature standard, and during the work
several limitations have been found (see sectiBh B new issue of the STANAG that takes into
account these problems is therefore desirable.

Considering the interoperability requirement anel plossibility to easily add new formats/functions
(i.e. upgradability characteristic), the interfesd®all have a structure as modular and parametric as
possible. Put together this issue with the compjeaf functions to control, the adoption of a
Graphical User Interface (GUI) is resulted a ndtetaice thanks to the flexibility provided by
software controls. In this way, concentrating marterfaces typically separated in a manned
aircraft (e.g. MCDU, autopilot and radio paneldpia single device is also possible.

In particular, the proposed innovative interfacehsracterized by the adoption of touchscreens as
data entry devices. Touchscreens have been prfertie respect to keyboard plus a cursor control
device taking into account the following advanta(ges Chapter 6 for the detailed analysis):

e more instinctive interaction,
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» greater flexibility with new types of interaction,

» additional displays available (i.e. possibilityusualize further information on demand or
emergency backup of fundamental data),

* main display is used only as monitoring device waathinteraction on it,

¢ |ess installation issues.

More in detail, resistive touchscreens have bedectsel with respect to the other available
technologies considering the following issues Gkapter 6 for the detailed analysis):

* Dbetter environmental operative range in terms aofpierature, humidity and contaminant
resistance,

e MIL-STD-1472 (HMI standard) requires a resistareéhie TSD actuation, and therefore the
unique compliant type is the resistive,

» the resistance to actuation is a further protedtiom undesired commands,

it is cheaper with respect to other types.

Touchscreen use in the aviation is at the begimimgth few practical applications and many
research activities to extend their use. In paldiceurrent standards like the MIL-STD-1472
provide poor indication about their use, due toliiméed accumulated operative experience.
Realizing a GUI on a touchscreen, in particulagumes the adoption of specific design rules
reported in Chapter 7. The main issues to consider

e active touch area dimensions,

type of contact (first or last),

* type of interaction,

» actuation feedback,

» possible overload of the operator visual sensoannhl,

e critical commands protection.

In Chapter 8 the formats relative to the vehiclatod functions have been presented: guidance,
navigation format, vertical profile, communicati@md system configuration. Starting from the
guidance, a complete set for an UAS comprisesafutbmatic modes (default especially in BLOS
operation with high latencies), semiautomatic mo¢lasre flexible than automatic and useful
especially when the vehicle flies following ATC ingtions) and finally advanced sensor slaved
modes in which the vehicle position is determinadirectly by the payload (very useful in area of
operations for surveillance and monitoring task&nual remote control has still considered, since
it is not clear if a future regulation will requireor not for integration in civil airspace, atk as
back-up/emergency mode. Studying the human-madhteeface for these modes, the issue of
mode awareness has been directly taken into accouatder to reduce the problems (and hence
the mishaps) due to operator’s poor understandigitomation status and moding. At this purpose
the following functional design choices have besen:

* number of modes at interface level has been redas@auch as possible,
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* no automatic mode changes,
» clear and fixed logics for altitude variation cartiaws (i.e. VNAV profile),

e clear and unambiguous feedback of automation sf{atgsecially of automation commands
for altitude variation) is provided.

According to the previous considerations the reéalGUl has been designed with the real time
monitoring on Main Display and the virtual contpainel on TSD.

For Navigation Format and Vertical Profile (Mainsplay formats relative to the navigation and
trajectory prediction FMS functions), typical formiayouts derived from manned aircraft have
been adapted to UASSs, taking into account theiulpities, especially in terms of different route
profile and mission situational awareness. In paldir, Navigation Format (relative to the LNAV)
is configurable by the operator for some aspe&ss the orientation or the color, in order to be
adaptable to different mission contexts or userfepemces/expectations. An example is the
Compass Rose orientation, preferred by test pitoferack Up and in North Up by non rated pilot
operators. Vertical Profile has been added to as&dhe situational awareness about VNAV profile
like on airliners. Two different terrain profile geration modes have been considered according to
the engaged guidance mode and vehicle positioparticular, an automatic switching between
them has been foreseen in order to reduce opexattdtoad. The user has however the possibility
to force the selection.

Communication and Configuration pages are finalkareples of touchscreen flexibility and
potentiality in the realization of “smart” interfag to control complex functions, typically hosted o
more physical interfaces/panels in manned aircraft.

In Chapter 9 the issues relative to Mission Plagriiave been illustrated, beginning from the
presentation of a complete mission concept derfvach the STANAG 4586 definition. Starting
from it, mission planner categories (i.e. extermralC’S embedded and on-board) and general
planning algorithm issues are analyzed. In paiicpbssible architectures for GCS embedded and
on-board replanners have been proposed accordirigetdODA loop. About the automation
management for ground replanners, we have chosby eonsent” way, considering the support
role of the automation, the human will to have fihal control authority, the need to share the new
route with the ATC in civil airspace operations ahé easiness to certificate a system with this
strategy. Referring to the proposed architectuties, Management by Consent strategy is more
suitable for a GCS embedded replanner rather thamneboard one, since for the latter there are
more messages exchanged between GCS and UAV, evidequent latency in new route actuation
and bandwidth occupation (especially in case oftatpe modifications and/or BLOS operations).
According to the previous considerations, an orrtbaaplanner becomes convenient only with
higher Levels Of Automation, for which it providds the vehicle the capability to react
autonomously at a change in the mission environfdé\ status. Human presence inside the
control loop is however considered adopting as egusence a “Management by Exception”
strategy, in which the operator has a timeout tiogpueto on the automation proposal. In any case
there are not adequate rules at this purposetqustovide an example the STANAG 4671 states
only that the autonomous replanner can not takeehele in a dangerous condition, but it does not
provide any suggestion about the human-automatiteraction. Finally Chapter 9 is concluded
with the presentation of the GCS embedded TSD pladasign, realized in particular taking into
account the conclusions drawn from the RAFIV moaebut the excessive mnemonic load and
poor mission task direct support provided by currENS interfaces. At this purpose proper
solutions like prompts in the alphanumeric keybo@ap-ups and proper color coding have been
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adopted. From the mission creation standpoint, edeiment can be entered on the map with a
successive entering of other attributes or dire¢tfying all information in the alphanumeric
keyboard (comprised the horizontal position in temh Latitude and Longitude). First solution in
particular has requested the definition of specifiteraction laws to distinguish for example
between element placing on map, element moving, paaming, pop-up opening, zoom variation,
etc. Having studied a planner interface on mapa# been natural to create a real time monitoring
format, that is a secondary navigation format oD &®m which a quick replanner function has
been considered.

In Chapter 10 the studied advanced planning algostare presented in detail, relatively to the
following functional areas: datalink coverage, stanm search patterns, EO/IR sensor coverage, fuel
consumption and performances, mission zones resgeahd emergency route in case of vehicle
failures. Two macro categories of algorithms can digtinguished: route creation and route
validation algorithms. The firsts produce a roufgirized for a main objective plus possible
secondary objectives, respecting the assignedreamist The seconds instead validate a route with
respect to some parameters. Route validation foumstican be used to check both
automatic/autonomously created routes for the pgmagl not considered during the creation, and
manually edited missions. Being these algorithnterdnistic, they can be an aid to certificate a
planner/replanner in which a route is created bgoa-deterministic functions (not certifiable
considering the current manned aviation rules)any case these algorithms have been designed
with a structure as modular and parametric as plessind they form a sort of software library from
which several planner modules can be created. hticpiar the emergency route replanner
represents a practical case of human—autonomyartten, for which also the HMI has been study
considering a Management by Consent logic.

First prototypes of the FMS studied interfaces/fioms have been realized and integrated in a real
GCS, until reaching the flight tests. Integratiorogess has involved many tests in different
environments at increasing level of integration agmlism: GCS Sub-System Rig (coincident with
the full flight simulator), UAS rig, ground test thithe real UAS and finally the flight tests. Be=sd
some planning algorithms have been integrated iexsgrnal planner for test purposes.

Pilots are the final stakeholders of the develofpedtions/formats and they have been taken into
account during the whole activity in order to cesah useful and friendly interface for the users. |
particular, they have rated the proposed interkieeiing from drawings and presentations in the
first design stages, passing then to flight sinanla&valuations and finally to the flights. Despite
touchscreens are not common interfaces in mannekpitpthe pilots get used to them quickly,
evaluating positively the proposed interface immgrof provided functions, graphical interface,
interaction quality, obtained situational awarermss workload. In particular, the adopted solutions
to mitigate the current interface issues have bmmsidered as an significant aid for the user to
control an UAV. Also the autonomous replanner tueareally specific of UAS and therefore
alien at a first glance for a manned aircraft p#dtas been quickly accepted by them. In particular
pilots have provided many suggestions during therfiace study, that have been included into the
design. Examples are the guidance demand layotiteomdication to balance properly software
protection from undesired commands (i.e. confirnshfutton and or pop-ups) with the interface
interaction easiness and quickness.

Although the research has been carried on focusimndJAS, the main outputs can be easily
transferred to manned aviation. Touchscreen chanckrelative GUI guidelines, in fact, are true
also for a manned aircraft, adding specific constiens relative to light conditions (e.g. sun
reflection on TSD), aircraft maneuvers (and henéfecdlt to actuate the TSD) and vibrations. At
the same time the proposed formats can be adopt@sh @ircraft or at least taken as reference to
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design a specific GUI. Also part of planning algfams can be adopted, especially the sensor
related functions for patrolling aircraft.

More generally, thesis results can be applied witd same logic to the control stations of
unmanned ground, sea surface, underwater and gphittes.

At the end, the results of this work can be thetisig point for the following future research
activities:

completion of FMS functions in the interface,

civil air rules integration in the Mission Planner,

application of future manned aviation ATM concef@g. SESAR) to UAS FMS,

develop more complete and advanced autonomousreplanodules (especially on-board),

working together with the Civil Authorities to deé certification rules and standards that
cover all aspects relative to the use of touchscireaviation,

extend the use of touchscreen to control other fiStions not related to the FMS,

extend the STANAG 4586 considering other UAVs tatoal (LOI 5) and the relative
handover procedure/interface switching mechanisms,

develop advanced FMS that enable from a singleostddb control more vehicles or a
vehicle plus the relative payload at the same time,

realize a manned MCDU with touchscreen technolaging into account the relative HMI
issues and the future ATM concepts,

generalize the interoperability concept to différgmpe of unmanned vehicles (e.g. aerial,
ground, maritime, etc.) developing the relative lmmed Vehicles Management interface.
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APPENDIX A — DIGITAL TERRAIN ELEVATION DATA

Digital Terrain Elevation Data (DTED) are a stamtigerrain model initially developed by the US
National Imagery and Mapping Agency (NIMA) — now tidaal Geospatial-intelligence Agency
(NGA) — for general purposes. Each DTED file iseredd to a square of 1° of Longitude for 1° of
Latitude, identified by the southwest vertex copnates. For example the file having as reference
coordinates E 007 and N45 refers to the squareabtfulde 44° +~ 45° and Longitude 7° + 8°. Each
square is further divided in a grid of differentaspg according to the reference Latitude and the
precision level. In particular, each hemispherdivaded in five zones, while for the precision thre
increasing levels have been defined (0, 1 ,2). dawh of them, there are the following matrix
intervals according to the MIL-PRF-89020B “Perfomua Specification Digital Terrain Elevation
Data (DTED)”, 2000 [76].

TABLE TI. Matrix intervals for DTED Level 0.
4ONE LATITUDE MATRTX INTEEVAL
latitude longitude
I 0% - 50° North-South 30 * 30 seconds
i - 50° - 70° North-South 30 b4 &0 aeconds
i s 70° - 75° Neorth-8c 30 ® <0 ssconds
Iv 75° - BOD® North- 30 b4 120 seconds
7 B0° - 80° Weorth-3cuth 30 b4 180 seconds
TABLE II. Matrix intervals for DTED Level 1.
A0ONE LATITUDE MATRIX INTEEVLAL
latituds longitude
I o0 - 50° North-Scuth 3 ® 3
IT 50° - 70° Neorth-South 3 x £
ITY 70° - 75° North-South 3 x 5
v 75% - 80° North-South 3 ® 1z
v 80°% - 890° North-South 3 ® 18
TARELE III. Matrix intervals for DTED Level 2.
AONE LATITUDE MATRIX INTEEVAL
latitude longitude
E 0° - 50° Nerth-3outh 1 X 1
i 50° - 70° North-Socuth 1 ® 2
1T 70° - 75° North-South 1 ® 3
Iv 75° - B0° North-Scuth 1 X 4
V 80° - 30° North-Socuth 1 b4 €

Figure 150.DTED Matrix Intervals [76]

At our Latitude, for example, there is a post spgaf approximately:
* level 0 900 m,

e Jevel I 90 m,
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* level 2 30.

DTED files are organized in a particular binaryniat reported in reference [76], and hence a
proper decoder function is required to read themdefoded DTED is a matrix having as value the
terrain altitudes (in meters) at grid posts. Lamatposts, in particular, are determined by the
intersection of the matrix rows and columns.

Finally, less precise DTED (i.e. level 0) can bevdtmaded free from Internet [77].
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APPENDIX B — FRIIS’S EQUATION UNITS OF MEASURE

Decibel Watt - dBW
dBW is a unit of power in DB scale referred to 1t/\(®).

£

PldBW]|= 10lo [
[ ] G10 'R

P[wl= 1w . Y107 W]

Equation 5.dBW — W Conversions

Decibel milliwatt - dBm
dBm is a unit of power in DB scale referred to mW.

P [dBm] = 10 logy, (22) = 10 logy, (—20) = 10 leg,, (P[W])+ 30 dBm = P[dBW] + 30 dBm.

L1 ml ) \10~% dBm J

P[dBW]= P [dBm] — 30dBm

= [H'] =1W - L?u..."ll'DF [dEW] — 1 W - -?\..l'DF [dEm]-30 dBm)

Equation 6.dBm — dBW — W Conversions

Isotropic decibel — dBi

Antenna gains are usually provided with respe@rtasotropic antenna, i.e. is an ideal antenna that
beams in any direction the same power. Accordinipiy a dBi is “normal” decibel referred to an
isotropic antenna.
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