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ABSTRACT

The research described in this thesias a concentratedffort to assess the
Equvalent Levé of Safety (ELOS) of small Unmanned Aerial Vehicles (UAMB)terms
of the requirements needed for the small UAV to be considered at least as safe as
equivalent manned aircraft operating in the same airspace. Howvikgecponcept of
ELOS isoften quotedwithout any scientific basis, or without proof that manned aircraft
themselves could be considered safe. This is especially true when the recognized
limitations of the seeandavoid principle is considered, which hased to tragic
consequences over the past several decades. The primary contribution of this research is
an initial atempt to establisquantifiable standards related to the ELOS of small UAVs in
nonsegregatedirspace. A secondary contribution is the elepment of an improved
method for automatically testirigetect, Sense and Avoi®§A) systems through the use

of two UAVs flying a syrchronizedaerial maneuver algorithm.
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Chapter 1 Introduction

1.1 The Motivation for Unmanned Aerial Vehicles

1.1.1 The Original Military Role

The Unmanned Aerial Vehicle (UAV) continues to play an e@sgranding role in
aviationand is expected to take onore roles traditionally done by manned aircraft in
coming years. The UAV has a lgnhistory dating back t&Vorld War Two, though
originally this was primarily for military purposes. The earliest use was as a-target
practicedrone(Botzum, 1985) One of the successful early examples the Radioplane
0OQ-3 as shown irFigure 1. This was used as a targeting drone to trainardraft
gunners in the U.S. dugnthe war. Norma Jeane Baker (i.e. later to become Marilyn
Monroe)was discovered in 1%4while working at théRadioplanemunitions factory that

assembled this small radoontrolled UAV (Conover, 1981)

Figure 1-1: The first massproduced UAV, the Radigplane OQ-3 (left) (Botzum,
1985) Norma Jeane at Radioplane Factory in 1945 (right)Conover, 1981)



After the war, the UAV continued to be used as targeting drones, but also found
new roles as a decoy (i.e. for pimog air defenses) andisa for aerial reconnaissance. An
example of one of the more successful of these was the Ryan Firebee, as shigurein
1-2, which was used during the &ham War. Thémproved supersonicapable Ryan
Teledyne Firebee 1l was also developed and usdtddlynited States Air ForcdJSAF)
until very recently. This UAV remains one of the longgstvicing airframes in the
USAF, and saw action as a cha#rridor dispenser in the opening days of the Iraq War in

2003(Tarantola, 2@3).

Figure 1-2: Hercules-Launched Ryan Firebee used in VietnanfUSN, Public
Domain) (left), and Ryan Teledyne Firebee Il Recon UAV using a rockedssisted
launch in 1982 (right). (USAF, Public Domain)

In more recent years the UAV has found an increasingly direct military role,
ranging from reconnaissance work to active target spotting for the U.S. Battleships, as
done by the Pioneer UAV in the first Gulf War in 1991. Most recently, UAVs have been
armedand now can provide a reneoground strike capability. Thaeost famais example

of this isthe armed Predator M@ (Figure 13) which has earned the UAMe dubious



name rod i efiddrm popularized by the media since the use of the pfirdse o n e
w a rtaddescribe the armed Predators ugedhe Middle EastBergen & Tiedemann,

2009) This term now appears to apply to all UAVSs.

Figure 1-3: General Atomics MQ-1 Predator (USAF, Public Domain)

1.1.2 Expansion to NonMilitary Roles

The UAV has also been proposed for many-nuolitary purposes. The UAV is
i deal for the Athree DO missions, namel vy
reasons that will be explained below. Exampmléproposed nomilitary missions for

the UAV include:

Weather monitoring

Off-shore environmental patrols
Fishery Patrols

Ice patrols

Border patrols

Wild-life surveys

Forest fire monitoring

Aerial photo surveys

N~ WNE

* Until recently, Unmanned Aerial Vehicle (UAV) was the more commonly used terrspite of the popularity of the newer
fidroned name, this thesis will continue to use AUAVO.



9. Pipeline surveys

10. Traffic monitoring

11.Communcation relays

12.Law Enforcement assistance to pol{tevy, 2011)

13.Package deliveries proposed by Amagdandwerk, 2013)

14Food delivery sudGibeda, 2013 he ATacoCoptero

Project RAVEN is a example of a proposed use of thew Altitude Long
EndurancgLALE) class ofUAV for the Intelligence Surveillance Reconnaissance (ISR)
missions over the North Atlantic areas-sffore from Eastern Canada (items2, 3 and
4 inthe previous list) Details on this project aggven in Appendix Awhichoutlines the
proposed Concept of Operations (CONOPS) for the RAVEN Project at Memorial in the
mid-2000s. Theprimaryidea was to use small UAVs to augment what is now done by
Provncial Aerospace Limited (PAL) using manned aircraft like the Beechcraft KingAir.
In this and similar roles requiring close groundoestions, the LALEorm of the UAV is
preferred, for reasons which will be elaborated on in the next sections. Wéngeigmo
rigorous rule of what defines loievel flight, for the LALE UAV this is certainly less

than 5000 feef1500m) and more commonly less than 1000 feet (300m).

1.1.3 The Utility of UAVs

Since their inceptiom the 1940sthe UAV has been used in rolesnsidered too
dangerous or impractical for manned aircraft. The common traits of most operational
UAVs make them ideal for these sorts of missions:

1. DULL i the UAV, having no human pilot or crew to get fatigued, is noted for
having extreme endurance capidiles rivalling the longestange civilian airliners

or strategic bombers. As an example, a routine mission for the Aerosonde is over

8 hours, and with an extended fuel tank it dgnfor in excess of 24 hours



(Detailed specs for the Aerosonde Mk4.2 che found in Appendix B
Meanwhile, the maximum endurance of a Beechcraft KingAir in the ISR role is
typically around 45 hours at low altitude@rawley, 1997; Rudkin, 2007)This
extreme endurance makes the UAVab®or roles requiring it to loiter for hours

on end, or to cover very largesthnces, both of which will exceedde endurance

limit of any human crew.

. DIRTY 7T the UAV is also well suited to fly into situations where the use of a
manned aircraft is impcsical or unwise. An early military example was the use of
radio-controlled unmanned aircraft to fly through radioactive fallout clouds during
early nuclear weapons testing in the late 1940s and early {9%0sDepartment

of Defense, 2005) A more recent civilian example is forest fire monitoring where
low visibility (smoke) concerns may make the equivalent use of a manned aircraft
too risky, especially at night. Meanwhile the UAV, properly equipped with
Infrared (IR) night ision and flying by autopilot using GPS waypointsan
operate over forest fires for a full 24 hour per{bsideGNSS , 2013)

. DANGEROUS i since the UAV has no human crew on board, it may be
consi der ed A e x pparaddntthnhaened airchaf. nThis veasnclearly
the case when it was used as a targeting drone in I840sprobe enemy anti
aircraft defences A more recent civilian example is the use of the Aerosonde
UAV to fly into the eye of a hurricane. While ittisie that the same mission can
be accomplished by manned aircraft, the use of the Aerosonde hag fou
increasing acceptanaie to the obvious lowered risk to crew and airframe plus
the huge cost difference. Even though the Aerosonde is typically sedrifin
these missions, the cost of an Aerosonde ($100Kk) is only a fraction the multi
million dollar price tag of an equivalent Manned Aircraihd no human lives are
lost The Aerosonde can also be tasked to stay inside the hurricane for a much
longer duation, and at much lower altitudes then would be considered safe for a
equivalentmanned aircrafbperation(NOAA, 2005)



Cost reduction is major incentive driving the increased use of UAVs. The cost
of a typical small tanedium sized UAVs is a fraction of the cost of an equivalent manned
surveillance aircraft. Even the relatively costly Predator with an estimated unit cost of
approximately $4M UDB is a fraction of the cost of a-® Orion at $36M UBH
(U.S.Navy, 2009)r a G130 Hercules at $67.3M W5 (U.S. Department of Defense,
2013) Several Predators can be bought and used for the price of just one of these
manned aircraft, a point that has not been lost on frif@AF accountantqU.S.
Department of Defense, 2010) Additional mission costs for the equivalent manned
aircraft can rapidly mount when fuel, crew costs and airframe maintenance are factored
into the costbenefit analysis.Meanwhile, if done properly a much smaller UAV crew

(typically 3-4 people) is all that is needed to mount the same mission.

1.1.4 Classification of UAVs

While there is sometimes what seems to be a bewildering variety of UAVs in
operation, attempts have been matb classify them to permit the reasonable
establishment of rules and regulations. Regulators such as Transport CEDpdad
the Federal Aviation AdministrationFAA) recognize that, like manned aircraft, a
different set of rules may be appropriateoeleding on the size, speed and operational
mission of each UAV. A variety of proposed UAV classifications have been proposed,
although the most useful guidelines are a combination of a set of proposed standards
developed by the European UVS gro{yanBlyenburgh, 2001and those of the U.S.
military services(U.S. Department of Defense, 2005)ongrange UAVs arecurrently

classified into these groups:



1. High Altitude, Long Endurance (HALE) i very lage UAVs with persistent (24

hr+) with maximum altitudes of about 20,000 m (e.g-RQlobalHawk).

2. Medium Altitude, Long Endurance (MALE) - flies for at least 8 hrs, at
altitudes between 5,0a20,000 ft, though these may go lower if required. (e.g.
MQ-1 Predator).

3. Low Altitude, Long Endurance (LALE) i flies at least 8 hrs (many up to 24 hrs)

at altitudes typically under 5000 ft, and most times under 1000 ftr{800(e.qg.
AAl Shadow200, AAI Aerosonde and Boeing ScanEagle).

UAVs are ato classified bysize, usually according tmmaximum takeoff weight
(MTOW). There is some debate over the precise boundary lines between these,
depending on which military service is askedhe accepted classificatioas of 2008
were(Bento, 2008)

Micro (under 10 Ibs)
Small/Mini (under 25g)*
Tactical (5 kgi 1000 Ibs)

Medium (over 1000 Ibs)
Heavy (over 10,000 Ibs)

o r w0 N e

The LALE class of UAVs are typically of st to tactical size. Typical examples
are shown in Figure-4, including the AAlI Shdow 200, Maryland Aerospace VectorP,

AAl Aerosonde andhe Boeing ScanEagle

2 The definition for small UAV varies from 2@&g to 35 kg depending on country/regulatdn this thesis theurrentTransport
Canada limit of 25 kg will be assumgBC TP15263, 2014)



Figure 1-4: Typical LALE UAVs - Clockwise from Upper Left: AAI Shadow200
(Unmanned Systems Technology2012) VectorP (Maryland Aerospace, 2015) AAI
Aerosonde Mk1(Courtesy of Aerosonde/AAl) and Boeing/Insitu ScanEagle
(Unmanned Systems Technology, 2012)

1.1.5 The Role for Small LALE UAVs

The LALE UAV is considered ideal for lowaltitude surveillance missions,
including the ISR offshore missions and ldraksed missions such as wiifi or pipeline
surveys. The primary reason 84 class of UAV has higendurance capability. Flight
durations ofover 24 hours are possible. Since the typical flight speed is around 100
km/hr this implies a range of at least 2400 km. Another ideal feature is they are small
enough to be launched without difficulty from practically anywhere, especially if a
catapultis used, and may also be recovered on relatively modest runways or even grass
fields. The LALE type of UAV has also been designed for low altitude flight while still
retaining its 24+ hr endurance. This is a unique feature and not one typically shared by
most manned aircraft, whose performance usually suffer at lower altitudes. The accuracy
of the Global Positioning SysterfGPS)based autopilots found on these UAVs is such

that lowlevel terrainfollowing flight profiles are possible. The L& UAV can fllow



theseflight plans for hours on end without fatigue or impaired pilot judgment causing
problems. The same cannot be said for an equivalent manueaftavhich is forced to

fly at very low altitudes (i.e. 500ft/150/AGL or less) for hours.

1.2 The Chadlenges and Limitations of UAVs

While there is great interest in expanding the use of UAVs in mammildary
roles, this has been prevented due to a number of deficiencies, both real and imagined,
which have been attributed to UAVs. The most seriotisasthe UAV, lacking a human
pilot on board, isconsidered less safe than manned aircrdthis apparent lack of an
Equivalent Level of Safety (ELOS) as manned aircraft is used as a reason to restrict their
operation. Tl8 attitude dates bacto the Chcago Convention Article §Chicago,

December 7, 1944yvhich stategICAO, 2011)

ANo aircraft capable of being fl own wit
over the territory of a contracting State without special atittation by that State and in

accordance with the terms of such authori z:

In Canada, this means a Special Flight Operation Certificate (PR@Gt be
obtained for everyJAV operation in CanadéTC SF623-001, 2014). This effectively

prevents the routine use of UAVs for most of the civilian missions proposed.

The specific limitations which appear to be the source of doubts regarding the

safety of the UAV in civilian airspace are detailed in the following sections.

% There have been very recent developments in both TC and FAA regulations which are a hopeful sign that a balanced approach to
UAV regulations is being followed. In Canada, very recent guidelines have been announced which grants exémpé&dn to
several of the CARs related to airworthiness and the lack of a pilot onboard. Two classes of exemptions apply &l U&/sm
below 2 kg, and to the small UAVs under 25 kg being considered in this thesis. Provided these are flown below 500 ft AGL and
within visual line of sight at all times, the SFOC requirements have been simfliieGAR Exempt., 2014)



1.2.1 Lack of Pilot See and Avoid Capability

Since UAVs do not have a pilot on board, the inherent ability implied in the
aviation regulations of the pil(FAAACOS fAsee
48-C, 1983; Hendeson, 2010) Oof cour se, the effectiven
avoido capabil i {(HpbbsnE9l) Thie perceiveddeficienoyeidUAVS

is at the heart of most claims that they are iehtty less safe thamamed aircraft.

1.2.2 Inadequate Anti-Collision Technologies

The development of appropriate regulations regarding the use of standard anti
collision equipment on civilian UAVs is very much a work in progress in Caiady
Working Graip , 2007) the US(Lacher, Maroney, & Zeitlin, 2007gnd the rest of the
world (ICAO, 2011) A detailed discussion will be left for later chapters, although it may
be summarized as follows: gy adopting current standards for manned aircraft, for
example requiring the univergalstallation of a transponder, navigation and-antiision

lighting may not be as straigfdrward on small UAVS.

Current lighting systems foGeneral Aviation (GA aircraft such as the Cessna
C172 (35 ftwingspan) may be difficult to fit on the much smaller UaA\Vike the
Aerosonde Mk4.2. (10 fivingspan), nor make sense from a geometric point of view (i.e.
light pattern distribution). There is also the problem @fver requirements. It is possible
that lighting systems based on ulbmaght LEDs could solve this problem. However,
there are currently no regulations within Canada which define appropriate standards for
vehicles smaller then honimiilt aircraft such ashe Murphy Rebel, considered to be in

t he AUl tra Lilyg30ttwingspanéveirphy Aircraftl 20@E)0
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There is also confusion over the need for a transponder. In Canada, the legal
requirement is that a transpondsrneeded only if an aircraft will fly into Controlled
Airspace. The rules for U.S. Airspace are simi(dMacDonald & Peppler, 2000)
Generally speaking this is airspace above a certain altitude or within an Air Traffic
Contol (ATC) control zone. LALE UAVs are normally used for missions at very low
altitudes and in remote locations far from major population centers. Unless the mission
requires them to launch and recover at a major airport, they are unlikely to fly into

contolled airspace.

As a result of this uncertainty regarding lights and transponder requirements, the
general response by small UAV airframe manufacturers is to simply omit them. The
customer then assumes the responsibility to make any necessary modgieatording
to local regulations. This is the case with the Aerosonde Mk4.2, the VectorP and the
TBM UAV1. All are supplied without lights or a transponder. Our own experience is
that in the absence of regulations for small UAVs, the regulator vakenrulings on a
caseby-case basis and typically err on the side of stricter requirements than for manned

aircraft.

1.2.3 No Detect, Sense and Avoid System

Most current UAVs are essentially dAblin
awareness of other potal airborne or grourdbased collision hazards. This situation
will persist unless some form of autonomous Detect, Sense and Avoid (DSA) system is
provided. At present a system suitable for use in the smaller LALE class of UAVs is

unavailable(Davis, 2006) This poses a serious risk and concern, and is a major limiting
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factor to UAVs gaining general acceptance by aviation regulatadieband amongst

pilots (Kirkby, 2006)

Without a reliableDSA capability that pvides an ELOSas manned aircraft,
small UAVs will be regarded as a threat to flight safety. Flight operations for UAVS in
Canada are currently only allowed through advanced applicaimm approval of an
SFOC (TC SF623-001, 2014) There are restrictions limiting omgional times (i.e.
typically these aralaytime visual weatheronditions), their ability to fly incontrolled
airspace and to flBeyond Line of Sight (BLOS). These restrictions aretreoy to the
type of routine operations inonsegregateairspace implied by the proposed missions

for small LALE UAVS.

1.2.4 Limited BLOS Situational Awareness

Most UAVs, especially the smaller LALE class, have limited Beyond Line of
Sight (BLOS) situationalweareness capabilities. This could be considered an element of
the DSA problem but what we are mainly talking about here is the awareness of the
Autonomous Vehicle Operator (AVO) whose job it is to control and monitor the UAV at
the Ground Control StatiofGCS). Most commercial GCS software packages used with
small UAVs do an excellent job of showing what the UAV is doing, assuming a good
telemetry link is maintained. The GCS usually shows a plan view in the form of a 2D
map with the current waypoint&§JAV location and some track history displayed. An
example is shown iRigure 15, in this case the Mission Planner GCS used in conjunction
with the ArduPilot (3D Robotics, 2014)In this annotated example provided by 3D

Robotics, the key elements of the display are detailed. Similar displays are present in the
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Horizon GCS used with the MicroPilot and the Cloud Cap GCS used \itRiticollo I

autopilot as installedn the Aerosonde.

Intended heading
(including crosstrack correction)

Direct line to current waypoint

Wireless telemetry
ing directi connection (% bad packets)
Crosstrack error  Hieading direction (% p

and turn rate (T) \ Bank angle GPS time Current heading

Artificial Horizon
(remember, this is
the reverse of the

aircraft's bank ang Desired turn
Air speed radius
(Ground speed
if no airspeed

sensor is fitted)

=1 Track of recent
travel

- GPS reported

Air speed .
Ground speed MWL
Battery status
- GPS reported
Altitude (blue bar F direction of travel
is rate of climb) alt ; o] IF . b (usually lags)

GRS alets groundspeed

wp_dist

/
Current autopilot mode Latitude Longitude Altitude

Distance to current waypoeint ">" Current waypeint number

Figure 1-5: APM Mission Planner GCS Display with Annotations
(courtesy of 3D Robotics)

Only those UAV(s) under the direct command of the |0G&S are typically
shown incurrent commercial GCS software suites. The AVO is usually unawaneyof a
other entities which are not under his direct control. This could include other UAVs,
ground or terrain obstacles, or manned aircraft which might also be in the vicinity.
Attempts have been made to augment the situaiging some other means such as
Automatically DependerBurveillanceBroadcast ADS-B) and this is an active research
area. However, this information is usually on a separate display, not integrated into the

GCS and thus very difficult to use for precise coordination, especially at Baages.
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Unless these different data streams are fused together into a single, cohesive situation

display at the GCS, the overall situational awareness will be very limited.

1.2.5 Unique Challenges for the Small LALE

While the small LALE type of UAV is aided candidate for the ISRnissions,

they have a number of unique challenges in addition to those attisadigsed

1.2.5.1 Low visibility

The small LALE UAV is typically an airframe with a wingspan of around 10 ft
(3m) and very narrow fuselage under 1 ft (0.3nawkter. The forward crosectional
area, optinzed for low drag anéndurance unfortunately has the saffect of creating
an airframe that is very small and difficult to see at normal awiagighting distances.
The small UAV is essentially invisibleo other aircraft without some form of visual

enhancements.

1.2.5.2 Limited Payload

The small LALE UAV, typically with a maximum takeoff weight of undes kg
(30 Ibg, has a very limited payload, typically in the7 kg (L0-15 Ib) range, including
fuel. Ths limits what can be carried by the UAV, especially in terms ofautlision
and detection equipment. For example, there is no known radar system light or small
enough that would fit on existing small UAVs. Trssthe primary reason why system
hasyet been developed that woditl on the small UAV and providéhe requiredDSA
capabilities (Ellis, Investigation of Emerging Technologies and Regulations for UAV

060Sense and Avoi.d’ Capability, 2006)
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1.2.5.3 Manual Control Methods

Current TC regulations require that even the case of fully automatit/AV
flight, there exis a manual override capability throughout the fligaguivalent to the

implied Pilotin-Command capabilities on manned aircratiis requirement for a human

ASdafye Pil oto is expected to remai {TCiSh t he

623001, 2014) Unfortunately, the current Radio Control/(R manual pilot method

used by mossmall UAVs is not suitable for several reasons.

The most obvious problem is that manual R/C control methods restrict control to a
very limited visual range from the airfield, perlsa@p5 km maximum. This ontrary to
the nature of the long range missions that the LALE UAV is most suited to peffasm.
possible to augment this method somewhat by switching to remote operation of the UAV
using a forwardooking video camera, also called the First Person View (FPV). This is a
commonly employed technique with larger military UAVs like the Pred@uSAF,
2010) We have demonstrated a similar capability on the Aerosonde Mk4.2 using much
smaller and lighter analog video transmission equipméfdwever his mode is only
possible within electronic Linref-Sight (eLOS) conditins, meaning the range in which a
high speed video and telemetry link is possible, which is typieattyaximum of20 km
range. Note that the precise rale operation of a UAV will be hampered if not
impossible if satellites are used, due to increadatd link latency and/or bandwidth

limitations (Clough, 2005)

Another problem is personnel availability and skill set. It is incorrect to assume

that any manned aircraft pilot can successfully fly a small UAV remotspeaally if the
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R/C mode is used. The nature of R/C control, where you are viewing the aircraft
externally (as opposed to from within the cockpit), requires a different skill set than with
manned aircraft. Common problems include ex@mtrol and pilotdisorientation due to
Acontr ol reversal o caused when the aircraf
experienced by this author personally, is in rapidly determining the aircraft orientation
when the small aircraft is far away or under rapidly cmag or difficult lighting
conditions (e.g. sunlight glare or airplane silhouetting). A FPV video might alleviate
most of these pilot disorientation effects, but there is still the issue ocom&ol. This

is especially true for the smaller LALE clae§ UAV, where the flight dynamics are
similar to the larger acrobatic gaswered R/C hobby aircraft. The control of these
model aircraft requires enedmely gentle control inputs ardst reflexes. It is a skill that
takes years to develop and one whsdme may never master. This creates a serious

personnel training paradig@Villiams, 2004)

Another concern with manual piloting is the requirement for the LALE UAVs to
fly in lessthanideal weather conditiongor example fi used in the ISR role in the North
Atlantic maritime environment. Current manual piloting practice will restrict flight
operations to relatively benign weather conditions. There are limits on crosswinds and
visibility, which on small airframes is evenone restrictive than the rules for the smallest
General Aviation (GA) aircraft. The manual pilot is simply not fast enough to control a
small UAV safely in adverse wind conditions, and completely incapable of piloting a
vehicle in poor visibility conditios. Without remedy, thiss a major restriction to

operational use afmall UAVs for realistic maritime conditions.
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1.3  Problem statement

This research project has attempted to assess the current risk imposed by the small
UAV in order to determine its currefistimated Level of Safety (ELS). By comparing
this with manned aircraft we maletermine if it is possible to improve the UAV, using
novel technologies or opetional methods to give is an ELO& manned aircraft

opeating in the same airspace.

1.3.1 Risk Assessment

The addition of the small UAV to the same airspace where manned aircraft will
also fly (i.e. norsegregated airspace) doagate a number of additional risks. The real

physical risks are:

1. Ground Collision Risk i This is the risk the UAV poses people or property on

the ground due to the UAV crashing or colliding with the gichu This could be
due toequipment failuresenvironmentalor operational errorsvhich cause the
UAV to strike the groundh either anun-controlledcrash orcontrolled fight into
ground obstaclesEnvironmental factors could include the onset of poor weather
which may lead to equipment failure if not properly desigioedn the airframe.
Bird-strikes are another source of damaljeere is a need to improve the také
and landing phases, especially for eleaded small UAVs, to reduce the
incidence of airframe losses at these critical stagd%oper planning for
emergency landing procedures due tdlight damage (i.e. from bad weather or
bird-strikes) is also reqred.

2. Mid-Air Collision Risk - This is the additional risk of an &io-air collision due

to the addibn of the UAV into the airspace This is directly associated with
presence (or lack) of antollision technologies, including DSA, on the small
UAV.
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There are als@erceived threats aisks due to UAV operations, both real and
imagined, which limit their acceptability and ability to gain approval to be used in many
of the civilian mission roles. Some of these may be difficult to correct but we must b

aware of them:

1. Fear of UAVs as being an invisible, roompliant user of the airspace, especially
amongst pilotgKirkby, 2006)

2. Public fear of the UAV as Adroneso in t
to conducttargeted killings in the Middle East. The negative publicity of this
recent use of Adroneso has t aBermgéne&d t he
Tiedemann, 2009; Haven, 201There have also been recent conceonsr
privacy especially with the surge in the popularity of the small hobby drones
(Brown, 2014)

3. Limited reliability data (for civilian UAVs) due to their very recent history,
especially when compare with equivalent mannedrair which now has many
decades of staiic data to validate their safetyThis is amajor source of the
generally conservative stance being taken by aviation regulators worldwide

regarding UAV airworthiness

1.3.2 Definition of Equivalent Level of Safety

This research project has concentrated on one of the more difficult aspects of the
UAV safety problem, and the subject of much debate within the UAV industry and
amongst government aviation regulators he concept of AEqui val e
(ELOS). L is interesting that the concept of ELOS is used without much quantification of
what it means. All would agree that the basic interpretation is essentially that the UAV

must be at least as safe as manned aircraft in the same a(idpdc2 Naval Armaments

18



Group, 2007) Unfortunately, this is usually where agreement ends, since the definition

of manned aircraft safety is itself open to some depéabbs, 1991)

1=t CESSNA
FLYING VFR
IN CLASS G il +
(2000 - 2_500 ft AGL +g::::kpi't = A
typical) Azimuth FOV
Pilot
+-15 deg FOV
(instantaneous]
V = 125 kts
(~236 km/hr)
A J
IS THERE
ENOUGH
TIME? 1 Statute Mile
(1.61 km) 12.3
= .3 sec
472 km/hr
Closure
F 3
3 CESSNA
APPROACHING
OFE-AXIS 2 CESSNA
. ALSO FLYING VFR
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Seen? [ — . S (125 kts)

Figure 1-6: Limitations of Manned Avi ati on

To illustrate, consider the case presenteérigure 16, of two GA aircraft (e.g.

CessnaC172s) flying under Visual Flight Rules (VFR) in uncontrolled airspace. Assume
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that they ae flying at typical cruising speed (125 kts = 236 km/hr) and altitude
(2500ft/760n). Since they are in uncontrolled airspacethee would need a transponder

nor would be equipped with Traffic Alert and Collision Avoidance SystefiiCAS).

Under currentCanadian airspace regulations, the minimum visibility requirement in this
situationis 1 statute mile (1.&m) (TC CARs, Part 6, Section 602.114 through 602.117,
2014) Suppose that these aircraft are on a {wadollision cairse. Closure speed will

be in excess of 472 km/hr. Time to impact is a little over 12 seconds. This is not a lot of
time to detect each other and conduct an effective avoidance maneuver. It is debatable
whether a human pilot, especially if distractedbwaother matters such as scanning the
cockpit, would even be able to resolve the narrow {fmeasilhouette of a Cessna at 1 mile
range. The situation is worse if the other aircraft (or both aircraft) are approaching each

ot her #Aof f ax thethird airsraftiifowenlest carnartofbedfiguibey

The use of antcollision strobes would enhance visibility and might increase the
minimum sighting distances. However, ailision light use is generally reserved for
situations of poor visibility(i.e. night or poor weather). During daylight VFR it is
unlikely that either aircraft would have their aatllision lights turned on. The bottom
line in this example is that even though both aircraft are being operated in accordance
with current aviabn regulations, there is still high probability that a collision could
occur. Sadly, there have been several-aniccollision accidents both in Canada and the
U.S. involving GA and small helicopters which illustrate this point, including one
recentlyin Saskatchewan in 201@SB Report A12C0053, 2012)It is interesting that
the last airliner versus airliner malr collision in North America occurred in 1965.

However, incidents involving GA versus GA have beenuateg regularly since that
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time. There have also been several incidents where a GA aircraft collided with a
commercial airliner, perhaps the most infamous being the 1986-Mexao midair
collision over Cerritos, which resulted in catastrophic cagsalticluding many on the
ground (NTSB/AAR-87/07, 1987) In all of these incidents, the NTSB accident report
invariably reaches the same conclusion: that pilot error, and the inherent limitations of the

i's ee an dnciplevimmadned apcraft were to blame.

The | imitations of the fisee and avoi do
documented by many researchers and known for many y&aakham & Orr, 1970)
These limitations wersummarizedn anAustralian Report in 199(Hobbs, 1991) The
recognition of these limitations was the main incentive towards the research and
development of automatic collision avoidance systems in the late 1960s to 19B0s an
reason why we have the TCAS system as standard equipment on all commercial air traffic
today. The AereMexico midair collision in particular, and itsirsilarity to another
incident near San Diego ih978 was what finally spurred action by the FAAnmake
TCAS mandatory by 1998AA AC-12055A, 1993) This has clearly made civilian
airline transportation quite safe, but tkauation with smaller GAaircraft remains

essentially unchanged, as the accident in Saskatchevg@i?2 demonstrates.

1.3.3 Summary of the Detect Sense and Avoid Problem

Table 1 summarizes the combinations inherent in the DSA problem, assuming
Visual Meteorological Conditions (VMC) existhe first quadrant (1) represents the

situation with manned airaft, where every pilot is responsible to maintain vigilance for
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other aircraft and provide the collision avoidance capability. The limitatbns ® he fA s e e

and avoido principle does cast some doubt

Table 1-1: Summary of the DSA Problem for Small UAVs in VMC

Intruder Type
Aircraft Manned UAV
Type
Manned (1) Manned VFR Flight | (2) Canthe UAV be seer
and avoide@d
UAV (3) Can we seand avoid (4) Coopeative UAVs
manned aircraft

Quadrant four (4)epresents the other extreme where multiple UAVS in the same
airspace rast see and avoid each otherhis istechnologically the easiest situation to
remedy. There are GHised systems which can cooperatively broadcastiqros
information to other similarhequipped air vehicles and coordinat®@idance maneuvers
such asADS-B (Contarino, 2009) Provided all UAVs in the area use such a system,

implementation of an autonomous DSA system becdaidyg straightforward.

Quadrants two (2) and three (3) represent tlalaringe for small UAVs, and the
focus ofresearch in the DSA field. In the case of quadrant 2, this is the concern of
whether the UAV represents a collision (obstacle) hazard tnedaaircraft. Small

UAVs are more difficult to see then the smallest manned aircraft. Quadrant 3 represents

the poblem in the other direction (. e . ACan andhagoidthAnvieds e e r af t 2 0

and defines the basic problem of DSA, especially if botbperative and uoooperative

aircraft must be considered’he UAV must be able to senggruding vehicles and other
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collision hazards in the airspace, and possess some autonomous collision avoidance
capability. However, at present there are no DSAegys recognized by any aviation
regulatorybody as providing a small UAV with an equivalent level of safety as that of
manned aircraftEllis, Investigation of Emerging Technologies and Regulations for UAV

6Sense and ility2006).d ' Capab

1.4  ThesisOutline

This first chapter has provided an introducttorthe topic of small UAV safety.
The motivation driving the use of UAVs, and specifically the small LALE class of UAV,
has been presented along with a summary of the clgalewhich currently limit their
acceptability anduse in civilian airspace. Thesearchn this thesisattempts to assess
the current level of safety of the small UAV. Ways to mitigate the real or perceived risks
posed by the small UAV will be explored the following chapters, which are organized

as follows.

In Chapter 2a qualitative measre ofthe perceived risks associated with UAé
presented. This is followed by a quantitative estimabé the real risks that the UAV
poses, primarily in terms dhe threat to the ground (i.e. Ground Impact risk) and other
aircraft (Mid-Air Collision risk). This allows an assessment to be made oElt® of the

small UAV.

Chaper 3 presentsresearchinto methodsto reducethe ground impact risk by
improving the controllability and situational awaress while operating small UAVs
This researchincludesthe use of Virtual Reality technologies to fly simdAVs using

FPV techniquesand possible lorgange enhanced control methodReductions in the
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mid-air collision risk may also be possiblespecially when enhancems to AVO

situational awareness are considered.

Chapter 4addresses the aio-air risk pertaining to small UAV visibilitystarting
with theoretial calculations of the limits tdetectiorrange ly human pilots. The chapter
presents results from a series of night time and day time visibility experiments using
lights, and the results of field testing of other visibility enhancement technologies.
researh pri mari |l y ¢ onc ersnese nt?hoe nofedtnac@eadnaht® ofU A V
the DSA summary given in Table-1, its effecton the midair collision risk, and possible

waysto mitigate this risk.

Chapter 5Spresents research in#tD simulationand a theoretical discussion of
various 4D maneuverand possible avoidance methodsThis addreses themid-air
collision risk impliedin Quadrants 2 and 3 of Tablell However, it should be
recognizedthat the development of a reliabbhd autonomous DSA capability that
addresses the concerns of mahreviation will involve a mltiple-step approach,
including:

1. Theordical analysis;

2. Simulation of DSA scenarios;

3. Field testing, including data collection, using UAV versus UAV techniques;

and,

4. Field testing involving manned aircratft.

This is a very largeubject area, so by necessity this thégisfocused on the first two
steps. In addition to an accurate 4D simulation environmamiyal method to test DSA

strategiesand avery promising colli®n avoidance method eiintroduced. This lays a
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strong foundation forthe field testing implied in Step 3. It is hoped that thehods

presented might be used during live UAV field testinghe near future, and provide
validation, experience and confidenoeghe proposed DSA methad3he experience and
confidence gained durintep 3 are essentidefore contemplating the live testing

involving manned aircrafis implied in Step 4.

Chager 6 is the conclusioof this thesis. Itsmmarizes theisk assessments from
previous chapters and the potential improgata possible by adopting the mitiigaat
strategiespresented in this thesi®\ minimum set of requirements for a DSA system
suitable for small UAVs ipresented The chapter provides the summary of the current
situation related to UAV safety, and in pauiar very recent developments in this area.

The thesis concludes with someeommendations for followen researchopics
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Chapter 2 Assessing the Risks Posed by UAVs

In this chapter we will discuss both the perception and the reality of the risk posed
by theUAV, and in particular the small UAY An attempt will be made to determine the
real threat level posed by the small UAV imj@antitativemanner, especially in terms of
the Ground Impact and Midir Collisionrisks. The ot her A p owlillialsoi cal 0
be discussed. Only when an objective comparison is made with manned aviation can we
determine whether or not the small UAV hars ELOSas manned aircraft. With this
knowledge we will be in a much better position to assdbg ifmall UAVmeets, excess
or falls short of the safety expectations imposed on it. From this analysis we will then be
able to determine where efforts should be focused so that the safetylbAvhmay be
improved. h the following discussions, several different aviation rega will be
mentioned. Excerpts from the Canadian Aviation Regulations (CARS) applicable to this

safety discussion are provided in Appendix C.

2.1 The Requirements for UAV Integration

Even though Unmanned Aerial Vehicles are recognized to be a very\affemti
for many avilian missions, theiracceptancdy aviation egulatorsis prevented by the
perception that they are not mature enough to bpeply integrated into thieusy national

airspace systems of most countries. Specifically, there are mgnhatary restrictions

41t should be recognized that the UAV must be considered as a sysiertuding not just the obvious airframe but also the
avionics, GCS and operational procedures. In the following discussions, while much of the risk assessmeohftioeis#s/ious
airframe hardware, mention will also be made of other potential sources of problems, especially operational concernisile And w
softwareinduced failures will not be described in detail, they will be considered as being included irethk r@liability estimates
for typical small UAVs.
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which prevent the routine operation of UAVs. Routine operations are essential for UAVs

to be both coseffective and an advantage over equivalent manned operations.

There are active efforts to determine what must be done to persiibthappen.
Very recently, the U.S. Federal Aviation Administration (FAA) presented its updated
roadmap for the integration of Unmanned Aircraft Systems (OAS)the National
Airspace System (NAS). The forward from FAA Administrator Michael Huerts thet

tone(Federal Aviation Administration, 2013)

AThis roadmap outlines the actions and

integration into the NAS. The roadmap also aligns proposed FAA actions with
Congressional mandatesofn the FAA Modernization and Reform Act of 2012. This plan

also provides goals, metrics, and target dates for the FAA and its government and

i ndustry partners to use in planning key aft
The FAA roadmap provides detailed infation on what is deemed necessary to
allow all this integration to happen. The following excerpt in the FAA roadmap, taken
from the International Civil Aviation Organization (ICAO) circular for UAS summarizes
therequirements very we(ICAO, 2011)
AA number of Civil Aviation Authorities
must meet the equivalent | evels of safety

operated in accordance with the rules governing the flight afned aircraft and meet

® The FAA uses the more generic term Unmanned (or Uninhabited) Aircraft System (UAS), to define the UAV as being a system
which includes not only the airframe but also the grebased control systems aaperators. However this thesis will continue to use
the more generic acronym UAV.
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equipment requirements applicable to the class of airspace within which they intend to
operateéTo saf el y -segrdated airspace, the) A must actnanch
respond as manned aircraft do. Air Traffic, Airspace and Airgtahdards should not be
significantly changed. The UAS must be able to comply with existing provisions to the

greatest extent possible.o

Thus the basic definition of ELOS may is summarized as this: the UAV must
possess the same inherent safety as mannadfgi and operate in a similar manner, to
be allowed to operate freely in ngegregated airspace. Another significant FAA
statement relates to the need for the UAV to mature significantly in terms of

airworthiness:

AExcept for somessmalé&a8wihl verclimitee peratisnalc h a
range, all UAS will require design and airworthiness certification to fly civil operations

in the NAS. O

In Canada, Transport Cana@BC) set up a UAV Working Group in the mid
2000s to make recommendations for demrequired to the Canadian Air Regulations
(CARSs) to allow UAVs to operate in segregated and-segregated airspace. Consensus
among the UAV Working Group members was that the growth area in UAV operation
will be in thesmallclass of UAVs. These anaft are extremely capable, having a service

ceiling of 6,000 m, flight duration exceeding Bdurs and an operating range of many

6 The small UAS being mentioned here is equivalent to modified R/C aircraft equipped with an autopilot, typically flowa within
km of its landing area.
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thousand kilometersAn example is the Aerosonde Mk4.2 UAdktailed in Appendix B.
This class of UAV was deemed problemasioce their smb size and light weight
preclude the use of existing ofthe-shelf systems such as TCAB& report was generated
with regulations to follow after technical and legal revielC UAV Working Group,
2007) It was hoped this would eliminate the regulation bottleneck preventing routine
UAV operations in CanadaAs recently as two yearago, the development of CRs
specifically for UAVs hadstalled. However, he r ecent 80r glssage
revived efforts byregulators to define appropriate UAV regulation&n updated SFOC
staff instruction was issued by TC only this past Noven(b€r SF623-001, 2014) TC

still considers each UAV application on a céigecasebasis, requiringgn SFOCor each

and every UAV missionalthough exemptions are possible for very small UAVs operated

solely within visual line of sighfTC CAR Exempt., 2014)

Internatonally, there have beeattempts since 2005 by varioustemational

organizations to develop standards and regulations regarding the operation of UAVs, and

the requirements foDSA technologies. The absence of a viable DSA technology which

may be used by civilian UAVs was considered as the main obgEtk Investigation

h d

of Emerging Technol ogies and Regul ations

2006) The most comprehensive of these were the European Eurocontrol (2006), the

American ASTMF2413104 Committee, and the NATO Joi Capability Group on
Unmanned Aerial Vehicles. The Eurocontrol committee focusedspecifications for
military operational air traffiand some recommendations have been adoptectisely

for GA traffic (Eurocontrol, 2006) The ASTM committee focused on performaiesed
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standards, but the recommended certification procedures involve costly flight tests and
simulation runs due to the combinatory nature of the required test scenarios. The NATO
Group generated a comprehemsset of requirements for collision avoidance and general
operating rules applicable to UAVs over 150 kg, with the goal of establishing a set of
international standards applicable amongst its member countNéSO Naval

Armamens Group, 2007)

As of this writing, there still remains to be seen a definitive set of regulations
applicable to UAV integration. It woul d
attitude, likely hoping for some breakthrough in D8%hnology or th FAA taking a

leadership role and spearheading the establishment of such regulstiosfis, 2013)

2.2 Perceived and Assumed Risks

There are a number of perceived and assumed risks associated with the operation
of an UAV that wehave encountered during our initial flight test of several small UAV
systems, including the Aerosonde UAV. The fear of these perceikasdhasnper the
acceptance of UAV&Nnd the practical aspects of flight operations have dampened the

initial enthusiam and assumptions of lowered operational costs.

2.2.1 Risk to the Crew

While the airborne operation of the UAV doest pose any threat to a crew-on
board the aircrafthere is a small risk to the operators on the ground, particularly during
the launch and rewery stages. This is particularly true when manual R/C flying

techniques are used. The threat of injury to a member of the ground crew increases with
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crew size, so it is incumbent on the UAV operator to limit the number of personnel at the
airfield. It is also important to minimize (or eliminate altogejhany noninvolved
spectatorsvho may be interested in watchitige UAV operation. The danger is the
small UAV resembles a large R/C aircraft and thus both the operator and bystanders can
become cmplacent about the risk. As an example, the Aerosonde UAV lands at a very
high speed, approximately 8@ km/hr and has a set of very narrow wings similar to
propeller blades. During the final stage of landing the Aerosonde is an unpowered glider
appro&h, meaning it will be coming in to land somewhere after the commitment time
when engine power is cut, and has limited maneuvering options. If this UAV were to hit
someone standing beside the runway, it would most certainly injure them badly, perhaps

fatally.

This is an issue which the R/C hobby has had to deal with in recent years
especially after several incidents in Europe and Canada where spectators were injured (or
killed) while watching R/C flying event$MTI Hungary, 13 My 2006) Adopting a
minimum safe distance from spectators, similar to existing R/C air field guidelines in the
Model Aeronautics Association of Canada (MAAC) or the Academy of Model
Aeronautics (AMA) would also be wise to prevent any incidents involgipgctators

(MAAC, 2014)

For the ground crew, this risk is easy to redsiogply by adopting prudent safety
practices at the airfield. In the case of the Aerosonde, requiring that all personnel take
cover (e.g. going insidine GCS van or another vehicle) during the launch and recovery

stages of the mission winbbe sufficient to eliminate this threat
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2.2.2 High Operational Costs

During initial UAV operatiols, especially by people accustomed to manned
aviation there is a tendey to apply manned aviation practices to the small UAV. This is
particularly true in terms of the number of people in the cockpit, number of sensor
operators, maintenance personnel and so forth. Whereas most small UAV vendors quote
crews of 23 requiredio operate them, this author has personally witnessed the growth of
the Aerosonde UAV crew to as much as a dozen people at a given time. This mode of
operation might be necessary during the initial training stages, but must transition to a
leaner operatigp model very quickly, or the economic case for using the UAV will be
defeated. The high initial trainirgnd starup costs with ouAerosonde UAV operations

was a major reason why this portion of the project to stall.

The operation of the small UDAshoull be possible with only threpeople: a
manual (safety pilot) who also performs much of the maintenance digedVO who
will monitor and control the autopilot portion of the mission, and a mission supervisor
whose responsibility woulde to ensure th&FOC rules are being observed and is

prepared to communicate with otlarspace operatorssinganAir-band radio.

2.2.3 Financial Risk due to Attrition

Another hurdle to UAV acceptance is the fear of losing the aircraft, and the
associated financial cost. 2006 we had been warned by the Aerosonde UAV vendor to
expect some attrition in our UAV fleet, especially as flight hours increased. This is an

admission that though a very thoroughgtit checkout procedure precededery
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Aerosonde mission, there werdllsreal concerns over the reliability of the airframe,
especially in terms of the radio link between the UAV and the GCS, and with the engine.
We experienced the loss of two airframes, and both incidents were associated with a loss
link between the maral pilot and airframe. Recently, the Aerosonde UAV peplant
underwent a thorough -4evaluation after concerns over its reliability surfaced with
increasing utilization with the U.S. militafjRosenberg, 2013)his problems common

in civil aviation, especially with novel systems or engines. It is only once an airframe
starts to accumulate a high number of hours thatlity problems willsurface and the
outcome of reliability estimates (a routine task performed fornesgand suilsystems)

are validated. The Aerosonde powerplardblems were solvedfter a major mamed
aircraft engine manufacturét.ycoming) stepped in and applied civil aviatiomethods

(Hemmerdinger, 2013)

Especially athe initial stages of small UAV operations, the loss of airframes due
to flight mishaps will have a direct impact on the operating costs of the program, and will
also have the practical effect of decreasing the availability of aircraft to perform missions.
Both concerns are seen to be major drivers

the small UAV for the risky LALE missions for which it was designed to perform.

Based on our own experience, before embarking on a program using commercially
available small UAVs, the attrition cost due to loss of airframes must be consaleded
planned for, and themonitored carefully as the project progresses. This is important
later when there may be a need to prove the reliability of the system (e.g. whgngapp

for an SFOQ. It is wise to assume the loss of an airframe as occurring at a particular rate.
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The best source of information in these situations is to contact another user of the same
UAV, one who has used it for enough hours to permit a reakstsessment of its

operational reliability.

2.2.4 The Doctrine of Zero-Tolerance

Until small UAVs improvein terms of quality and reliability, it is a foregone
conclusion that they will crash. This is where their operation runs afoul of the doctrine of
zerotolerance to incidents or accidents which exists (for good reason) in manned
aviation. Aircraft operators accustomed to tactrine follow a similarconservative
stance buikin to manned aviation culture. This is a good thing for manned aviation, but
unfortunately is counter to one of the main reasons to use UAWMsat they may be
considered expendable and used for very risky missions where a crash may very likely be
the final outcome. It is true that to maintain the cost benefit of usigsUit is still
prudentto prevent needless airframe losses during routine operations, for example during

takeoff and landing where most of the serious incidents typically occur.

What must be realized is that the civilian UAV is a relative newcomer to aviation,
pehaps having only 15 yearsod experience.
it too experienced much of the same growing pains, crashes, blunders and tragedies,
especially in the early years. The key point is that manned aviation learned ésen th
early mistakes and experiences, steadily improving the technology and operational
techniques used. The net result is that modern air travel is statistically the safest form of

transportation todagiCAO, 2013)
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For theUAV to gain acceptance, especially with regulators, it must be allowed to
fly with increasing frequency to allow operators to gain the knowledge and experience
needed to improve them and makerthsafer. The fear of crashing must be replaced
with a prudent acceptance of failure Until the small UAV maturesand reliability
improves,UAVs must be designed and operated withassumption that it may crash at
any moment. Operational procedures and the airframes must be designed with this in
mind, always wih the aim to minimize the risk, especially to people or property on the
ground, and alsto mitigate the effects of a crashOnly once a given smallAV has
been flying fo a largenumber of hours (i.e. 10,000+ hrs) without serious incidents will

this peceived risk be reduced.

2.2.5 Public Fear of UAVs

Public fear of the UAV was not a major concern when civilian UAV operation
were first contemplated in the early 2000s. However, recent negative publicity, especially
the controversy over the use of tAeedatorB as a huntekiller asset in the Middle East
has not helped the case for the UfBErgen & Tiedemann, 2009)There seems to be a
growing public percept i gaither dsa tirect threattéilider o n e 0

or as an invasion of privacy for some of its proposed surveillance roles.

Unfortunately there is not much we can do (technically) to dispel this perception,
apart from ensuring that our operations do not create any threats to people on the ground
or othe aircraft. Public education into the advantages of the civilian UAV is also needed

to combat the negative perception of the e
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article in the AUVSI journa{Haven, 2011)thedanger to the fure of the UAV industry
was compared to that of the nuclear industry, which is essentially gone in North America
due to poor public perception coupled with the unfortunate timing of several nuclear
accidents. The same thing could happevith UAVs in the current negative political

environment.

Once UAVs are operating andgviding reliable servicesas package delivery
systems for Amazon, assistance to fire or police emergencies, or as friendly traffic alert
systems in the sky for motorsstpublic acceptance of the presence of the small UAV in
civilian areas should improve. The one thing that can be done in the meantime is to
strive to improve the reliability of the small UAV to prevent any incidents, and to design

operations to minimizany risk the UAV may pose to the general public.

2.2.6 Motivation for Improved Reliability

Much of the perceived risks (fears) associated with UAVS, and in particular the
small UAV, may be reduced or eliminated through improved reliability of the airframe
and he overall UAV system Improving the reliabilityof the airframe should help
reduce aiframe attrition rates andrive down costs associated with operations due to lost
aircraft.  Overall improved quality of the airframe should also reduce the excessive
amount of maintenance that is currently needed on some small UAVs to maintain even a
modest level of reliability. Impved reliability of the overall UAV systemnill likewise
reduce the number of incidents and help improve the public perception oAWVasla

safe user of the air space above their heads. Aviation regulators and other manned aircraft
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operators alike will also improve their perception of the risk the UAV poses, and allow it

greater operational freedom.

2.2.7 The Motivation for UAV Control En hancement Research

Another area of improvement is in the area of operations, specifically how the
small UAV is controlled during takeff and landings. It is proposed that much of the
current safety concerns of small UAV operations, in particular theysafehe ground
crew and airframe, may be alleviated if a different mode of operation is used. The manual
R/C method of flying these UAVs may not be the most effective nor safest method. The
use of Automated Takeff and Landing (ATOL) technologiesoald have a beneficial
impact, reducing incident rates of crashes duringehwitical flightphases. This would
also help alleviate much of the stress currently encountered with R/C pilots, especially
when they are forced to fly small UAVs at close to theperational limits and in
challenging weather conditions. An effective ATOL capability could allow UAV
operations in poor (i.e. neiMC) weather conditions, aquivalent tothe use of the
Instrumented Landing System (ILS) by manned aircraft flying undstrdment Fight

Rules (IFR).

Even if a full ATOL method is not yet available, it is proposed that the use of
alternative control mébds such as FPWying techniques may be a safer approach,
particularly during the landing stage. Eliminating the needhdse a manual pilot
standing on the side of a runway, especially during the landing of the faster small UAVs

like the Aerosonde, should be considered. An alternative method whereby the pilot sits
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inside the GCS and pilots the UAV using true remote cbatrd FPV mode may be more
effective especially in less than ideal weather conditions. However, before deciding on
the precise nature of such a FPV/GCS pilot console, research is needed to determine the
most effective format. This is the primary motiwatifor much of the research discussed

in Chapter 3.

2.3 Physical Risks from UAVs

It is ironic that the UAV, originally used to eliminate the risk to human crews for
dangerous military operations, shoulow be considered as increasing the risk to humans
when sed in a civilian role. However, it is true that the UAV sigmse someeal
threats when operated over inhabited areas and within civilian airspace. The two primary
risks are:

1. The hazard to people or property on the ground (i.e. from the UAV crashin)
2. The Mid-Air Collision (MAC) hazard to other aircraft;

We introduce the concept of Estimated Level of Safety (ELS) at this point, which
is the statistical probabtli that the riskmight occur. To permit comparison with manned
aviation statisticthese values are usually quotad a ratein terms of a number of
fatalities per flight hour. Tlereare also some statistissich as Near Mid\ir Collision

(NMAC) statisticswhich relate to incidentsours In the quantitative analysis that is
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resentedn this chapter,hiteseincident ratewill be caefully differentiated fromaccident

statstics’.
2.3.1 Ground Impact Risk

The primary risk to people or property on the ground is due to the UAV crashing
or otherwisecolliding with terrestrial objects (e.g. ldings, towers, bridges, etc.). There
is also a small threat from falling debris due teflight mechanical failures. The later
risk is usually included in the overall crash risk. On most small UAVs, the shedding of
parts is likely going to be a presor to an immediate crash in any case. Ways to
estimate these risks have been done by ofkeng, Bertapelle, & Moses, 2005)0ne of
the most thorough treatments is summarizednnVAT report from 2005(Weibel &
Hansman, 2005) A concise formulation for the ground risk was developed, as shown

below:

1
ELSground:W3 ’%xp3 rs I:)pen3 (l_ I::'mit) (2'1)

Where:

ELSyound = Number of fatal ocavences per flight hour. The target goal is to match
manned aviation practice. The most stringent of these is that of commercial airline safety,
which is typically quoted as 1 x I0fatalities per hour of operatiofNATO Naval
Armaments Group, 2007)

" There has beea very recent trend to report both MAC and NMAC rates as incidents/hr within the UAV sense and avoid
community, with the nominal NMAC target rate estimated as 1/10 of the equivalent MA(C catie, Brooks, Cole, Hackenberg, &
Raka, 2014) It should be recognized that even a single MAC with a large airliner could potentially involve multiple fatalities. This
may be the reason why a more stringent targeted ELS of 2°5hd€ been proposedAA Senseand Avoid Workshop, 2013)
However, for the initial ELS estimates in this thesis, and to permit a comparison with Canadian MAC and NMAC statistics, the
original definitions as given above will be used.
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MTBF = Mean TimeBetween Failures (hours), a measure of the reliability of the UAV
system, with failure meaning either mechanical or procedural breakdowns (i.e. including

mission planning, software programming,.ptehichcausehe UAV to crash

Aexp=t he fHarea of exposureodo created by the cI

area related to the wingspan, multiplied by the damage path created as the aircraft crashes.

} the population density over which the UAV is flying.

Pen=t he probability that debris from the UA\
buildings, houses, etc.) may be protecting people in the area. For example, in a heavily

built-up area like a city, a large portion of the people will be protentdds manner. The

mass and construction of the UAV must also be considered when estimating this factor.

Pmit = the proportion of accidents for which mitigation prevents the occurrence of a
ground fatality. To be conservative we would assume this to (pe.0ho mitigation).
But the UAV might use some form of contingency system (e.g. emergency parachute,

manual emergency landing) that could reduce or eliminate the harmful effects of a crash.
The risk model represented by equationl)2may be used to lalate the
ELSyounafor a UAV of a certainly size operating over an area of a particular population
density, while using conservative estimates for the remaining terms. Alternatively, we
might calculate what the minimum reliability (MTBF) of the UAV wdlhave to be to
meet a particular EL&arget value. The MIBanalysis did this for five differeltd AV
sizesusing population density informationrfthe U.S. to calculate ttreliablity required
to reach a target ELS of 1 x 1@atalities per hour of meration. Assuming reasonable
estimates for Ay based on the UAV size and weight, it was found that for much of the
continental US (98% of the area) a MTBF of about 1000 hrs is ateeépr minito small

UAVSs. ltis interesting that only 100 hrs MTBF wadequate for the lowesdensity areas
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such as Alaska, which is very similar to the scenario in Labratnen ovesflight of
urban areas such as Boston or New York were considered, MTBFs of §\res Hhd as

high as 18wereestimated as being requiremimaintain the above target ELS.
2.3.2 Mid-Air Collision Risk

It has been noted byegeral UAV researchers that collision avoidance safety in
the U.S. national airspace (and by extension Canadian Aespdl C regulations mirror
most of the FAA regulationg$ provided by a mukiayered set of regulations, aviation
practices and pil ot training which-af orm s
collision (McCalmont, et al., 2007; Contarino, 2009Yhis is illustratd in schematic

form in Figure 21.

Procedural Procedural

Figure 2-1: Multi -Layered Mid-Air Collision Defenses for Manned (left) and
Unmanned Aircraft (right) (Contarino, 2009)
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In decreasing range fmoa particular aircraft these are:

1. Procedural Rules(e.g. the use of assigned E#gést cruising altitudes)

which if followed strictly should provide an inherent level of safety by

ensuring atdast 500 fseparation vertically for opposing traffic;

2. Air_T raffic_Services (ATC), which with uniform application, radar

coverage and transponder use, should guarantee some minimum traffic

separation, especially in controlled airspace;

3. TCAS, which offers an emergency baak in the event that for whatever

reasonfraffic separation minima have been compromised; and,

4. Pi |l ot # Se e,whichdgrowdesoan iddependent ability for target
detection and (emergency) maneuvering, in the event that the above three
levels of safety have somehow failed, and an airchaftatens to come
closer than 50@.

And for the special case of when an UAV is involved we can also add:

5. UAV_Detect-Sense-and-Avoid, which if designed and implemented

properly might give the UAV an inherent capability to maintgwod
traffic separationi( . eelf-s d&ippar at i ono as Awpederdse pr ovi
and avoid capability, even if there is a failure of all manned collision

avoidance defenses above.

This mult-layer defense strategy is of course related to the DSA situation for the

UAV that was preented in Chapter 1 (i.e. see Tablg)1 Once the first three layers have
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failed, the remaining risk to the manned aircraft from UAVs is-told. First, there is

the collision threat caused by the UAV to the manned aircraft (i.e. can the pilot see and
avoid the UAV?). And then there is the opposite risk (i.e. can the UAV see and avoid the
manned aircraft?). For a mar collision to take place there needs to be a breakdown of
all of these factors. Takewgether these may be used to estimate tbbability of a

Mid-Air Collision (Ruac) as follows(NATO Naval Armaments Group, 2007)

3 P,

SepLoss3 PUA\/faiI 8 I:)ACfaiI (2'2)

Pusc = F.

enc

Where:

Penc = the probability that twaircraft will encounter each othen apotentialcollision

course (i.e. at the same altitude and heading to the same interception point). This is
related to the air traffic density, and is very much affected by geography, especially how
close an aircifais to a controlled airspace zone, where air traffic density may increase
dramatically (i.e. at an airport or close to an aerial route).

PsepLosss the probability that a separation loss can occur. In controlled airspace, assuming
good ATC coverage anthe use of transponders and TCAS, this should be low.
However, in urcontrolled remote areas (G class) and in the absence of any transponder

use this would increase.

Puavtail = the probability that the UAV system fails to detect the other aircrafoafalls
to maneuver or respond to the threat of colligian failure in Quadrant 3 of Tablel).

Pactail = the probability that the manned aircraft fails to detect and avoid the @AV

failure in Quadrant 2 of Table 10).

In the context of UAV ollision avoidance, there is not much that can be done to

influence the first two terms of theyR: product, apart from altering where and how the
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UAV is flown. The UAV operator cannot control the actions of the other aircraft, nor
dictate the equipmentdgdios, transponders) they might be using. The presence of non
cooperative aircfasuch as GAaircraft in remote G class airspace, potentially operating
at low altitudes and without transponders, does create a collision risk. The only saving
factor maybe that the density of such air traffic is usually very low, especially in remote
areas such as is common in the Newfoundland wilderness or offshore. An estimate will

be made shortly of precisely what this risk is.

However, the UAV operator may be abteibfluence the last two terms in the
Puac equation. The probability that the UAV fails to detect and avoid the manned
aircraft (Riavtail) would be reduced if a DSA system is installed. The last term of the
equation (Rcri) might also be improved throhigsimple enhancements to the UAV
which improve the chances that it is detectable by manned aircraft at sufficient range to

permit an avoidance maneuver if necessary.

2.4  Calculating the Estimated Level of Safety (ELS)

An attempt will be made here to quantifye physical risks (i.e. EL&ound @and
Puac) to allow usto assess the current level ofsafety Thi s wil |l establis

for the current situation with small UAVSs.
2.4.1 Ground Impact Estimated Level of Safety (ELSground)

The risk that a UAV posés the ground will depend strongly on its reliability (i.e.
the MTBF) and the population density over which the UAV will fly. The size of the UAV

ground impact area of effect must also be considered. The Aerosonde UAV will be used
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as the examplén theseestimates. The damage area exposed by it crashing may be
approximated as a strip 3mide multiplied by the length of the tewinal paththat the

UAV cuts through the ground terrain. This author has personally witnessed two crashes
of the Aerosonde, in pacular one incident where the UAV crashed deep into nearby
woods. The damage footprint was examined the following day and was a swath of small
trees cut down in a zone ab@8m (100f) long before the aircraft finally came to rest.

The area affectedyba second crash on a runway was similar (i.e. ab@&&na (100ft)

long debris field). Therefore, we will estimate,fas 3 x 33 or 99 fn A range of
population densities will next be considered. Based on the most recent census data
(2011) these desities may be calculated for several hypothetical regions where the

Aerosonde UAV might fly, as shown Fable 21.

Table 2-1: Typical Population Densities (2011 Cesus Data)

Region Population Area Density
Description (2011 Census) (km?) (/km?)
Labrador 26,728 269,135 0.1

Nfld+Labrador 514,536 370,510 1.4
Newfoundland 487,808 101,376 4.8

Minus Metro StJ 290,842 100,572 2.9
St.John's (city) 106,172 446 238.1
St.John's(metro) 196,966 804 245.0
Toronto (méro) 5,583,064 7,125 783.6
Toronto (city) 2,615,060 630 4150.9

These densities cover a wide range of situations, from the extremely low density

in the Labrador wilderness to the very high density in downt@wronto (StatsCan,

2014) It i s interesting that wunlike Toronto
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area is actually higher than that of the city center. No doubt this is due to significant areas
ofsubur ban Asprawl 0 now i ncl utdnezdone(City oftSthe St .

John's, 2013)

The penetration factor (B) will vary for each type of terrain. In wilderness
areas, apart from the trees, there wild/
happens to be in the amg place at the wrong time. Therefore for such areas a value of
0.75 will be assumed (.25% damage absorbed by the trees). At the other extreme,
buildings and cars will protect a large percentage of people in concentrated urban areas.
The constructin and velocity of the Aerosonde UAYV is such it would not penetrate such
cover, but anyone outside would still be exposed. Therefore a conservative factor of 0.25
will be used. In the subrban zones an average value of 0.5 will be assuiriedlly, for
the Aerosonde UAWO mitigationmethods are usetthat would prevent or reduce the

damage from a crash. Thereforg:R O will be usedn these initial estimates

By assuming a range of MeamBetweenFailures (MTBF) we can estimate
ELSyoung@cross aange of population densities. Given the order of magnitude nature of
these factors, the easiest way to view the results is in the form of@glahart as shown
in Figure 22. Assuming a target ELS as stated before (i.e7 Bs indicated in the
figure), we can determine the minimum reliability (MTBF) required by the UAV to fly

over areas of varying population densities.
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Figure 2-2: Estimated Ground Impact Risk for Small UAV

We find that h remote aas like Labrador, an MTBF of only 100 hours is

sufficient.

safety

in the chart legend). If UAV @ration is contemplated over residential or urban areas the

MTBF requirement increases to levels similar to manned aviation components, i.e.

evel

over the wilderness

100,000 hours (subrban) to 1,000,006o0urs (urban).

ar eas

It is informative if we compare these estimates vattailabk manned aviation

statistics Both FAA and TCcollect such statistics and regularly publish them for public
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use. For the immediate subject, we wish to know how ncasyaltiestdgi uni nv ol ved¢
persons (i.e. not passengers or aviation workers at the tailgwe occurred on the

ground An excellent summary of U.S. NTSB ground casualty data was done in the MIT

safety analysigWeibel & Hansman, 2005, pp. fig. 41&). These are repeated here as

Figure 23 and Figure 24 which present the total number of such fatalities for

commercial air transport and general aviation aircraft from 11983.
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Figure 2-3: Ground Fatalities in the U.S. due to Commercial Air Transpot
Accidents(courtesy of MIT authors)
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Figure 2-4: Ground Fatalities in the U.S. due to General Aviation Accidents
(courtesy of MIT authors)
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For the case of commercial airliner accidents there have bdefatalities per
year, with many years having none. Note that the infamous 1986Mexico midair
accident, which resulted in 15 ground fatalities, has been classified here as a GA accident.
The average Commercial Transport ground fatality rate is ororidher of 1e7 (i.e. 1
fatality per 1d hours). For Generdviation the averagground fatalities was higher at
about 15 per year for an accident rate o75ge. 5 fatalities per ¥thours). Equivalent
data for Canada indicates very rare cases airgtdatalities. For example, using the
2012 data, there was only one fatality versus 4,278,000 hours of flight time, giving an
accidentate of 2.3€7 (i.e. 2.3 deaths per 1Bours). In the majority of recent years there

have been non@SB, 2012)

Therefore we can conclude that commercial air traffic poses a very low risk to
people on the ground. General @aa accident rates are about five timesrse.
Therefore, the small UAV with an MTBF of 100 hrs and flying in thest remote
wilderness conditions (e.d-abrador) is actually about twicgafer than the mande
accident risk in Canada, or five timeafer than the situation in the U.S regarding GA
aircraft. However, the reliability of small UAVs is not sufficientpaésent to claim the
same safety level if we choose to fly in more dense areas (e.g. including island portion of
Newfoundlang. This is despite claims M TBF as high as 2000rs for some UAVs
(King, Bertapelle, & Moses, 2005)Our experience flying the Aerosonde gagts a

value of at most 150rkis more realistic for current small UAVSs.
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2.4.2 Mid -air Collision Risk

The estimated safety for small UAVs with respect to the-andaollision risk will
be calculated using equatior22 We will calculate the situation with small UAVs as they
are currently being flown, assuming reasonable values for each of the terms in this
equation. To provide realistic estimates the current situation in Newfoundland will be
analyzed. This is the gion where we have the most experience operating small UAVs

like the Aerosonde or VectorP.

Since neone has demonstrated the use of a certified DSA capability, we must be
conservative about the probability that the UAV could detect and respond to awgollisi
threat. Bavri Will probably be 1.0 (i.e. 100% chance that UAV will fail to see and avoid
the other aircraft) in the current situation. For the manned aircraft, there will be a low
probability (<15% that a pilot would be able to see the Aerosodé®/ at the minimum
visibility range required for current VFR rules in low altitude G class airspace (i.e. 1 mi),
and even this chance may be ideal. We will give the manned aircraft the benefit of the
doubt and use A& = 0.85 meaning that 85% of thiene the manned aircraft will fail to

see the UAV in time to respond effectively to the collision threat.

The remaining two terms, eR X Psepross Will require some investigation to
esti mate. These may be interpr ewmsghceas th

environment where the UAV will fly. The first termf is related to the traffic density

8 In Chapter 4 we will calculate the minimum thearal sighting distances and probabilities. However this figure agrees with a
similar human factors analysis of minimum sighting distances and probabilities conducted as part of the 188&isermid-air
investigation(NTSB/AAR-87/07, 1987)
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in the airspace, i.e. what is the probability that two aircraft will actually arrive in the same
airspaceat the same tinte The second term {f3..s) represents the chance that once

both aircraft happen to be in the same airspace, loss of separation has occurred due to a
failure of many factors (i.e. ATCTCAS or ADSB type technologies). For these initial
estimates we will assume a conservative &aRgposs= 0.5 if the UAV is flown in
controlled airspace, but 1.0 in uncontrolled, remote areas. i.e. we will take a 0.5 credit
while in controlled airspace (near the airfield) that either the GCS or ATC may be able to
assist in preventing a separatioss incideninvolving a manned aircrafbh about half of

such situations. In uncontrolled airspace we will assume no such capability.

The traffic density will be estimated using reabrld statistics and data for the
number of aircraft that may be eqating in different airspace areas. The most recent data
describing aircraftegistered in Canada unfortunately gives only the total for the entire
Atlantic Region as 154dTC Aircraft Reg., 2014) However, the majority of #se appear
to be private types, whose number should rougbble with population. Using recent
census dta for the Atlantic Provinceand applying the same population ratios, the
number of aircraft in each of the Atlantic Provinces may be estimatdtbas sn Table

2-2 and Table 3.

Table 2-2: Population Ratios for Atlantic Region(StatsCan, 2014)

Province Population | As Percent
NS 921727 40%
NB 751171 32%
PEI 140204 6%
Total 2327638 100%

51



Table 2-3: Registered Aircraft in Atlantic Canada (TC Aircraft Reg., 2014)

Aircraft Type Atlantic NS NB PEI
Private 1122 444 362 68 |
Commercal 404 160 130 24
Gov/State 18 7 6 1
Totals 1544 611 498 93

Aircraft Size Atlantic | NS NB - PEI |
Under 12500 1332 527 430 80 |
Over 12500 212 84 68 13
Totals 1544 611 498 93

For Newfoundland we therefore estimate a total of 34drafit The majority of
these (248) are small private aircraft (e.g. GA type). The aircraft size data is important
since 12,500 kg is the dividing line between whether it is mandatory for an aircraft to use
TCAS in Canada. For the 341 aircraft estimaitede in Newfoundland, only 47 will
definitely have TCAS and this represents theoperative traffic present. The majority
(294) will likely not have TCAS and this represents the-ocooperative traffic that may

be encountered.

To estimate the traffic asity, we next consider the class of airspace being flown
in. Since LALE UAV operations will be limited to low altitudes, we can ignore the-high
altitude class A and B airspace. Given the nature of their proposed mission, the majority
of the small LALE LAV flying will take place in Class G airspace. However, assuming

we may have to fly near or in/out of airports we should consider the situation of
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controlled airspace. It is worth noting that statistically, the majority ofamidollisions

have occued near airports (i.e. in controlled airspag®ejolving aircraft in the traffic
circuit (TSB, 2012) Class C would represent a situation where we must fly near a major
airport such as St . Jo hihwesnusbaperaaneadassmaller CIl a
airport like Deer Lake. We may therefore calculate the total volumes represented by
these three airspace categories, and based on the traffic density in each, the probability
that the UAV would encounter another aircraft

(@)  Traffic Density in Uncontrolled (G Class) Airspace

For the Class G case, the total Volume (V) of the airspace will be considered as
the wilderness area of Newfoundland (i.e. the Newfoundland island area less Metro areas
as shown inTable 21) multiplied by an average altitude (h) of 2200ft (670MgL,
which is likely the highest altitude a LALE UAV would use in Class G airspace. To
estimate the number of aircraft that would be flying at any given moment (i.e. the
rate/hour) we must assume an averageazation rate for these aircraft. Since the
majority will be private GA (i.e. amateur/hobbyist aircraft) we shall assume a low usage
rate, likely a few hours every weelor about 8 hr/month. Therefore atyagiven hour
there would be 34X/ (24x30) or abut 4low-altitudeaircraft airborne somewhere over
the island. The traffic density is therefore very low. To calculate ghevire next
consider the exposure caused by the UAV flying for one hour. The UAV will sweep out
a volume as it flies, the a@meter of which may be chosen to represent either a collision

(MAC) or a neammiss (NMAC) threat zone. Thsstuation is illustrateéh Figure 25.
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Figure 2-5: UAV Traveling in Uncontrolled G Class Airspace over Newfoundland

For collisions, we willassume a threat ar@®ft/10m wide (i.e. wingspan of a
typical GA aircraft). For the case of nearss incidents a threat zongth 500ft/150m

radius is more appropriate. Thg,f#n G class airspace may thee calculated as:

P = n 3 Vitrans (2-3)
class
Where:
n = number of aircraft in the air per hour
Vaass = volume of the airspace zone
Veans = t he volume Aswepto by t he edacAMuras i s

The estimatdor the R, will be calculated for both the MAC and NMAC cage permit

comparisons with equivalent manned aviation statistics.

(b)  Traffic Density in Controlled (Class C/D) Airspace

We next estimat®.nin the controlled airspacsones. The majority of the NL
registered aircraft used to calculate the G class traffic density represent only the aircraft

which fly locally. This does not include the regular ifpeovincial or international air
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traffic which represents the majority waffic in the control zones of major airports such

as St .

Johnos.

ic dénsities, weé nouatdnsiderehe trdifie is/eut of r a f f

the airport control zone. Fortunately these statistics are regularly collected and available

for public use The most useful data available gives the total number ofaéir

movements in andut of the major airports for each montRecent data is presented in

Table 24 for a sample of several east coast Canadian airld@tg P-141, 2013)

Table 2-4: Airport Traffic during December 2013

Types DeerLake | Gander| St . J ( Halifax Montreal
[tinerant 1,216 1,307 | 3109 6,109 17,363
Local 28 822 90 250 68
Total 1244 2129 3199 6359 17431
Moves/hr 1.7 2.9 4.3 8.5 234
With the exception of Gander, the #Altin
traffic. This is tle regular commercial traffic in anol u t of the airport.
traffic represents aircraft that use the airfiekltheir base of operation. These would
include local pleasure flights (i.e. GA), search and rescue, flight training, and surveillance
missions such as the PAL offshore surveys. Gander has a flight training school and thus
an abnormally high number of lalctraffic versus commercial traffic. These numbers are
for the entire month. We can estimate the

December (i.e. 24 x 31days), and arrive at the rates shown in the last row. Note that the
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estimate forStJ ohndés agrees with our own experien

nearone of the major runway approach/departure paths.

We next consider the sizes of the contr
cylindrical volume(V) with a radius (R) o¥ n.mi(13km)and height (hpf 3000ft/1000m
AGL. For Deer Lake (Class Qe zone has a radius of 5 n.f8i2km). The geometry of

thesezones areillustrated inFigure 26.

Figure 2-6: UAV Transit into Co ntrol Zone near Airport

Using the traffic movement information from Tabled2we can estimate the
number of aircraft that would be airborne at any moment by noting that each movement
will only be for a short time (i.e. for a 7 n.mi radius zone, and asgu00 ks average
speed, aircfais only present for 0.036rs).  We should therefore calculate thg:P

using a modified fornof equation (23) as follows

n3 tzone
Penc=——=*="3 Vtrans (2-4)

class
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Here tonerepresents thtime it takes for the aircraft to either arrive or depart the
zone. The UAV will be considered to sweep a.¥sthat is simply the radial distance

from the edge of the zone to the airport, as showgare 26.

(c) Overall Estimates of Mid-Air Collisi on and NearMiss Risks

The midair collision (MAC) and neamiss (NMAC) probabilities may now be
calculated taking into account the estimategd Wlues for Class G, C and D airspace and
including the other factors usé@dequation 2. Theseare summaried in Table 2. For
comparison, midair collision (MAC) and nearcollision/separation incident (NMAC)
rates from recent Canadian aviation statistics are si{@®B, 2012) Note that in the
case of MAC, these statistics aegdiities/hour, while the NMAC data are incideéhtsur.
The calculated UAV probability values in both cases are always incidentsédstine

number of occupants in the manned aircraft have not been considered

Table 2-5: Estimated Mid-Air Collisi on Risksin Canadian Airspace

Ai rSpace I:>en(: |:’enc PsepLoss I:)ACfaiI I:’UAVfaiI |:)MA(.‘, I:’N MAC MAC NMAC
Type | (MAC) | (NMAC) Rate Rate
(2012) | (2012)

CClass | 2.65E07 7.37E05 0.50 0.85 1.00 1.13E07 | 3.13E05 | 1.17E06 2.36E-05
D Class 1.03E07 2.86E05 0.50 0.85 1.00 4.38E08 | 1.22E05
G Class | 3.76E07 1.04E04 1.00 0.85 1.00 3.20E07 | 8.88E05

A comparison of the estimated rmdr collision risks against manned aviation

safety statistics permits theLS of the smallUAV to be assessed. For the case of near
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miss (NMAC) risk (i.e. loss of separation) the UAdses a higher risthan manned
aviation in Class C and G airspace. The risk as€ID is estimated to be about thHt

of than manned aviation in Canada. eTisk in Class C is slight Higr (1.3 times). The

risk is about3.8 timeshigher for Class G. Ae lack of any sort of mitigation factors to
prevent traffic conflicts has a detrimental effect on the NMAC safety level, especially in

uncontrolled airspace

A similar comparison of the \Rc rates agast statistical datahows that in all
three airspace situations analyzed, the UAV rate is actually better than theenwd
Canadian manned aviation statistics. However, except for the situation s [ ldse
calculated ELS and statistical results are worse thatatget ELS goabf 1e7. Indeed,
the most recenpublishedCanadian Rac rate is almost twelve timesorse than this
target, due to one particularly costly incident in Saskatchewan in @8R Report

A12C0053, 2012)

25 Summary: The Current Level of Safety (ELS)

The current estimated levels of safety for the small UAV may now be summarized

as follows:

2.5.1 Ground Risk
1. Assuming current small UAVs like the Aersle can claim an MTBF of 100
150 hours, it may be considered as safer (or better) than GA aircraft operating in

remote wilderness conditions (e.g. Labradorhe Talculated ELS is actually

® The material in this Chapter plus a discussion of the effects of various mitigation strategies is the subject of a nresieoft Jou
Unmanned Vehicle System article prepared by the author and his supgi$tesenson, O'Young, & Rolland, 2015)
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two timessafer than the equivalent GA accident risk, assumiegntbrst case
Canadian data from 2012.

2. The same UAV would have to demonstrate at least 2000 hours MTBF to
maintain equivalent safety levels as manned aircraft while flying over more
densely populated rural areas (e.g. island portion of NL). It is doub#tlny
current small UAVs can claim this level of reliability.

3. The small UAV cannot operate over suitban or urban areas and claim to be as
safe as even the most basic G#anned aircraft with the current level of
reliability.

2.5.2 Mid -Air Collision Risk

1. In uncontrolled Class G airspace, the small UAV appeamate a NMAC rate
that is abouB.8timesworse than equivalent Canadian statistics. The MAC rate
is better than the most recent (2012) Canadian stafisticghis rate i8.2time
worse tharthe taget ELS of 1x10.

2. In controlled Class C airspace, the small UAV appears te haslightly higher
NMAC risk (1.3 timeg versus manned aircraft. The mad (MAC) risk is
lower than the most recent Canadian MAC data, and comparable tartet
ELS.

3. The small UAV does not appear to present an increased collision risk in Class D

airspace, assuming the low traffic concentration used (~2 aircraft/hour) is true.
2.5.3 Where the Small UAV Needs to Improve

It must be the goal of any improvements to the safetynalldJAVs to not simply
match manned aviation accident rates, but to exceed them. In order to do this, a number of
deficiencies identified with the small UAV must be corrected. The most serious ones

which have the strongest impact are summarized below:
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1. Poor_Situational Awareness- the small UAV has poor situational awareness,

especially when they are operated at BLOS ranges. The lack of a viable DSA
capability remains the main hurdle preventing integration of the small UAV into
nonsegregated airspaceorSe means must be found to improve the awareness of
the UAV and also the awaresseof the AVCat the GCS

2. Poor Visibility 7 the small UAV is essentially invisible to other air space users.

Some means of enhancing itsvvssbbiltygyg
includes detectability under both visual (VFR) and instrumentation (IFR) flight
conditions.

3. Poor Reliability - the low quality common in many small UAVs must be

addressed, as these have a direct effect on the need for repairs, excessive
mantenance, and generally results in poor reliability. Only once this is improved
will the small UAV have the demonstrated reliability that would allow greater
freedom to operate over higher density populated areas. Note that an
improvement in reliabilitywould also have the most impach many of the
Perceived Riskassociated with small UAVs in the current political climate.

4. Manual Operations 1 the previous deficiencies affect the real physical risks

calculated. However, Manual Operations (Control) nbaestonsidered as another
source of lowered reliability of the small UAV, and a great concern to operators
and regulators, especially in terms of financial and crew risk. The excessive use
of manual R/C piloting methods increases the risk of a landitakeoff mishap,
especially for the highgoerformance small UAVs. A paradigm shift is required

to operate these airframes using higher levels of automation and improved control
methods, especially if the small UAV is to be used in expanded roles aiid in

weather conditions.
2.5.4 Mitigation Strategies

It is clear that developing a viEbDSA system remains a major gdai civilian

UAV operations. There are hopeful signs that a limited capability may be possible in the
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near future based on AR transpondes. However, even before this DSA capability is
realized, there may be methods we could use now to improve the safety of the small
UAV. Research into these mitigation strategrai be discussedn the following

chapters of this thesis.

1. Improving Control - It is proposed that novel methods can be used to

improve the reliability and controllability of the small UAV, especially during
takeoff and landings. A novel Beyond Line of Sight (BLOS) control method
using a synthetic environment approach may blsgossible. Chapter 3 will
focus on these subjects.

2. Improving Visibility 7 a number of techniques used in manned aviation may

be applicable to the small UAV. Chapter 4 will focus on how these may be
applicable (or not). The potential methods includengigransponders to
improve IFR visibility and antcollision lights for VFR visibility. Giving the
UAV some form of ahto-air radio (communication) capability will also be
explored.

3. Improved Avoidance Methodsi an improved avoidance method will be

propced as the #Areactiono portion of
simulation method and initial work into a promising collision avoidance
method based on an AsRrroportional Navigation guidance law will be
detailed in Chapter 5.
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Chapter 3 UAV Control and Situational Awareness

Since 2005 this author has been involved in researching technologies and
operational methods with the aim to improve the reliability and safety of small UAVs
when under manual controlThis chapter will provide a summary of the resuttsnf
these efforts. Improvements may be possible in terms of improved control accuracy and
enhanced situational awareness, resulting in improved saféty primary objective is to
mitigate the Ground Impact risk. Improved situational awareness mayediscersome

of the Mid-Air collision risk from UAV operations.

3.1 Introduction to UAV Control Methods

If we survey the current situation with UAVanging from the small UAV up to
the larger military types, we find that similar control methods are commonghout.

The most common methods, grouped into Autonomous or Manual Control modes are:

1. Autonomous Control:

a. GPSbased Autopilot (AP) control using waypoints to define a flight plan;

b. Inertial, airspeed and pressure sensors used for attitude, airspeedtitadd a
control (i.e. innedloop airframe control); and,

c. Automatic Takeoff and Landing (ATOL) capabilities offered by some autopilots,
using DGPS and highieslution altimeter sensors and/or external ATOL system

installed at airfield.

2. Manual Control:
a. Radio Control (R/C) Aircraft methods by an External Pilot (EP) usingided

third person visual view of the remote UAV, very common with small UAVS;
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b. A Flight Console, similar to a dugilot cockpit, using a forward fixed camera
view to allow a Manual it (MP) to fly the UAV as in a simulator. This mode is
especially popular with military UAVs like the Predator; and,

c. Virtual Reality (VR) methods employing vatis forms of FPMlying. This is
becoming increasingly popular in the R/C hobby as an atteent® the traditional

remote thirdperson view.

While it is true that some autopilots provide a capability to conduct Automatic
Takeoff and Landings (ATOL) it is the experience of our research team as well as the
majority of small UAV operators in NortAmerica, that manual control methods are
more common with small UAVs. This is in spite of the fact that a careful review of
available UAV accident reports reveals that the majority of UAV accidents occur during
takeoff and landing, especially by UAVs wdh rely on a manual pilot to accomplish
these taskéWilliams, 2004) In the ERdependant systems takeoff and especially landing
errors account for a majority (68% to 78%) of the accidents. For the other UAVs the
causes foaccidents appeared to be more or less evenly split between equipment failures
and air crew procedural errors. There were hufaator relate problems notetlie to
GCS display designs especially with the Predator G€8at time(Williams, 2004)

This later finding is very interesting whéime crash of a Predat& in Nogales, Arizona
is consideredas that incident was primarily caused byoatecols settings errahat was

traced to the GCS desigNTSB/CHIO6MA121, 2006)

In our experience, the reason why ATOL is avoidedsmall UAVs is the
difficulty in obtaining a reliable control system especially with small airframes, given the

limited accuracy of most lowost autopilots, whiclesults in pooquality (and at times
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hazardous) automated landings. In most cases, it is deemed much easier and safer to
have a highlyskilled EP conduct the takeoffs and landings. A similar reluctance to use
ATOL is evident in larger military UAVs such as the Prteda The Predator requires that

a highlytrained UAV pilot conduct the landings and takeoff at a BodwGCS before

passing off autonomous control to a remote GCS which might be located on the other side
of the world(Hodges, R09) This concept of operations (CONOPS) is still the normal
mode for operational Predators, désprecent demonstrations afnhanced ATOL

capabilitiesfASDNews, 2012)

Therefore, for a typical small UAV, the mission willost likely progress through

these flight stages:

Takeoff (Manual Control)
Transition to Automatic Control
Autonomous Flight (AP in control)
Transition back to Manual Control

o bk~ 0N PE

Landing

The External Pilot (EPWill conduct the takeoff manually and climb ta pre
selected altitude and establish a stable loiter circuit over the launch site (Stage 1). Once
airborne and at a stable altitude and flight condition, control will be switched to
autonomous control (Stage 2). Once stable AP control is confirmeghfthwith the EP
vigilant and prepared to regain manual control should there be a problem), the UAV will
now fly its mission relying on an elmoard autopilot (AP), with supervisory contipl an

AVO located at the Ground Control Station (Stage 3). Attmelusion of the mission,
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the UAV will fly to its recovery airbase, and once in visual range and ready to land,
control will be switched back to manual control (Stage 4). The EP will now resume

control of the UAV and land it manually (Stage 5).

It shoud be noted that even if a fulputonomous UAV control capability were
provided (i.e. including ATOL) there wild.l
pil oto accotahd prgposeddAV operatinge guidelines. There is the
requirement that aompetent UAV pilot shall be available and ready to assume control of
the aircraft during all stages of fliglgspecially in the event offailure in theautopilotor
if an unsafe situation develapAll SFOCsobtained to date by this research teamehav
required the presence of such a fnsafety pi
(TC SE623001, 2014) Similar rules and regulations are under development in both the

U.S.(FAA, 2008)andEurope(European Commission, 2009)

It must also be recognized that providing a manual override capability at all stages
of UAV operations is a challenge, especially when operations at Beyond Line of Sight
(BLOS) ranges or imontvisual flying conditions are considered. For example, if basic
R/C methods employing unassisted thpetson flying techniques are used, effective
manual control is limited to at most 1 km and only under benign daytime visual weather
conditions.  Maual override control at BLOS ranges or in nasual conditions is
currently not possible using standard manual UAV control methods now employed by
most small UAVs. This lack of a viable BLOS manual control method is cited as one of
the major limitatios to the legal operational range of small UAVs in the current

regulatoy environment, the othebeing the lack of a reliable DSA syste(gllis,
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l nvestigation of Emerging Technol ogies anc

Capaility, 2006).

It is clear that some form of enhancement is needed to provide an effective manual
control of the small UAV at all expected operational ranges. The suitability of the basic
manual R/C flying method (i.e. using a remoteassisted third grson view) has also
been questioned in terms of the human factors probféfiikams, 2004) These will be

elaborated on in the next section.

Research efforts have been expended to investigate these problems and to find
possble solutions, including:
1. Experiments using Virtual Reality (VR) pilot small UAVs using FP\uring the
critical landing stage of flight;
2. Extended range video links to allow manual override control beyond normal
visual range; and,

3. The proposed use of gynthetic environment as a visual enhancement at BLOS

ranges or otherwise when high speed good quality video is not available.

The remainder of this chapter will present the results of these efforts, beginning

with an analysis of the control prein of mamally flying the UAV.

3.2 Analysis of UAV Control Methods

In this section, a theoretical analysis will be made of the control situation involved
with flying a small UAV under manual controlin the following section the terms
External Pilot, Manual Pilot or R Pilot are used interchangeably to mean the same

thing: a human pilot flying the UAV using remote manual control methods.
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3.2.1 Summary of theManual Control Situation

When we consider the problem of how a manual pilot flies a small UAV remotely,

we might consler the situation as shown kigure3-1.

\ ,_¢ (roll)

Y Tg(pitch) -
|

|
|alt

Figure 3-1: UAV Manual Pilot Control Situation

The manual pilot must control the three principle position angles chitheaft
(i.e. roll, pitch and yaw) using the flight controls at his disposal to manipulate the
ailerons, elevator, and rudder respectively, plus throttle to maintain altitude and airspeed.
At the same time he must also control the position of the aiior&D space, in terms of
its horizontal position (X/Y), altitude (Z), heading and velocity. The R/C pilot must
manage in excess of 8 variablesOOF + 2) in real time from a remote vantage point.

These must be quickly assessed through spatial nefese depth perception and other
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visual cues. Mathematically we could formulate this control problem as follows. The
primary state of the UAV in flight (i.e. Altitude, Heading and Speed) is a function of the

6-DOF attitude of the vehicle:

af o

&€ 0
aAItltude o & g
aé—leadlngo— fn%(g (3-1)
&Bpeed 0 e

o

&0

Where,

f , g Euleryangtes (roll, pitch and yaw)
X, Y, Z = position of aircraffCG) in fixed-earth coordinates

These €DOF positims are themselves just instantaneous positions. They are
functions of the rates of each of these variables. These are what the pilot must manipulate
using the four controls at his disposal (ailerons, elevator, pitch and throttle). The remote

control ofthe aircraft therefore is an indirect relationship:

ggp(”) ar o
qaileron § & 5 % 5
S‘e 0 8 8 aHeadlngo
aglevatorg & © i/
5- @ 0- oY aeAIutude o (3-2)
Fudder ¢ aX 0 P
% 8 5 6 oSpeed 2
Brone § 50 50
0 8% 9

Where,

u, v, w = linear velocities along each of the X, Y, and Z axes
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p, g, r = angularates for each Euler angle (roll, pitch, yaw)

This control must be accomplished in r&ale, quickly yet smoothly, to maintain
good positive control of the UAV. If we add the extra problem of spatial disorientation
caused by the aircraft being in aastge attitude (e.g. upside down, pointing straight up,
etc.), or the control reversal phenomenon when the aircraft is flying towards you, the
difficulty of the manual pilot problem becomes clear. More than a few R/C aircraft have
been destroyed by this ol reversal phenomenon, especially due to incorrect rudder or
aileron control inputs. There is also the problem of what happens if the aircraft flies too
far away, too high, or in difficult lighting conditions (e.g. into bright sun, silltede
agairst clouds, etc.). Thkan make it difficult 1 f not im
orientation, which in turn leads to incorrect control inputs and the risk of going out of

control.

3.2.2 First Person versus Third Person View

If the manual pibt switches fran anexternalthird person vew to FPVseveral
things happen.  The control of the pitch, roll and yaw of the aircraft are now directly
connected to the pilotds forward view. I n
or her body. The need tp the rapid assessment of orientation using an external view is
eliminated altogether. The pilot can now focus on the key parameters of flight which any
full-sized pilot must mastér maintaining heading, altitude and airspeed. The control of
pitch, rol and yaw become more or less instinctual. The control problem is reduced by at

least three variables, and perhaps as much as six. The pilot also does not need to figure
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what each individual component of theD®F position assuming the FPV provides an
acairate indication of the poise of the aircraft (i.e. through a good artificial horizon and
forward video display). What is more important is to maintain heading, altitude, and

speed and from these the XYZ position follows.

An analogy may be the arguablgsger task of driving a car. With the removal of
the need to manage the third axis (i.e. up/down), the task of driving becomes one of
steering the vehicle in the right direction and managing the speed properly. But, as
anyone who has ever tried to drieme of those small R/C cars can attest, this task
becomes much more difficult when we are forced to use a third person remote view. If
real vehicles were as difficult to drive as the R/C car experience would suggest, cars
should be leaving the sides dafads every 20B00 m along their intended journey!
Clearly, being inside the vehicle with a good forward view appears to simplify the manual

control problem and improves accuracy.

A summary of the human factors problems associated with using remate thir
person R/C control of a smalUAV is provided in Table 3. As noted thisis a
combination of the conclusions determined in previous redfitiams, 2004)and the

analysis by this auth@6tevenson, O'Young, & Rolland, 2015)
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Table 3-1: Human Factor Problems with Manual R/C Control Methods

Human Factor Problem Source

Control reversal/disorientation Williams/Stevenson
Visual problems (baddhting/aircraft Stevenson
orientation)

Limited range (< 500m) Stevenson

Limited to VMC conditions Williams/Stevenson
Airframe dynamics too fast Stevenson

Training Problem (limited external pilskillset | Williams/Stevenson
availability)

The incorpoation of the FPV view should improve the controllability of the
airframe. However, it must be recognized this benefit only applies if the manual pilot is
already familiar with manned flight, and knows the basics of good airmanship. Of course
the dynamis of the small UAV and any control delays must also be considered, as will be

discussed in the next section.
3.2.3 The Problem of Control Delays

The problem of flying a small UAWsing manual methods is closéiyked to the
dynamics of the airframe being cortedl and any control delays that are imposed. If
these delays or the aircraft dynamics become extreme, accurate manual control becomes
difficult if not impossible. An analysis can be done to quantify the sources of delay that
contribute to the control pse rate situation during remote manual piloting. Three
different methods fo manually pilotingare shown schematically iRigure 32, with

annotations showing the sources of the delays.
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Figure 3-2: Sources of Control Delay during Manual Piloting

The total control lag will vary considerably depending on the form of remote
manual control used. Taking a simple view, the total lag will be the sum of all of the sub

element delays. In the worst case scenanoould be:
L delay= tpilot + Lasc* tcomm* Lgcs (3-3)
Where each term is described below:

a) Lgilot = Human Operator (pilot) Reaction Time

A major contributor to the manual control lag is the reaction time of ilbe p
Typical human reaction times to simple stimuli have been measured and range from 150

to 300 ms, wit 250 ms being typical falert operators. Age, environmental conditions
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(e.g. light level), fatigue and general situational awareness are facuesermining the
reaction time of &pecific person. Highly trained individuals such as athletes and pilots
can condition themselves to improve this reaction time, although consistently the best
reaction time is on average 180 ifMcCormick, 1970) Note that these are reaction
times to expected events (e.g. such as during normal dlospdontrol of an aircraft).
Reactions to unplanned or unexpected events can be much slower. The average reaction
time in this situations commonly quoted in the literature as 750 ms (e.qg. this is typically
used for estimating automobile stopping distances). However, this figure has been called
into question by some, as it is also based on clinical testing. In independent tests of
driversin realistic situations, reaction times of up to 2 seconds were measured for entirely
unexpected and unplanned evefitsrner, 1993) Given the relatively predicable nature

of R/C control, a value of 250 ms will be assumed fom@arclosedoop control of a

small UAV.

b) { a/c = Response Lag of the Airframe (i.e. especially roll or pitch rates)

This term is dominated by the aerodynamics of the airframe and also the avionics
response rates (i.e. servos and fliginfaces). Br the size of vehicle being considered
here, te dynamic response of the avionics/servos are very fast forfloavd UAVS,

typically about 20 Hz, equivalent toag time of about 5 mgBarnard, 2007)

C) t comm = Communication Lag (Video and Telemetry)

This is the comimation of processing delays in the communication hardware plus

the physics involved iradio frequency RF) signal transmission (i.e. speed of light
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propagation) in both the send and receive directions. The magnitude of this total delay
varies considerdp depending on the form of control being used. For the case of a
Manual Pilot (1) standing by the runway, or a Virtual Pilot sitting at a local GCS (2), the
major source would be delays in the video/data feeds, perhaps due to hardware limitations
in theRF link, or any delays in sending the manual control inputs back to the UAV. The
total RF signal transmission path itself is insignificant (i.e. less than 2 km round trip),
resulting in total transmission delays of under 7 microseconds. Limitations in RF
transmission rates (especially for small video cameras) were an issue in the past, however
even small lonend video cameras are now common and can transraguility (at least

25 Hz frame rate, typically as high as 60 Hz) video over a range of upmo 6Tkansfer

of airframe data (i.e. data to drive a virtual cockpit displajHeadsUp DisplayHUD)

and the manual control signals back to the airframe must be kept at a rate to match the

video update rate to ensure synchronization between the videbeaauicraft attitude.

The situation changes when attempting to-tglerate the UAV from a remote
GCS as in (3). In this case, the communication lags could become very significant. This
is particularly true if the communication channehkes use of comunication satellites.
Turnraround delays of at least 500 ms and as much as 7 seconds are noted by some UAV
researchers, especially if geostationary types are (@edgh, 2005) If a terrestrial feed
is used (e.g. througlan internet connection the horizontal path from the local
GCS/receiving station to a remote GCS as showkigare 32 the channel delays would
be dictated by the overall capacity of the

l i nk 0 wo ndtlde mdxartura thnouighput. This is likely to be the first link, from
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the local GCS which will typically be in a remote location and most likely away from
high capacity haravired communication cables. In this case a wireless internet link to a
nearby community or repeater tower may impose serious restrictions on the maximum
data rate, possibly as low as 56Kbit/sec. This may be adequate for attitude/control data
but would severely limit the quality and frame rate of the video signal provided to the

manualpilot.

d) t gcs = Delays in GCS Console (Software and Hardware)

Delays in the computer console itself (i.e. GCS computer software or hardware)
may contribute to the control latency. This is not as great a concern as it was over a
decade ago. For example,ost current laptop PCs are capable of running graphics
intensive software (i.e. games or flight simulators) while maintaining an animation frame
rate wel|l above t he f-fatesiot5koe IHz ate commano Tokd 2 5 |

prudent we will assum?25 Hz as worst case here.

Assuming reasonable values for each delay term, the overaibcdealay for each

of the three Virtual Pilot (VP3cenarios may be calculated:
(l) Manual Pilott delay = t de|ay: tp"ot + t alc= 250 + 5 =255 ms
(2) Local GCS: tde|ay: tp”ot + ta/c+ thS: 255 + 1/25 = 359 ms

(3) Remote Gcg delay: tp"ot + t alc+ tcomm+ thS: 359 + 500 = 859 ms (UEG&SG)

to 7.6 sec (worst case)

75



3.2.3.1 Comparison with Typical UAV Airframe Dynamics

Stable control of the UAV can only be assured if the overall speed of the
controller (i.e. Manual Pilot including delays) is faster than the airfrare a rule of
thumb, it is desirable for the controller to be several times faltarthe plant (i.e.
airfframe) under control, ideally ten times faster although fivees is acceptable
(Mohammed S. Santina, 1996)Therefore for the local Manual Pilot (Case 1) we can
estimate that the aircraft being conkedl shoudl have a minimum time constant of around
1.3 sec. The corresponding Acontroll abl ec
Local GCS (Case 2), but quite a bit slower (4.3 sec) for the Remote GCS (Case 3) even

for the besttase communicatioscenario.

This analysis confirms what this author has observed during operations of the
Aerosonde UAV and the GiantStik while under Manual Pilot control. Landing speeds
(and dynamics) are relatively benign for the GiantStik. It lands with full flapbaut 8
m/s (~29 km/hr) with the engine still operating. The overall airframe response time in
roll in good weather is something like 128 seconds. Therefore while fast, the
GiantStik should still be within the control ability of most intermedat€ pilots. In
contrast, the Aerosonde lands typically at 18 m/$ (ki®/hr) without engine powerlts
longitudinal (roll) axis time constant estimated to b@®.751.0 seconds. This ibelow
the range where tgpical human operator can maintainntml, and is whyhighly-skilled

R/C pilots are needefor the Aerosonde EP role.
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The combination of a fast airframe and excessive control delays may make it
fundamentally impossible to safely control the small UAV under manual control. During
Aerosonde UAV ttials, our EP noted a small lag (about 0.25 sec) when moving the
Aerosonde flight surfaces using a standard R/C console, but with the control signals
processed and transmitted by the Piccolo GE. noted that this lag was not present
when flying his ownnormal highperformance R/C aircraft using direct R/C control
(Trickett, 2007) The sensitivity of the Aerosonde UAV, especially in roll, was always a
cause for concern. The additional lag identifleg the EP may have beennaajor
contributor to the crash of the second Aerosonde Trainer (AC171) on 8 June 2008 at Bell
Island. If we compare the roll rate of the Aerosonde with the control lag of an EP whose
commands must pass through a GCS (i.e. Case 2) that imposes an a@ddi2disec
delay, we see that the safe control of the Aerosonde under manual control is questionable,

especially at critical times such as when flying very close to the ground.

3.3 Virtual Reality Pilot Experiments

3.3.1 Various Manual Piloting Methods

There areseveral possible forms of manual control that might be used to control a
small UAV. A Virtual Pilot view (i.e. FPV*° equivalent to a manned aircraft cockpit
view) is hypothesized to be one way where the controllability of small UAVs may be

improved duringthe most cruciaportions of a mission the takeoff and landing of the

10 At the time of the planning and implementation first set of experiments documented here (i-20P006he accepted
terminology for this technology was called Virtual Reality (VR). However, in #ers/since that time, and with the increased
availability of such equipment in the R/C hobby, First Person View (FPV) has become the more popular description ohibise met
This is in contrast to the remote third person view normally used for R/Qyflyin the following text both terms will be used
interchangeably.
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aircraft. This is acommon technique used witltarger military UAVs such as the
Predator, which haecome possible in smaller vehiclekie to availability of

miniaturized Virtual Relgy (VR) equipment at reasonable cost.

A series of experiments havedmeconducted to answertheu e st i o n: A Wh at
of virtual (manual) piloting is the best m

Three different forms of UAV manual control meeassessed:

(a) Radio Control (RC) Mode -t he current Adefaul to meth
autopilot is overridden ahthe aircraft is flownusing standardRadio Control
(R/C) techniquesusing an uraided external thirgherson view of the aircraft

(b) Flight Simulator (FS) Mode - A fixed forward camera view alonthe aircraft
centerline providing a FPMo the pilot on a fixed screen in front of him. The pilot
therefore flies th UAV in a manner similar to a flightrsulator. Ideally, the pilot
should be sittinglown and use a joystick, similar to modernfly-wire cockpits.

(c) Immersive (VR) Modei A fully immersive view ging VR Goggles, providing a
FPV binocular video imagen a set of tiny LCD screens directly in front of both
eyes of the pilot These gogglealsofeatured 2axist i | t sensors on th
of the gggle housing providing a headracking ability. This allowed the VR
pilots to turn his head and pant/tilt the camera on the aircraft, giving the illusion of

being on the aircraft.

This may be th first time that this sort of objective experimental method has been
used to asss VR methods on small UAVapart from attempts to establish \#Rining
systems forUAVs (Smith & Smith, 200Q) This experiment focused on tleeitical
Landing phase to allow an assessment of maneaseuracy while using these three

different control methods.
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3.3.2 The VR Landing Experiment Design

The VR experiment used a Design of Experiments (DOE) factorial approach.
This allows the use of a sparsnatrix of test factor combinations while preserving the
statistical validity of the results. This is useful when conductingweal tests where
running a full statistical set of all possible combinations would be too expensive,
dangerous or impractt. The objective in the DOE method is to determine those factors
which are the most significant to the response variables being studied. By using a

randomi zed order of t est runs, t he effect

controlisminimizeand appears as fAnoiseo in the stat
Landing Zone
o | '
.\\a: |
sy
Waimum Chvizton
() Touchdown
Palint (X)
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Camera Camer
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\

Figure 3-3: Diagram of Landing Task Used for VR Experiment

Figure 3-3 illustrates the task used as the basis for this experilmémding a

small aircraft (UAV) under manual control on a small runway of fixed heading. The goal

duinghese experiments was to assess Thehe r el
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primary objectives to land the UAV on the centerline of the way, preferably just past

the near end of the runwayThis allows room for a successful ptestding roll out and
deceleration without running off tHfar end of the runway. At the same time, the track
should be straight down the center of the runway, to avoid violent lateral accelerations

and to avoid sideways runway excursions.

3.3.2.1 Factors Considered(Independent Variables:

The following factors were studied in this experiment:

A = Form of Manual Piloting
Radio Controlled (RC) modé&. 3™ person view of atraft)
Flight Simulator (FS) modd-PV usingfixed forward display on a screen)
Immersive (VR) ModeKPV using VR Goggles with head tracking)
B = Skill Level of Pilot
Veteran (10+ yeafexperience)
Rookie (<2 yea@experience)
C = WindConditions
Calm (<10 km/hr)
Windy (>30 km/hr)

3.3.2.2 Response Variables

To assess the quality of each landing, the following Response Variables were used:

X = Distance of landing touchdown point from landing end of runway
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Y = Maximum deviation of landing track versus runwagnterline. During the
experimat it was noted this wake touchdown point, as bothilots corrected quickly to

the centerline once landed.

3.3.3 Argentia VR Landing Experiment (2010)

The originally proposed test location was the Bell Island Airstrip (CCV4)s is
a single 2700 x 66 foot runway with heading@® located on Bell Island in the middle
of Conception Bay, Newfoundland. However, due to demonstrated concerns on previous
UAV missions with the security of the site, the test location was movig: tabandoned
U.S. Air Base at Argentia, Newfoundland. Although much of the original runway and
tarmacpavementhas deteriorated over the decades, there is still a substantial area that
was found to be adequate for small UAV testingOne such area was taxiway for
strategic bomberéSAC). In an attempt to establish an equivalent situation as on Bell
Island, a section of pavememtas marked with higlvisibility (green) spray paint,
establishing a moekp runway 8nmwide by 80m long. This runwagnd thelocations of
the mobile GCS, test pilots and video recording cameras are annot&tigdre3-4. It
was noted by both pilots these were far from aviatjmde runway markings both in
colour and size, and diffidt to see from the air. However, the centerline of the marked
runway did correspond to the centerline of the taxiway. Even after 30 years the centerline
marking was still visible. The large green target in the center of thedramsh runway
could alsobe seen during final approach. Thus, while not ideal, the test setup was

deemed adequate for the basic assessment of landing accuracy.
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Figure 3-4: Test Site at Argentia 010

3.3.3.1 Flight Test Vehicle

A largeR/C aircraftwas used as the test vehicle. In 2010,Gheat PlanesGiant
BigStiko (hereafter called the GiantStik) wéhe largest member of this famibgf R/C
aircraft, with a wingspan A3%15 180 A,detaledd nom
descrigiion is given in Appendix D.This test vehicles shown with the author iRigure
3-5. The GiantStik uses a symmetmdrfoil which hasfavourable handling properties,
especily in the high winds common tblewfoundland. Origindly, a gasolinepowered

version of the GiantStik was planned, but was converted to electric pbwereduced
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the vibration issues previously encountered during initial tests of the VR equipment, and

provided a stableigteo image for the pilots

Figure 3-5: GiantStik Test Vehicle

3.3.3.2 The Pilots of the 2010 Experiment

For the 2010 VR Experiment, two pilots were recruited from the Project RAVEN

team to act as the test pilotShe two pilots used were:

a) Marc Schwar zbach (t, ,haeGerfhanegidigate sstadent who spent
20102011 flying with Project RAVENas the primary manual pilotAt the time
Marc had approximate 19 e a exgedience flying R/C aircraffmostly electric
typeg in Europe. He was also vefgmiliar (and enthusiastic) about the use of

VR flying methods, having tried it himself on several occasions in Germany.

b) Jesse Ros§ o nes ( t h,enefofrtleedokal gradlyate students who joined
Project RAVEN in 2009. A recent flyer, he had onlyiadhv ed hi s fA wi
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in the Summer of 2010. However, he was very comfortable flying the electric
Gi ant St i

k and

3.3.3.32010 VR Equipment

t h oflyer caradislatea n i

deal

Air ooki

Figure 3-6 provides a schematf the VR equipment setup that was used during

the 2010 VR Landing experiment. As shown, the equipment may be divided into a set of

Airborne and Ground Components.
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Figure 3-6: VR Equipment Schematic(2010)
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mounted to an aluminum flashing belt which provided the anchoring method to
the aircraft, using the existingainwing attachment bolts and dowelBigure3-7

shows a closep of the VR Dome assembly installed on the test vehicle.

Figure 3-7: VR Dome Installation (2010)

The camera and turret were obtained as part of the X11 FPV VR Set frem RC
Tech in Switzerland in 200(RC-Tech, 2010) The video image was provideg a small
NTSCformat camera with a 2.4 GHanalog transmitter integrated to the back of the
camera. The power source was a 7.48€R LiPo battery installed in the cylindrical base
of the turret assembly. The camera and integrated transmitter provided a reasonably clear
image to a maximum raegof about 1 km, adequate for the landing experiment, provided
that a tracking 40 x 40 patch antenna was
GHz video link meant 2.4 GHz/R control could not be used, due to severe interference

at the receivestation. For this reason the GiantStik was reverted to 72 MHz FM R/C
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control. The tweaxis turret permitted headacking by the camera, using two auxiliary

channels of the aircraft R/C receiver.

b) Azimuth (AZ) Range Extender - for the azimuth (yaw) diion, the range of
the servo was increased to approximately 9% by useof a Pulse Width
Modulation rangedoubler. This small unit was installed similar to a servo
extension cablen the AZ servo cableThe increased AZ range allowed the VR

pilot to look over each wing tip, similar to fedize pilot practice.

Il. Ground Components:

a) 2.4 GHz AV Receiver- The receive station for the VR video was a small 2.4 GHz
analog receiver, wusing a 40x40 patch an
was tracked manually by pointing the face of the patch antenna at the vehicle.

This permitted clear video during most of the cirsudged during the VR flights.

b) Video Splitter - A video-sqitter was used so that thvdeo feed could be sent to
both the VR Goggs and a video capture card on a laptop. Airborne video could
therefore always beeen and recordegrovided a good quajitvideo link was
maintained. Ktension cables were used to allow the VR goggles to be worn by
the pilot at a comfortable distantem the receive station.

c) Video Capture Card and Laptop i To permit thevideo to be displayed and
recorded, a PCMCIA cafdus video capture card was used. The software
provided with the capture card was used to display the VR camera image on
screen, ad@nnotations, and create digital video recordings for each experimental
run. These video clips were recorded for all tests, whether using VR mode or not.
The Laptop screen display was used as the fixed view for the FS mode. This fixed
view correspondedtthe mechanical and R/C center of thax® turret, adjusted

to give a view straight along the propeller centerline, and slightly downward
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d)

matching a typical manned aircraft cockpit view. Unfortunately, the ergonomics
of this method were not ideal, asetoriginal concept of a sitown pilot with
joystick control could not be implemented in time. Instead, the pilot looked at the
fixed FS view while still using the R/C transmitter, requiring him to twist his body

away from the flight line.

VR Goggles- For the fullyimmersive VR mode, the test pilot wore a pair of

VR1000 goggles, as demonstrabgdthe authom Figure3-8.

Figure 3-8: VR1000 Goggles used in@L.0

Once comfortable and adjusted to this view, th&xi® head trackingould be
activated using the FM transmitter At
configured to use auxiliary channels 7 and 8 on a Futaba 9CAP 72 MHz FM
transmitter ilmthisinfodéNtamnelsAard ill controlled by the
transmitter, while channels 7 and 8 obtain control input through the VR goggle tilt
sensors through the trainer port at the back of the transmitter. Assuming the tilt

sensors are calibrated correcttyhe sensor s wi | | track the
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In practical use, the-axis tilt sensors were quite sensitive to the way they were
calibrated. A critical step was to leave the goggles motionless on a firm surface during
initial transmitter powewup. The tiltsensors obtain their power through the trainer port
connection. The VR Goggles were left in this position for a period of at least 1 minute.
This allowed the soligtate tilt sensors to properly warm up before attempting to use
them to measure head tkawg. Even with careful calibration, it was noted that the head
tracking tended to drift slowlyespecially in the elevatiodirection. A reset button was
provided which recentered theview to the mechanical center of the airborne turret.
During the \R experiment this was shown to be a minor nuisance, since the pilot would
simply turn his head more to compensate. It was only when the drift moved close to a

mechanical stop that a reset was needed, approximately once every 60 sec.

Ill. Recording Instrum ents

In addition to the laptop computer which recorded the onboard video fromRhe V
camera, two tripognountedvideo cameras were used to record the landings from a side
runway and endunway view. The location of the ewtew video camera was moved to
the upwind (departure) end of the runway. While the original intent was to use this video
to measure the touchdown points of each landing, it was quicker and more straightforward
to simply note the touchdown point for each landing, and mark the locaticklygas
soon as the aircraft had cleared, using sidewalk chalk. Accurate measurements were done

once several landing test points were finished using a surveyors tape. During the
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experiment, the direction and magnitude of the wind speed was noted, makimaf a

mastmounted anemometer on the mobile GCS

3.3.3.4 2010Experimental Results

The experiment was run over two days, Augus@852010. Originally, it was
hoped to run a blend of windy and calm conditions on each day, since this was a factor in
the expement and thus should have been randomized. However, as is usual for
Newfoundland, the weather did not cooperate. Instead, the runs were divided into two
Blocks, one for each day. The Windy cases were done on Day 1, and are summarized in

Table3-2.

Table 3-2: 2010 VR Experiment First Day of Tests (Windy Day)

Run Factor A: Factor B: Factor C: Response X: Response Y:
Form of VR | Pilot Skill Winds Touchdown Centerline
Location (m) Deviaion (m)
1 None/RC Veteran Windy -1.6 +0.75
2 VR Goggles| Rookie Windy +2.7 -1.9
3 FlightSim Rookie Windy -2.2 -3.1
4 FlightSim Veteran Windy -42.7 -0.9
5 VR Goggles| Veteran Windy -26.3 -0.9
6 None/RC Rookie Windy -2.2 -1.0
7 VR Goggles| Rookie Windy +3.7 -1.7
8 None/RC Veteran Windy +3.75 +0.3
9 FlightSim Veteran Windy -24.3 -2.2
10 VR Goggles| Veteran Windy -55 -3.5
11 None/RC Rookie Windy -20.4 -0.3
12 FlightSim Rookie Windy +24.5 +3.5

All measurements were taken relative to the target circlthea center of the

runway. Negative X values are landings short of the target point, positive X values are
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after the target point. Negative Y values are to the left of the centerline, and positive Y
valuesare to the right. fAe Winds varied from 28 kts (average 16.5 kts or 31 km/hr),
from the SoutkEast (SE), approximately 4%0 the right of the runway heading. This
tended to push the aircraft off course to the left, which is evident in the majority of the Y

measurements.

The Calm Day runs wereonducted on Day 2, as summarizedlable 3-3. The
winds this time were-% kts (8.5 km/hr average) for the majority of the tests. However,
as is normal for coastal Newfoundland, the winds did pick up later idayepeaking at
9 kts (17 km/hr) by the end of the tests. The winds were again from the SE, though this

time about 30 off the runway centerline.

Table 3-3: 2010 VR Experiment Second Day of Tests (Calm Day)

Run Factor A: Factor B: Factor C: Response X: Response Y:
Form of VR | Pilot Skill Winds Touchdown Centerline

Location (m) | Deviation (m)

13 FlightSim Veteran Calm -28.6 +2.8

14 VR Goggles| Veteran Calm -24.7 +10.2

15 VR Goggles| Rookie Calm -51.1 +4.9

16 None/RC Veteran Calm -5.2 0.0

17 FlightSim Rookie Calm +19.8 -3.5

18 None/RC Rookie Calm -12.8 -2.7

19 VR Goggles| Veteran Calm -37.7 -3.1

20 None/RC Rookie Calm -10.3 -0.2

21 FlightSim Rookie Calm 0.0 -5.6

22 VR Goggles| Rookie Calm +0.6 0.0

23 FlightSim Veteran Calm Aborted Aborted

24 None/RC Veteran Calm -3.3 -0.8

During the FlightSim mode ruren Day 2 the ergonomics of the position of the

laptop and the need to use the RC contra@tehe tailgate of a parked vehicksulted in
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an uncomfortale situation for tle pilots. There were incidences of irregular aircraft
control due to possible antenna shielding and interference as the pilot twisted his body to
view the LCD screen. This was most likely due to the poor position of the FM
transmitterclose to theparkedvehicle. The situation eventually led to the decision to

abort Run 23 when the control situation was deemed unsafe.

3.3.3.5 Analysis of the 201Experimental Results

The results from the 2010 VR Landing experiment were analyzed using a
statstical approach using the commercial software called Design ExptatEase,
2014) The basic method used was Analysis of Variance (ANOVA) for each of the
response variables. A detailed description of this method andgé in the analysis of
Design ofExperiment(DOE) results is out of scope for this thesis. The reader is directed
to many excellent textbook@/lontgomery, 2001and online resources on this subject
(Lane, 2014) Based on the results of this analysis, the significance (or insignificance) of
each factor or combination of factors were assessed and documented in a paper presented

at UVS Canada 201(®tevenson, 2010)

However, the results were inconclusive. Early in the analysis there was concern
over a major Ablocking effecto i mposed on
conducted on two separate days. Also, the effect of the winds appeared to be opposite
what was expected. Indeed, the quality of many of the landings on the second day (Calm

winds) were worse, especially in terms of centerline deviation.
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In lieu of a detailed discussion of the statistical results from the AN@¥#hod,
a basicsummary 6the results may bebtainedby displaying theresults in the form of a
scatter plot. Figure 3-9 presents these results for the two days of teStise runway

outline is indicated by the green rectangle.
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Figure 3-9: Landing Positions, 2010 VR Experiment
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a) Response (X) Landing Distance

Theseresults indicateahat the addition of the two virtual piloting mod@sS mode
and VR mode)degradd the accuracy of the landis, when compared with the default
RC mode of flying. For both pilots, the FS mode tended to make for worse landing
distances, withthe Rookie landing longhile the veteran landed significantly short of the
target. This was true in both wind condition is interesting that the rookie landing
distance wereactually better (though long) than the equivalent \eeteresults. The

effect ofincreasedvind appeared to be to increase the \mlitg of the results.

In VR mode, the performance of the veie pilot became worse. For the rookie
pilot, there was an improvement. This was particularly true on the second (calm) day of
testing. Anecdotal comments from the rookie pilot were favorable towards the VR mode,
with the comment that he was getting m@omfortable using the VR goggle mode by
this time. However, both pilots continued to complain about the difficulty in seeing the

green runway outline far enough away to begin a good approach.

b) Response (Y) OffCenterline Distance

The results for the cesrline deviation measurentsn(Y) show a similar trend as
with the landing distance resultdshe FS mode resulted in worse overall results, whereas
VR Goggle mode partially restored the performance, espeémlithe less experienced
pilot. Howeverthe centerline deviati@on the windy day were surprisingly consistent,
while the equivalent results on the calm day show a wider variability and overall worse
results. For the case of the VR goggle mode, the calm day centerline distance for the two

rookiel andings varied widely, al t H ¢ha gritire i n
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experiment was accomplished by the Rookie fit6t+0.6m, Y=0m). This was one of
the lasttests of the day, and it was at this point that the rookie pilot commented that he

wasgetting more comfdable with this mode of flying.

c) Control Problems with FS Mode

The FS mode suffered from poor ergonomics during this experiment, and most
likely was a main reason fohe generally poor results when either pilsed this mode.
The needo twist the body to see the laptop display in the back of vehicle (to provide a
sunshield) was not ideal, especially while using an FM R/C transmitter with its long
(1.5m) antenna. The odd position of this antenna, and its potential shielding s@ @ose t
large metallic object (the vehicle) is the suspected source of radio interference which

resulting in one of the test cases being abasteBay 2due to safety concerns.

3.3.3.6 Summary of 2010 VR Landing Results

For the experienced /R pilot it appeared thathe default RC mode was the
method which he was most comfortable using, and seemed the most appropriate
(accurate) method for landing small UAVs under manual control. The additiofRof V
technologies did notssist the experienced/@ flier, and appearedo degrade his

performance in terms of landing location accuracy.

For theless experienced flyer, the additioh\MR technologies digrovide some
assistance, improving the accuracy of precision landings, especially in terms of centerline
deviation (Y). Howewer, the FSmode yielded worse performancé.is very likely that

the poor ergonomics of the makeshift FS mode used during these experiments had a
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negative effect on these results. A dedicated series of tests using a console approach (i.e.
with the plot sitting down inside the GCS) should be tested betturecontrol mode is

rejectedentirely.

It was hypothesizethat the landing task would be easier in calinds, and that
VR methods wouldmprove accuracy especially in the presence of a stravgs avind
(i.e. permitting a more accurate lt@ with the centerline for example). Higher winds
did result in greater variation from run to run but in general accuracy was as good, if not
better, then on the calm day. However, the results may be miagkedtrong blocking
effect( i . e. perhaps someone was having a fAbet:t
the team, evident at the end of the first day of testing, and schedule pressure on the second

day could be a significant source of bias.

Finally, the cloice of test site was stdtandard Throughouthe experimenthere
were frequent comments by bagpilots about the difficultyseeing the makeshift green
runway outline. The pilotseportedthey were using the originséhxi-way centerlineas
thar primary visual cue. This may have petl in lineup for the landingthus impacting
the centerline deviationY) responsebut unfortunately provided no help abtaining an
accuratdanding distance (X). In most cases the pilots reported they caliidsee the
green runway markings during the final seconfisach landing. He choice otest site
most likely hamperedhe assessment of the improvements to accuracy provided by the

use of the VR methods.
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3.3.4 Bell Island Landing Experiment (2013)

Due tothe inconclusive resulis 2010, it was decided that a repeat of ldreding
experiment should be done when time and schedule permitted. After a three year hiatus,
the experiment was revived and repeated in November 2013. The test site was reverted
backto the originally planned location at the Bell Island airfield, as showigiare 3-10.

The locations of the pilots, side and end cameras and a treddras the GC8&re noted.
The taget point for the landgs wasb et ween t he numbers fA260,
pilots, located45 m from the end of the runway The runway is approximateB0 m (66

ft) wideas shown.

Figure 3-10: Test Site at Bell Island Arfield (2013)
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3.3.4.1 Flight Test Vehicles for 2013

The same class of test vehicle was used for the 2013 repeat, although not the
identical aircraft. The original aircraft used in 2010 was unfortunately lost in a flight
mishap in 2011. Two newGiantStiks wereonstructed, GBS#10 and GBS#11 to support
the 2013 experiment. As with the 2010 aircraft, electric propulsion was used. During
initial flight tests to shakelown the FPV egpiment, GBS#11 was lost at sea north of the
Argentia while investigating intezfence problems with the video link.he significance
of this unplanned event will be discussed in detailed in Se@&i8m.6 A third GBS#12
was constructed as a replacement for GBS#lie idea was that a second aircraduld
always be available in case the primary vehicle (&EB% was lost during thexperiment.

In the end, this provedn-necessary and GBS#10, as showfRigure3-11, performed its

function perfectly and survived

Figure 3-11: GiantStik#10 Test Vehicle (2013)
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3.3.4.2 The Pilots of the 2013 Experiment

For the 2013 VR Experiment, a new pair of pilots were recruited:

a) Stephen Crewe (Veteran Pilot) the veteran pilot thisihe was the primary

manual pilot for Project RAVENiInce 2012. Stephen hatiout 10 years flying
experience flying R/C aircrafit the time of the 2013 VR Experiment. He also

hadabout one yeaexperence using FPV equipment withis own personal R/C

flying.

b) Dilhan Balage (Rookie Pilot) the rookie pilot this time was a staff engineer from

Project RAVEN whose background is primarily ele@ticomputer engineering.

He hadbeen flying R/C aircraft only for the previotwso flying seasons, and most

ofthi s experience was on the smaller Ul t|
He appearetb be nervous abotilying the relatively large GiantStik, but quickly

learned it shared much of the flight characteristics as its smaller coesitng

Ultra40). However, Dilhan hadimited experience in aviation, apart from his

work with Project RAVEN as an AVO.

3.3.4.3 Updated 2013 VR Equipment

The state of the art of VR equipment has advanced significantly sieagiginal
used in the 2010 exparent. The oldeequipment was replaced by updated First Person
View (FPV) components, based around the EagleTree series of FPV products. Aimed at
the highend R/C hobby community, these FPV components are now borderline UAV
avionics sets, includindpuilt-in GPS, OrScreen Display (OSD), and a rudimentary
autopilotcapability(Eagle Tree Systems, 2013jor these experiments only the GPS and

OSD features were used.

98



l. Updated Airborne Components
The camera used by the new FPV system is supipliad integrated pan/tilt turret
format. This was installed on the GiantStik using a custom built mount held to the top of
the main wing using a rubber/plastic band (similar to the aluminum flashing band used in
the 2010 experiment). Suspected RF interfee caused by the original idea of using an
aluminum band prompted the switch to the rubber/plastic material. The 2013 airborne

equipment, including the new camera turret mount may be seen Figbre 3

Figure 3-12 VR Camera and Turret (2013)

The complete FP\8ygem as installed on the aircraft consisted of the components
shown in the annotated Figurel8. The new FPV system useddedicated 5.8 GHz
high-power video transmittg)C). Initially thenormal 5.8 GHz antenna (B) was used, but
this was switched t@ special mghroomshaped bpolar styleantenna(A) which had
superior transmission range, especially when combined with a more powerful transmitter

(i.e. at least 6 km when used with a 600 ntk&hsmitter). For the electrigsowered
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GiantStik application a power monitoring board (D) is used to monitor the battery and
propulsion system health. The mainstreen display (OSD) board (E) is the heart of the
airborne FPV equipment, and serves as llm¢hsignal processing and signal relay board
for the other components. The video from the Camera (F) is sent to the OSDauddsch

the HeadsJp Display (HUD)elements, before sending this enhanced video image along
to the transmitter. This includes tpesviously mentioned electrical system information
and also the 2D tilt position status obtained from the tilt sensors (H) which is used to

drive an artificial horizon display.

Figure 3-13: FPV/OSD Compaments used for VR Setup (2013)
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The GPS module (G) provides the 3D position of the aircraft, which the OSD uses
to calculate altitude, ground speed and tF
location when the OSD was first turned on (i.e. the G&€&tion). The rectangular box
() at top is a small solidtate reording device which ipart of the Ground Components,

and described in the next section.

Il. Ground Components
(a) VR Goqggles
The 2013 VR experi ment used a rrképat set

Shark , 2013)The new style of goggles used can be seen being worn by one of the pilots

in Figure 314.

Figure 3-14: Fatshark Goggles used for 2013 Experiment
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These goggles have a buiitt receiver. The new headset also includes panftilt
sensors, similar to those in the VR1000, but with much better accuracy and reliability.
The modern FPV equipment also usedodid-state data recordgr.e. Component | in

Figure 313) to record the FPV video, eliminating the need to use a video capture card

(b) HeadsUp Display (HUD)

The FPV equipment featured a HUD display, using the sensors on the aircraft to
measure GPS location and pan/tilt of the aircraft. The OSD module used G&&utate
the airspeed, altitude and heading of the aircrdfhe direction tdhome baseis also
shown. When combined witthe panftilt sensor, this allowetie display of aHUD.

Figure3-15is an example of theisplay provded to the VR pilots.

5 1]
4721, 381 22741 SRR e 0 521 581 5324

Ampl 0.5 mAH| 2642

Figure 3-15: First Person View (FPV) Display with HUD (2013)
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The HUD providedhe curent aircraft positionground speed (MPH) and altitude
above ground (ft) in the form of Al adderso
as an dificial horizon. Although thisartificia | horizon was found to
shown in the figure), the altitudend ground speed wesecuracy enough to allow for
good Aflareso during the VR |l andings. Th
provided the current power draw and totalyer consumed by the electrical propulsion
system. Since we used 1000MAH of total battery powerthdi s pl ay acted | i
gaugeo letting us know when t hie whentotalr aft |
power consumed exceeded 8000 mAHEwen in cold weather (#4°C), we had flight

endurances of between 20 and 25 minutes on a fully charged set of batteries.

(c) Improved FS Mode Display

For the 2013 experimeatdedicated FPV display sn was usedThis was

mounted on #&ipod infront of the glot, as shown ifrigure3-16.

Figure 3-16: FPV Static Display LCD on Tripod/Stand (2013)
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In addition toimproving the ergonomicsof having to turn to view an LCD inside

the back of a vehiclethis arrangemengliminatedthe contradictiordue tot he pi | ot 6
aural (hearing) cueleing opposite to his visualiesas the aircraftléw pastwhen his

back was tured to tke runway. TheFPV screenalso includeda safetyfeature not

common to most LCDs The FPV display is an analog device, and will continue to show

the degraded videid the signalstrength drops Even a scratchy blagndwhite display

is better than nothing. In practical use, such video-dudp wereof limited durdion (1-2
secondsWhen flying in FPV mode, assuming the analog method is asdthe aircraft

was kept withinl km range The VR gogglewvideo also behaves in this manner. The use

of a dedicatedFPV display therefore allowed a much bettemassessent of the

effectiveness of the FS mode during the 2013 experiment

3.3.4.4 2013Experimental Results

Following a practice day on 2Movember, and dodging cold and rainy weather all
week, the experiment was finally ran on Friday, November 29, 2013. The winds were
down the runway (i.e. almost no cross wind)-at knots (about 43 km/hr). Conditions
were sunny with a few clouds but quite cold9ER The test cases ran in the morning
were deemed to be ACalm Dayo condi tantons.
in overall pilot performance versus the 2010 results. The effect of running the

experiment on a proper runway, with aviatgrade markings was clear. Both pilots
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reported it was very easy to see the runway threshold, centerline and the numbers from

long distance, allowing for improved lings and precision landings.

Table 3-4;: 2013 VR Results, 2Nov-A M

(ACal mo7k#) nds 5

Run Factor A: Factor B: | Factor C: | Respons X: | Response Y:
Form of VR | Pilot Skill Winds | Touchdown| Centerline

Location (m)| Deviation (m)
1 FlightSim Veteran Calm -6.5 7.6
2 VR Goggles| Veteran Calm 0.0 1.1
3 VR Goggles Rookie Calm DNC DNC
4 None/RC Veteran Calm 18.2 -2.4
5 FlightSim Rookie Calm 30.2 -10
6 None/RC Rookie Calm 3.6 -5.6
7 VR Goggles| Veteran Calm 0.4 1.1
8 None/RC Rookie Calm -2.4 -0.8
9 FlightSim Rookie Calm 24.6 -1.1
10 | VR Goggles Rookie Calm DNC DNC
11 FlightSim Veteran Calm 13.6 -0.2
12 None/RC Veteran Calm -1.8 11

Similar to 2010 the 2013 resudtshow a gradual improvement as the tests were

conducted,

ndi cat.

ng

a Atr ai

ni ng

factor o

though was in the VR Goggle cases by the rookie pilot. He expressed some discomfort

with the VRmode, in contrast to the R&IdFS mods. Thisdiscomfort resulted in loss
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of orientation resulting in some erratic flying In both VR landing attempts, the situation

deteriorated tahe point were safety for the GCS crew was a concern, and the other pilot

had to takeemergencyontrol. These are noted in the table as DNC (did not complete).

Following the morning tests, and facing deteriorating team morale and weather, it

wa s

rookie pilot.

deci ded

t o

perform a

ser

ies of fdemons

Onlyfour cases were ran before weather conditions forced a stop to the

experiment. These results are showiiable 34,

wher e

fJono denotes

this author. Both pilots expressed optimism about the quality of the video feed, and also

the easeof flying well coordinated approaches.

The VR Goggle method was not

disorienting for either of us. The accuracy of the approaches, especially in terms of

centerline deviat o n

similar to ull-s i

zed

i S

ai

pretty

rcraft

c | epproaches wént quiteddng, t h e

A landeal avithin i gnoof theeunway i o r

centerline Weather conditions were rapidly deteriorating at this point, as it started to

snow, forcing a stop to the flying activities on this day. This would turn out toebe th

final flying of Project RAVEN.

Table 3-5: 2013 VR Results, 2Nov-P M

( A Wi 4ldks)d 9

Run Factor A: | Factor B: | Factor C:| Response X:| Response Y:
Form of VR | Pilot Skill Winds Touchdown Centerlire
Location (m) | Deviation (m)
1 None/RC Veteran Windy -6.8 4.8
2 VR Goggles Jon Windy 19.5 2.0
3 FlightSim Jon Windy 88.2 -0.8
4 FlightSim Veteran Windy -2.8 1.8
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3.3.4.5 Analysis of the 201FExperimental Results

The results of the 2013 VR experiment were not analyzedj uki@ ANOVA
approach as in 2010, due to the | ack of
rookie pilos would also invalid the statical comparison. Instead the results are
presented here in the form of a scatter plot indicating the tdowim locations of all of
the landings conducted. These are shawfigure 3-17, with the end ofBell Island
runway indicated by the green outlin€he target landing location (X=0) position was 45

m from theend of the runwayssshown inFigure 3-10.

Combined (2013) Landing Touchdown Positions
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Figure 3-17: Landing Positions, 2013 VR Experiment

When compared with theesults fro2010 (see Figure-32), several observations
can be madaboutthe 2A.3 results First, the accuracy of the landings, now constrained
by a real runwayd0me66ft wide) have improved. The centerline dis@napart from two
of the FSmode cases, are quite good. Landing distaneésevery good but generally
il on g othewd madas used. The accuracy of the VR goggle mode landings are

very good. The ease of lining up a good landaxgerienced by thauthor, was greatly
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increased when the immersive \fRode was used. Still, ¢hpoor performance of the first

rookie pilot while using the VR modevas a cause for coarn It became w&dent that

while the VRmode assisted myself and the veterantpboth who have flown flight

simulators gtensively since adolescente0 a person untrained in |
mode does noprovide the samadvantage. Indeed, Dilhan first learned toumng RC

mode and this appears to be the flying style he is most comfortable with. This was a
result those of us involved in ati@n hadnot considered. Generally, learnimgfty R/C

aircraft after youalreadyk now how t o f |y fconbatting thelthérdh e s 0 i
person disorientation effects caused by control reverSdie FPV mode is one way of

skipping this problem altogether.

3.3.4.6 Significance of the Loss of GSB#11

The loss of GBS#11 during initial FPV equipment shakedown, while not a
planned event, is an important result of these VR experimentgas|flown beyond the
range of the FPV video transieit resulting in a loss afignal, and was too far away to
allow recovery using normal RC means. Thisllustrated one of the dangers of using
FPV mode that this author and others have notedots tend to fly much higher and
further than normal K flying, possibly in an attempt to emulate fsike aircraft flying
practice, to the point wher&PV becomeghe only viable means ofmanual remote
control. The gigantic nature of the runways at Argentia (i.e. @&0nfide runways) only

served to exacerbate this tendency.

108



Without a reliable BLOS manual control link, theeuof R/C methods alone at the
extended ranges encouraged by the use of FPV may render the small UAV uncontrollable.
It is for this reasons that boMAAC and AMA set strict guidelines on the use of FPV
techniques by their membeMAAC, 2012) (AMA, 2014). According to these
guidelinesFPV can only be used within unassisted visual range and always with the
presence ok dedicated spotter who is also a second pilot readgssume normal R/C
control should the FPV pilot become disorientated or the FPV equipmentfisib, TC
cautions the UAV opator to not assume th&PV technology alone can provide the
desired situational awareness at BLOS ran

av oi ction df ainmanned aircraft pil¢TC TP15263, 2014)

3.3.5 Conclusions from Both VR Experiments

When the results from both VR experiments are considered together there are a

number of important observations and conclusions thatbealrawn:

1. The use of a real runway, using aviation grade markings, results in a
significant improvement in VR mode landing accuracy, but has almost no
effect on R/C mode.

2. For someone fAentrenchedo in the wuse
methods may hiter landing accuracy.

3. The VR method appears to be a promising method, but only if used by
pilots familiar with fullsize aircraft flying methods, and with sufficient
training.

4. There appears to be a training effect involved in the use of novel VR
methods fo UAV control. In the case of both sets of experiments there

was evidence that pilot performance was improving gradually as the test
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progressed. To someone already trained in the use of FPV methods, such
as the second Veteran pilot, this effect is gsiiteng.

. The fixedview FS mode, while being easier to implement (i.e. not
requiring the tilt sensor or head tracking equipment) appears to be less
accurate then the VR mode. It is possible, especially when the second
(2013) set of results are examindtht there may be a fear factor involved.
Forcing yourself to look at a small FPV screen when you could hear the
aircraft approaching was difficult. The natural tendency for most R/C
pilots is to avoid hitting yourself with your own aircraft! Most R/ibs

tend to err on the side of safety, and land beyond the pilot position. The
results for the 2013 FS mode in particular appeahbw this effect, as the

pilot position was much closer to the runway centerline than in 2010.

. When flying in FPV modepilots have a tendency to fly higher and further
than normal R/C flying. It therefore becomes crucial that sufficient video
feed signal strength (i.e. range) is provided to avoid sudden video signal
drop-outs.

. The addition of a HUD display improves theadjty of the landing
approach and with practice, encourages the use of proper landing speeds

and flared landings.

Following the 2013 experiment, the video footage, especially of the various VR

and FS modes was-examined from both series of tests. Theasurements of landing

distance (X) and centerline deviation (Y) do not tell the complete story. It was noticed

that when flying in R/C mode, the aircraft turns and altitude holding were not as accurate

or smooth as with the FPV modes. When flying FiP¥¢, pilot appears to naturally start

to fly like a full-size aircraft. Turns are gentler with bank angles more typical of manned

Altitude, especially with the addition of HUD instrumentstyjsically held
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within 50 feet. However, the sizé the circuits are much bigger in FPV mode, with the
pilot flying downrange quite some distance before turning onto final approach to land.

Again, this is very similar to fulkized aircraft flying practice.

34 Extended Range Video Links at Beyond Line of §ht

Project RAVEN has been testing extended range video, still images and remote
data transfer technologies since 2006. Unfortunately, for a magdritys flight testing
flight at Beyond Line of Sight (BLOS)ange was not permitted due to SFOC retsbms
However, in the fall of 201®roject RAVEN wagranted arexception angermitted to
fly the first true BLOS mission To be permitted to do thig,section of airspace north of
the old Argentia airbaseould be blocked offand temporarily classéd as restricted
airspace (i.e. Restricted &ls F airspace). &Would alsoequip the UAV with an
extended range FPV setup, and an extended range telemetry link to maintain the link

between the aircraft autopilot and the GCS throughout the mission.

Figure 3-18 shows the flight plan used for the BLOS mission to Fox Island. The
UAV would launch from the NE end of the main runway, fly 4 km to the island,
circumnavigate it, and then fly back. This flight plan would be repeateasflang as the
aircraft endurance would allowFor this mission one of the gasolipewered GiantStik
aircraft would be used, equipped with an ArduPilot autopilot sy$B&EiRobotics, 2013)
The GiantStik used featured an egkd fuel tank which allowed approximately-49

minutes of useful flight time.
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" Argentia

Figure 3-18 Beyond Line of Sight (BLOS) Mission to Fox Island

An extendeerange version of the FPV setup as used by2(E3VR experiment
was used for this mission. Key to this system was the use of a more powerful video
transmitter (i.e. 600 mW power, about three times that normally used by corgtaer
remote video units). A higbain antenna suitable for 5.8 GHz wasoalised, mounted
on top of a 300 t al -gainrasehnacuitabla fort the 900 Mz s e c @
Ardupilot telemetry link was also mounted on the mast. In the case of the FPV setup a
diversity RF switching system was used to switch between tgaiiiantenna and the
FPV goggle antennaepending on the strength of the signal received by both. In theory,
the manual control override system buiitto the Ardupilot system could also have been

used to override the autopilot at BLOS range (provideddigenetry link is maintained),
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and fly the aircraft based on the FPV video, in a manner very similar to the FS mode in
the VR experiment. However, this was not tested during this initial BLOS mission. The
FPV video was used only to monitor the situataomd prove we could maintain a good

video signal at long range (6+ km).

Before we coud fly this mission we verifiedhat both the video and telemetry
links could be maintained at a minimum 6 km range. A series of range tests were
conducted in the sameear, by setting up both the autopilot GCS and FPV receivers at the
location of an elevated Lookout as showrFigure3-18, and flying the aircraft over the
runway, near the GCS location indicated. The range was approximateliknm2.5
Attenuators were used to deliberately degrade the signal during static tests, to determine
the maximum useful range of both links. The directionality of thgain antennas was
also investigated. In both cases the effect beam width turned betcoite narrow,
approximately +/15° in azimuth and +10°in elevation. The sensitivity in elevation was
also marked, especially if the antenna was pointed straight forward or slightly down cast.

This makes sense if mujpiath effects are considered.

Following successful range tests of both the FPV and telemetry links, including
drilling of emergency procedures and conducting a mock GCS switchover to a remote
station located at the lookout location (while the UAV was flown over the Argentia
runway), the BLOS was finally conducted on October 30, 2013. A sample image from

the forward FPV camera during this mission may be seEBigure3-19.
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Figure 3-19: FPV View over Fox Islard during BLOS Mission

The aircraft was able to travel back and forth and circumnavigated Fox Island
many times during the 45 minutes duration of the mission. The telemetry link between
the ArduPilot and the GCS worked flawlessly. We calculated thanthémum range
was approximatgl 5.0 km, when the UAV was nortbf Fox Island. The FPV system
maintained good video quality for most of the mission. The only times of degraded
quality appeared to be brief moments when the aircraft turned the antennt@walye
GCS location, usually during the return trackl axff to the right of Argentia as seen from
the aircraft. e video footage over Fox Islancasvgood enough for us to sposmall
fishing vessel just north of the islanddicated by the yellow ile in Figure3-19. This
was well beyond the line of sight of all the crew including the spotters at the GCS, and

confirms the basic utility of FPV to enhance situational awareness at BLOS range.
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3.5  Synthetic Environments

Syntheic environments are commonly used in the field of UnmannedalAeri
Vehicles to provide aimulation environment where various experimental UAV control
methods and mission planning may be accomplished, without risking actual flight
hardware. In the contexif the research outlined in thisapter, a lowcost synthetic
environment was developed, initially to assist in mission planning in the early stages of
the Aerosonde flight program. However, this synthetic environment was expanded and
used in other roke including use as a potential Beyond Line of Sight (BLOS) situation
display. Details of how this simulation evolved and was used will beoeglin the

following sections.
3.5.1 Visualization usinga Flight Simulator

A visualization tool was developed tharmitted smb UAVs to be simulated and
observed in a variety of views, including several exteviebsand al so a Avi rt
(i.e. from the cockpit) view. The basis of this simulation was an aerodynamic simulation
of the Aerosonde UAV, developed MATLAB with the assistance of a third party
aerodynamic library called AeroSINUnmanned Dynamics, 2006) This library was
developed specifically for simulating small airframes such as the Aerosbhde This
block set includé an interface that could be used to send Flight Dynamic Model (FDM)
state information (i.e. aircraft position, angles and velocities) to either the Microsoft
Flight Smulator 2002 or the FlightGedFG) flight simulator for use as a visualization

tool. This permitted the creation of a leswost (i.e. about the cost of two modern desktop
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PCs) UAV synthetic test environment. This basic simulation environment is shown

schematically irFigure3-20.

Synthetic View

EG Video Quiput
FlightGear
Host PC
Hi-Fi Aerodynamic Host PC
h.ﬂwl
E-l =i *::"
=" -~ 8 | | romstates
- > /

FG Feedbacks

{e.g. Gnd. Elev.)

Figure 3-20: Low-cost SingleUAV Synthetic Environment

FlightGear(FG) was found to be the better chomkvisualization tooin terms of
animation quality, especially frame rate. Also, since it is egmence, it was more easily
customizd. This same visualization method was used by #gr®sdnde GC$or in-lab
simulation and mission planninging hardwaren-the-loop techniquesFigure3-21is a
screen shot showing one of our UAV test vehicles, the GiantSyikgfover the
Clarenville Airfield in this simulated environment. The GiantStik visual model was
created by this author using relatively inexpensive (<$100) 3D modeling tools. The

terrain data was available via free download from the FlightGear websliee

116



Clarenville area is included in a 10xb@greegeographical block which encompasses
most of the eastern Island of Newfoundland. The terrain elevation data used is based on
the same Earth model used within the AeroSIM block set (i.e. the World BeSgstem

1984 Earth Ellipsoid datulf). The WGS84 is also the same earth model standard used
by GPS, and thus the simulation environment is using the same geodetic information used
by most UAV autopilots. Even though the FlightGear terrain isarhewha lower
resolution (i.e. 30x30 m scenario mesit)is perfectly adequate for visualizing typical

UAV maneuvers and DSA scenarios where the UAV will be typically flying between 150

and 300 m altitude above ground, especially over relatively flat terrain.

B Flighiess

File Viw Localioa Auepilst Wealhes Equpman ATC/AI Debug Hols

Figure 3-21: FlightGear Visualization of GiantStik over Clarenville Airfield

1 The World Geodetic System 1984 (WGS84) is the standard earth ellipsoid model used by GPS. Such earth models are used to
account for the fact that the Earth is not an ideal sphere Ingrratore of a pumpkin shape (i.e. an ellipsoid), bulging out at the
equator. The geometric formulae built into the WGS84 are used to convert between latitude/longitude/altitude and Cartesian
coordinates. The WGS84 was established as an improvemerevioup such Earth models such as the older NAD27 standard and
made extensive use of satellite radar data to establish an Earth model considered to be accurate (M#tionAinimagery and
Mapping Agency, 2000) A full desciption of the WGS84 is out of scope for this thesis. The interested reader should consult the
NGA/NIMA website indicated in the previous citation.
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3.5.2 Enhancements using MultiPlayer Mode

The visual representations in FlightGear are essentially-wayye The
MATLAB/Simulink (or Aerosonde GCS software simulation) simply sends the current
aircraft position and velocity data to FlightGear, which is set to accept external Flight
Dynamics Model (FDM) state information. This state information is primarily the
position of the aircraf{latitude, longitude and altitude), the angular orientations (pitch,
yaw and roll) and the velocities of these six primary variables. FlightGear can also accept
detailed information related to the positions of the flight surfaces, and provided individual
parts are included in the aircraft animation, the movement of these control surfaces may

be seen.

The external FDM state data stream overrides the normal flight models in
FlightGear, and controls the movement of the aircraft seen in the flight simulbter.
aerodynamic simulation on the MATLABost computer is the primary source of control
as it includes a representation of the autopilot. With the addition of manual pilot override
controls it is now possible to simulate virtual piloting, using thegé@erated video as
the feedback to the pilot. When combined with the&adnkpit FG view this is a very

effective VP method.

The operended nature of the visualization tool (i.e. FlightGear) also permits the
use of multiplayer to represent different velesl (including ground targets) in the same
scenario. For example, the GiantStik could be flown as an adversary versus an

Aerosonde. We could likewise insert a variety of other aircraft, including general
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aviation (GA) aircraftsuch as a Cessna 2L.@r Piger Cherokee. The use of this multi

player mode to support DSA scenario simulations will be discussed in detail in Chapter 5.
3.5.3 Tests of the Synthetic Environment in Clarenville

During an Aerosonde mission, all Piccolo AP telemetry received at the GCS is
reocrded to a Atelemetry fil eo. These telem
UAV position information and the Piccolo autopilot control outputs during a mission.

The primary use of these telemetry files is to allow playback of previous nassipthe

GCS. When connected to FlightGear, this would also produce a synthetic view of the
mission in the flight simulator. We discovered that it was possible to intercept this
telemetry during flight, and once packaged in an appropriate data strabisireguld be

sent to FlightGear at the same time as the telemetry file recording. In this case the view
in FlightGear is no longer a simulation or mission playback, but rather a representation of

what is actually happening during the mission in reagtim

We have already conducted testing of this practical use of the FlightGear
visualization toolduring Aerosonde training flights in October 200Figure 3-22 shows
the visualization display active just to one side of the G@8kstation The FlightGear
display on the left computer was driven by Aerosonde telemetry, which was intercepted
from the main GCS computer over a serial port normally used for harilwtreloop
testing. The computer o nde that accomplighdédtthish o st e

telemetry interception, and then transmitted it to FG in external FDM input format.
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Figure 3-22: Synthetic Environment Active during Live Aerosonde Flight

The accuracy of the stmetic view was good enough to determine the UAV
position and attitude in real time, and to show other environmental conditions during
flight. During one mission it was noticed that the sun disk displayed in thenfi@ation
was touching the western hoon, which is the legal definition of the onset of sunset
(MacDonald & Peppler, p. 108)With this information we alerted the AVO and manual
pilot, who were then able to stdhe recoveryoperation in a timely manne This was
critical as we were prohibited from flying after sunset under the SFOC in place at that
time. The successful landing of the Aerosonde was accomplished at about the same time
that a full moon was rising. This was also visible in the FG limaitgn tool. One of
the postlanding pictures taken is shown kigure 3-23. This picture became one of the

trademark photos from these series of test flights of the Aerosonde.
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Figure 3-23: Postlanding Picture of Aerosonde Framing a Full Moon

3.5.4 Extension of Synthetic Environment for B_.OS Control

An extension of the FG visualization tool allows the creation of a simple yet
powerful enhancement to the Aerosonde GCS. As alreadyrd#rated, the FG
generated forward (cockpit) view could be used to drive a virtual piloting display at the
GCS. While a live video feed is the preferred option here, the synthetic view could be
used to augment the live video display. This could be wseenhance situational
awareness such as in situations of poor visibility due to weather or time of day. The
synthetic view could also be usedylond eLOSrange, or when the video signal drops
below a certain strength. The amount of telemetry neededvi® ttie FlightGear visuals
is much smaller than the equivalent video feed, and may even be possible over very low

bandwidth satellite phone links. It would be most effective if the synthetic and real video
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views could be combined into the same virtudbtpg display. This concept is

illustrated inFigure3-24.
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I S I, Inevideo > |¥
Video Recelver "
() N

GCS Display  f@a h 4

{LH Screen) Combined »30 Hz I rleniaear
video (Synthetic

B Video/FG paging Image
(RH Screen)
Fli ear
I ghtc FOM External FDM
Use \
E —p afc tddemetry FDM States
53C5 Stage Box
GCS PC GCS 1o FG Bridge

Figure 3-24: GCS Enhancement using Combined Video Display

While the live video feed is of good quality and usefuls thiould form the
primary background image in the Virtual Pilot view aé t6CS. A HUDor bottom
cockpit dials would be used to provide a complete virtual pilot experience. When video
imagery degrades, synthetic ¥@nerated elements would replace thé irmagery. The
virtual pilot could also select some synthetic elements to beladeon top of the real
imagery to enhance the display. The HUD is an obvious example, as would artificial
enhancement of the runway location, through use of the simgat@rated edge

lighting. This would be very effective when landing in poor visibility conditions (i.e.
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equivalent to IFR with manned aircraft). The synthetic display could also display any
detected entities, either targets on the ground, or other rérlargets nearby, assuming
these are detted via other sensors (e.g. Automatic Identification System ({@&thips,
ADS-B, TCAS for cooperative aircraft, etc.), even when these target are well beyond

normal visual range or visible in the video feed.

Most of the pieces needed for this system have been tested within Project
RAVEN, especially the synthetic FG environment and extended range video, however it
must be stressed that a fuihytegrated version of the concept illustrated in Figu® 3
remains afuture subject for research, possibly as a focused electrical or computer
engineering project. The concept of combining -Weéeo with synthetic visual
enhancements should be possible even with fairly simple anelgght electronics A
form of suchan enhanced video, combining real video imagery with synthetic elements,
is thebasis of the OSised by the EagleTree FPV produEsgle Tree Systems, 2013)

used in the 2013 VR Experiments documented in Se8thd

3.6 Summary: Effect of Enhanced UAV Control Methods on Safety

An enhanced method to remotely operate a UAV manually could be a significant
improvement to the overall robustness and safety of the system. A FPV viewehas be
shown, both theoretically and through experiment, to improve the accuracy of precision
flying, if used by a properly trained manual pilot.  This improved accuracy should
enhance the safety of UAV flight during takeoffs and landings. The FPV view also

provides a means to accomplish manual emergency landings should the need arise.
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Instead of the UAV simply crashing into somendom location, FPV may be used to

guide the aircrafto asafedeadstick (i.e. engine out) landing, perhaps on an abandoned

field or road. Thisemergency landing capability &n important element of manned

aviation safety andrained for by manned aircraft pilot$f applied to small UAV

operations this could represent s i gni f i marstt rfamietgiggnaibatedd wo ul ¢

a nonzero value in the | term used in equation?

FPV and enhanceBLOS vision technologies couldsobe used to improve AVO
situational awareness and reduce the-aiictollision risk?. The enhanced range FPV
view, if combined withsynthetic enancements, would benefitAV operations in times
of reduced visibility. Traffic deonflicting also becomes a possibility sit manned
aircraft be encountered and an emengy avoidance maneuver becomecessary.
Without such a system, the AVO is indeblind, and would have no chance to do
anything about the situation. This is one of frimary complaints of smalJAVs in
their present form.  Any improvement situational awarenesshould provide an
improvement to the Rvaiure (i-€. the chance #i the UAV fails to avoid a collision) term

in equation2-2.

2|t should be noted that Transport Canada does not give much credit to the use of FPV technologyitds agmsssand avoid
technology in its present forrfiTC SF623001, 2014) However, with sufficient development, especially if a BLOS synthetic
environment could be fused with data from a DSA system, it could one day benomtegal part of a possible BLOS remote
piloting system.
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Chapter 4 Enhancements to UAV Visibility

In this chapter we will explore methods and technologies which may be used to
enhance the visibility of the small UAVThis of course is directly related to thed-Air
Collision threat posed by the small UAWVe will begin by determining the theoretical
limits of the ASee and Avoido principal w h
followed by the results from the research of several proposed visibitgncements,
including:
1. A thorough study of a pogde lighting system for the UAV;,

2. Using transponder technologies to enhance UAV detectability; and,
3. Providing the UAV with an atband radio capability.

The goalis to improve the chances that others ia same airspace will be able to
spot the small UAV with sufficient warning to avoid traffic conflictlus addressing
Quadrant 2 of the DSA Situation as shownin Table 1 (i . e . nCan the UAV
avoided?) Not e al so that tlye® aowursde bte cefxtewnidsidbi
visual detection means, especially if operation of the small UAV invmral weather

conditions is to be contemplated.

4.1  Theoretical Visibility Estimates

In this section, the probability that a small UAV would be sbgna manned
aircraft will be estimated. In addition to the small UAV, the detection ranges for different

sized manned aircraft will be included. These may be used to create a preliminary
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specification for the requirements of a hypothetical UAV visiargs®y system. The
ability of a pilot to see another aircraft is of course directly related to human visual acuity,

which will be summarized first.

4.1.1 The Human Factors of Vision

Perhaps the most important ability of a human pilot is the sense of sighas It
been suggested that up to 80% of the sensor input used by humans comes from the eyes
(Chapanis, 1996)and this is especially true for the human pilot. The human eye is
extraordinarily sensitive and has remarkable detectiapabilities, although these

capabilities have limitations.

4.1.1.1 Visual Acuity

The visual acuity (i.e. resolving ability) of the human eye varies depending on the
type of detection being attempted and background illumination level. In general, visual
acuity cecreases as the complexity of the target detection task increases or when
background illumination is loChapanis, 1996, p. 218)n increasing order of difficulty
(and decreasing acuity) these tasks may be classfiied a
Detection (detecting the presence of something);

Vernier (detecting misalignments);

Separation (resolving gaps between parts, lines, dots, etc.); and,

A

Identification (letters, object classifications, etc.)
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Normal healthy eyes are able to detect lirdgects which subtend as small as 0.5
arc seconds, provided the objeetshrsome length (i.e. at leastdi®arc). This detection
ability is well below the theoretical limit based on optical diameter on the retina and is
more related to the ability to shiriminate fine changes in contrast. A very distant thin

line (e.g. an antenna guy wire) appears as a discontinuity against the background sky.

For diskshaped objects the resolving limit is 30-aex. The acuity to resolve two
distinctly separate objex (disks or lines) is limited to 25 asec. The ability to identify
2-D shapes (e.g. letters or the silhouette of aircraft) is akin to acuity testing using standard
ASnelling Lettero charts. For thiaenisort o
generally considered to be 0.8 aninutes resolutionwhich over 5 minute arc letters
all ows one to distingui s lClarkf2000) Ehgsa vajudse , an
are valid assuming good target to backgroundtrast (i.e. dark black letteegainst a
white background) and normal indoor lighting conditions. For the resolution of dark
objects against a bright background (i.e. an aircraft against the sky) the target size
detection acuity increases with backgnd luminance as seen Hgure 4-1, which
summarizes these various classifications of normal human visual acuity. Note that
normal indoor lighting is approximately 100 Lumens, while outdoors at midday it is 1000

Lumens.
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Figure 4-1: Visual Acuity versus Background Luminance(Chapanis, p. fig 6.7)

The theoretical eye resolution power may also be estimated based on the physical
charactestics of the eye. From elementary photonics, the angular diameter of a point

source on the retina may be calculated f(&nmedman & Miller, 2004)

D=244 ' (4-1)

q optic

Where:
D = angular diameter of focused point
& = wavelength of | ight

doptic = Opticaldiameter ofocusing element
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For the human eye, assuming an average iris diameter of 5 mm and using 500 nm
wavelength for light (yellowgreen), this results in a point size of 0.244 mrad (5&ecg
about 0.83 armin). This compares well with the resolving limits as described above

(Chapanis, p. 220)

I n termsoofi .igp.i xefysi val ent to digital
tempted to consider the total number of pgoes on the retina and simply divide by the
complete peripheral vision range for an average person. However, this is misleading
since the field of view of higinesolution for the human eye limited to approximately
+/-15°0ff-axis from the center of ga. This corresponds to the region of the retina called
the Fovea, where the concentration of the cetmmsitive cones is highesOutside this

area, the resolving power of the eye drops dramatically as summarizigdiias-2.

Distance of target from
fixation (degrees)

Figure 4-2: Visual Acuity and Center of Gaze(Chapanis, pp. fig.68)
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If we were to take this central highsolution area and consider the best-tiisk
diskresolution power (i.e. 25 asec = 0.4 areninute), one would estimate that at least in
the central area of the retina, the equivalent number of pixels would be a circular region
approximately 4500 pixels wide (i.e. 15.9 million pixels, or an equivalgure region
just under 4000 x 4000 pixels). This is approximatelyténes the resation of a typical
NTSC format TV screen and explains why higher resolution computer screens (as well as

high definition TV screens) are definitely detectable as suchdst people.

4.1.1.2 Field of View (FOV)

For the average person, only the centrallbPfield of view corresponding to the
Foveacan be considered as the high resolution human field of view. However, vision
extends well beyond this range, at least in ternthefbility to detect objects, especially
motion, on at least a rudimentary level. The outer limits of peripheral vision varies
considerably from person to person (as well as by gender and age), and depends on both
optical properties of the eye (i.e. FQ) the lens) and also the ability of the eyes to
rotate. The normal FOV for human binoculariaisis an elliptical region 200Ride by
1323 high (Schiefer, Patzold, Dannheim, Artes, & Hart, 199B) addition, although most
are not consciously aware of it, the human eye automatically scanghefand updown
in minute motions called Saccades. The signals from the retina are integrated by the
visual cortex region of the brain to give a coherent view of abe80%/ Thisintegration
process al so -$potregidnsfthe retina. tThisis thelareanwhere the optic
nerve enters the eye, and is devoid of sensing cells. If these saccades are somehow

stopped (e.g. such as through the use of immobilizing ddopsg eye exams) one
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Figure 4-3: Practical FOV Limits (Chapanis, pp. fig.45)

Of course, the pilot can also turn his head. The ergonomics of this situation have
been studied at length to detene practical limits for this head motion, especially in the
design of marmmachine interfaces, for example aircraft cockpits or the interiors of

automobilesFigure 4-3 gives a summary for normal human operators when taking into
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account the most acute eye FOV, eye rotation and head turAsmghown the neutral
human lineof-sight is angled downwards at®fsom horizontal, which explains the most
common arrangement seen in aircraft cockpits and automobile dashboards. From an
ergonomic standpoint, it is important to not rely on frequent and continuous head turning.
While it is possible to turn your head back and forth perhaps every other second, to do so
continuously would rapidly become very tiresome. For this reason, theinmasttant
information (e.g. front windows and flight instruments) should be kept within a relatively
narrow forward region (perhaps B®@ide), but additional information (sideindows,

radio and engine controls, etc.) can be placed over a wider horizontalertical area

(Chapanis, 1996)

It is interesting to note that during particularly intense maneuvers (e.g. final
approach during aircraft landings), human factor researchers including this author have
noticed that most fots have already fixed their gaze more or less in the forward
direction, with very little sidgo-side head motions, as they become fixated on the target
in front of them(Hobbs, p. 11)Any scanning at this point Isnited to the view directly
out the front of the aircraft, and the most important cockpit instruments, such as airspeed,

rate of descent, altitude, and the ILS glglé ope i ndicator. Thi s

fixationo) is frequenmtigpecrite®das naamajadli ol

and Avoi d@SBireporhAD00OPA5%E 2000)
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4.1.1.3 Sensitivity (Night Vision)

The sensitivity of the human eye to bright light sources, especially at night, is
important in the detectioof lights on aircraft, especially the awbllision strobe. Once
adaptedo dark conditionsthe sensitivity of the human eye increasby several orders of
magnitule (approximately x18), but generally at the expense of the ability to distinguish
colours(Wandell, 1995) In the early years of nuclear physics, dadapted humans eyes
(usually those of graduate students!) were noted as being the most sensitive instruments
for detecting very small numbers of particle (pmtemissions. Legend was that they
could detect a single photon, although later experiments showed that a burst of 5 or more

photons over a particular timeframe is required to be detectable by the human visual

system(Friedman & Miller, p. 138)
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Figure 4-4: Densities of Receptors othe Human Eye (Osterberg, 1935)
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The large increase in eye sensitivity in low light conditions is explaiyethdo
dilation of the iris and also the increased light sensitivity of the rods in the retina. While
most of the colousensitive cones are concentrated in the fovea region, the rest of the
retina is covered by the more plentiful (and sensitive) rodsir&ig4 shows a summary
of the measured densities of rods and cones in a typical human eye (x1000 Per mm
where thecomplementary nature of the two may be seen. Note the gap due to the blind

spot(Osterberg, 1935)

In theory in dark (starless and moonless) night conditions, a human pilot might be
able to detect the antollision lights of another aircraft from as few as 1 to 5 photons (for
black/white) and 10 to 15 photons for colour determination. The smallest detectable
luminance is approximately Familli -lumens(Chapanis, pp. Table-B). Of course, the
inside of an aircraft cockpit at night will not be completely dark. The actual sensitivity of
t he pil ot 0 sill lkelyebe anaavterage iofgnlghdapted vision and the light
conditions inside the cockpit. Red bdahting is typically used, as this has been shown
to cause the least amount of degradation of raglapted human eyesigfROA, 2014)

We will return to this discussion of night visibility in the section on aircraft lighting

systems in this chapter.
4.1.2 Day-Time Visibility

The human factors summarized in the previous section may now be applied to
estimate the limits of the Iman pilot in terms of the ability to detect another aircraft

during day time VMC conditions.
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4.1.2.1 Maximum Detection Rangebased on Photonics

From elementary photonics, the angular size (radians) obj@ctoof size L, at a

distance Ofrom the observer may balculated from:

g= 2Arctar%ez%8 (radians) (4-2)
g -

Which for small anglg(i.e. d < 1), may be simplified as
g= (57.3)(60)2%8 (arcmin) (4-3)
(5; -

Either equation malge use in conjunction with human visual atplimits to estimate
themaximum (ideal) detection range. Alternatively, we may also estimate the smallest
detectabldgarget at a given rareg Consider the heaxh view of three aircrathown

approximately to scalin Figure 4-5.

S N
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r

Cessna C172, Wingspan = 36’ (11m)
Aerosonde,

Wingspan = 10°
(Sm)

F 3
¥

King Air, Wingspan = 54’ 6" (16.6 m)

Figure 4-5: Head-on Views of Three Different Aircraft
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In Figure 45, the small size of the Aerosond@r(/10ft wingspan)is apparent
when compared to a typical GA aircraft (Cessna C172, 11m/36ft wingspan) and the larger
twin-turboprop King Air (16.6mb4.5ft wingspai. If we consider the characteristic
geometries of all three aircraft, we may idealize them as:

(@8 A slender horizontal bar (wings); and,
(b) A prominent central diskiijselage).

Next, consider the minimum legal sighting distance under current VFR rules,
which is 1 statute mile (1609 m) in uncontrolled G class airspace above 1000 feet
(MacDonald & Peppler, p. 115)Fromthis distance, the ability to detect the wings will be
limited by the very slender nature of airfoils. However, the eye can detect very fine linear
objects subtending as low as 0.5-sec. At 1609 m this equates to a thickness of only 4
mm (e.g. an antenna guy r@). However, this ability exists only if the object also
subtends at least® bf arc in length(Chapanis, 1996) Usingthis later limit we may
estimate that the minimum detectable wingspan at this range as:

(1deg)(®GOarcmin/ deg)= (57.3)(60)§e|mg
¢1609-

\ L,, =28m

This suggests that none of these aircraft have wide enough wingspans to be
detected, at | east based on the eyebs abi

fuselage might be easier to spot. Assuming a-teest deteatn limit is 30 aresec,
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which is the absolute limit for human vision in bright lighting, we might estimate the
minimum diameter detectable as:

éfmin 6
30 aresec/60 = 0.5arcmin = (57.3)(60)&2——Q
216092

\ £, =0.234m

This is approximately the diameter of the Aerosendiselage. The Cessna
fuselage is approximately.52m (5f) diametemwhile the King Air is 2.1m (7jtdiameter
Therefore, it seems th&erosonde is at the lowdimit of detection at 1609mwhile the
two larger aircraftwvould theoretically be detectabht longer range, the Cessnalét2
km, and the King Air at 14.6 km. However, we mb&t careful when using these
estimates as they embased on ideal object to background contrast, laboragimyng
conditions, and prolonged attéon by the observer This is also detection of a point
object, which is hardly enough to recognize another aircraftdetpractical conditions
especially timdimited detection taskshe asamed human visual acuity limit (i.e. 30 arc
sec in this casejould be lower bya factor of tenChapanis, 1996) There is also the
effect of whether an uoued pilot would even be scanning the right area of the sky for

maximum visual acuity to apply.

Based on the AFRL results (i.e-16, of similar sie as the Cessna, detected at a
maximum range of 3 km by the average USAF pilot), a scale factor of approximately 3.3
seems appropriatvicCalmont, et al., 2007) Hence, the adjusted maximum detection

ranges would be 488 m fdre Aerosonde, 3.1 km for the Cessna and 4.4 km for the King
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Air. The Cessna and King Air detection ranges comply with the VFR visibility rules, but

the Aerosonde is too small to be detectabkeminimum 1.6 km (Ini) range.

4.1.2.2 Maximum Detection Range Esthat e based on Johnsonébés C

An alternative estimate of detection range may be made basedooh ns on 6 s
criteria These criteria were developed for the U.S. Army in the 1950s to estimate the
target size required bgn observer (sensor or human) to aaeplish an observation task
with 50% success rat€riedman & Miller, pp. 45). Thesecriteriaare
Detection (i.e. The presence of somethin@)5 to 1.0 line pairs;

Orientation (including estimata motion direction) 2 to 3 line pairs;

Reading Alphanumeric (English charactér£).5 to 3 line pairs;
Recognition (i.e. is it a tank or artillery piecé?3 to 4 line pairs; and,

ok~ 0N RE

Classification (i.e. is it a-72 or Sheridan tank?)6+ line pairs.

A line pair is one way to define spatial resolution. It is equal to a dark bar and a
white space (often also called one cycle) across the critical dimension of the target.
Crudely, the number of pixels is approxielgttwice the number of cyclgsriedman &

Miller, p. 6). The critical dimension is usually the diameter or width (across a uniform
disk or square shape, respectively). For an irregular shape it may be estimated as the
square of the area. These criteria hewetinued to be used during the development of
targeting systems into the 1980s. Recent researchers have also extended them to the
analysis of digital imageryfVollmerhausen, 1999) Estimates of the probability of

success havieeen modeled successfully using these relationships:

138



N, 8
P(N) = %L (4-4)

Where:

Nso= Number of cycles needed to be resolaedbss the target dimension &0 percent
of the observersotget the target chaccorrect (with the probabilitpf chance

subtracted); target dimensiantypically taken as the squammt of target area.
N = Number of cycles actually resolved across the target

E=  An empirical scaling factor, equal to:

N

&
E=17+ 0.55\1— (4-5)
C'Vs0

QOO

Theempirical scalingactor (E) is the outcome of over foulecades of targetservation
model development (including field tests) and was the currently accepted formGgsiof 2

(Friedman & Miller, pp. 1112).

Theapplication of Johnsonés C4and4sbrta a,
determine the probability of success in four levels of target detection neybearized
as shown in Figure 4-6. The number of pixelsequired to successfully accomplish a

certain observation task ireases with the task complexity.
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Figure 4-6: Probability of Target Detection, Classification, Recognitionand
Identification (Friedman & Miller, p. 13)

Returning to the stimate ofaircraft detection rangewe would needat least 4
pi xels across the t ar gd0% chaneerofidetéctigiad. thedi me n s
top curve in Figure 4). Using the estimated pixel resolution of the human eye (0:5 arc
min), we would therefore require an overall target size of at least 2r@iarcBased on
the fuselage diameter, the estimated eafty 100% chance of detection for each aircraft

is therefore:

Aerosondg0.23 m dia.) = 494 m (0.34i)

Cessna (1.52 m dia.F 3266 m (2mi)

King Air (2.1m dia.) = 4585 m (2.8%ni)
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These calculationb ased on Jo hagseweld with Be pravius i a
photonicestimatesssuming the inclusion of the AFRL scale factor (i.e. Aerosonde = 488
m, Cessna = 3.1 km, King Air = 4.4 kra¥ in Sectiol.1.2.1 We can conclude that the

minimum detection range for the Aerosonde Ui\approximately 500 m.

4.1.2.3 Effect of Human Field of View (i.e. Visual Scanning)

When combined with eymall and modest head rotation, tihegion of good
scanning is generally defined as & @@de cone out frontFirst, we consider the drop in
visual acuity asan object appears furthaway from the center of gazelo model this
effect, we apply a cue/fit to human eye visual acuity curweFigure4-2 and find that an

exponential arve fitsthe measured acuity as showrFigure 47.

Acuity versus Off-Axis Angle

’\ = 1.56 -0.0579

0:2 \\
~1

0 20 40 60 80 100

Off-axis Angle

Figure 4-7: Curve Fit to Off -Axis Visual Acuity
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If we take 1.5 as maximum (ideal) visual acuity, we may estimate the maximum

detection range (R of a fuselage {;,..,) Over a range oénglesfrom the center of

gaze by using Equation3t

i f
(1.5)(0.5§rc min) - (57.3)(60) fuselage
acuity R ax
i f
0.75&r(-:m|n — (573)(60) fuselage (4-6)
acuity R o

ff |
\ R__ =(57.3)(60)(acuity) ———29°
ax = (57.3)(60)(acuity) 075

Applying equation 4% for the three aircraft beingonsidered over a range of

viewing angles off theenter of gazewe obtain the resultsaeen irFigure4-8.
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Figure 4-8: Detection Range as a Function of OfAxis View Angle
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We can now use the estimated drops in visual acuity to calculate the modified
chance of target detection for our aircraft at 1609nm{L r ange, using t he
Criteria method of the previous section. These results are summariziggiie4-9, and
show a marked drop in detection range (and probability of detectieakisffrom a fixed
forward gaze. This shows the danger inher
aircraft could literally blingside the preoccupiedpilot. However, assuming the pilot

continues to maintain a good visual scan, the forwa?diédv should be monitored fairly

evenly every few seconds.

Probability of Detection at 1 Mile
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Figure 4-9: Probability of Detection at 1609m ( mi)

The effect of pilot visual scanning is difficult to quantify precisely but may be
approximated as follows. The azimuth angle as se€igure4-8 andFigure4-9 will be

blurred by approximately 20 Therefore, the visual acuity in theS9 range will extend
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out to 2025° range, and all subsequent results will be as shown, only shifeedE2@n

with this broadened scan area, the detectability for an aircraft approaching from an
azimuth angle of only0°or more would still be quite low (< 20%) even for the largest
aircraft being considered here. In the case of the very small Aerosonde, without any form
of visibility enhancements, detectability at 1609mn¢l) will be near impossible even

when approdtng heaeon.

4.1.2.4 Safety Aspects of Daytime Visual Detection

Preliminary estimates of the maximum detection ranges for three aircraft have
been made using several different techniques. Based on these results, the safety of the
minimum sighting rules seen imicent Aviation Regulations may be called into question.
Assuming a headpproach direction, the Cessna and King Air could be detected at a
maximum range of 3.2 km (&) and 4.6 km (2.85ni) respectively, assuming ideal
lighting conditions and that thalgt is actively scanning. Detection beyond 4.8 km (3
mi) seems unlikely. The Aerosonde is very small and would only be detected at close

range of 500m (1640 ft) even under ideal conditions.

The danger of an aircraft approaching at somewi$ anglg>4Q) is also clear, if
human visual scanning is relied upon. Unless a pilot is actively searching for other
aircraft, it is unlikely he would be looking in the right area of sky to detect the aircraft in
time before it approaches to very close ranghis is in fact the typical scenario in most
air-to-air near misses reported, especially for GA airc(afobbs, 1991) Accident

investigation reports involving midir collisions universally acknowledge the limitations
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of BkbBe &dnd Avoido principal consi dESBed s
Report A12C0053, 2012)hese limitations have been documented many times in the

literature(Hobbs, 1991as wellas by the FAAFAA AC-90-48-C, 1983)

The previous discussion assumes VMC conditions. In less than ideal weather
conditions (overcast, rain, fog) visibility would be more limited so relying on visual
methods (e.g. lights) tor@vent collisions will not ensure safety. An alternative form of
visibility enhancement in the form of instrumentation (e.g. a transponder) is needed in

such norvisual conditions.

4.1.3 Night-Time Visibility

Estimates may also be made of the limits of humasionito detect another
aircraft at night. The discussions which follow assume #tigig VMC conditions, and
that the aircraft are equipped with a standard aviation lighting system. Lack of VMC
conditions (or lights) would of course render any aircesfientially undetectable using
solely visual detection methods. Note that the next section makes reference to several
Canadian Aviation Regulations (CARSs) related to night flying requirements and rules.

For convenience, a summary of these regulationsbadound in Appendix C.

4.1.3.1 Detecting Aircraft at Night

Assuming the aircraft is carrying a properly functioning set of navigation lights
and strobes, it will be spotted at very far ranges, especially in good visibility conditions.
The detection of a digtalight against the background of the night sky is similar to that of

spotting a star in the night sky. This is where the subject of photonics overlaps that of
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astronomy. Theanecdotal comment within the astronomy community is that properly
dark-adapté human eyes are capable of detecting sky objects down to a magnitude of +6,
though some claim as high as (&ark, 2009) Here we are using the relative magnitude

scale used by Astronomers since antiquity, and which wamaltigbased on the order

(or fAclassodo) in which stars appear to the
6" magnitude stars were by definition considered the faintest observable by unaided
eyesight(Keill, 1739) This magnitude scale has been expanded upwards and downwards
more or less using a logarithmic scale, especially to cover the situation of very faint
objects that are normally invisible to the naked human eye. This magnitude scale is
interesting from an histical perspective, but for practical calculations we need to relate

human eyesight capabilities to engineering units and quantities.

Fortunately, much work has been done to characterize the capabilities of the eye,
especially at night, for obvious reasoof flight safety. The light intensity requirements in
the aviation regulations imply a detection range of at least 3.2km)(@ViacDonald &
Peppler, p. 109) The ability to detect an illumination source is diectlated to its
contrast against the backgroundiinance of the scene. For example, attempting to spot
the light of an aircraft against a dark night is much easier than against a busy background
(e.g. town/city with lights), or a night sky dominateg ¢ky glow or a full moon. The
minimum detectionthreshold for a human eysght has been studied extensively,
including studies of the special situation for human pilots viewing scenes close to the
ground(Federal Aviation Admistration, 1997) A useful correlation has been developed

for this situation versus the background luminance (B) as follows:
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log(Ev) = 0.64log(B) - 5.7 (4-6)
Where:

B = backgound luminance

E, = llluminatondet ect i on t hreshold of Pil ot 6s

This equation will return En whatever units are used for B. Assuming the use of

standard Sl units foluminance (Cd/m”2), typical background luminance may be

characterized as given ifable 4-1 (Halm, 1996) Note the logarithmic nature of the

luminance values from dark night to clear sunlight sky.

Table 4-1: Typical Values for Background Luminance

Condition Value | Units | Ey[CdimZ2] Comments
Darkest Sky 400 | pCd/nf | 7.98E10
Typical Night Sky| 1.0 | mCd/nf | 1.995E09 Argentia experimental
conditions
Moonlight Scene| 1.4 | mCd/nf | 2.79E09 | Ground scene in full moonligh
Cloudy Sky 1 kCd/nf | 0.003990525
Daylight Scene 5 kCd/nf | 0.009976312 Ground scene in full sunlight
Average Clear Sky 10 | kCd/nt | 0.013966836

A more gener al expression such as
attenuation of a light source as it passes through the atmogphiedman & Miller, p.

48):

(4-7)

Where

147

Al

Ey



R = Range(m)

V = Atmospheric Visibility (same as R, but in km)

U= Attenuation faair through the atmosphered. 0.2 = 20% drop per km)
| = Power intensity of the light source

Er = lllumination intensity at range R.

Note that r the units of to be consistent, the value ofiR the denominator
should be in base usi{i.e.metrs) TheV term in the exponens the same quantity, but
in units of km tomatch he attenuation unit (i.e/km forU) . The relatddioe of L
the propagation of light through the atmosphere, which is associated with the effective
visibility. A correlation for (&kriednamr ne o

& Miller, p. 48)
Visibility (V) = 30 -8)

For example, if the visibility is quoted as 10 or 15 km, the corresponding
attenuation (U) would be 0.3 or 0.2 (per
atmospheric conditions at low altitude, especially haze, dust or precipitation. However,
for typical VMC conditions near sea level, the above mentioned rang®.@).2ppears
appropriate,especially when compared to empirical data as summarized itJ.te

Navyos R3gBlberchant280i)a s e

Using a conservative value of attenuation of 0.3, and assuming the minimum

brightness requirements for the lights (i.e. 40 Cd for the navigation lights, 400 Cd for the
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strobe), wemay use equation-4 to generate a table of light intensity levels for the two
classes of lights at increasing ranges, as summarizédbie4-2. By comparing these
with the estimated human eye detection thresholds &able4-1, we can determine the

maximum range where the lights might be seen by a human opemrtqil@t).

Table 4-2: Light Luminance Intensity at Increasing Visual Ranges

Range | NAV LIGHTS STROBE Comments
(km) (1=40 Cd) (I =400 Cd)
1 2.963E05 2.963E04
2 5.488E06 5.488E05
5 3.570E07 3.570E06
10 1.991E08 = 1.991E-07 RED/GREEN viewed siden
15 1.975E09 1.975E08 Maximum range for NAV LIGHTS
(normal night) viewed heaon
17 8.438E10 8.438E09
8.094E09 Maximum range for NAV LIGHTS
(darkest night) viewed heazh
20 2.479E10 2.479E09
20.5 2.031E10 2.031E09 Maximum range for STROBES
(normal night)
22 1.666E10 1.666E09
229 7.921E11 Maximum range for STROBES
(darkest night)
23 7.620E11 7.620E10

The comparison between the estimated human detection threshalue 4-1)
and calculated light intensities at increasing vigwiranges Table 4-2) yields the
following results. In the case of the NAV LIGHTS, assuming we are viewing them head
on (i.e. aircraft pointing towards us), the maximum range is estimated to be 15 km

(normal night, lighter blue higights) and as high as 17.1 km (very dark conditions, dark
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blue highlights). If viewed siden (aircraft turned 90 so pointing either wingtip
towards us), the light intensity is approximately 1/10, so one order of magnitude lower.
The maximum detein range would then be 10 km as noted by the cyan highlighting.
In the case of the STROBE, which emits 10x the power of the NAV LIGHTS, the

corresponding estimates are 20.5 km (normal night) to 22.9 km (dark night).

Based on these theoretical estinsatiie navigation lights should be seen at 10
km, and the flashing strobe at 20.5 km in typical VMC conditions at night. At first these
estimates may seem far too high. However, consider the case of an airliner as it passes
overhead on a clear night atuse altitude. Most will spot the strobe first, when the
aircraft is still over the horizon, about 25 km away. When it passes directly overhead (10
km altitude) the strobes are very easy to see. Some may also note the red/green wingtip
lights, but likdy only when it is overhead. The intensity of the flashing strobes may
however dominate the relatively weak red/green wingtip lights when viewed at extreme

range.

Our observations of a hypothetical UAV light set does support the contention that
the strobds by far the most obvious light visible, and easily spotted at ranges of at least
2.6 km which was the farthest range we tested. The intensity noted even at 2.6 km
suggested the range of visibility to be many times this tested range. It was alsthatoted
the steady red/green lights tended to be overpowered by the strobe flashes even at this

range. This will be discussed in detail in Sectdah
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4.1.3.2 Determining Orientation*®

At night, the ability to distinguisbetween thalifferentlights on the aircraft (i.e.
their separation) is required if we are to detieke orientation. fiis is directly associated
with the visual resolutiohmits of the human eyeEquation 42 may be used to estimate
the apparent angular separatadrihese lights as powsiources, and increasing range from
the viewer.  Assuming no attenuation effect, we might estimate #mgggar size of a
3m (10 ft) wingsetas summarized ifable4-3. Note that the light experimergsults

mentioned in the comments are discussed in the next section.

Table 4-3: Angular Separation of Wingtip Lights at IncreasingRange

Range| Angular Size Comments
(km) (Arc-min)
0.5 20.958048 Light Experimen RangeB1
1 10.479024 B2
1.609| 6.512755749 B3
2 5.239512
2.4 4.36626 Worst case naked eYiee. Marr, 1982]
2.5 4.1916096
2.6 4.030393846 Lookout range, also average visual acuity of 4ranc.
2.9 3.613456552 Best case naked eyjjee. Wegman1995]
3 3.493008
4 2.619756
5 2.0958048
6 1.746504
7 1.497003429
8 1.309878
9 1.164336
10 1.0479024 Limit if 1 Arcmin (not reasonablg!

3 For this section, the reader unfamiliar with standard aviation light standards may wish to reference-EiguApendix C.
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Reviewing the calculations ifable 4-3, the assumptionl aremin resolution
capability foraverage human visual acuity clearly does not apply for the-hightlight
detection task. Mst certainlythis limit is based on ideal (indoor) laboratory conditions,
and not applicable to night.Also, in order to determine the orientatiof multiple light
points a mini mumehsmiddédmt od e & Liitemiad ovil de
required if we are to achieve at least 75% accuracy, which suggests a much lower limit of
about 4 Arcmin. Te practical limit olnaked eye visual acuigt night(i.e. its ability to
discern very close light points in the sky) has beeto@acern for astronomersince
antiquity. Thelimit for naked eyes to resolve a point source is quoted by astronomers as
0.81.0 aremin (Siegd, 2010) This would mean an overall object size of 4-@ana

would be needed to distinguish two or more

Similar analysis by others concerned about computer screen resclugjgesta
minimum human visual lint of 3.6 aremin (Wegman, 1995) An earlier theoretical
calculation based on eye anatomy suggested a limit of 4.3®&iar(Marr, 1982) A
valueof4arami n t heref ore appawaesag®o blei mi tvefryr gl
eyesight at night. It would of course be very informative if a human factors experiment
was conducted to test these theoretical limits for human eyesight. This is the subject of

the next section.

4.2  Experiments with Anti-Collision Lights

Based on the preceding theoretical discussions, the use afodision lights is

hypothesized to be an effective way of enhancing the visibility of small UAVs. However,
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there is the question of what sort of lights and whether the geometiid make sense on

a very small wingspan vehicle. Is it simply a matter of duplicatingsfaé#éd manned
aircraft practise, i.e. with red/green wingtip lights and a strobe? Would they be equally
effective both night and day? At what range could adrpilot see the lightquipped

UAV? In an attempt to answer these and other questions, a series of experiments and

field tests were conduct&d
4.2.1 Night-Time VFR Light Experiment

A nighttime VFR light experiment was conducted in Fall 2013 to determine
wheter aviationgrade navigation and astollision lights would work on a small (3m
wingspan) UAV in terms of the ability to detect the UAV and also determine its

orientation.

4.2.1.1 Light System Requirements

Night-time visual flight rules (VFR) as currently imptented in Canadian
Aviation Regulations are based on the premise that all aircraft will be equipped with a set
of lighting equipment Wwich meets or exceedssat of minimum requirementsThese

lighting requirements (cf. Appendix C, Figure2t may be summarized as follows:

a) Navigation/Position Lights

Each aircraft operating at night must be equipped with a set of navigation

(Position) lights as follows:

1 The Interdisciplinary Committee on Ethics in Human ResealiclEHR) paperwork for the review and approvafl this
experimen{ICEHR Reference #20H0493EN) are included in Appendix F.
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Red Navigational LightT on left wing tip, projectingAviation Red over an arc
from Q0° (directly ahead) to 11@ountefrclockwise. The light must have a minimum

intensity of 40 Candles (towards front) and 5 Candles when viewed from the left side.

Green Navigational Light 7 Similar to the red light, but on right wing tip,

projecting Aviation Green.

White Position Light i On the tail, projecting backwards over a 44éc. The

light must have a minimum intensity of 20 Candles over the entireatd0

b) Anti-Collision (Strobe) Lights

The aircraft mst be equipped with an antbllision (strobe) light system which
provides 360 coverage in the horizontal plane, and7%? coverage in the vertical plane.
Note that depending on the aircraft geometry, multiple strobes may belrieentwer the
complete azimuth and elevation angular ranges described in the CARs (for details see
Appendix C). The anitollision lights may be either aviation red or aviation white lights,
with an effective flash rate of between 40 and 100 per minLite. intensity of the strobe
must be at least 400 Candles over the’3@0izontal plane. The intensity in the vertical

direction may be dimmer, but cannot drop below 20 Candles3Q tg +/75°.

4.2.1.2 Candidate LED -Based UAV Light System

A powerful, lightweight and power efficient set of lights were acquired as a
possible candidate lighting system for small UAVs. The AveoFlash LSA light system, as
shown inFigure 410, uses banks of ultraright LEDs to create the minimum intensity

and coverage arcs for thanous colours of the navigation lights.
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Figure 4-10: AveoFlashLSA 3-in-1 Light Set (Courtesy of Aveo Engineering)

The lights includean integrated strobe feature which provides the-aoilision
function. The LED strobes are very bright, almost dangerously so, and care had to be
taken to prevent eyesight damage when closidee units when they were functional.

The integrated design means that the navigation and strobe light requirements can be
satisfied by a pair of lights fitted on the wingtips of the UAV. The pair of lijashesat
about a 1 Hz rate, with a triple flagt each major flash interval, similar to that found on

many modern manned aircraft light systems.

The lights are designed &xcept a wide range of voltage inputs, with 12 VDC
being nominal. Since the lights are LERsed, the power consumption was quite low,
2.2W1i 5.3 W (navigationi strobe loading). The lights are compact, 100mm long x
45mm wide x 30mm high at the top oethdi® med o0 ar e a, and fit on

the RAVEN fleet, particularly those with a flat wingtip af@aeo Engineering, 2013)
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4.2.1.3 Light Installation and Test Stand Apparatus

The light set was installed on the wingtips o8ra (10ft) wingset from a small
UAV. Wires were routed inside the wisgt and terminated using plugs to allow reliable
and safe connection to the power supply. A blue synchronization wire was used to

connect the pair of wingtip lights together, suchttthe strobe flashes were synchronized.

A custombuild wooden stand was available within the project, having been
constructed the year before for another purpose in the RAVEN Project. The wing set
was bolted onto the c esofeatumed a pivoteptatioom withe ct i o |
regular 22.5 interval azimuth settings pmaeasured. This made the stand ideal for the
light experiment. The complete wing set setup, installed and powered at the end of the

main Argentia runway at dusk conditions, niegyseen ifrigure4-11.

Figure 4-11: Night VFR Light Experiment Test Stand
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4.2.1.4 Argentia Test Range and Conditions

This experiment was a human factors experiment, designed to deteths
average ability of a typical human to be able to see the UAV lights, and if possible also
determine its orientation based on the light distribution and visibility. The test range for
the experiments wadong themainrunway at theabandoned U.SArgentia Naal Station
as shown irFigure4-12. The test procedure requiredclear lineof-sight betweerthe
test stand at Location &nd (bservation Sites at Locations B1, B2 and B3, to a maximum
distance of 1609m, which madeetuse of a runway ideal. The site also had very little
active lighting in the direction the observers would be viewing. The timing of the
experiment was chosen to be during a new moon period, to ensure maximum darkness
and to prevent the untimely risingf the moon which could ruin night vision. This

restricted the test times to only a few fiti

‘A (Aircraft)
181 (500m)

&52/({1000m)

Argentia, NI AOBCanada Argentia

Figure 4-12 Argentia Test Site with Test Ranges Noted
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4.2.1.5 Experimental Procedure

With the wingset installed on the test stand and powered, the test operator at
Location A positioned the winget by turning it on the stand such that it presented
different azimuth view angles to observers at positions B1 through B3. Eight positions
were used as summarized Tiable4-4. The angles used followed the standard nautical

bearing sense (i.e. clockwise is positive, counteckwise negative).

Table 4-4: Wing-setAzimuth PositionsTested

Code | Azimuth (deg) Descriptions

P1 0 Aircraft Pointing towards observation post (front view)

P2 45 Aircraft turning RIGHT at 4%relative to observation post

P3 90 Aircraft turning RIGHT a0 ° relative to observation post

P4 135 Aircraft turned RIGHT and heading away from observat
post at 45

P5 180 Aircraft Pointing awayrom observation post (rear view)

P6 225 Aircraft turned LEFT and headingvay from observation
post at 45

P7 270 Aircraft turning LEFT at 99relative to olservation post

P8 315 Aircraft turning LEFTat 4% relative to observation post

At each of the Observation locations, tests subjects were brought inside the
darkened cab of a large Recreational Vehicle (RV), simulating-tigktconditions in a
cockpit  After allowing vision to adjust to the dark conditions, the test sequence was
started. Five random positions were used for each test subject. The order was
randomized, and not all azimuth cases were tested for all subjects. Repeats of test points

were also possible. The idea was to present a completely random set of cases, and to
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eliminate the possibility of test subjects guessing. Once each azimuth position adjustment
was done, the Test Operator at A communicated to the Operator at B in thatcte th
wing.set was fAin positiono and the subject wa

1) What lights can you see?
2) What is the orientation?

The correct determination of the relative direction of another aircraft at night,
based on the navigation lights visible, is an obvious safetgideration. This ability is
gererally not an automatic one, bohe learnedy people in aviation or nautical fields,
both of which use the same conventions forigiion lights (i.e. red = left/porgreen =
right/starboard). For this reason gisud aid was provided for the observers during the
experiment- a small UAV model with the position of the ngation lights showri to

assist the observers.

The answers for each test subjegtre recorded by the Tester at location B, who
also did not know th order of the positiond n t hi s way, any possi bi
was reduced since neither the test subjectTester at B knewhe realtest orientations

being used at A

This procedure was repeated for all test subjects. The RV was then fadiied
down the runway to the next position, and the entire test sequence was repeated. This was
done until all test subjects were tested at all three observation positions:
1) B1-500m

2) B2-1000m
3) B371 1609m
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The experiment was conducted on Saturday nigl@ctober, 2013. The weather
at the start of the experiment was @ast, about @, with light winds (5 kts). A total of
thirteen (13) human test subjects arrived. The subjects had a good spread of agds (24
years), and a 5/8 split by gender (Beimale). There was a blend of members from
Project RAVEN, signiftant others, plus eouple enlisted from the nearby community of

Placentia. A total 085 observations were made at each of the three viewing ranges.

The first observations at B1 (500mvere conducted somewhat slowly as everyone
became accustomed to the test procedure. There were concerns about the late start (9:15
PM) and also the possibility of the weather deteriorating. It took a little over 1hr to
conduct the first set of testsThe results of each set of recordings will be summarized in
the next section. After this was completed, the RV was moved to the B2 (1000m)

location.

The second set of tests started at 1(P80. By this time, a light drizzle had
started, which hampedevisibility out the window due to water droplets. However, the
lights on the wingset were still visible, especially the strobe flashes. The windshield was
wiped frequently to keep the water droplets under control. However, this did cause delays
and resulted in the B2 series taking much longer. The RV was then moved to the final

B3 (1609m) location.

The thirdserieswas started at 12:15 AM. By this time the weather had cleared

and the drizzle which plagued the 1000m series had stopped. The tenepeadtdipped
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and there was some concern about the health of the equipment and Operator at A.
However, both performed admirably, and the third set of observations were finally
completed at 1:3AM. The human subjects were dismissed and the crew began the

teardown procedure at A which was completed BywR

4.2.1.6 Analysis of the Results

The results from the VFR Nighiime Light experiment were analyzed to
determine the observation accuracy for all of the observers at each sighting distance.
While it is true tlat the sample size of the number of human subjects is small (13) the
total number of observations at each viewing location (65) does permit the determination

of overall trends in the results.

This first thing that was noted for all observers at all obsenvaranges and
viewing angles was that the strobe (flashing) of the vgeiglights were always visible.
This confirms the hypothesis that simply carrying a strobe, flashing af imdediately
makes the UAV easto be spotted. The maximum range teddadng the expriment
was 1609m However, later observations from as far away as the lookout location
described in Chapter 3 (av.6 km away), confirmed the strobe was immediately
obvious at this range too. Thus, the addition of just thecaflision strobe feature
shouldimprove thechance that the small UAV woulzk spotted by human pilots, at least

out to a rangefd.6 km (1.6mi).

The ability of the observers to determine the orientation of the aircraft-geing

was dso assessedy comparinghe observed position (what each person thought they
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saw) against the actuabgition as recorded by ti@perator at position A. To permit a
numerical accuracy to be calculated, the error in the observed positions versus the actual

position was calculatl using these rules:

If observed position = acal, the accuracy i$00%

If observed position within +#45°(i.e. ane position step), accuracy 5%

If observed position was off by -80°, accuracy is 50%

If obseved position was off by +1359 accuracys 25%

Worse than this was deemed to be an accuracy of 0%

The last rule representshe worst case scema where the observer has

misinterpreted the orientation by Pg@.g. taiton as a headn situation)

The accuracy results are shownFigure 4-13 for each of the three ranges Bl
(500m), B2 (1000m) and B3 (1609nm) the form of polar plots. These summarizthe
observation accuracy versus the real orientation of the-seh@s represented by the
Aerosonde UAYV icon in t center (i.e. 0° = heazh, 90° = right side view, 180° =tah,
etc.). A mark on the outer circle indicates 100% accuracy, while a mark at the center
denotes 0% accuracy. The first three polar plots show the results sorted by gender. The
lower rightis summary of all three observation rangg®ring genderplotted togetheto

permit a comparisan

There wasalmost no difference between genders in terms of observation accuracy.

The heaebn and taHon orientations were the easiest ones to be determamerally at an
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accuracy of 75% or better. The most difficult positions were the 4&&xadfpositions,

especially those pointing away from the observanese were the source of all of the 0%

accuracy results.

(B1) (B2)
500m Accuracy versus View Angle 1000m Accuracy versus View Angle
0° O Males 0° O Males
100- VN A Females 100 Eg A Females
315° 75 i 50 315° 7578 5
50 50
25 £
0 a1 -t o 70— A= o B [0
il
225° Eg 35° 225 Zk 35°
A
180 180°
(B3) (B123)
1609m Accuracy versus View Angle Combined Accuracy Results
0 O Males N X 500m
nebd A Females 100 X . -Io- igggg
315° 75¥YN— ° I
315° 75 - 5°
507 so
57
270 2701!‘5 I e - + %90
+
225 — - 35°

g

Figure 4-13: Position Interpretation Accuracy versusViewing Angle at: (B1) 500m;
(B2) 1000m; (B3) 1609m; and, (B123 Comparison of all three ranges.
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The resultsshow adegradation of observation accurate with range, which was
expected. However, the degradatfrom 500m to 1000m is mualorse tharthe step
from 1000m to 1609mIndeed, the results pgar to improve between the secamdl last
set of data. e drizzle during mutof the 1000m observatiofigely deteriorated these
results. Howevereven in the face of adverse sighting conditions (i.e. rainy weather,
water onthe windshield, etc.) tahmajority of the observations were still 50% accurate or

better at 21000m.

A surprising result is that even at 1609m, a full mile away, the majority of the
observations were able thstinguish the orientation of the aircraft, espg alongthe
cardinal directions {.e. Front/Back and Left/Right). There were a few instances of
confusion over red/green versus left/right which may account for the lower accuracy at
27C azimuth {.e. which is when the RED wingp was pointing towals us).
Therefore, even on a very small aircrafe.(3m/10ftwingspan), the red/green wingtip
light method does appear to work, and the brightness and separation of the colours is still

sufficient to permit orientation to be determined.

4.2.2 Extended RangeObservations

Unfortunately, ime did not permit a check of the light visibiligt longer ranges
on the same night as the VFR Nigime experiment.One month lateduring the next
new moon pedd, the Night VFR experiment setup wasassembled in Argem to
accomplish two tasksFirst, still and video footage was recorded of the vaegsetup at

each of the three ranges B1 through B3. The original intent was to do these recordings at
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the same time as the experiment. However, concerns over thedfafee delicate video
camera equipment in the wet weather (drizzle) promhtisdstep to be skipped On the
night of November 8, the video recordings were conductéiipugh no without some
equipment failures due to tleeld weatherincluding failre of a mounting system for the

hi-res video equipment whiagmpactdthe quality of tie imagery obtained.

Next, the observing crew moved andassembleat the locatin of the lookout
area about 2.&km away. From this vantage point, the lights oa Wingset were
immediately visible to the four people present, especially dtleetdistinct strobe pattern
used. This was how we were first able to locate the distant wetgstand. When the
wing-set was rotated we could discahre dange in orierdtion, but not based on the
ability to see individual points of light. Instead, the orientation could be determine as the
dominant colour of what appears as a fat singleint light sourceshifted from mostly

white, red/white, red/green together, greentgytthen back to white again.

The ease by which we could locate thengwset due to the strobis very
important. We may conclude thatsdong as we are able to carry a strobe, it appears the

UAV would be visible at nighin VMC conditions, at lest 2.6km away.
4.2.3 Daytime VFR Anti-Collision Light Testing

During the seup of the lightstand both on the day of the nighthe experiment
and the later saips for the video recordings, we were able to make observations of the
lighted wingset during kight noorhour conditions, midfternoon and about 1 hour

before dusk. It was noted that the coloured lights, especially the green, was very difficult
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to seein full sunlight However, the strobe flashes were still visible. Indeed, it was
usually by seing the flashing lights that the eye was able to locate the position of the
wing-set against the busy background beyond the end of the runway. Predominantly this
was the ocearand green forestetérrain beyond. The inability to see the green light
mack determining orientation difficult at 1000m, and impossible at 1609m. Orientation
could still be determined at 500m, by everyone in the crew (about 6 people) still located

at the GCSocation

As the light conditions started to dim, by around 4RM. (1 hourbefore sunset),
the coloured wingtip lightsould now be seen quite cleadyt torange of1000m. But
deermining the orientation at609m range was still very difficult, mostly due to sun
glare on the ocean surface beyond the end of the sunwblowever, just like in the

results from the Nightime observations, the flashing strobe pattern could always be seen.
4.2.4 Conclusions from Anti-Collision Light Experiments

Based on the results of the Nigihe VFR experiment, and additional
obsenations both at day and night conditions, we may conclude the following concerning

the use of aviation lights on a small UAV:

1. The anticollision strobe is easily spotted, particularly at night at least to a range of
2.6km as tested. The brilliance of terobe even at this range suggests that the
theoretical range limits calculated in Section 4.1 may be valid.

2. Determining the orientation of the small UAV appears possible out to at least 1.6
km based on the ability to see individual lights, but only dunigipttime VFR

conditions.
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4.3

3. The limit of human vision acuity to discern distinct points of light at night is

estimated to be 4 amin. For our light set on a 3m (10ft) whsgt this
corresponds to a range of about 2.6 km, where the different lights togegaer
to form a single point source. Our observations from 2.6 km validate this

theoretical estimate.

. The ability to see the red or green witiyg lights in conditions of full sunlight is

limited, perhaps only to a maximum range of 500m.

. Equipping asmall UAV with an anticollision strobe should allow it to be detect at

least 2.6 km away during night, and also up to 1.6km away during the day.

An Equivalent UAV Vision Capability

Assuming we wish to equip the small UAV with a machine vision systetratha

least matches the capabilities of a human pilot we could write the following requirements.

4.3.1 Visual Acuity

The visionsystem should have the followimginimumvisual detection capabilities:

1. Shall be able to detect a Cessmee aircraft at a minimum rge of1609m (1mi)

assuming Daytime VMC conditions.

. Shall be able to detect amllision lights in Nighitime VMC conditions at a

minimum of3.2km (2mi), and resolve wingtip navigation lighteparated 3m at a

range of 1.&km.

. Shallhavean instantaneaFOV of 6(°. This would be @&entral conical area S0

wide (1% half angle) with very high resolution equivalen#00 pixels wide (i.e.
15.9 million pixels in a circular region). The remaining area can be equivalent to
NTSC resolution.

4.3.2 Field of View and Scanning Ability

Thevision system should have the following minimum FOV and scanning abilities:
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1. Shall have a minimuntield of Regard (FOR) of +/11(° horizontd and +£15°
vertically.

2. Shall scan the entire range of azimuth and elevation anglestbteze every 10
seconds.

4.3.3 Better than Human Vision Abilities

By meeting the above requirements, the UAV vision system would be equivalent
to a very consistent and perceptive human pilot. However, simply matching human pilot
visual capabilities is not sufient, given the acknowledged limitations of normal human
vision. A better option may be to reduce the guaranteed detection range (e.g. to 1000m)
while giving the UAV the equivalent of HD resolution capability but with a full°F8DR
in the horizontal [ane. A vertical FOR of +B(° should also be possible. This could be
implemented by a camera with a°@e0V, using a fast rotating scan to sweep through
36 of azimuth. Such a vision system would exceed any human pilot in terms of
situational awaregss in VFR conditions, in particular the ability to detect collision threats

approaching from behind.

4.4  Transponder Technologies

Transponders can be a very effective way to alert cooperative airspace users of
each ot her 6s p1Cgosdtitudeeporting versibreis thé préferred type in
this role, especially to prevent malr collisions. If the transponder is also Mefle
compliant it will also respond to TCAS interrogations. Transponders allow ATC to

monitor the location of each aircraft withiheir control zone, assuming the transponder is

168



powered and within range of the search radar being used by the control tower. Two

different transponder technologies have been investigated to date in this project.

4.4.1 Miniature Mode -S Transponders

During flight tests of the Aerosonde Mk4.2 in 262008 a small Mod&
compliant transponder was installed and flown at both Clarenville (CCZ3) and Bell Island
(CCV4) Airfields. A very lightweight transponder, the MicroAir T2000UAS, was
available which fit ealy within the Aerosonde Mk4.2. This transponder is a UAV
specific version of the T2008 with the pilot controls and display removed, as shown in
Figure4-14. This unit is very light (52@), and small (approx. 134 x 61 x 1m). Also
important was the low power consumption (200 mA at 14VDC, or 2.8W), and relatively
strong signal (200W pulse). With the removal of the pilot interface, the T2006®&) &V
designed to beontrolled via remote control, through 32 commands on aedicated
DB25 connecto(MicroAir, June 2009) The altitude reported by the transponder is set
using telemetry data from the Piccolo Il autopilmmmunicated on the R&E2 as serial
data. These features made the MicroAirideal transponder for use on the Aerosonde

UAV.
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Figure 4-14: T2000-S and UAV-S Transponders(Courtesy of MicroAir Pty.)

Ground tests of the MicroAir transponder were accomplished at the PAL hanger at
StJohndés I nternational Airport (CYYT), and
by ATC. However, it was during flight operations at Clarenville and Bell Island that the
usefulness of the transponder would be seen. The T200RJAY also Mode&s
compliant, meaning it will respond to inquiry broadcasts from standard TCAS avionics
sets currently standard equipment in all aircraft above a certain size and passanger
(FAA AC-12055A, 1993) During flight operations in Cienville, one such event
occurred when an Air Ambulance KingAir flew overhead. The pilot reported a traffic
advisory contact in the vicinity of the Clarenville airstrip, and also its altitude, bearing and
airspeed as determined by the TCAS system they ugng. This occurred even though
the estimated closest range to the airway they were using was at least 3 km away to the

southwest. The Air Ambulance TCAS could see the Aerosonde, but ATC in Gander
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could not, as we were well beyond the range of thedéasearch radar, especially given
the terrain between Gander and Clarenville. However Gander ATC was aware of our
presence at Clarenville due to the SFOC Hiotice to Airmen NOTAM) we had filed,

and advised the Air Ambulance pilot of our experimeblt&V operations.

During a second series of flight tests at Bell Island on June 18, 2008, a
transpondeequipped Aerosonde was flown over the airstrip, which is located on the
northwest coast of the island. We were located about 2km north of the appatia¢t
Runway 11 at St. Johnés International Airp
so we would not conflict with air traffic on this approach vector. The weather conditions
were such that this was the approach being used at around noen, sekieral
commercial aircraft flew overhead. Each reported a TCAS traffic advisory, similar to the
experience of the Air Ambulance pilot in Clarenville. Since we were toamng using
an Air band radioa requirement since we were usaigactive runwgaon Bell Island we
were able to hear both the pilot and ATC exchanges concerning these TCAS events. One

typical exchange was that of an Air Canada A319 captain:

Pilot: i Tor bay tower this is AC flight xxx, re
VERY| owéaround sea | evel égoing 50 knotsé. . pl
Tower: AéRoger AC f1light XXXxé.that i's experi

runwayéo

Pilot: ié. Roger édi dndét know these could be seel

tracking them pretty goodeéeo
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Similar exchanges were noted with a WestJet B737 and an Air Labrador8Dash
also landing on Runway 11. What is key is all of these aircraft could see the Aerosonde
on their TCAS systems, and all reported what must have appeared as a very strange
contact (ie. a 50 kot aircraft at sea |l evell). We cC ¢
flyers, especially the larger passenger planes which must use TCAS, are able to see our
UAV if equipped with a Mod€s compliant transponder like the MicroAir T2000UA8/

and ata significant rangei.€. at least &m).

4.4.2 Automatic Dependent SurveillanceBroadcast Transponders

RAVEN has also been experimenting with the use of AD8ansponders as
another method for cooperative aircraft traffic-amfliction and collision avoidance
Each ADSB avionics set determines its own position using GPS, and broadcasts this
information using 1040 or 975 MHz (these two bands are proposed for larger aircraft, or
smaller types which fly below 6008 (18,000 ft), respectively). All ADS receiwers in
range are therefore able to determine the location of all other sirrelguipped aircraft.

It is proposed in the U.So0 replace the presemitanspondebased air traffic control
system with the ADSB based method by 20Z6ederal Aviation Administration (FAA),
2010) The ADSB system also allows other information to be received, including
weather,terrain, NOTAM/Advisory information and also position information sent by
ATC for aircraft whose location is known vidher means (e.g. traditional transponders or
search radars). This last dfgion capability remains an active research area in the

follow-on research activities after Project RAVEN.
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45  Air -band Radios

A technology that hasverlooked for UAVs is the pwision of a tweway radio
communication capability. For manned aircraft, tway radio communications with
other aircraft, and between aircraft and ATC, are major contributors to the situational
awareness of each pilot who share the same radio chafiesability to be able to hear
status and position reports, and also the stated intentions of each pilot, especially close to
busy airports, is cited in VFR and IFR regulations as a major requirement and is a
contributor to the overall flight safety reggn{(MacDonald & Peppler, 2000) The
inability of pilots to communicate with

complaint against theifiKirkby, 2006)

It is proposed that all UAVs should bevgn the ability to communicate their
status and intentions to other users of the airspace, and ATC, in a manner exactly like the
regular radio calls that are the standard practise in manned a@tit@ Inc.). This
capabiity could take the form of the UAV acting as a relay station to the GCS. Ti@ AV
would then assume the role of the manned pilot, communicating with ATC and the other
aircraft using the same standard language and following standard radio call procHdures.
this method is used, every AVO would have to be traiaed certified in the use of
aviation airband radios, or hold the equivalent of a GA pilot lice(iacDonald &

Peppler, p. 217)

An alternative form of thicommunication capability could be an autonomous

two-way communication channel centered on the UAV. The UAV could be programmed
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to respond automatically when it detects another aircraft in the vicinity, or if it detects it

has entered a controlled airspamone. The automatic response could be triggered by a

TCAS or ADSB query, radar/transponder sweeps, or when the channel detects a message
directed at itself (i.e. assuming the use of a unique call sign similar to manned aircraft).

This would require soe form of speech recognition and artificial intelligence to ensure

the UAV fivoicedo responds properly. Thi s

when the UAV is flying in very remote locations outside the range of any GCS.

4.6  Summary: Impact of Visibili ty Enhancements on Safety

Without some form of visibility enhancements, it is unlikely that small UAVs
would be visible to manned aircraft at anywhere near the normal sighting distances
implied in aviation regulations. Theoretical estimates suggest graah UAV such as
the Aerosonde is unlikely to be spotted until it is less than 500m away under ideal

daylight lighting conditions.

With the addition of an antiollision strobe, nightime visibility should improve
when VFR conditions prevail. Based aighttime observations, the strobe should be
visible at 2.6 km range or more. During daylight conditions, observations indicate the
strobe would still be visible up to 1.6 km away. Therefore, the Estimated Level of Safety
of the small UAV could be impwved simply by it carrying a set of aviatignade lights,
in particular an antcollision strobe. This would improve the chances that a manned

aircraft might spot the small UAV with sufficient warning to avoid traffic conflicts and
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reduce the probabilitgf a midair collision. This would apply whether or not the other

aircraft is ceoperative (i.e. using a transponder), but only in visual flying conditions.

If the small UAV is equipped with a small Mo& Transponder (i.e. one
compliant with TCAS integation protocols), it will become visible to both ATC and
any aircraft nearby equipped with TCAS. The range of detection has been demonstrated
to be a minimum of 3 km. The range for detection by ATC has not been measured
rigorously but should be at Istathis range or better, especially given the improved
sensitivity of the grountbased receive antennas used by the control towers at major
airports. ADSB may have a similar effect, but only in a cooperative DSA environment.
Unlike the light system,hiese transponddrased enhancements will work in Raisual
(IFR) conditions. If combined with the TCAS functionality, detection of the small UAV
should be automatic at the 3 km range. This would greatly reduce the risk-afrmid

collision, especiallyn controlledairspace.

Equipping the small UAV with a twavay radio would be a simple but important
enhancement to safety, simply by enhancing the situational awareness of all pilots and
ATC in the area of the UAV presence and intentions. This may als® the beneficial
impact of improving the perception of the UAV amongst pilots, who might start to regard

the UAV as a cooperative member of the airspace community
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Chapter 5 4D Simulations andAvoidance Maneuvers

The topicof DSA related to UAVs naturally leads the subject of 4D maneuvers.
4D maneuvers refer to two UAVs which are synchronized in both space and time in such
a way that they encounter each other (i.e. 3D space plus time or 4D). The ability to create
a rich set of repeatable 4D maneuvers isiatdor enabling the colleatn of realistic ai
to-air datawhich may be used to develop DSA sensors and strategies. They are also a
means to conduct validation testing of any hypothetical DSA method. But setting up 4D
encounters is not easy. In thisapter a simulation environment will be described which
may be used to develop 4D maneuver fligleins and DSA before committing to
expensive field testing until confident they will work. A discussion of typical 4D
maneuvers will follow, including an irdduction to an improved 4D maneuver method.
Finally, assuming a collision threat is detected, what avoidance maneuvers are possible
for either the manned aircraft or small UAV? Is such an avoidance maneuver the best

option and what form should it take?

5.1 4D Encounter Simulation Environment

An aerodynamic simulation environment has been developed which permits the
simulation of dualUAV encounter scenarios in refine. This section will describe in
detail how this simulation was developed, the mathealabasis for the simulation and

the enhanced features recentliglad to support 4D simulations.
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5.1.1 Historical Background

The current simulation environment is the result of over 8 years of development.
The simulation has evolved greatly and has beed temany different purposes. It
was originally developed as a mission simulation and planning tool to simulate typical
ship inspection scenarios by small UAVs in the Newfoundland offshore environment
(20052006). The simulatio started as aenhancenma of a demo simulation included in
the original AeroSIM toolkit for MATLAB/SimulinkUnmanned Dynamics, 2006)The
original visualization method uséke MicrosoftFlight Simulator 2004. However, poor
reattime performanceand the closed nature of this commercial product limited the
possibilities of customizing the simulation. The visualization method was switched to
FlightGear (FG), a free opesource flight simulator. A key feature of F@as that it
permitted the usefan external simulation to drive the Flight Dynamics Model (FDM).
Even at this early stage of development, the MABL3imulink simulation was able to
drive the FG visual display on the same computer, as showrigure 5-1, with
reasonable performance. This methmmild also be used teend FDM across the
internet toaremote PQunning the visualization tooFG). The simulation also included
a rudimentary autopilot simulation which could control the UAV heading, speed and
airspeed. This was used to simulate typicatshibre inspection maneuvers, involving

orbiting a moving ground target (i.e. ship) at typical distances o6800n.
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FlightGear

Visualization

AeroSIhd

Zimulation

(MATLAB)

Figure 5-1: MATLAB Simulation and FG Visua lization on the same Computer

The simulation was upgraded and used to assist in the development of Automated
Takeoff and Landing (ATOL) control algorithms from 2006 to 2008. ATOL scenarios
were developed for the Aerosonde Mk4.2 and the GiantStik at ldrer@ille Airfield
(CCZz3). This simulation included a model of the Piccolo Il Autopilot and also featured
manual override pilot controls using either a joystick or R/C controller. Custom ATOL
control algorithms wes added to thevaypoint following methds used on the Piccolo Il
and used to simulate automated landing approaches. This representation of the autopilot
and manual controls are still present in the current 4D Simulation. From 2008 to 2010 the
simulation was used to develop the initial autapgains for various R/C aircraft to allow

them to be converted into small UAVSs.

Finally, following a threeyear hiatus, the ATOL simulations were revived and

used as the basis for the development of theentidD Simulation The Multiplayer
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feature inFlightGear was used to support the simulation of multiple aircraft in the same

airspace. This final form of the simulation is the basis of the 4D Simulation Environment.

5.1.2 Simulation Structure

The basic structure of the AeroSibased simulation may be seenFigure 5-2,

which shows the top level of the Simulink model.
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Figure 5-2: AeroSIM Simulation Top-Level in Simulink

The major sulsystemsf the simulation are

Aircraft Model - The core of the simulation is an aerodynamic simulation of a

small airframe in MATLAB/Simulink, built using the AeroSIM toolkit, developed by
Unmanned Dynamics IngUnmanned Dynamics, 2006) Note that thiss not the same
as theAerospace toolkit included in some MATLAB installations. This builaerospace

library is more suitable for larger airframes, and is optimized for controls development
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work. The AeroSIM library from Unmanned Dynamics was developed specifically t
allow the simulation of smaller aircraft, in particular UAVs like the Aerosonde or small
R/C type aircraffUnmanned Dynamics, 20Q6) The mathematical basis of thagcraft

model is provided in the next section.

Autopilot - This is a representation of the Piccolo Il autopilot, which will be
described only at a very high level here. A detailed description is provided in Appendix
E. Outer Loop controlloops are used to calculagpeed, heading and altitudemmands
The noninal waypoint followingmethod defines these based on the range and distance to
the next waypoint. Additional modes indkl waypoint orbit and simulated active
guidance to a target. The Outer Loop commands are used to drive a set of Inner Loops.
These hner Loops are PIEbased control loopshich control the pitch, yaw, roll, altitude
and velocity neded to achieve the Outer Loopnemands, by manipulating the flight
surfaces (elevator, aileron, rudder and flaps) and engine throttle settings. The outputs
from theAutopilot are feed to the Aircraft Modelock which includes detailed models of
the effects from the flight surfaces and throttletting. The manual control overrides are
located just underneath the Autopilot an@ direct inputsof the flight surfaces and

throttle settingswhich may come from a standard R/C controller or a joystick.

Inputs from FG T This is an AeroSIM interface module which allows the

interception of FG outdunformation This is used in the current simulation to rettlra
ground altitude obtained from the FG terrain mesh. This is used for ATOL control

modes.
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Outputs to FG i This is the AeroSIM interface module which outputs the curre

aircraft state This information is used to drive the FDM in FlightGear, and thmasige

the visualization of the UAV.

Input from Other Aircraft T This was added to the 4D Simulation, and mimics

the function of DSA sensor such as an AB®wvionics box. The position of the other
aircraft (latitude, longitude and altitude) in the mu#iyer simulation is input to the
simulation through this interface block. This has been used to simulate a basic DSA
capability, namely the ability to detect the position of another aircraft. This can be used

to drive either pursuit or avoidanbehaviouw by the aircraft

The Aircraft Flight Dynamics Model (FDM) is the Plant block in a classical
feedback control system. The Autopilot simulation serves as the controller. Shown
schematically, the complete UAV simulation then becomes a feedback systemfarih
shown inFigure5-3. It is important to note that the outputaond input from FG are used
solely to drive the visualization tool (FG) and do not directly affect the physical
simulation of the aircraft motion. The onlyaeption is the autopilotGuidance,
Navigation and ControlGQNC) programwhich mayreact to position iformation from

another=G instance, assumirtgis GNCis activated and programmed.
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Figure 5-3: Schemaic diagram of 4D Simulation

5.1.3 Mathematical Basis of theAircraft FDM

The AeroSIM aircraft block is an implementation of a®k freedom (6DOF)
Flight Dynamics Model (FDM). Consider the typical diagram of an aircraft such as
shown inFigure 5-4 which shows the three principal position axis: Longitudinal (X),
Lateral (Y) and vertical (Z), and the three corresponding angles around each axis, namely
t he Rol I (a), Pitch (d) and Yaw (gisare The
chosen using a rightanded Cartesian axes system, identical to what is used in AeroSIM.
While it might seem odd that +Z is pointing downwards, this establishes positive yaw as
clockwise (i.e. right turn) as viewed from above, giving increasiagdimg nautical
heading angles. Likewise, the directions of positive roll and pitch are the normal

directions (i.e. positive is right, positive pitch is up, etc.).
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Figure 5-4: 6-DOF Diagram of Aircraft
Courtesy of CH Robotics(CH Robotics, 2013)

The FDM of an aircraft can be represented as a system of first orddéinean
differential equationgCook M. V., 2007) The simulation results are calculdhtéy
solving these for all the state variables with respect to time. Traditionally, this system of
equations is established based on body coordinates. Response in other coordinate systems
of interest can be obtained by transformation matrices (e.g. by asbDirection Cosine
Matrix, or DCM). The 6DOF flight model consists of six fundamensshte variables: u
v w (body velocities), and p q r (body angular velocities). Aircraft properties include the
aircraftds mass and moenefrGtasity (€6). Thencemptete a a b c
definition of the moment of inertia about all three axes ig3arBatrix:

Ow Oww Owa

‘0 06600 Ond (5-1)
04 ¢ "0d & O
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The signs are used to prege the righthand coordinateystem centered on the
aircraft CG. For mosaircraft, symmetry and uniform distribution of mass about tze x
plane can be assumed, so the products of inertia may be assumed to be zeya=(lyx Ix
= lzy = lyz = 0).Sincelxz and Izx are generally very small for a symmetrical body, we
may also assume that Ixz = Izx = 0. The linear accelerations along the three principle

axes can be expressed as folld@sok M. V., 2007)

6 i 0AL BOXE (5-2)
b R0 1 6 BO® (5-3)
O K6 /L BOF (5-4)

Where u, v andav are the linear velocities along the x, y and z axes. Likewise, r,
p, q are angular velocities about the x, y and z axes. Fx, Fy, and Fz are total forces along
each axis. m is the mass of the vehicle. In the AeroSIM model, mass is calculated at
each tme step, starting with the empty mass plus the current mass of the fuel tank. As
fuel is consumed, the mass of the fuel tank and the overall vehicle mass will decrease.
There will also be a slight shift of the CG positifmme or aft depending on wherine
fuel tank msition is defined. Note that thisnly applies to fuetlriven aircraft. For

electricpowered aircraft, mass is held constant, and these adjustmentsreaeessary.

The angular accelerations about the three axes can be expre¢Sedlas/. V.,

2007)
n BO G "O00d iTOm (5-5)

N B0 w "Ow 04 iT0ow (5-6)
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The monent terms take into account the instantaneous sums of these moments
about the aircraft CG in all three axes. This includes the effect of the aerodynamic
loadings on the various parts of the aircraft, in particular the main wing, fuselage and tail
surfaces In all cases standard ndimensional aerodynamic coefficients, inrfpaular
the Lift (CL), Drag (CD and Moment Coefficients (Cm) are calculated as functions of
the appropriate angles. All three angular conditions are considered, and not just pitch.
The effect of roll, pitch and yawing moments are calculated from the appropriate moment
coefficients based on how the body is moving through the airstream (iacttiad body
angles versus perfect alignmenith the free stream velocity). The effedttbe control
surfaces are included as deltas orséirominal moment coefficients, whiagpenerally
increase as a function bbw far the controsurface has rotated. The effect of the throttle
setting is also included, and is used to set the propeligtional speed. Propeller speed
ultimately translates into a thrust, primarily along the longitudinal axis of the aircraft and
thus mostly affecting the Fetm in equation . The effect of offaxis and sidehrust
are includedto account for fi-axis propeller line of force, which is common in single

engine propeller aircraft.

The rates of change of the roll, pitch and yaw angles may be calculated as follows

(Mathworks, 2007)

% N NROBG | G ii%QFe i — (5-8)
— RATH 11 Q& % (5-9)
r ROBG 1 wé i Mmé i — (5-10)
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To relate body velocities to the equivalent quantities using a-tbexth frame of
reference requires a transformation (i.e. body axis to Haf¢hence frame).  This

transformation is achieved by multiplying by the inverse of the DCM as fsl{@wok

M. V., 2007)
A0) 0
@éQ 060 0 (5-11)
0 0

Where Xe, Ye, and Ze are the corresponding positions in thefeadhreference frame,

and:
WET [ W&IE T | Q¢ 4"COF %Mo € | [ | Q& —CXBEI %o QE %o
000 [ Qe g MET | Q¢ @IEDNE %8 ("o | Q¢ B8 [ %o QE %o
i Qs — WE T —i Q& %o WET —WE 1 %o
(5-12

The eartHfixed reference position rates cfiange may therefore be calculated as:

WQ 6DETT DEIGET T 1 Q8 HOOF %EDWmE T [ | QE —OE T %o
i Qe i Q¢ %o (5-13
WQ 01 QET OOII-QET | 0t wiENE %E V% QET | "QE —0E i %o
WEI T I Q& %o (5-14)
Q00 NE BOET —i MEE i —0E i %o (5-15)

The AeroSIM aircraft block provides a numerical solution method (in Simulink)
which uses tese equations to perform integrations in time. Equatighghsough 54 are
used to determine the linear accelerations, and from these the linear body velocities u, v,

and w. Similarly, Equations-5 through 57 are used to calculate the angular
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acceleations which are integrated to determine p, g and r.  The change of the body
angles are then calculated using equatieB8strough 510. Equations-83 through 515
are used to calculate the corresponding change in the aircraft position in ternes of th

fixed-earth.

Once the body velocities areslkinpwangltéd e
both which are critical to determining the aerodynamic coefficients, may be determined

from basic trigopnometry:

OAT - (5-16)

— (5-17)

Simulink integrates the FDM mathematics for each time step, marching forward in
time. The size of this time step is criticak it needs to be fine enough for numerical
stability. However, if the time step is too small, the ability to simulate the aircraft in real
time is limited. For thesmall UAVs being simulated in this project, a base time step of
10 ms using the Rungeutta (ode4d) integration method gave a good compromise
between simulation stability and accuracy while still allowing the simulation to run in

reaktime.
5.1.4 4D Encounter Simulations using Multiplayer

The multiplayer feature buiih to FlightGear was intendetb allow users to
experience the realism of flying an aircraft in an environment shared by other aircraft
(FlightGear, 201Q) The FlightGear multiplayer method uses internet protocol ports to

output the local aircraft FDM datto a remote serveA corresponding input port is used
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to accept FDM datéor any other aircraft n t he | oc al area of the
limits on what will be displayed based on range, centered on the current view. Usually
this is the forwad cockpit view, but could also be a tower view or other external view
like a chase plane view, all which are typically near the local aircféfe range limit for
mostaircraft in FG is 5000m (5 kmjhough this is also useonfigurable in each aircraft
definition file. Several international server sitbgve been created to support the FG

Multiplayer mode.

Given the open source nature of FG, it was determined that any computer could be
used as a server, requiring only that the internet protocolafifess be known by the
other computer(s). An experiment was conducted where the server address for computer
1 was defined as that of a second nearby computer 2. Likewise, the server address for
computer 2 was set to that of computer 1. Once thépmt numbers were assigned the
experiment was successful and the two aircraft could see each other. The external views
on both FG instances also showed both aircraft existing simultaneously on each of the FG

visualizations.

Each computer was ¢h setupto host onanstance of theVIATLAB simulation,
and alocal instance of FG as the visualization tool. This created acdugbuter 4D

simulation environment as shownkigure5-5.
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TARGET UAV

INTRUDER UAV

Figure 5-5: Multiplayer -based 4D Simulation Environment

The UDP port numbers and IP addresses for each computer become the
corresponding remote settings for the other computer. For example, assuming the Target
PC has an address of 192.168.2.11 whieltitruder PC has an address of 192.168.2.12,

the Multiplayer settings for each computer then become as shovabias-1.

Table 5-1: FlightGear Multiplayer Internet Settings

Compute Local IP Multiplayer | INPUT | OUTPUT
Address ServerlP PORT PORT

Target | 192.168.2.11 192.168.2.172 5510 5520
UAV
Intruder | 192.168.2.12 192.168.2.1] 5520 5510
UAV

The FG multiplayer mode provides a stable simulation assuming a good internet
connection isnaintained. This works across any two computers located anywhere in the
world with an internet connection. The method also works for laptops using a wireless

connection. However, connection problems were encountered when attempting to drive
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the simulaton on remote PCs where one was protected behind a network firewall. As
long as reasonably powerful computers are used, the simulations run-imesg&l The

4D simulation environment provides a compelling visual test environment as shown in
Figure5-6. In this example, an Aerosonde UAV has just crossed in front of the first

aircraft, travelling from right to left. This environment was used to develop typical 4D

encounter maneuvers as discussed in the next section.

3 FlightGear

File View Location Autopilot Weather Equipment ATC/AI Debug Help

EEE
-

Figure 5-6: Screen Capture of a typical simulated 4D Encounter

15 This simulation is fairly matkintensive While a desktop or laptop can be uselde PC hardwarenust beable to run
both FlightGeaandMATLAB simultaneously. For this reason the minimum processor should be a Centrino Duo or better, although
an i5 or better is preferred. The PC should also have a good amount of memory (1GB minimum for WinXp based, 4GB minimum for
Windows 7). The PC muslso have good graphics capability to support the FlightGear visualization tool atsadtion (i.e.

minimum of1080x768, although280 x 800s preferredl
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5.2  Development of 4D Encounter Geometries

The creation of repeatable 4D encounter geometries is of obvious interest and
importance to anyone involved inetlilevelopment of DSA technologies. In spite of the
concerns regarding the UAV as a collision threat, deliberately creating the hazardous
situation of one aircraft being on a collision course with another at a variety of encounter

angles, is not a trividhsk.
5.2.1 Opposing Circuits

One of the simplest methods used to create 4D encounter scenarios, and a method
commonly used within Project RAVEN, is to use opposing circuits. This was the method
used during the ADB testing described in Chapter 4. In thisthod, one aircraft is
flown in a typical circuit, such that it flies down the center line of the runway once per
circuit. This is easily accomplished using a basiwagpoint autopilot flightplan as
shown inFigure5-7 in BLUE (i.e. ABCD). A second aircraft is now added, flying a
similar circuit but in the opposite direction (i.e. BADC) as shown in RED. Note that an
alternative method could be to define the second circuit as illustrated in GREEN.
However, assuming the manuyailots and GCS are located at the bottom edge of the
runway as noted, this GREEN flightan would involve one of the aircraft flying behind
the GCS every circuit. This is not normally done as it could pose a safety hazard. The
requirement that one af h e manu al pil ots must auibalgo fipiro
becomes very tiresome. For these reasons the RED and BLUE patterns are more

typically used.
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As suggested in the figure, the second circuit waypoints are offset slightly. A
difference in ditude of 1020m (30660ft) is also used as a safety measure. The idea is to
setup an encounter situation but not an actual collisidre geometry is ideally set such
that the aircraft encounter each other close to the center point of the runwaythdtiete

second encounter opportunity also exists between C and D.
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Figure 5-7: 4D Opposing Circuits (Ideal Case)

Even with this simple geometry, getting two aircraft to encounter each other at a
desired loation still requires careful timing and coordination by the manual pilots and the
AVO at the GCS. Typically, one aircraft at a time is launched and flown manually,
establishing a circuit close to the planned waypoint pattern, and it is then switched to AP
mode. Once the first aircraft is stable and flying this fliglain for a few circuits, the
second aircraft is launched, again under manual control. The samgllighs used by
the second aircraft, but in reverse order. The second aircraft is fi@mually such that

it is approaching Waypoint B (from the left) about when the first aircraft is about to fly
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through A (from the right). At this point, the second aircraft is switched to AP mode, and
hopefully will now fly towards A. If timed correlgt the two Aircraft will encounter

each other in a heash situation, about halfzay down the runway.

In practical field tests using this method, the limitations of the opposing circuit
strategy may be seen. Besides the obvious need for very predrsg tirhich wil not be
as straight forward in practical real flight conditiptisere is the issue of winds, which
havebeen ignored until now. With real aircrdhights, winds are shown to cause the
flight plans to shift from the ideal situation impliadFigure5-7. Even if assuming the
ideal case of the wind direction coming straight down the runway (i.e. nownedsone
of the aircraft will encounter a headnd, while for the other aircraft this will be a tail
wind. Ore aircraft will see a sudden increase in airspeed when it turns to fly down the
runway and its altitude will tend to fibal/l
this, but not completely before the encounter occurs. Similarly, for the otbeafiaihere

will be a sudden decrease in airspeed, and its altitude will tend to drop.

In the more typical croswind situation, the heading corrections for the two
aircraft will also not be the same, to the point where the flagms for each will bcome
distorted. The typical effects on a simplevdypoint flightplan in real flying conditions
can be seen iRigure5-8, which is a screen capture from the GCS dutiregf-ox Island
missiondiscussed in Sectiah4. The track record is shown in dark blue. The distortion
effects wildl be quite dif fwarnednt abradi mfddeonw nt |

aircraft.
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Figure 5-8: UAV Circuit in Real -World (Windy) Conditions

The fAballooningo effect of one of the
aircraft may also set up a situation where altitude separation, defined as a safety measure,
could become compromised. The accuracy of the airspebdlatude sensors may also
be questioned, especially in the presence of sudden shifts in the wind direction caused by
the aircraft making essentially ©furns at each waypoint. Airspeeds errors of up to 10
knots (5m/s) have been noted during Giant8ights. Altitude errors of up to 50 feet
(17m) are typical The airspeed and altitude errors conspire to prevent the type of
precision 4D fying depicted inFigure 5-7, to the point where the safe and reliable

establishment of a 4D encounter is impossible.
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5.2.2 Time-Synchronization Methods

Attempts have also been made to develop 4D algorithms which automatically
adjust for a common time of arrival of two aircraft at a defined 3D point in space. A small
distance erng usually a difference in altitudes, is used to prevent aamidollision from
occurring while still creating a close encounter and allowing the collection of sensor data
for a typical neamiss scenario. The development history of this activity witPrioject
RAVEN is summarized in a recent rep@fang, 2014) This section will outline the final

form of the 4D Synchradmation algorithm that wadeveloped and tested.

The time synchronization technique uses custom softwdiieh monitors the

location of two UAVSs, each contited by its own GCSas shown idrigure5-9.

LAy LAV
GCS 1 GCS 2
A A

UDP - UAY 4D P UDP
Nebhwork Sync Network

Figure 5-9: 4D Time Synchronization System Schematic

The 4D Sync software commuaites with each of the two GCSs, analyzes the

telemetry data from the UAVs, and calculates adjustments needed to the flight plans with

the aim to establish 4D time synchronization. Synchronization commands in the form of
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alterations to the flight plan fodAV2 are then sent back to its GCS which then

communicates an automatic update to the corresponding UAV autopilot.

Several different 4D synchronization schemes have been tried, and the basic
design has evolved considerably from 2@08.3. The algorithmhiat has shown most

promise, and &s been flight testeds illustrated inFigure5-10.

L) Wpt3

pt2

) wiptd

Wptl - wpt1
[a) Waypoint 3 changed (b) Waypaint 4 changed

Figure 5-10: Waypoint Adjustments to Synchronize(Fang, 2014)

As shown inFigure 5-10, each UAV is programmed to fly a rectangular flight
plan with four waypoints (Wptl through Wpt4). The UAVL1 flight plan is shown Orange
while the UAV?2 flight plan is Green. In this example, the circuitshef UAVs are in
opposite direction (i.e. UAV1 clockwise, UAV2 countdockwise) and share a common
waypoint (Wptl). This waypoint is the planned interception position and has an identical
horizontal (XY) position but a small (i.e. typically -1® m) offet in altitude (2) to
prevent a collision. The flight plan of UAV2 is rotated at the desired encounter angle at
this waypoint (e.g. in this example, UAV2 approachitgV1l from the front right at 45°

angle for an encounter angle of 135°
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The 4D synclonization algorithm leaves the UAV1 flight plan unchanged, and
makes automatic adjustments to the UAV2 flight plan in real time. The goal is to
minimize the distance error (ed2) as the two aircraft are both approaching Wptl. When
this distance errorsituned to zero, 4D synchronization is achieved. The algorithm first
adjusts the airspeed of UAV2 in an attempt to synchronize to a common time of arrival at
Wptl. However, the range of safe airspeed adjustments and the rate by which they will
have the dsired effect on the UAV is limited, especially when realrld flight
conditions (winds) are considered. Once these limits are reached, the algorithm then uses
adjustments to the UAV?2 flight plan, by making adjustments to the location of Wpt3 as
shown inFigure5-10 (a). Moving Wpt3 inwards (toward the lower right) will decrease
the time needed for UAV2 to reach Wptl, and moving it outwards will increase the time.
The algorithm uses these adjustments to Wpt3 until the limihtd 18 possible is reached
(i.e. when the error dil2 cannot be decreased any further). Adjustments to Wpt4 are
then used in a similar manner to finme the 4D synchronization as shown in the Figure

5-10 (b).

The success of the algorithm, and the spaedvhich it converges to a 4D
synchronization solution depends strongly on the flight conditions (i.e. especially the
presence or absence of strong or variable winds) and the starting situation of the two
UAVs. The algorithm assumes that the UAVs haveaaly been roughly synchronized
using course methods by the GCSs, and are flying under autopilot control such that the
UAVs are each on the final Al egso (Wpt 4
synchronizatioralgorithmis engaged. An average of éleror four circuitsaare typically

needed before 4D synchronization is achieirehg, 2014)
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This timesynchronization method has been used with some success during
practical field trials at Argentia, including tests conddcia late September 2013.
During these trials this author was the manual pilot for one of the two UAVs involved.
As observed during these tests, provided the aircraft are flown with prdpedsg
autopilots and in reasonable wind conditions, head clasing and 135encounter
scenarios similar to the example shown in this section can be achieved. However, the
difficulties in maintaining constant altitudes and accurate airspeeds have hampered
attempts to record a good set of video footage for suchrsaendsiven the field of view
of most cameras, the size of the aircraft involved and their relative speeds, even if an
interception is missed by only a few seconds, the encounter footage (if any) will be

limited.

The 4D Sync method described here ddeswspromise but clearly more work is
needed to provide a truly autonomous method of achieving 4D synchronization and

permitting the collection of a rich set of 4D encounter data.

5.2.3 The PHI Maneuver

During simulated testing of opposing circuits within the ZEmulation
Environment, a new method was discovered. While setting up opposing circuits, one of
the aircraft was forced to intercept a waypoint that was inside its minimum turn radius.
Most autopilots like the Piccolo Il feature an escape algorithmeteept this situation, by
forcing the UAV to fly to the next waypoint if it is impossible for it to reach the current
one in a certain time limit. However, the representation used in the 4D Simulation does

not have this algorithm. Instead, the aircrafttnued to turn in an attempt to intercept
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the waypoint. The aircraft, in this case a GiantStik, began to orbit the waypoint at its

minimum turn radius, which at the commanded airspeed (20 m/s) was approximately 100

m. Meanwhile, the second aircraft comied to fly its normal circuit.

As it passed

through the orbit of the first aircraft, there were one and sometimes two interception

opportunities as the aircraft passed by. Note that this happened without any special

timing or synchronization, during exy pass of the second aircraft through the first

aircraftods orbit.
The flightp | an of the second aircraft -was <c¢ch
bonedo pattern. The second aircraft now wo

both directions, witlL80° turns at each end of the runway The 4D maneuver geometry

created is as shown Figure5-11.

GCE

Figure 5-11: The PHI Maneuver

The central waypoint is point B, which is simplyetlorbit center of the first

aircraft shown in RED.

The second aircraft flies the BLUE-kHoge flightplan.

Waypoints A and C are used to line up the second aircraft such that it will fly straight

through point B.
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throughitir esembl ing the Greek Il etter A (PHI).

name f#APHI Maneuvero has been created. The

waypoint needs to be defined accuratelys shown this should be shifted away from the
GCS so that the encounter area is always in front. Most commercial autopilots have a
waypointorbit capability builtin so the RED flighiplan is easy to define. The radius
should be chosen such that it is &ev than the minimum turn radius of the aircraft.
Otherwise, the orbital radius will effectively become this minimum radius. The AP will
struggle to maintain the aircraft in a stable orbit that is on the edge of what the vehicle can
do aerodynamically.By leaving some margin for an inward turn, the maneuver options

for the orbiting aircraft are also kept open.

The other aircraft only has to fly through waypoint B to guarantee at least one 4D
encounter for every pass. The random nature of the 4D mtecsucreated by this
maneuver geometry will be such that the exact locations of each aircraft will not be
known ahead of time. The range of each encounter will also be random. This assumes no

enhancements are used to improwedhances of an intercegui.

5.2.4 The PHI Maneuver with Active Guidance

The 4D Simulation has been used to experiment with the concept of giving one of
the aircraft active interception guidance control, similar to that of ato-air missile, to
force an encounter. Note that omlyhigh level discussion of these experiments is given

here. Detailed simulation results are provided in Seé&tién

The orbiting aircraft was given a simple interception guidance program, which

remains dormanivhile the second aircraft is far away. Once the second aircraft comes
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wi t hin range of the orbiting aircraft, it
attempts to intercept the approaching aircraft. Simple Pursuit was used initially, where

the heathg command has set equal to the instantaneous bearing to target. However, as
expected this almost always resulted in the pursuing aircraft flying behind and chasing the
second aircraft, especially if the aircraft was being forced to exceed its maximum tu

rate. The difference in airspeeds was usually not enough to give the interceptor any
advantage once it was chasing the target, so the interception never happened. The target
aircraft simply flew away, beyond the active pursuit range, and the intencegitempt

was stopped. The orbiting aircraft then returned to its previous (orbit) program to wait for

the next opportunity.

It was when the GNC method was switched to Proportional Navigatiort(ik)
the results got more interesting. Unlike Simpledli, PN adjusts the course of the
intercepting aircraft such that the bearing angle to the target remains fixed. This
adjustment occurs automatically even if either aircraft are actively maneuvering, and
usually results in ahgetidhteaceptyrcdmmani n
dogfighting pilots using mehine guns Simple Pursuit was abandoned decades ago as a
missile GNC method and replaced by PN, precisely for the reasons encountered in the last
paragraph{Abramovitz, 1953) PN is also one of the few GNC strategies that can allow
an interception when there is a large difference between target and interceptor velocities

(Stallard, 1968)

16 A detailed description of the Proportional Navigation Guidance method is provided im%e8t&?2
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Using PN, the orbiting aircraft waslaldo intercept the approaching target aircraft
with fair regularity, once the PN gain and maximum bank angle of the interceptor were
properly adjusted. In several cases, a-sidgs encounter was quickly followed by a
second pursuistyle taikon encourgr. The chance of a successful encounter appeared to
be associated with where the aircraft was in its orbit when the approaching aircraft was
first detected. The best situations were when the interceptor was turning past the 12 or 6
o0cl ock (atve to the mnway direetion, and with the aircraft approaching in

front of the interceptor.

An alternative strategy 1|1 sbdame @ rmastitder n !
the interception GNC program, while the target assumes the orbit palftkis resulted
in even more dramatic interceptions, especially when the intruder aircraft was given a
detection range dfetween two and threames the orbital radius of the loitering aircraft.
The intruder aircraft was able to intercept the loiteringraft once per pass and once

again attempted multiple interceptions.

5.3 Avoidance Maneuvers

In this section we will discuss avoidance maneuvers. Assuming one aircraft has
detected a collision threat posed by another aircraft, what should it do next&n Is
avoidance maneuver possible or safe? If an avoidance maneuver is performed, what is

the most effective (and safe) method?

5.3.1 Rules of the Air and Rightof-Way

Before any avoidance maneuver strategy can be proposed, it is important to

consider what ras or regulations apply. The following discussion will make reference
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to the Canadian Aviation Regulations (CARs). A summary of the regulations applicable
to this subject material is also provided in Appendix C. Here we will concentrate on the
rules whch apply to the collision avoidance problem. Assuming the manned aircraft pilot

is obeying these rules, it may be assumed that he/she will attempt to follow them while
attempting to avoid collisionsThe small UAV should try to follow these same rules i

order to be a predictable and cooperative member of the air traffic.

It is the responsibility of every piloh-command to be aware of his surroundings
(FAA AC-90-48-C, 1983) follow ATC directions, and obey the Rules of e in such a
way as to minimize the risk of traffic conflicts. For example, by following the cruising
altitude rules for VFR and IFR traffic, this should theory guarantee at least 500 ft
vertical separation by opposing traffic Note that this doesoh prevent the situation of
two aircraft which might b@n converging coursdsoth at the same altitude, whbaoth

are headed in more or less the same direction.

Themannedilot isalsoresponsiblets e mai n fAwel | clear o of
stay dear of clouds when flying by VFR. In this thesis a spherical distance of 500 ft has
been assumed. However is must be pointed out that this is not rigorously defined in
manned aviation regulations. The 500 ft value representadtien of safe minimum
separation asommonlyusedby GA pi |l ot s. This differs fr
held by commercial pilots ral military pilots who are more accustomed to ATC
definitions of horizontal separatianinimawhich are usually quoted as a minimum time

sepaation between higlspeed aircraft. The lack ofjgeement on what is a quantitative

7 A summary of applicable Canadian Aviation Regulations (CARS) related to cruising altitudes is provided in Appendix C.
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andrigprous def i ni t i das berrd thefsubgdt d6f a gréatedaal af discussion
amongst UAV researcher The lack of a quantitative definitiomas identified ery

recently by an FAA Workshop as a major research requirement to allow development of
effective DSA capabilities to proce¢dAA Sense and Avoid Workshop, 2013)There

has been very recent coamasretn sdiesf irreiatcihcerd d ehae
Lincoln Labs may be the ideal candidate in terms of compatibility with existing manned
aviation including TCAS Thi s <candi date dAwell clearo d
center on the UAV with a radius of 4000 ft andditiof 700 ft(Cook, Brooks, Cole,

Hackenberg, & Raska, 2014)

There are minimum altitudes that must also beovedld. In Canadahese are
1000 ftabove the highestbstacle while in cruise and 500rfinimum altitude in rerote
uncontrolled airspace, andlaast 1000 fininimum above any butap aregMacDonald
& Peppler, pp. 11417) Implied in the regulations is the assumop that the pilot
provides a lastlitch capability if these rules fail to maintain good separation, especially

with other aircraf{FAA AC-90-48-C, 1983)

The Rightof-Way rules also specify the correct course of action in the case of a
potential traffic conflict. Righbf-Way muwst be yielded to the air vehicle of lesser
maneuverability, i.e. first balloons, then airshipsgraut still in the regulationsgliders,
and finally powered aircraft. UAVs are generally considered as having lower priority
versus equivalent powered (nreed) aircraft, and must yield to manned aircraft. This last
rule is not in the CARs, but has been the effectiveaipey practice by TC Canadéen

granting UAV opertors SFOG.
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If two aircraft find themselves on a head collision course, the rule is always
turn right. If an aircraft is approaching from behind and overtaking another aircratft, it
should bear right and pagll to the right (at least 500 fftorizontal minimum distance)
of the other aircraft. If two aircraft are on converging cesirsheaircraft on the right
has the Righof-Way and should maintain its course and speed. The aircraft on the left is
required to alter his course to avoid the collision. However, the rules still state the aircraft
on the right mussstill maintain viglance andake whateveactions arenecessary to avoid

a collision(MacDonald & Peppler, p. 108)

The Rightof-Way rules also state that, in general, the aircraft required to give way
should never maneuver in suckvay such that it passes over, under or crosses in front of
the other aircraft. This last rule isimportant when considering how UAV collision

avoidance maneuvers should be handled.

5.3.2 Manned Aircraft versus UAVs

It is a misconception when people speak 8Mg colliding with manned aircratft,
especially when the small UAV is considered. The implication is that the UAV strikes
the manned aircraft, akin to an interception by a missile, with no fault due to the manned
aircraft motion A similar misconception frequently encountered during discussions of
collisions between aircraft and birds, thecsa | | ed #Abird strikeo.
dramatic recent event was the fAmiracle on
A320 flew through a flock of Canadaeese shortly after takeoff from La Guardia airport
in New York City. This resulted in multiple bistrikes including several being sucked

into both engine$ and the rare but dreaded chealgine failure. This forced the pilot
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crew to accomplish onedfhe few successful water l andi
(NTSB/AAR-10/03, 2010) Note that while climbing after takeoff like this A320 was,
airliners are accelerating to about 250 kts while below 10{00®/eanwhile GeesBy at

between 3810 MPH (2635 kts) (Hoar, De Smet, Campbell, & Kennedy, 2010)he

airliner outclasses the birds in speed by almost an order of magnitudalricst ten

ti mes) . Any attempt logcomimgairciaftisctbarly futie. fdodg

A similar situation applies to the small UAV. A small UAV like the Aerosonde
cruises at 5%0 kts. Manned aircraft will typically outclass the small UAV spegdt
least two to threéimes. For example, GA aiit such as a Cessd 72 cuises at 125
kts (i.e. about twicghe top speed of an Aerosonde) while a Beechcraft King Aises
at 289 kts (i.e. almost five timéaster). In Chapter 4 we have estimated the theoretical
minimum sighting distances andetlprobability that a human would spot a small UAV.
Even under ideal conditions, most human pilots are unlikely to spot an Aerosonde until a
range of under 500m. This leaves mere seconds for the human pilot to spot the UAV,
recognize the danger and stamnaneuver. As with the situation with the birds, it is more
likely that the manned aircraft will be completely oblivious to the presefcthe

Aerosonde and willly straight through it.

Therefore, short of the UAV using visual enhancement methodsransponder
to alert manned aircraft at long range, we must assume that the onus will be on the UAV
to detect the owoming aircraft, and attempt an avoidance maneuvdihe chance of
success will depend greatly on how soon the UAV is able to detectpgiveazhing

aircraft, and the relative velociti@svolved
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5.3.2.1 Horizontal Avoidance Maneuvers

In this initial analysis we will ignore altitude and assume the two aircraft are
roughly at the same altitudeuch that the situation is essentially 2D. Considher t
diagram inFigure5-12, which shows a hypothetic situation of a UAV flying North (top
of the page) as shown. We next assume threat aircraft appp#ohibAV from three
directions, hea@n (A), sideways (B and backon (C). If we impose a requirement to
maneuver out of the path of the-ooming aircraft such that at least 500 (50 m)
separation is achieved, we may now estimate the limits of what the UAV can do in each

situation.

The heaebn (A) is the worst case, as the closure velocity will be the sum of the
threat aircraft and UAV speeds (i.eqd* Vuay). The UAV must attempt tturn right
and exit the 500tf(150 m)threat area as quickly as possible. Assuming a minimum turn
radius of 150m, whichis typical for an Aerosonde flying at 58 kts (~30 m/s), it will take
the curved pdit as shown in green, or about one quaftercircumference of a 150
radiuscircle. This will take about 8.seconds to accomplish. The futility of the manned

aircrat attempting to maneuver with only a few seconds left amb®@w becomes clear.

For the sideways case (B), the closure velocity to the current center position of
the 50006 threat circle 1s simpl)y Intthhse vel o
situation, the UAV should simply fly straight ahead, as this is the fastest way (5 sec) to
clear the 150m radius circle. This is an examphene maintaining the current course

and speeds the best strategy for the UAV.
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Detection Range + Delay

cl

Figure 5-12: Horizontal Avoidance Maneuver Geometries

For the baclon case (C), the closure velocity will be the lowest of the three
threats (i.e. Wc 1 Vuav). The UAV should also turn to avoid the path of dinecoming
aircraft. This is an example where the initial position of the approaching aircraft dictates
which way the UAV should turn. The most straight forward maneuver is to turn left (red
path), effectively giving the approaching aircraft the rghtvay, with the goal thait
will past well and clear to the right. This will fulfil the requirements of the rules
assuming the approaching aircraft is close to the centerline of the UAV or to the right.
However, if the aircraft is left of the centedinfor example as showoy the second

aircraft Co ) a left turn by the UAV would caus
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aircraft which violées the Air Rules. nl this case the right turn (green path) would be the
better choice, even though technically this violates the tRifvay rules.  The
geometry of both turns is idendgic so the UAV will take about &.seconds to cledhe

threat zone

We may now estimate what would have to be the minimum detection ranges by
the UAV to permit the maneuvers in time to achi®@@ ft (150 m) separation. We may
assume the DSA algorithm and autopilot computer to be fast (likely MHz speed or better)
so this should not contribute significhnto any delays. Howevé&PSposition, which is
sampled at 4 Hz by most AP, could be as muchZz&®ms off from reality. There would
also be a slight delay in how fast the UAV flight controls respond. Altogether, we could
account for all these delays by inflating the initial estimates of UAV maneuver time by
perhaps 300msThis adjusts the reactiatimes t08.1 sec for cases A and C, and 5.3 for
case B Using the previously quoted average cruise speeds for the Aerosonde, Cessna and
King Air, we can now calculate the minimum detection ranges needed by the UAV as

summarized imable5-2.

Table 5-2: Minimum Detection Ranges for a SuccessfWAV Avoidance

Aircraft Vaic Vuav Encounter| Vciosure | Minimum | Comments
(m/s) Geometry (mis) Detection
Range (m)
Cessna | 125 kts = 30 A 94 761 Headon
C172 64m/s
B 64 339 Side
C 34 275 Back
KingAir 289 kt = 30 A 178 1442 7/8 mile
148m/s
B 148 784
C 118 956 1km
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Although the situation is not quite as bad as for the Canada Geese, it is clear that
the detection requirements foletUAV are demanding In the case of the Cessna threat,
the UAV would require detection at 764 or more to ensure enough time to avoid it by
500 ft (150 m in the worst case heawh scenario. For the fast&ing Air threat, the
requireddetection rangesil442 m or about 7/8 of a statute mile. It will be very difficult
to equip the small UAV with sensors capability ofialely detecting aircraft at these
ranges although a detection range of 5800r 1000m may be possible using existing

EO/IR methodgKharhoff, Limb, Oravsky, & Shephard, 2006)

5.3.2.2 Vertical Avoidance Maneuvers

The previous section assumed only a 2D approach to the avoidance strategy,
which forces the UAV detection system to have a range capability om7&4sming a
GA aircraft heaebn collision threat. However, the UAV may be able to improve the
chances of avoiding a collision by using vertical maneuvers. While such an avoidance
maneuverwould be undesirable on a manned aircraft for obvious safety reabens, t
unmanned UAV could perform a sudden Acrash
take advantage of the natural assistance of gravity, and is a common technique used by

birds to avoid predato$ioar, De Smet, Campbell, & Keady, 2010)

Given the limited time availablto accomplish aeparation maneuver, it can be
shown that the dive maneuver is the quickest method available. The UAV of course must
have suffitent altitude to accomplish drop of 500 ft (150 m while stil maintaining
sufficient altitude above the ground. If we are strict about the minimum altitude rule (500

ft AGL) this implies such a dive maneuver would only be appropriate at altitudes of at
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least 1000 ft AGL. However, n the interests of flight safthe UAV might be allowed
to dive to very low altitudes (i.e. 1#DO0 ft AGL) in remote uninhabited areas much
lower then what would be considered safe for manned aircraft. Thus, the dive might be

done at as low as 60000 ft AGL altitude

Assuming he goal of a drop of 500 ft, we can estimate how fast the UAV can
accomplish this feat. If we assume the UAV is able te @iy a very steep angle, say 60°

while maintaining the same forward speed, and pull out at the bottom of thetrdive

maneuvertheb e c omes a-cuev e Dc abBigugBIl8wn i n

‘ Detection Range + Delays |

) J

‘ 30m/s ~6Am/s |

Sa— \‘ —_— -

"‘26-30m/sl 500’
k (150m)
60 deg/ N

Figure 5-13: Vertical Avoidance Maneuver for UAVs

Assuming the UAV can maintain its normal airspeed, once the dive angle is
established the effective vertical component of its velocity would start at about 26 m/s but
would accelerate due to gravity (i.e. 9.8 fi/sFrom simple kinematics, we can calculate

the time required to accomplish the 150 m drop as follows:
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Y 0o -0 0 (5-18)
pvd  C@T o guzwam o

Co o8
Therefore this maneuver can be accomplished in about 3.5 seconds, for an

effective descent rate of 42.8 m/s,ighis over 8000 feet per minuté

The equivalent detection ranges needed by the UAV to accomplish this vertical
avoidance maneuver may now be estimated. Assuming similar GPS and control delays as
before, approximately 3.8 sec is needed. We can nowdmngist the approaching
aircraft velocity (equivalent to the horizontal B case), and from this find that the detection
range required is 243 m for the Cessna, and 562 m for the King Air. If the dive was
combined with heading change (i.e. to prevardrflight for the heaebn or taiton cases)
this would be a very effective avoidance method. The foregoing discussion assumes the
UAV airframe is capable of sustaining the high accelerations implied without suffering
structural failure, especially of the mawing or control surfaces. However, even if a
more modest dive angle of %S used and the above analysis repeated, it is found that the
detection ranges needatkreasonable, approximately 262 m in the case of a Cessna, and

606 m for the King Air.

18 This estimate assumes the AP allows the acceleration due to gravity to occur, which imtilease when the AP responds to a
sudden step change in the commanded altitude. If it actively controls the descent (i.e. maintaining airspeed) thetilibe can s
accomplished in about 5.7 seconds.
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5.3.2.3The Danger of LastMinute Avoidance Maneuvers

It is important to realize that an incorrect avoidance maneuver may be eounter
productive and could in fact increase the risk of a collision. This includes incorrectly
deciding which way to turn, as discussedha horizontal avoidance case for scenario C
in the previous section. Care must always be taken to make sure the avoidance maneuver
causes an increase in the separation range and preventlightsr undesflights or
crossing the path of the otheraaft. Even in the straight forward case of the head
situation, where both aircraft turn right, the evasion maneuvers must be initiated at

sufficient range to prevent the crgsath situation.

The chance of a collision is also increased dramaticabytdthe fact that aircraft
turns usually involve a bank angle. If we consider two aircraft on adme#or taiton)
collision course, there is actually a relatively small cisesstional area where a collision
can occur, assuming neither aircraft turnbhis is easier to explain by reference to the
diagram ofFigure 5-14 (Hobbs, p. 22)which shows the threat area for two highng
aircraft of roughly the same size. If théngs are keepelel as in the top case, there is a
relatively small intersection area. However, if the aircraft were to bank as shown in the
bottom case, the intersection area increases dramatically due to the interaction between
the wings. If we consider the risk oblsion to be proportional to these intersection

areas, the chance of a collision hageéased by as much as four times.
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Wings Level

Wings Banked

Figure 5-14: Collision Areas of two High-Wing Aircraft (Hobbs, p. 22)

The results of this simple thought exercise are validated if we examine accident
reports from miehir collision accidents. In practically all cases it was the wing of one of
the aircraft which sliced into the other aircrafyyedto one (or both) of the aircraft
attempting a violent bank maneuver at the last moments before a calliS&nReport
A12C0053, 2012)A very common form of lethal damage is the main wing of one aircraft
clipping the vertical or horizontal stabilizer of the other aircraft, rendering i un
controllable. This appears to Iparticularly true when there is a large size difference
between the aircraft, as was the case of the -Maxico crash in 198§NTSB/AAR-

87/07, 1987)

5.3.3 UAV Avoidance Algorithms

5.3.3.1 Attempts at Making a General Rule

There have been attempts to make a set of general rules to define the correct
avoidance maneuver to apply to the UAV, once a collision threat is recogsiinédy to

existing rules used in manned aviati(®islak, Rehak, Pechoucek, Pavlicek, & Uller,
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2006) Examples are the rule to always right in the case of adeatcounter, and to
bear left for the taibn case, such thapproaching aircraft will pass to the right.
However, even for these simple encounter geometries, depending on tilre pelaitions
and velocities of the two aircraft, there will always be exceptions wherebagked

maneuvers might actually decreaaéety.

Figure 5-15: Different Head-On Encounter Trajectories

To illustrate, consider the situation shown Rigure 5-15, which shows three
different heaebn encounters of an aiedft and an UAV, but with slightly different off
axis velocities as shown. In each case, the future (unmodified) course is projected,
representing the situation where the manned aircraft has not detected the UAV. For

Aircraft A, the right turn strateglpy the UAV (green path) makes sense and results in a
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reasonable miss distance. The situation with Aircraft B is not quite as clear. A right turn
might improve the situation, but only if the aircraft is detected far enough away so that the
UAV is able toclear the threatened area before the arrival of Aircraft B. The UAV will

cross in front of the path of Aircraft B even if able to avoid it. The left turn (red path)
option is therefore the better avogtance r
rule. For Aircraft C, the right turn is clearly not correct and might actually cause-a mid

air or at least a very close call! In the case the left turn is the only safe option.

The foregoing highlights two major problems associated with -lrated
avoidance algorithms. First, they tend to esienplify the choice of maneuver based on
the target bearing. Second, the velocity of the threat is usually not considered, when this

could determine whether a particular course of action is safe or unsafe.

5.3.3.2 Proportional Navigation as the Basis for an Avoidance Method

It is clear that any UAV avoidance algtmt should take into account both the
relativebearings andelocities involved with any collision threat scenario. An algorithm
based on a modified for of the Proportional Navigation (PN) guidance scheme may be
such a method. What has already proven to be a very effective interception guidance
method can be reversed to create the sol | ed FAAnti 06 Proportiona

method. To properly desbe APN, we should first describe the PN guidance method

Proportional Navigation is the standdBiNC method used bwll modern guided
missiles, replacing the earlier SimgPairsuit (SP) method®N was being pursued very
early in the development of guidedissiles, when the limitations of SP became clear

(Abramovitz, 1953) Simple Pursuit attempts to turn the missile to match the current
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target bearing direction (i.e. the instantaneous position of the target relative to the
missile). However, it soon becomes apparent that this is a poor strategy, especially if the
missile and target velocities are similar or if the missile is launched from a poor initial
targeting direction (e.g. the aircraft heading towards the launcher)h &wgagement
scenarios usually result in the missile either missing the target entirely or the missile
chasing the tail of the target. Assuming limitedssile fuel, the aircraft couldsually
outmaneuve or outrun the missile in suclcases (Stallard, 1968) Proportional
Navigation uses the rate of change of the target bearing angle as the primary driver for the
missile course correction. There are many gooteferences which give the detailed
mathematical and physicabdfisof how this GNC methoavorks (Zarchan, 1994) The

most important conclusions applicable to UAV control will be shown here.

Figure 5-16: Proportional Navigation Diagram
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Consder the proportional navigation situation as illustratedrigure 5-16. The
missile is assumed to have a seeker in the nose which is able to track the location of the
target. At the moment depicted, the missile and targetbatie moving at different
velocities and headings. Relative to the missile, the target will be located at a Range (R
and at a Lineof-Sight (LOS)angle (1). Due to the relative motions of both objects, this
angle will likely be changing,() as shown. It may be shown that the missile should

adjustits heading to counter thé;gle change according to the law:
vz, (5-19
Where,
K = Proportional Mwigation constant (Gain)
, = rate of clange of the LO&ngle
= rateof change of missilbeading

This GNC law will have the effect to nutlut the LOS rate until it becomes zero
(i,e., = 0). The choice of K depends on how aggressive a maneuver is required or
desired, and the turate capabilities of the missile. A value ofS3is typical, but 10 may
be needed to accommodate headengagement§Stallard, 1968) This navigation
method will automatically adjust to any LOS changes caused by either thedmatbet
missile. Assuming a constantly decreasing range, this will eventually set up the situation
of a fixed target bearing, wi t h t he mi s

intercept/impact point as illustratedhigure5-17.

218



Collision!

Missile
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Figure 5-17: Constant-Bearing Leading to a Collision

This is the same principal known for centuries in nautical navigation as the
ConstantBearing Decreasing Ranggtuation (O'Brian, 1996) If the relative bearing
angle between your vessel and another vessel is constant, and assuming the range is
decreasing, you will eventuglcollide with the other vesselSailors are taught to avoid
this hazardous situation by turningsach a way to change the bearing angle to the other
ship. Ideally, this should also be done with the aim to increase the range between them.

This forms an excellent basis for an avoidance algorithm for UAVs.
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5.3.3.3 Anti -Proportional Navigation as an AvoidanceAlgorithm

The PN algorithm was first applied in the 4D DSA simulation to gieeltitruder
aircraft interception guidance While setting up this PN scheme, a sign error was made
in the LOS angle correction which had the effect of creating a coursectaamraway
from the Target, resulting in the Intruder engagmgn evasive maneuver. For example,
if the LOS angle was decreasing to zero in a cotoitekwise direction, the aircraft
would suddenly turn right of the target and miss it entirely. Wike, if the LOS was
decreasing in a clockwise direction, the intruder course veered to the left. Since the
desired behaviour was to intercept, the sign error was fixdéait this was another
example of an accidental discovery during this research, iatedhat a very promising

avoidance method.

A literature search was conducted and confirmed that the erroneous PN algorithm
initially programmed was in fact a form of the A#troportional Navigation scheme as
investigated by otheréHam & Bang, 2004) It is noted by several authors that even a
modest APN gain of 3 appears to be sufficient to create an effective avoidance maneuvers
for typical small UAVs, provided the other aircraft is detected at sufficient rgbeerge
& Ghose, 2009) A detection range of 36800 m appears to be the minimum needed to
guarantee a 50f miss distance. The simplest way to Ierpent the APN is to use the

same guidance lasuggested by equatior1® but with a negtive value for the gain (K).

The APN avoidance GNC algorithm has been implemented in the 4D Simulation.
Preliminary results indicate this is a very effective avoidance method, and takes care of

the 2D azimuth avoidance direction automatically. It isoapossible to implement APN
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in the vertical direction too, but a simpler approach is to combine the APN maneuver in

the horizontal plane with a simple vertical dive maneuver.

5.4 Predicted 4D Simulation Results

This section presents simulation resultdhe more promising 4D encounter and
avoidance strategies covered previously in this chapter. The 4D simulation was setup
using the PHI maneuver as described in Sed&iar8 using the Clarenville Airstrip as the
test site. Both aircraft were configured to be GiantStik aircraft, and thus of the same
aerodynamiaapability. In the followmg results the Intrudewasprogrammed to flythe
dogbone waypoint fght plan. The Targewvas programmed to orbit a waypoint at the

mid-point of the runway at a radius of 260

5.4.1 Base PHFManeuvre Results (PassivAircraft)

In these tests, the aircraft were allowed to fly their aldbprograms in a passive
mode (i.e. neither using any form of active guidance). The simulation was ruméor
hour (3600 sec). An encounter was considered to start once the range between the
vehicles was300 m or less, and ended once the range aas 300 m. During each
encounter, both instances$ the 4D simulatiorcalculated and recorded the instantarse
range and bearing to the other aircraft. These results werg@nposssed to yield the
polar plots presented belowkigure 5-18 shows these results from the point of view of
the Target aircraft. In the left image, the écpry of each encounter is shown as a black
line. The point of closest approach for each encounter is circled in red. For clarity, the

right image has the trajectories removed.
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Tracks and Closest Passes (PHI Maneuver Target) Closest Passes (PHI Maneuver Target)

%0 990

180

270

Figure 5-18: Encounters during Passive PHI Maneuvers (left) Trajectories and
Closest Approaches; and (right) Closest Approaches.

There were at total of 40 encounters during the scenario (i.e. for a rate of 40/hour).
This agrees with a theoretical estimate of one encounter 80esgconds based solely on
the geometry of the delgone waypoint pattern used by the lden The Intruder passes
by the Target at a variety of ranges up to a maximum ofr@00There were several
passes when thintruder essentially intercepted the getr (i.e. < 3m range). The
relative bearings of the closest approaches are distributed around the Target, with the
furthest approaches being biased along the-1538 cardinal directionswhich is at a

right angle to the runway heading

5.4.2 Active Interceptions by the Intruder (Target Passive)

The Intruder aircraft was given active interception guidance using Proportional

Navigation(PN). APN constan{K) between three and five was trie@ihe results shown
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here are fothe K=5 case. The Intruder wouldw attempt an intercepticas soon as the
range to the Target dropped below the detection rah@®0 m. The Target was left
passive ad programmed to continue ibsbit program without any reaction. To limit the
number of encounters to a single attémer pass, the PN algorithm was programmed to
break off the intercept attempt when the range to the Target began to increase. This

scenario was run for 36@@¢ which resulted in the encounters as showigure5-19.

Tracks and Closest Passes (INTERCEPT — Intruder Attack) Closest Passes (INTERCEPT - Intruder Attack)

Figure 5-19: Active Intruder versus Passive Target;(left) Trajectories and Closest
Approaches and (right) Closest Approaches

The Intrudermow performs a very deliberate trajectory towards tlaeg€t, with
most encounters resulting in a hit (i.e. Rangem)3and at a variety of encounter angles.
There were three encounters where the Intruder halted the interception &ttéugpto

the lucky geometry of the Target orbit causing an increasinge at the start of the
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encounter. There were fewer encounté32/hour) due tdhe Intruder spendingiore

time per encounter attempting to intercept the Target.

5.4.3 Active Avoidance by the Target (Passive Intrudeyr

In this scenario, the Target was giveriae avoidance guidance in the form of
Anti-Proportional Navigation (APN) as detailed in Sect08.3.3 This was identical to
the PN interception guidance as used by the Intruder, though with a negéd/¢orthe
navigation castant In the results shown here a value of K5=was used. In this first
case, the Intruder was made passive (i.e. no interception guidance). The same basic rules
of engagement were used as before, i.e. detection range ah,383d deactivation of
APN once the range to the intruder started to increa3ée resultsare shown irFigure

5-20.

Tracks and Closest Passes (AVOID — Target Avoiding) Closest Passes (AVOID - Target Avoiding)
90 90

300

300

Figure 5-20: Active Target Avoidance versugPassive Intruder, (left) Trajectories
and Closest Approaches; and (right) Closest Approaches.
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The Target avoidance results show that the APN algorithm works well, at least
versus a passive Intruder. With the exception of only two cases, the closestchppro
were limited to a range of 130 m. The two exceptioad closest approaches&F m
and 100 m. Since the Intruder followed its dmme waypoint flight plan uimterrupted

there were 40 encounters during this 1 hour scenario.

5.4.4 Active Intruder and Active Target

This scenario was a combination of the previous $aenarios. The Target was
given APN avoidance guidance as before /= However, this time it was versus an
active Intruder using PNhterception guidancevith K=5. This sec al | e da Aiik@ ma k
scenariowhere an Intruder is deliberately attempting to, kwhile perhaps not very
realistic as far as normal aviation may be concerned, does represent a worst case scenario
for an avoidance algorithm. It shows some of the strengths (and wealnafsasing

APN as an avoidance methotihe resultaare summarized iRigure5-21.

The Target was able to avoid the aggressive intémepttempts by the Intruder
during most of the encounterglowever, there ere severatases wherdPN avoidance
failed and the Intruder was allowed to pass very cfpseless than 20 ntp the Target.
In most of these events the Intrudeas initially evaded, buthe Intruderthenfi - e
aqui redo t he Ta segordinteraptiah attemgpid erhere were fewer

encounters (33/hour) similar to the Intruder Intercepting scenario.
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Tracks and Closest Passes (DODGE - Intruder Attacking) Closest Passes (DODGE - Intruder Attacking)
%0 300 %0 300

180 0 180

Figure 5-21: Target Avoidance versus Active Intruder, (left) Trajectories and
Closest Approachesand (right) Closest Approaches.

During initial trials of this scenario these were several cases of the creation of an
Aendl e®s s c¢ b aSeneeibotm aircraft are of similar speed and maneuvering
abilities, repeated avoidance andimterceptionattempts couldresult in the Intruder
chasing the Target away from the airfield. Once this chase was established, the APN
stopped working as an avoidance method since there was no change in bearing, and a
more or lessconstant distance maintained betweba vehicles. To prevent such an
endless chase scenario frmontinuing a ime limit of 30 seconds was impostal end

each encounter.

55 Summary

If we assume that the UAV would not be spotted in time by manned aircraft, the

onus will then be on the UAV tangage in an avoidance maneuver. Against fast threats,
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the minimum detection requirements needed to ensure at least a 150 m (500 ft) horizontal
separation may be quite high (1.4 km detection range wasst). However, a vertical
dive maneuver will be fasr and reduce the detection range requirement to a more

reasonable range of 562m.

A 4D simulation environment has been developed which may be used to develop
new DSA test maneuvers and avoidance strategies. A maneuver called the PHI maneuver
is proposedas a simple yet effect means to permit a high number of random DSA
encounter types with a minimum anmwf autopilot programming.The 4D Simulation
environment has been used to estimate the predicted performance of the PHI maneuver.
It has also been ttest an avoidance maneuver method based on-Pxaportional
Navigation. An APNbased collision avoidance algorithm appears to be an effective
promising avoidance method suitable for small UAVs, assuming it is used against a

passive (notdeliberate) intnder.

It was noted in the literature search there has been a lot of theoretical work on the
potential of APN as an avoidance method for UAVs, but very little practical field tests or
experiments to see if it would work in reality. All papers were esdbntiery thorough
simulation studiegHam & Bang, 2004) Our own 4D Simulation results also look very
promising,butit is important to note that these resutast be validated againight test
data. Practical field testig of both the PHI maneuver and the APN method as an

avoidance algorithm remains an important future research goal.
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Chapter 6 Conclusions and Recommendations

In this final chapter the ELO®r small UAVs will be summarized. An attempt will
be made to quantify éhsafety of the small UAV, in particular how it compares with
manned aircraft. A suggested set of safety improvements will also be presented. These
will form the main recommendations of how safety may be improved. A recommended
list of requirements foa DSA systenwhich addresses the findings of this research will
also be given. The conclusions from the research documented in this thesis will be

presented, followed by recommendations for future research.

6.1  The Equivalent Level of Safety of small UAVs

The ELOSof small UAVs may now be summarized based on the estimated risks
and their comparison with manned aircraft. Assuming the current situation regarding
small UAV operation in Canada (i.e. little or no safety equipment, use of fgrbdg

componentsno DSA capability) we may conclude the following:

1. The risk posed by small UAVs to property and people on the ground is
equivalent to that of GA manned aircraft, but only if they are flown in
remote areas with very low population density and if they hawertain

minimum reliability, expressed as a mean time between failures (MTBF).

2. When flown over very sparsely populated wilderness (< 1 perséntken
small UAV is equivalent to GA aircraft in terms of ground impact risk, but
only with a minimum reliabity of 100 hours MTBF. Operation over
higher population densities will require correspondingly higher

reliabilities.
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3. The reliability of current small UAVs is not sufficient to permit their use
over densely populated areas until a dertrated reliability of at least
50,000 hours MTBF can be achieved.

4. The Mid-Air collision risk posed by the introduction of small UAVs into

nonsegregated airspace depends on the type of airspace being used.

5. If flight operations are restricted to low altitude G class airspamall
UAVs pose about the same level of risk as that already present with un
cooperative GA class aircraft operating in the same areas in Canada. The
ELOS of the small UAV is thus similar to the small GA aircraft in this

situation, but lower than thaf commercial air transportation.

6. The small UAV does represent an increased safety risk if it is flown into
the control zones near airports. The lack of credible DSA technologies and
general low visibility poses an increased collision risk to other dircra

such zones when compared with equivalent manned aircraft.

6.2 Proposedimprovements to Safety

It is proposed that the estimated level of safety (ELS) of the small UAV may be
improved significantly by adopting improved methods of control and operatorined
with the provision of a minimum set of safety equipment to every airframe. This is the
same multlayered approach to safety that has been used by manned aviation for decades.
It is noted by ICAO analysis that aviation accident rates have beansteady decline
since the early 1980s, especially for Commercial Air Transg¢@AO, 2013) The
reasons include improvements in operating procedures but must also include the
improvement in aircraft system design and relighi The addition of mandatory anti
collision technologies (i.e. TCAS) since the late 1980s has also had a beneficial impact.

If the same rigor were applied to the UAV safety situation there will be benefits both on a

229



practical and political level. Iss frequent accidents will reduce operational costs,
especially the need to replace or repair airframes. Reduction of accident rates will also
diminish or eliminate negative impressions that the UAV poses a threat to public safety

(Haven, 2011)
6.2.1 Improvements to Ground Risk Safety

The following improvements are proposed to improve the ELS of the small UAV in
terms of the risk to people and property on the ground. Where possible, the effect on the

estimated ELS values calculdtearlier will be noted.

1. Automated Take-off and Landings (ATOL) i all UAVs, especially those near

maximum takeoff weight should be controlled using automatic takeoff and
landing methods.On UAV systems which rely on an External Pilot to conduct
takeoff orlandings, the majority of accidents occulue to manual pilot errcat
these flight stagegWilliams, 2004) Crasheslso become more likely as the
maximum performance limits are approached for the airftymequiring super
human skills by the manual pilot. ATOL is absolutely essential if small UAVs are
to be used routinely in a wide range of weather conditioAssuming a reliable
ATOL system can be equipped, the reductimtJAV mishaps will have a&trong
effect on theoverall reliability of the UAV system, perhaps reducing the current
UAV accident rate by 780% and thus increasing the time between failures (i.e.

an estimated four timesiprovement in MTBIy

2. Automated EmergencyLanding Capability i the UAV should be egpped and

programmed with a means to attempemergency landing on its own, especially
if it encounters problems at Beychthe-of-Sight (BLOS) range, such as engine

trouble, bird strikes, or the onset of very bad weathtigt prevent it from

¥ For many small UAV programs, the desire to maxintiee payload carried tends to push the operation towards flying near the
maximum takeoff weight (MTOW) of the airframe. This author has personally experienced this on numerous occasions during
RAVEN flight operations.
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returningto base . Similar to manned aircraft practice, the UAV should have pre
selected alternate landing sites known to it along its flight plan (e.g. large fields,
barren areas, abandoned farms, etc.) that it may divert to and attempt an
automated landing. Khould not simply cut its throttle and crash randomly into
the ground® An alternative strategy would be for the UAV to cut its engine,
deploy a parachute and settle gently to the ground. Such an effective emergency
recovery procedure could mitigate muehthe grounedmpact risk (i.e. Pmit =

0.75 or better).

3. Manual-Override Control Method at all Stages of Flighti The UAV should be

equipped with equipment to allow a human pilot to take over control of the
aircraft at all stages of flight. This includesose operations around the
launch/recovery site and also at BLOS ranges. Even if the UAV is equipped with
ATOL a manual method must be available as a ‘vgckmode should the
automatic system fail. A manual override control capability should also be
avalabl e 1 f the UAV is required to dditecl
range. In the BLOS case it will be crucial to provide the manual pilot with an
FPV or equivalent redime forward control mode. Otherwise, the safe recovery
of the UAV at BLOS rang will be impossible. A FPV system has been shown to
improve the precision of any such landing if used by a competent pilot. During
our own testing using FPV, dead stick landings could be adjusted to land precisely
where we wanted (e.g. avoiding a trdettee last minute, aiming for a nice flat
patch of grass, etc.). At BLOS range lenagpge video will be required to provide

this FPV capability. We have demonstrated such a capability to 6km, and with the

20ThereisatrendinsmallUAVstcn:I aim that incorporating a throttle dAkildl S
safety. Since we are talking about the risk to the ground, this is an illogical position. As with manned aircrafheon@t things
an aircraft can do is turn offs engine, especially at low altitudes. One of the more infamous recent UAV incidents in the U.S.
involved a Predator whose engine was inadvertently killed due to a contralpnax the GCYCarrigan, Long, Cummings, &
Duffner,2008) The UAV lost altitude quickly and crashed into a hillside in Arizd&SB/CHIO6MA121, 2006) Fortunately no
one was injured in this event, but it does demonstrate the danger to the ground should the UAV losenghqeeefoan an

uncontrolled ditch into the ground.
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right video transmission equipment such a capgtshould be possible teLOS

of at least 25 km. If such a lomgnge FPV cannot be provided it may be possible
to use a synthetic display, similar to an enhanced flight simulator but using real
aircraft telemetry for position, to allow the pilot to make best landing possible
under the circumstances. This capability would effectively mitigate most of the
threat posed by an otherwise random crash by the UAV. Perhaps 75% of
otherwise disastrous crashes might be averted in this manner (i.e. Pmit=0.75).

4. Improve UAV Reliability 7 builders, integrators and operators of UAVs must

recognize that they are aiaft, and like manned aircrashould be treated in a
similar manner with respect to quality and reliability. This is particularly
important if UAVs areever to routinely operate in controlled airspace, near
airports, or over dense population areas. Where possible components such as
fasteners, connectors and wire harnesses should be also upgraded to-aviation
grade parts. Construction materials shoulcthesen with the aim to maximize
airframe life and environmental compatibility (e.g. weatherproof, corrosion
resistance, etc.) exactly like for manned aircraft. Where possible the use of fail
safe and redundant system design must be incorporated intoAtie W is
important to reuse much of the wisdom and knowledge that has been gained,
sometimes painfully and tragically, within the manned aviation realm. An
immediate improvement in the MTBF should be possible given the low quality
starting point of mascurrent small UAV systems. The goal should be to achieve
an MBTF improvement of at least ten times (x10) but with a stretch goal to
50,000+ hrs. Only once this level of reliability is achieved can the small UAV

claim to have an equivalent level of sgfas for manned aircraft.

6.2.2 Reduction of Mid-Air Collision Risk

The following improvements are proposed to improve the safety of the small
UAV in terms of the miehir collision risk. While the provision of an autonomous DSA

capability remains the ultimatebjective, there are existing technologies which may be
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used now to improve UAV safety. Where possible, the effect on the estimatexr mid

risk ELS values presented in Chapter 2 will be noted.

1.

Install Anti -Collision Lights on every Airframe 1 it should @ possible to

equip a small UAV with a set of aviatiggrade lights. Assuming this system
fulfils the minimum requirements in th@ARs (see Appendix C) this should
improve the visibility of the small UAV, especially at night. The small UAV
should be visile at a minimum range of @i (3.2 km) assuming night VFR
conditions. Our own tests of an LEiased antcollision light set also shows
that the antcollision strobe is visible during bright mahy light conditions at
about half this range. We may iestte this improvement by adjusting the
Pacrail term in the midair collision equation downwards by at least 0.5, giving
a new value of 0.35.

Install a Transponder on_every Airframei it is also possible to install a

small ModeS compliant transponder ohe small UAV. We conducted our
own testsusing a small transponder available from MicroAir, the T2000S
UAV, and installed this unit on the Aerosonde UAV during flight testing in
20062008 (MicroAir, June 2009) The effect of arrying a ModeS
transponder is twold: (1) ATC will immediately be able to see the small
UAV on their search radars, at fairly long distan@ies estimate is at least 6
n.mi); and (2) any aircraft equipped with TCAS will also be able to detect the
presence of the small UAV. During our tests using the T2008S, all
commercial traffic detected the Aerosonde as a Traffic Advisory (TA) on
TCAS, at a range of at least 3 n.mBoth effects are important, and would
result in improved situational awarenesisthe UAV. This effect may be
estimated by an improvement irsefloss €specially in Controlled Airspace
Zones. To be conservative we will assume that in ATdDitored control
zones 90% of traffic conflicts will be resolved in this manner (igpds =

0.10). For uncontrolled airspace we will be more pessimistic and only assume
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that 90% of TCASequipped aircraft will be able to respond, for an adjusted
PsepLoss= (11 0.9 x 47/341) = 0.876.

3. Install TCAS (or Equivalent) on the UAV?'i In the absere of a complete

DSA system, equipping the small UAV with the equivalent of a TCAS
capability would provide a limited ability to detect other TCASuipped
aircraft and avoid them, using the TCAS Resolution Advisory (RA) as an
autopilot override command In the current aviation climate, we may expect
this to work mostly in controlled airspace and against aircraft of a certain
mi ni mum si ze. For example, in the C c
majority (97%) of traffic is of passenger/commerdigbe and these would
carry TCAS. Meanwhile, in uncontrolled-Glass we must assume that only
47/341 or 13.7% of manned aircraft would have TCAS. Assuming a 90%
effective use of TCAS as before, we can estimate these effects as an
improvement on Bavrii- For Class C/D this would beyRi = 0.127. In

Class G, Bavtai = 0.876.

4. Provide UAV with Air Band Radio Capability - current small UAVs do not

have the ability to communicate directly with ATC or othecraft, nor to
respond toradio signals diected at them.This has contributed to a lack of
acceptance, especialgmongst pilots, who regard UAVs as-tgsponsive
potentially hazard obstacles in the gkyrkby, 2006) It is proposed that this
ability be addeda allow the small UAV to provide regular status updates,
especially when they enter controlled aircraft or detect either ATC or other
transponder scans (e.g. TCAS inquiries). This would improve the awareness

of other aircraft, and assist in traffic -denfliction. This wouldbe very

2 An equivalent capability may be possible based on /&D®&chnology, which is much smaller, lighter and uses less power
(Contarino, 2009) An ADSB based solution would onklyork assuming all other airborne threatdtie area are similarly equipped.
Thismay not be an unreasonable assumptiofAasrules plan to make AD8 mandatory by 202(Federal Aviation Administration
(FAA), 2010)

Zltmust be recognized that the UAV sense and avoid dAwell cl ear
existing TCAS traffic advisory and resolution advisory linfifook, Brooks, Cole, Hackenberg, & Raska, 2014)
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helpful especially in areas away from ATC. We might estimate this effect to
be a slight improvement tosBossin controlled airspace (i.e. the TCAS effect
already described above would be stronger and more immediatgehtar in

G class. We will estimate the effect in controlled airspace as a further 5%
reduction, for an overallg,0ss= 0.05. The effect in uncontrolled airspace we
will be estimated as a 50% improvement (i.e. assume half of traffic conflicts

may be serted) giving Repross= 0.376.
The next three improvements assume the existence of a reliable DSA system that
has been developed and installed on the small UAV:

5. Enhanced Air Vehicle Operator (AVO) Display i the GCS must be
enhanced to provide the AVO Witn 3D representation of the situation around

the UAV. The basic 2D display used on most GCS is fine for mission
planning and adjusting waypoints. However, there should always be a second

di splay which gives the UAVOsteandr war d
timely representation of its environment. The BLOS Synthetic/Video system
proposed inChapter 3is an example of the type of system required. When

within eLOS the system would use a video feed with HUD similar to the

display used during the Aerasde UAV/FlightGear visualization testing in
Clarenville. At beyond eLOS when no video is available a synthetic display

would be used. In both cases any other detected entities, especially airborne
objects, should be represented using an enhanced stykmethod, similar

to that used in most video games involving-tatair combat. Such an
enhanced UAV operator di splay woul d s
blindd aspect of UAV o+oaflickonin theeventand p e
of a collison threat. The effect would be thgafi probability would no

longer be 100%. Even if only half of the situations could be avoided this

would mean Bavtail = 0.5, effectively cutting all midir collision risks in half.

6. Detection System with full 360 FOR i the UAV must be provided with a

system capable of detecting other airborne entities at a range of at least 500m,
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and if possible i (1609m) The minimum FORproposed for such a system

has been suggested to be110° in azimuth and +5°in elevation (NATO

Naval Armaments Group, 20Q7)Such a system would be a compromise and
would simply mimic manned aviation. Given the recognized limitations of the
seeandavoid principle(Hobbs, 1991which raises doubts about the existing
safety level of manned aviatiofContarino, 2009)the goal for the UAV
should be to exceed these limitations. It is proposed that any detection system
should provide the UAV with aufl 360° FOR in the horizontal plane. It
would be ideal if the UAV also had 180% the vertical plane, but G (i.e.

60° FOR would be sufficient to guard against normal fixgohg aircraft
threats. The detection system might include a machine visistersy(i.e.
based on EO/IR sensors) which would function in VMC conditions. However,
this should be complemented by an equivalent IFR method (based on TCAS or
ADS-B) capable of detecting other IF&Ruipped aircraft in neMC
conditions. This system walibf course be the core of the DSA system for
the small UAV, and represents the ultimate objective of small UAV DSA
research. If such a system could be developed which was only 75% effective,
this would reduce the midir collision threat powerfully. Iterms of the ELS

calculation, Raviai Would be reduced to 0.25.

. Improved Collision Avoidance Maneuver Capabilityi Oncethe UAV has

the ability to detect an ecoming collision threat, it must have an effective
avoidance algorithm to reduce the chancés midair collision. A very
promising avoidance algorithm based on Antoportional Navigation (APN)
could be a very effect way for the UAV to automatically avoid art@ming
aircraft from any direction, without the need for complicated rhbkesed
decision making. This would handle the avoidance maneuver in a 2D
horizontal direction (i.e. azimuth). To improve chances, a vertical -cliash
maneuver of up to 500ft (150m) should be considered if the UAV has
sufficient maneuverability and altitudedo so. The combination of APN and

this craskdive should allow the UAV to dodge aircraft even if detection range
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is reduced to 500m. The effect of such an effecavoidance maneuver
would be another reduction &ai. Assuming a similar 75% efféveness
for the avoidance maneuver, the overgl,& would be 0.25 x 0.25 = 0.0625.

6.2.3 Impact of Mitigation Strategies on Ground Impact Safety

The effect of implementing the recommendasidor ground impact safety has
been estimated, using modificat®to the values used in Equatioi,2as summarized in
Table6-1. The Green highlights denote ELS which match or exceed the target ELS goal
of 1e7. Yellow are borderline values, with values in the same magnitude order as the
stated goal safety level, but worse than current Canadian aviation statistics. Increasing
UAV reliability will expand the areas where it could operate and claim to have an
equivalent level of safety as manned aircraft. Achieving a MTBF level of 50,008 hou
should permit the small UAV to operate in most areas of Canada and claim the same

safety level as manned aircraft.

The effect of implementing the mir collision risk reduction suggestions are
also summarized in the following tables. All improvensesnte in reference to the current
estimated safety levels as presented in Chapter 2. Tabls@nmarizes the estimated
improvement in safety if the small UAV was equipped with the recommended safety
equipment used by prudent manned aircraft, namelycalitsion lights, a transponder,
and an aiband radio. The green and yellow highlights indicate that the improved ELS is
better than the Canadian MAC rate but not quite as good as the equivalent Canadian

NMAC rate for operations in Class G airspace.

237



Table 6-1: Improvements to Ground Risk Estimated Level of Safety
Improvemers | MTBF| Pmit LAB NFLD | St . J| Toronto| Comments

None 100 0 7.37E08| 2.15E06| 5.89E05| 1.03E03 Only
Labrador

ATOL 400 0 1.84E08| 5.37E07| 1.47E05| 2.57E04 Nfld
borderline

Emerg.Manua| 100 0.75 | 1.84E08| 5.37E07| 1.47E05| 2.57E04
Landing
ATOL 400 0.75 | 4.61E09| 1.34E07| 3.68E06| 6.42E05| Nfld OK

+Emerg.
Landing

X10MTBF 1000 0 7.37E09| 2.15E07| 5.89E06| 1.03E04| No cities
All Above 1000 0.75| 1.84E09| 5.37E08 1.47E06| 2.57E05| No cities
50000 MTBF| 50000 0.75 | 3.69E11| 1.07E09| 2.95E08| 5.14E07| Everywhere

except
Toronto
Table 6-2: Improvement to Mid -Air ELS Possible without DSA
Air Penc Penc PsepLoss F)ACfaiI PUAVfaiI PMAC F)NMAC Canadian Canadian
Space | (MAC) | (NMAC) MAC Rate | NMAC Rate
(2012) (2012)

C Class| 2.65E07 | 7.37E05 | 0.05 0.35 | 0.127 | 5.89E10 | 1.64E07 | 1.17E06 2.36E05

D Class| 1.03E07 | 2.86E05 | 0.05 0.35 | 0.127 | 2.29E-10 | 6.37E08

G Class| 3.76E07 | 1.04E04 | 0.376 | 0.35 | 0.876 | 4.34E08 | 1.20E05

If a viable DSA system can be installed such that the last three recommendations

can also be implemented, the added effect of these improvements can be Baigle in
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6-3. The green highlights indicate that the ELS in all areas exceeds the MAC an NMAC

rates for manned aircraft in Canada, and also approaches the target goal rate quoted by

FAA of 1x10° (FAA, 14 CFR Part 23) The small UAV could then claim to have better

safety than equivalent manned aircraft.

Table 6-3: Total Improvement to Mid -Air ELS Possible with DSA

Air Penc Penc PsepLoss PACfaiI PUAVfaiI I:’MAC I:’NMAC Canadian Canadian
Space | (MAC) | (NMAC) MAC NMAC Rate
Rate(2012) (2012)
C Class| 2.65E07 | 7.37E05 | 0.05 0.35 | 0.0625 | 2.90E10 | 8.06E08 | 1.17E06 2.36E05
D Class| 1.03E07 | 2.86E05 | 0.05 0.35 | 0.0625 | 1.13E10 | 3.13E08
G Class| 3.76E07 | 1.04E04 | 0.376 | 0.35 | 0.065 | 3.09EQ9 | 8.59E07
6.3 ProposedDSA Requirements for small UAVs

Based orthe analysis of the currentja@ivalent level of safetgf small UAVS, it is
clear that a credible detect, sense and avoid (DSA) capability is required if we are to
claim that the smkUAYV is as safe as equivalent manned aircraft operating in both
controlled and wtontrolled airspace.

The following list is offered as the minimum

requirements for a DSA system for small UAVSs:

1. The DSA system shall perform three core functions:
a. Maintainselfseparation betweeaircraft and UAV?:
b. Detect any potential collision threats; and,

c. Perform an avoidance maneuver if necessary.

Z 1t should be noted that there will likely be a distinction made between theepelfation and collision avoidance requirements
which are applicable to the UAV. Until very recéndligtaaecenfbhe
UAVs has been the subject of much discus§fomok, Brooks, Cole, Hackenberg, & Raska, 2014 appears likely that a much larger
self-separation volume, of the order of 4000 ft x 700 ft, will be used to definee UAV fAwel | clearo vol ume.
collision avoidance volume which will be similar to the 500 ft minimum distance used in point 10.

Tt
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. The DSA System shall provide the UAV with an estimated level of safety
versus the migir collision threat of 1x10 (i.e. one fatality per 10hours of
flight).

. The DSA system shall have the capability tetedt other airborne threats
ideally at aninimumrange of 1609n.

. The detection system shall be able to detect botbpeoative (transponder

equipped) and nenoopeative aircraft.

. The DSA system should be autonomous, not requiring intervention from the

AVO or ATC to perform the core functions described above.

. The DSA system shall alert the GCS/AVO when it is engaging in a DSA

maneuver, and permit a manual overrideg€essary.

. The detection system should have a minime®R of +£110° horizontally
and +£15° vertically. However, it is strongly recommended to extend the
FOR to 3®° horizontally and +9(° vertically.

. The DSA system shall be designed to give the almwtection capabilities in
VMC conditions but should also have the capability to permit detection of
other similarlyequipped IFR aircraft in neMMC conditions. The minimum
IFR detection range should be 1 mile (160P

. The DSA system shall be integrdtmto the GCSand used to give the AVO
an enhancedsituational awarenesdisplay, especially when the UAV is

operated at BLOS range.

10.The DSA system shall provide the UAV with an avoidance maneuver

capability that will ensure at least 58Geparationboth in the horizontal and

vertical directions (i.e. a 5d0sphere centered on the UAV).

11.Where possible, the DSA shall follow current rules of the air with regards to

maintaining good separation. However, if a collision threat is imminent, the

UAV will have the means to perform an acrobatic style avoidance maneuver,

240



in particular a combined crastive and heading change, to avoid the on

coming aircratft.

12.The DSA system shall have a demonstrated reliability of 50,000 hrs MTBF or
better.

13.The DSA system shl | have a means to monitor i

AVO of its status, in particular if a failure has been detected.
These next recommendations are not part of the DSA system per se but should be
considered as t he Ami ni mum sbogld capyn®rbé 0 t h e
considered equivalent to manned aircraft in terms of safety aogarative use of the

airspace:

14.The UAV should be equipped with a set of aviatgyade antcollision lights,
with a minimum visibility range of 2 miles (3Kkin). Theanticollision strobe
should be used at all times (day or night). The navigation/position lights are
also recommended to be used at all times.

15.The UAV should be equipped with a Mode S Transponder. The transponder
should be used at all times, whether imtcolled or uacontrolled airspace. A
transponder is recommended even if AB$ used, until such time that ABS
B becomes the new standard for manned aircraft, to ensure compatibility with
existing TCAS installations.

16.The UAV should be equipped with anr-@and radio, to allow it to
communicate with other aircraft or ATC. This should include the ability to
perform standard radio status messages (i.e. alerting other nearby users of
intent), the ability to respond to inquiries, and also the ability toorebo
ATC directions.
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6.4 Conclusions

There has been a tremendous growth in the civilian use of UAVs in only the last
few years. This recent surge in the popularity of the small or mini UAV, especially non
professional recreational use ofthe caremaip e d fAdr onedo has resul t e
public awareness and media coverage of the potential safety risks, including risks to
personal property and priva¢grown, 2014) Several higkprofile near missesvolving
commercialairliners including one near Vancouver Airp(@BC News, 2014have also
served to highlight the risk to aviation presented by theegalated use of these UAVs.
These incidents are increasing the pressure on aviation t@guta create regulations
which threaten to pose evercreasing restrictions on civilian UAV udg@ilkington,

2014) So far in Canada the approaclopted by TCbalances public and aviation safety
against the size of the UAWd needs of the indust(yC TP15263, 2014)However, we

are only one disaster away from the entire industry being effectively shut down in the
current political climatgHaven, 2011) The reseatc described in this thesis, and the
recommendations for improvements to small UAV safety have become very topical to the

current situation.

It must be recognized that small UAVs do indeed represent an increased risk to
the general public, due tihe risk of uncontrolled ground impacts, especially if flown
over highdensity population areas. Our own quantitative estimates suggest that given the
low reliability of most small UAV airframes, we cannot fly over even rural populated
areas and claim to be abht as safe as equivalent manned aircraft. A major improvement
in small UAV reliability, through the adoption of aviatignade components and

operational practice, is required to permit safe small UAV operations over populated
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areas. A clear distinctionlso needgo be made betweeprofessionalusesof small

UAVs versusher ecr eat i onal use o(TC $+628008, 804 neod by

The low visibility of the small UAV and the absence of standard safety equipment
(lights, transponders) also creates an increaseehimizbllision risk, especially if these
UAVs are flown in controlled airspace such as near busy airports which are typically
located near major urban centers. The -airdcollision risk in uncontrolled G cia
airspace is roughly equivalent (or better) to that of GA aviation, although the risk of a
nearmiss los of separation even is about four tingesater. These conclusions assume a
comparison with recent Canadian aviation statistics, but these are thamnsthe desired
world-wide safety ELS goal of 1x10 The absence of a credible Detect, Sense and Avoid
capability remains a limiting factor allowing the general use of the small UANOM
segregatechirpace and at BLOS rangellowever, aDSA system that satisfiesthe
requirements presented in Secti6t8 and the requirements determined in a recent

assessment at NRElIlis, 2014)could eliminate thi®perational restrictian

The onclusion tlat the small UAV dog not represent a significantly increased
risk to the ground or other aircradssuming it is flown in remote are&ss bee partially
validated by the @nt granting of arexception tosections 602.41 and 603.66 of the
Canadian Aviabn Regulations (CARs) by Transport Cand@i€ CAR Exempt., 2014)
Operators of small UAVs between 2 kg and 25 kg are exempt from the need to file an
SFOCassuming certain operational restrictions are. ni¢te language in thiexception,
along with the recent update toet TC staff instruction fo6EFOC reviewqgTC SH623
001, 2014)suggests that TC has decided that, provided the small UAV is operated away

from populated areas and controlled airgpabey do not represent a significant risk to
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aviation. But this exception is quite restrictive, and applies only to small UAVs operated
within unaided visual line of sight arfeklow 0 feet AG.. Autonomous UAVs are
forbidden as well as thase of FPVtechnologies, such as thgseesented ilChapter 3of

this thesis. These ecent developmentre definitely a step in the rigHirection; but we

are still far from the state where routine BLOS operations by a small UAV might be
conducted. However, his does provide an opportunity to conduct routine DSA research
at a properly designated test site, similar to fligttivitiesas done by Project RAVEN at
Argentia, without theSFOC restrictions which ultimately grounded the Aerosonde UAV

operations

The rik the small UAV presents to the general public (i.e. ground impact risk)
and the mieair collision risks can be reduced significantly through adoption of a layered
approach to safety, similar to manned aviation practice. The quality of the UAV airframe,
avionics and propulsion systems must be upgraded by adopting aviation design practice,
components, testing and maintenance procedures. Improved control methods for the UAV
must be adopted to improve the operational reliability of the UAV. These improwement
must include increased automation for landings and takeoffs (ATOL), improved manual
control methods (e.g. using FPV as the manual control method) and better systems to
allow emergency landings at all operational rang@®perations beyond eLQ&ll require
the development and use of a hybrid synthetic flight simulator and FPV display as

detailed in Chapter 3.

While providing an effective autonomous DSA capability remains the ultimate
goal for the small UAV, it is possible to reduce the 1aiidcollisionrisk by equipping the

small UAV with a minimum set of safety equipment, including -antlision lights, a
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modeS transponder and an 4and radio. These will enhance the detectability of the

small UAV by other airspace users and contribute to the #aykired approach to mid

air collision avoidance (i .e. i mpgmprowde ng t h
the small UAV with aradditional final layer of defense (i.e. improvitlei c an we see

ot her aircrafdanegnd avoid them?0

A minimum setof DSA capability standards have been presentegertion6.3.
Development of such a DSA system, and effectively certifying it will require a rigorous
set of flight tests involving the repeatable performance of a rich séDoéncounter
scenarios. Practical field testsxd theoretical simulation workas shown that the
development of sucasetod D scenarios 1is not a trivial
maneuver o has been developed owbrfulcway te houl d
develop a random set of 4D encounter geometries assuming the use of two small UAVs
both equipped with tuned autopilots.This PHI maneuver should provide a means to
gather valuable 4D encounter data, permitting the development of DSA sensor
technologies and avoidance algorithms. It may also be used later during field testing of

proposed DSA technologies.

A dualaircraft 4D simulation environment has been developed to support this
activity. This environment allows the accurate simulation @éexklopment of plausible
DSA detection and avoidance strategies, before committing to a particular set of hardware
or field tests. Preliminary simulation results indicate that an avoidance strategy using
Anti-Proportion Navigation (APN) in the horizonsgnse, combined with a vertical dive
maneuver provides a simple yet effective avoidance strategy that shows great promise for

whatever DSA scheme is used for the small UAV.
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6.5 Recommendations for Future Research

During the research presented in this thgszisgress As been made to quantify
the ELS of the small UAV. Several recommended safety imprognts have been
defined which sbuld allbw the small UAV to achieve an ELO& manned aircratft.
However, there is still much work to be done to establiststhall UAV as a safe and
reliable vehicle for practical commercial, government or research work. The following

are recommendations for future research and development activities:

1. Develop an enhapged AVO Situation Display - the hybrid FPV/synthetic

view dsplay system described in Chapter 3 should be developed as an
enhancement to the existing GCS currently used for small UAVs. This
display system is crucial to allow improved AVO situational awareness and

manual control at BLOS ranges.

2. Develop a SpherichFOR Visual Detection Systent It is proposed that the

small UAV should be given 38@ision in the horizontal planeombined with
a 180 vertical view that is swept about the 3é@rizontal view. This would
give the UAV a complete spherical FOR thatrmasses anything done in

manned aviation.

3. FEield Test thePHI Maneuver i the 2013 flying season ended before the PHI

maneuver could be field testing using a live emiatraft 4D mission. This
mission should be conducted as the initial step in any fli8#& development
program. Both aircraft should be fitted with video camera systems in a variety
of resolutions (e.g. highefinition and NTSC) to collect video footage of each
encounter created. This should generate a rich set of typidalaiir footaye
which will be vital for the development of the machine vision system

envisioned in point 2 above.

4. Test APN-based Avoidance Methods the improved avoidance algorithm

described in Chapter 5 should be implemented into one of the autopilot
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systems, and thADSB based 4D testing done in 2012 repeated using this
new method. This would te#fte AntiProportional Navigation law in the

horizontal plane (i.e. 2D avoidance).

. Test Vertical Dive Avoidance Maneuvre- A second series of field tests

could be coducted to test vertical avoidance strategies including the idea of a
Acrdasweodo strategy as discussed in Chap

. UsePHI Maneuver to automate DSA System Testing The PHI maneuver

is proposed as a simple way to create a large number of encountars of
random nature, over the space of several hours, especially if used with LALE
UAVs with high endurance capabilities (i.e. the Aerosonde UAV). This level
of testing will be needed if the DSA system is to be certified to aviation

standards.
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Appendix AT Project RAVEN
A.l Project Overview

Project RAVEN (Remote A&l Vehicle for Environmental Monitoring) was a major
research project at Memorial University active from 2@034 in the field of Unmanned
Aerial Vehicles (UAVs). The primary objective of this project was to develop
operational techniques and technaésgto permit the use of UAV$o augment
commercial ISRmissions, such as the manned aerial patrols coadiunt PALaircraft
of f Canadabs east <coast. A secondary objec
commercial UAV operations within both contemd and uncontrolled airspace. Research
thrusts focused on the issues of BLGhtrol of UAVSs (see Figure A) and technologies

to ease the operational restrictions imposed on UAVS, including:

1 Effective UAV supervisory control technology to overcome openal
limitations of communications with long latency inherent in BLOS satellite
communications;

1 Data management for near réiahe vehicle telemetry, photographic images,
video and other sensor data over{bandwidth communications channels;

1 Integration of commercialoff-the-shelf products into an UAV platform to enable
effective operation of long endurance ISR missions under harsh weather
conditions;

1 Enhanced situational awareness to operators at the Ground Control System
through the use of novel tealgoes including real time synthetic environment
enhancements; and,

1 Field experiments to support development of Detect, Sense and Avoid (DSA)

technologies suitable for small UAVSs.
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LEO Satellite

Figure A-1: LALE UAV Operating at BLOS Range

A.2 Low Altitude, Long Endurance UAV as the ISR Vehicle

For the Maritime ISR missions proposed, LeMtitude LongEndurance (LALE)
UAVs are preferable due to the nature of maritime inspections. ISR aircraft must typically
perform low altitude (i.e. less than 300m/1000 ft) and close range (<500m) inspections to
permitaposi tive identification and assessment
inspections must be performed in a wide variety of weather, including high winds and
poor visibility conditions common in the maritime region where they will operate. The
UAV must also be able to safely launch and land, potentially at widely separated airbases
(i.,e. 106300 km apart), in similarly extreme weather conditions. As a minimum

requirement, the UAV must be able to operate in the same weather conditions as currently
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flown by manned aircraft, if they are to be considered as an enhancement to manned

aircraft capabilities.

The LALE UAV is also a preferred platform for extended duration (i.e. over 12
hour) missions over large land areas, such as wildlife surveys antffaresonitoring,
due to their ability to maintain extended presence on station. They typically have flight
endurance many times that of equivalent manned aircraft, and are able to fly lower and
slower then what would be considered safe for manned faircr&ince they are
aut onomous (i . e. have autopilots) t hey
altitude profile for very long duratioriswell beyond the endurance limit for most human

pilots.
A.3 Outline of a Typical ISR Mission

The typical Maitime ISR mission to be performed by a LALE UAV may be divided
into several phases:
Launchi lift-off of the UAV at an airstrip.

Cruise to patrol area {2 hours).

Loiter in patrol area (8+ hours).

w0 NP

Inspect target(9) as needed during loiter in area kied from shoe-based GC9r
from local mobile airborne GCS. Duration of each would be a few minutes, with
possibly many (5+) each hour.

5. Return cruise to base-@Lhours).

6. Landing.

Current operational UAVs can only be operated in a Waypoint Following (WF)

mode or Manual Pilot (MP) moddn WF mode, the UAV autonomously follows a set of
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GPSwaypoints that are pserogrammed into the UAV before launch or dynamically
uploaded from the GCS while the UAV is in flighthe UAV relies on maintaining a

continuows GPS signal during this mode of navigation. Phases 2 and 5 would make
extensive use of this method of navigation. Phase 3 would likely use a special form of

WF available to most LALE UAVs, which al |l

certain distancand for a specified duration.

WF mode may be used during Phase 4 but only in limited cases, as the accuracy of
this navigation mode does not allow the precision necessary for successful close
inspections of moving vessels. Severe weather conditiopsmpeact the availability and
integrity of the GPS signal. High winds could reduce the accuracy of WF course tracking
to the point where small UAVs may be blown off course by as much-a8®n, to the
point where it may pose a collision hazard to thhggbvessel. It was quickly realized
that some form of active guidance system would be needed during Phase 4, possibly using
visual or radabased tracking similar to that used by guided missile seekers. Such a
guidance system must be able to operateanditions of low visibility and to track
moving targets of interest, typically ships, to a fair level of accuracy (<30 m). It was
planned to combine this feature with an @etDSA system to reduce the danger of
collisions with ground obstacles (includithe target being inspected) and other airborne

vehicles.

In Manual Pilot (MP) mode, the vehicle is under f&ale control by an operator. It
was noted that most operational UAVs use some form of MP during launch and landing
(Phases 1 and 6). In onendiguration, the operator sits at a remote console at the

GCS. The operator relies on video and instrument data from the UAV, operating the
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vehicle as if in the cockpit of the UAV. This ismmetimes referred to as VirtuBlloting

(VP), or by the more guent term FPVilying. This method requires very high quality
video camera imagery with little or no signal delay. In a more basic configuration, an
External Pilot (EP) remotely controls the UAV using standard redidrol (R/C)
equipment and methods, ih standing at the side of the airstrip during takieand
landing operations, relying on his or her natural eyesight to control the small aircraft.

This Athird per moshconwioremethodmsed fer sniall E UAVe.
A.4 Experience with he Aerosonde UAV

A small fleet of Aerosonde UAVs were acquired in 2006 to be used to test the basic
utility of using this type of LALE UAV in the proposed ISR role. Detailed specifications
for the model purchased, the Mk4.2, may be found in Append(ddsosonde AAl,
2006) Training and field operations were conducted from Fall 2006 until Summer 2008.
It soon became clear that wdithe Aerosonde UAV wasapable of extreme endurance
(i.,e. 24+ hrs)the limited payload, high cbof operation, and high attrition rate of
airframes soon defeated any attempt to use it in the originally proposed ISR role.
Increasingly restrictive ruleseing applied by TGt thetime also served to curtddLOS
operations(TC, 2010; TC UAV Working Group, 2007)}o the point where flight

operations were restricted to basic circuit work within a kilometer of the runway.
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Appendix BT Aerosonde Specifications

Table B1: AerosondeTlechnical Detail§Aerosonde AAI, 2006)

Specification

Weight

13- 15 kg (28.6 t0 33 Ib)

Max Takeoff Weight

15 kg (33 1)

Wing span

2.9 m (9.5 ft)

Engine

24 cc, Avgas, 1kwSingle Cylinder, Fuel Injected,
Premium Unleaded Gas

Fuel Consumptior]

180g/hr level flight

Min/Max Fuel

1.071 5.5 kg (1.2 6.5 L)

Navigation

GPS/DGPS

UHF Communication Rang

200 km depending on height and terrain

On board power generatiq

40 Watts continuous, 75 Watts peaBV DC

Payload Compute

Supports Serial, Interface Input

Main Payload Bay Area (can be adapt

100 mm Length, 120 mm Width, 180 mm Depth

Performance

Speed

181 32 m's (49 to 62 Knots)

Endurance

~ 30 Hrs (All Fuel Payload)
~ 5 Hrs (Max Payload, Min Fl)e

Max Range

~ 2000 n.mi (All Fuel Payload)
~ 300 n.mi (Max Payload, Min Fuel)

Altitude Range

100 m to6000 m

Payload Maximum

5 kg (approx Lehour flight)

Mk 3 Payload

Up to 4 kg (8.8 Ib)

Mk 4.1 Payload

Up to 6 kg (13.2 Ib)

Landing & take off distace

Less than 300 m

Take off speeq

Average 90 km/hr

Launch

Vehicle Roof Rack & Catapult

Recovery

Skid

Temperature

+43C 10-34°C (+110F to -30°F)

Operations

Staff for Launch and Recover

3 People (Controller, Engineer, Pilot/Maintenance)

Staff for Flight Command

1 Person for several aircraft

Ground Equipmen

Proprietary Staging Box, 2 PCs, GPS

Flight

Fully autonomous, or under Base Command.

Ground & Arr communications

UHF or Satellite (Iridium) to/from Aerosonde

Improvements in Mk4.1

Paylad Mass

20% payload increase to 6 kg maximum

Payload Volume

30% payload volume increase

Endurance

20% endurance increase to more than 36 hours.

Engine/Powertrair]

The new power train system, based around Aeroson
proven electronic fuel injected engimow provides a
dedicated payload supply with a 75W continuous
capability. A separate 40W supply is provided for us
by the guidance system.
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Improvements in Mk 4.2

Winglets | Winglets have been added to the main wing as shov
Figure B1. The effect bthese winglets is to lower the
induced drag of the main wing (estimate i5%)
which improves the Lift/Drag ratio of the UAV.

Figure B-1: Aerosonde Mk 4.2 (courtesy of Aerosonde AAI)
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Appendix C 1 Canadian Aviation Regulations

The following sections give an overview of the Canadian Aviation Regulations
(CARs), with an emphasis on the rules governing the most important aspects related to
the operation of UAVs in both controlled and uncontrolled airspace. It stheuttbted
that with minor exceptions, much of the CARs mirror a similar set of rules in other

countries, especially those of the FAA in the United States.
C.1 Airspace Classifications

C.1.1 Domestic Airspace Regions

Canadian Domestic Airspace is broadliassified into two large areas: the
Northern Domestic Airspace (NDA) and Southern Domestic Airspace (SDA) regions.
The NDA corresponds to the region of Canada where magnetic compasses are unreliable
due to the proximity of the north magnetic pole. In tigigion, aircraft headings, surface
wind directions and runway numbers are based on true north bearings. The NDA is also
where standard barometric altimeter settin
divided at approximately P2atitude into theNorthern Control Area and Arctic Control

Area for definition of the lower limit of controlled high altitude airspace.

The SDA is the southern area of Canada, where most of the population and
civilian airfields exist. In the SDA, magnetic compassesuasdul, albeit with a known
declination correction between true north and magnetic north. Aircraft headings, wind
directions and runway headings are given relative to magnetic north. In the SDA, below

flight level FL180, altimeters are set to local basiric settings of airports during
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landings and takeoffs, and updated as the aircraft passes within range of other barometric
stations esroute. The UAV flight activities by the majority of UAV operators in Canada

(including Project RAVEN) have been in tB®A region.

C.1.2 Controlled Airspace (Classes £A)

The airspace classification system (i.e. Classes A through G) used in Canada
follows a similar format used worl dwi de.
cakeo diagr am a-% Thkiddiagnam atiemptsFoi sgmmaree a@d simplify
the various classes of airspace, although anecdotal comments from some pilots suggest it
probably just adds to the already confusing array of rules which are contained within the
CARs. An attempt will be made teeto summarize the various classifications in terms

important to small UAV operations.

Class A airspace is high altitude airspace where only Instrument Flight Rules
(IFR) flight is allowed. It is all airspace above 18,000 ft in the Southern Domestic
Airspace zone, and includes the high altitude air routes used by high speed civil transport
aircraft (i.e. airliners). All aircraft are expected to be equipped with radios, trachess,
and TCAS I n the Northern Domesti cisFAA30ispace
the Northern Control Area and FL280 in the Arctic Control Area. Visual Flight Rules
(VFR) flight is prohibited in Class A airspace. Small UAV operations are unlikely in

Class A airspace.

Class B airspace is high altitude controlled airspzateveen 12,500 and 18,000 ft
ASL. To operate in Class B airspace, an aircraft must have a Mode C Transponder and

must establish twavay radio communications with Air Traffic Control (ATC). VFR
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aircraft may enter but must get clearance from ATC before dsemgSmall UAV

operations are unlikely in Class B airspace.

Class C airspace is controlled airspace under active control by an ATC unit with
radar service, most commonly centered around majpors (typical radius of 7 n.mi
and up to an altitude of 300ft above the airport elevation. ATC provides traffic
separation between all IFR traffic and VFR traffic as needed. Aircraft entering Class C
airspace require a Mode C transponder and ATC clearancewgywaadio). Special
permission for NORDO (No Radi@perational) aircraft may also be given through
advanced notice and approval of a filed flight plan, but only during daylight VMC
weather conditions. Small UAV operations may be required to enter Class C airspace if

they chose to use civilian airportsataunch or recovery location.

Figure C-1: Canadian Airspace Classifications
(MacDonald & Peppler, p. 103)
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