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INTRODUCTION

Unmanned Aerial Systems (UASs) — also named “Unmdnhircraft Systems” — have gained a
significant importance in recent years due to tlogierational effectiveness and efficiency with
respect to manned aircraft, becoming a relevarnit qgfathe 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 di&@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 adefu#te human operator inside the control loop,
providing a high situational awareness and an dé#iole workload.

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

— has regarded the study of an innovative HMI neddif 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, dgmce, communication and aircraft
configuration. Many of these functions are alrepdyformed on current UASs, but with a lower
level of integration and performances with respgedhat 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, thal certification and interoperability
requirements have been considered. In particlhar 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 gattatata. To implement it, the STANAG 4586 has
been followed as reference standard to define tiranwnication 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 HWbblems, design constraints and
touchscreen issues, the development of an inn@vatterface 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 testhiemeal system and finally the flight tests.



Enlarging the HMI concept to the human-automatitteraction, some advanced mission planning
algorithms have been designed and integrated iG®8. 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 reseacttaity.

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 definitidmnstory, 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 contexticiwthe research activity has been performed.
“Chapter 2" presents the manned aviation FMS, pliogi a description of each performed
functions, of FMS interfaces in the cockpit andafiy 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, autimsm, 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 redle 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 aboutrésearch 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 andudistahjes of each available options.



“Chapter 7” is relative to the HMI style guide, thi 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 planningaffihg 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 embeddesgion 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# 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]:

Figure 1. UAS Elements

Main distinction is between the ground based elémand 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 “omltnbut 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 asv@mion for short take off and landing. Logistic
support is fundamental for the system operabilihd 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 bofed 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 (@drénd 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 useaerybstats 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 1868arge 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 Sas lwilt by Samuel Langley (USA) in 1896,
and flew for 0.75 mile along the Potomac river [4].
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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 syst@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 unnthnegicles 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 [3la
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 thetbiy. Like the Kettering Bug, they are not UAVSs in
the current meaning, but they involved a furthed amportant growth in automatic control
capability, besides to be a milestone in the massithnology 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 “torpedixe 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 Vietnam anda&hith 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”



12

In 1970s, greater performances reached by sasellileomentary slowed down the UAS
development in USA (and more general in Occiddmbjfed 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 wian toward the current glider-type UAV
model [10].

Figure 8. Pioneer

Starting from that years, the role, number and derity 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 matubbth in terms of operational capability and
performances, also if the reliability is still loww#han manned aircraft. This issue, in particulgr,
very important for the integration of UAS in thevitair traffic, one of the primary milestone ofeth
expected UAS roadmap. Another and related poitlh@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 aoapid 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 énd&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.

Table 1.JCGUAS UAV Classification table [12]

Following chapters are directly referred to thesSIdl, and in particular to the Medium Altitude
Long Endurance (MALE) UASs, 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 conceinexder 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 phaseshise 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 lnd 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 t@lowing mission types:

Intelligence

- Image Intelligence (IMINT),

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

Signal Intelligence (SIGINT),

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

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

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

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

Environmental control /weather research.
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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

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

Figure 10.UAV Control Types
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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 guidanodemnand 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 operatorche 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 hunaaa 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 presehea@ unmanned vehicles.

These macro requirements need a regulation infigtsiie analogous in form to that existing for
manned aircraft. In particular the following asygestall 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



17

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 aircraft.
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 subpatt@and | have been properly created for UAS
[19] (see Fig.11).

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 equipmehtfication” 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 rafem 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: eaadr @slopt 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 operatoresponsible of one or more payloads control. ke/san also coincide
with the UAV operator.

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

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

Communication specialisbperator dedicated to the communication with o#dwors 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 gewgeri
“operator” — since he/she is charged to control EMS. A representation of the differences
between a manned cockpit and an unmanned GroutidrSigreported 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 standmd 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 sevdraldpoints: 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 autamiAS, 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 backgrum the UAS training. Probably this need will
decline in the future with the UAS level of autoroat increase, but now it is still required,
especially when the remote manual control is alkbéla

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,
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 befatake-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 parictlhe NMS has permitted the introduction of the
Area Navigation (RNAV), that is a navigation conceép which an aircraft follows a 3D path
defined by waypoints, instead of standard routegerdened by the radio navigation aids
(NAVAIDs). The FMS derives from the merge of the SMWith 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 Hfiig, 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 Trafficadagement (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 complhexit
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Aircraft Communication Fuel Control & Management
ACARS Addressing & Reporting System FCMC Computer
ADF Automatic Direction Finder FCU Flight Control Unit
Air Data Reference / Flight Management & Guidance
ADR/IR Inertial Reference FMGC Computer (equivalent to a FMC)
ATSU Air Traffic Service Unit ILS Instrument Landing System
CPC Cabin Pressure Controller MLS Microwave Landing System
DME Distance Measurement Equipment LGCIU Landing GeaLrJritontrol Interface
ECAM Electronic Cen_trallzed Aircraft RA Radio Altimeter
Monitor
EFIS Electronic Flight Instrument System SFCC Slat Flap Control Computer
FADEC Full Authority Digital Engine VOR VHF Omni-directional Range

Control

Figure 13.FMS Architecturd25]

For the HMI, instead, the main data entry interfazcghe 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 exampecontrolled 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 functiovil 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 aitdude),

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

track angle,
heading angle,
drift angle,

wind vector (speed and direction),
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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. Iniquéar 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 abkstted merit classification.

2. Weighted Averageavailable sources are combined, weighting thetiked 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 cheppications 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 destoati
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 cdiAVAID frequencies. A route is specified linked
together several elements present in the airceadgation database [28]:

Standard Instrument Departure (SID) procedures,
Standard Terminal Arrival (STAR) procedures,
approach / missed approach procedures,

holding patterns,

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 legpés
are reported in the standard ARINC 424. These temsslate in computer language procedure
originally created to be manually flown with compasd clock [29].

Figure 15. ARINC 424 legs
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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 rafdvare the waypoints. In particular, the users
can define the WP position on horizontal planeewvesal ways [28]:

WP determination

Description

Polar coordinates (bearing and range) fi

pd

~

PBD an another fix.
PB/PB Intersection of bearings from two defin
WPs.
Specified by an Along Track Offset (AT(
ATO 0 . )
from an existing flight path fix.
WP is defined entering the relati
LAT/LON Latitude/Longitude.

e

LAT/LON Crossing WP

The WP is placed at the intersection o
specified point (LAT/LON) with the activ
flight plan.

1%

Airways Intersection

First point at which two given airway
crosses.

Runway extension WP

WP is placed at a given distance from
runway threshold along the runway headin

Abeam WP

When a direct to function is activated towq
a fix, abeam WPs are created at their ab
position on the direct to path.

Pam

FIR/SUA Intersection WP

WP is placed at the cross between the ad
flight plan and the Flight Information Regid
(FIR) or Special User Areas (SU/
boundary.

tive
n

)

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 olevh 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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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 sel&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 legsproperly 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). Regardiaghe Vertical Flight plan, instead, at each WB it
possible to associate altitude, speed and timetreonis. The following constraint types are usually
available [28]:

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 verticatt plan profile is reported in Fig. 18.

Apart the characteristics presented above, a Vileigified 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 its rcent 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 currentHiigplan is conserved.

Direct/Intercept equal 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,
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 akathe
destination is less than the fuel to return todéparture airport.

Equal Time Point (ETP)point along the flight plan where the time to lgack 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 importénitring 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 aisp(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 altit®lesides it is usually possible entering further
value at each cruise WP. In any phase, a linegpggation of wind and temperature data is
provided. During the flight the measured wind amdt@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 @uely 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
economy (lowest cost), - economy (lowest cost), - economy (lowest cost),
steepest (max climb angle), -  max endurance, - fastest (max descent rate),
fastest (max climb rate), - max range, - required time of arrival.
required time of arrival. - 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 oveadt 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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Equation 1. Cost Index [28]

Speed is defined in terms of Calibrated Air Spe€A]) 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 ghted [28]:

Cross over altitudealtitude for which CAS and M are equivalent.

Optimum_altitude altitude for which the ratio between the groumkexd and the fuel
consumption is maximum.

Ceiling altitude max altitude reachable with a residual climb mtailable.

Trip altitude compromise between the optimum altitude and pgeeific flight profile. It is
considered for short range flight, when the aiftctads 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, - V1 =max speed at which the take off can be

aborted,
runway length,

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

V, = take off speed,
runway stopway,

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

. V sr = slat retract speed,
flap setting, SR P

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

_ engine thrust reduction altitude (from take
wind, .

off to climb value),
aircraft weight, acceleration altitude.

aircraft Center of Gravity (CG) position.

Table 6.Take off performance computation
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Input

Output

runway slope,

runway length,

runway threshold coordinates and altitude '

runway stopway,
runway clearway,
flap setting,

air temperature,
wind,

aircraft weight,

aircraft Center of Gravity (CG) position.

V app = approach speed (the pilot is usually
able to do an override of this value),

Vrer = landing reference speed at an heid
of 50 ft above the runway threshold,

Minimum maneuvering speed in clean
configuration,

Minimum maneuvering speed with slats
extracted,

Minimum maneuvering speed with flaps
extracted,

Landing weight.

ht

Table 7.Landing performance computation

maximum climb rate,
maximum cruise speed,
ceiling altitude,

take off data,

landing data.

Input to calculate the Thrust Limits

Computed Thrust Limits

aircraft characteristic,
engine characteristic,
engine bleed setting,
air temperature,
altitude,

speed.

Take-off thrust,

Climb thrust,

Cruise,

Maximum continuous thrust,

Go Around.

Table 8.Computed thrust limits

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

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:
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Finally, a performance factor entered by the crewansidered in performance computation to
make worse the computed values in order to talkedaotount 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 hetist coupled each other, and so the guidance
function provides directly the control surface/earggcommands. 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),

automatic landing.

LNAYV provides the following of the active route ihe 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 provigésh axis and thrust command. VNAV mode can be
only activated if the LNAV mode is already activadainvolves typically also the autothrottle
engaging. Activating together LNAV and VNAV 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 finat 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@vtiLS). 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 absdpWP 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 performaiugomatic 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),
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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 (tldta 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 importantesioc 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 idmattion (transponder) functions together. Some
FMSs, so, are able to manage also radio commuoinsatind 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),
Aircraft Communication Addressing & Reporting SysteACARS).

The former is relative to the ATC functions, and particular to the exchange of
request/authorization or information between theti@dler and the pilots. It was introduced in order
to reduce the use of voice radio communicatiort, 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 researtttesaim 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 sestired, 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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Figure 19.CPLDC and ACARS functions for phase of flight [32]

2.4 Human Machine Interface

In this section, the main Human-Machine interfagkethe FMS will be examined, starting from the
traditional layout (see Fig. 20), and then presgntihe 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, wtay from the top menu, there is a sort of
“folder” for each macro function, composed at itmeé by one or more pages. Pilots have to
navigate in these pages in order to access albed@idata/controls.

Figure 20.Classic MCDU elements
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Classic MCDU is made up by the following macro etens:

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

Function and Mode Keygermit a quick access to the main FMS functioithaut 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 acemydo 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 atite 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.

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

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 symlawbund 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”) madthe aircraft symbol is displayed at the centertlod
navigation format, with the whole Compass Rose radatu

offset (also named “arc”) mode¢he 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 symhoihtes according to aircraft heading/track, while
for others two orientations it is fixed in uprighdsition, 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 (@sgjance 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 Verticafife 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

Figure 25.Boeing B-777 autopilot modes panel

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

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 pushbuttibunsinate 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 indmad, however, can be misleading for the crew,
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especially since the pilots usually expect to chibekmode 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 followingues 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

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 prepoade with respect to the FMS elements
problems. Logic errors — about the FMS moding, AddDstraints implementation in the FMS or
guidance mode selection/awareness — are respomsiblgeneric 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 altéudhere 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 aircrafihd so when a suddenly flight path change is
needed the use of a lower level of automation liasic 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 deficiencipsgticularly 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 tregrelative 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 plesight (Fig. 29), we find that the greatest
number of incident is relative to the vertical ftgolan, and in particular to the violation of csog)
restrictions (in terms of altitude, speed or timmeastraints) and to the climb management (altitede t
reach, desired climb rate, etc.). This result is tiuthe complexity of vertical route profile (d&ig.

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

FMS Problems per Phase of Flight
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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 gapecially 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/cogm@tworkload;

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

no erroneous data entered alerting;

poor situational awareness about the vertical flgdan management.

ASRS investigation is relevant to first FMS genierad, 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, dretbigger 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 currgiSs, 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 grouadmsent 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 thygerators 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. artwus 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 particulartfhi@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 fiemetl 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






































































































































































































































































































































































































































































































