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EXECUTIVE SUMMARY
The Federal Aviation Administration (FAAjunding the Alliance for System Safety of UASirough
Research Excellence (ASSURE) Center of Excellesweks to better understand #féectiveness of the
currentGeneralAviation (GA) pilotd s r o | eairdraft whick mdy poge a collision risk aadoiding
potentialmid-air collisions Variouspreviousstudieshavedeveloped datdased modela/hich provide a
mathematical approach¢or edi t i ng t he pil otds abi | i Thegsedffarts,vi sual
althoughcredible in approach and research findings, require modernization giveuithdy evolving
airspace changes to pilot training, and technological advancements to cockpit situational awareness
instruments Through this effort titted A65 Detect and Avoid Risk Ratio Validationesearchers at
Mi ssi ssippi State Universityds ( MBeagagrtmenheosimlestrial F1 i g h't
and Systems Engineering, and Center for Advanced Vehicular Syseetsthvalidated past efforts and
demonstrated nemodelling techniqueto supply the sponsor with a 2&entury take orGA pilot See
andAvoid (SAA) performanceBY collecting human factors datarough an extensive flight test campaign
with Delta St at eepastmenivoéCommercialdAsiatiqivi3S t¢3earddersuggest the
actual visual acquisition performance for GA pilakvarying skill levels and experienddying in cruise
flight with the opportunity to spot various typesaifcraft. Througheye tracking technology, researchers
found thatpilot experience with the aircraft they are flyjragd overalflight hours had a positiveffect on
scanning behavior. Pilots with less experience often constrainegé¢aeahesutside of the cockpit ta
small range of angles, wherghsse more experienced widened tisemnning angle® fill a much larger
portion of the available Fiel®f-View (FOV)within the cockpitOtherhypotheses aut scanning patterns
and pilot visual fixation are presented with empirical evidence throughout this rdgmtanalysis of
thousands of simulated encounters using the visual acquisition models for either a single pilot or a
combination of two pilots scannirggn impact the industry standards for DetauttAvoid (DAA).

For UncrewedAircraft Systems UAS), DAA is thecompliance approach for meeting thecepted SAA
requirements for operating in thiational Airspace SystefiNAS). As small UAS(sUAS)typically cannot

be seen by manned aircraftots, a SUAS must meet or exceed the combined performance for a standard
encountebetween two different aircraift the NAS. Using the updated models and scanning performance

from 137 participating pilots MSU researchersvere able todetermine thesimulated seandbe-seen
performance of any two GA pilotoming withina close enough distance to be considered an encounter.

The following report detail s uggbhsdon tha mdustm consgnsus e hi n ¢
standards, like the American Society and Testing and Materials (ASTM) Internat®naD AA Per f or ma
Standard=3442F3442M23 (ASTM International, 2023userequired metrics like Risk Ratios thaeat

least as safasthe curreninteraction between twoon-cooperative pilots in the NAS hroughextensive

simulation, researchehaveupdated Risk Ratio tables for various parameters inclusiteyvalueintruder

aircraft type, turn rate, and delay tirmedfound thatthe Risk Ratio values presented in this re@ogin

line with the currently acceptediSTM noncooperative LOWC Risk Ratio of 0éhd NMAC Risk Ratio

of 0.3or most of the beta rangd®esearchs caveat that as the NAS evolves, including the mass integration

of SUASand larger UAS in the futurgrobability of encountering an intruding aircraft will increase greatly,

and the encounter simulations performed under this effort may need to be updatedmmodate this

integration

Lastly, researchers remark on the possibility of improvemeitkésttine of research and to training@A

pilot scanning patterns given findings from the eye tracking datasehe technology and techniques
utilized throughout the test campaign af@rdable andepeatable, researchers make the case for continued
analysis of pilot performance, specifically for terminal airspace, and any such airspace where critical flight
may occur such as future vertiport airspategrationand advanced air traffic management concepts
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1 Introduction & Background

Unmanned Aircraft Systems (UA8pntinue to béntegrated into the National Airspace System (N&S)
increasing numbers amdmplexityof operationsTheseUAS will need to safely interact witthe existing

air traffic across the NAS, from commercial operations to general aviatisa country flightdn order to
integrate as safely as possible, the UAS industry has turned to new and disruptive technologies that
enablea UAS to detecgxisting traffic andnaneuvethe UASto avoidany possible escalation of a safety
conflict with such traffic Industry accomplishebis de-escalatiorthrough various technologgthat enable

a UAS to DetecandAvoid (DAA) an incoming intruding aircraftSensors either onboard the UAS or
groundbasedelaytraffic information from those aircraft cooperatively broadcastingpmaticDependent
SurveillanceBroadcastADS-B) informationor throughsensing technologies that detect an airdhgfig
nortcooperativelywithout broadcastetbcation and intehinformation. Industry has produced sensors
based on acoustic science, computer vision, and traditionaltcadietrect these aircraft that are considered
non-cooperative participantAs the capabilities of these senswesy, and the industry seeks to push
forward withintegrating mass UAS operations into the NAS, regulatare funded various efforts to
determine what an appropriate performance requireanestandarghould be for DAA sensgerformance
and reliability Traditionally, the Code of Federal Regulations (CFR), specifichlyCFR Part 91.113

(General Operating & Flight Rules 14 C.F.R § 91, 2028ires general aviation aircrafto fimai nt ai

clearo of ot her ai r cr Asfatequivhlent replacemeetofahatiragurememt fot h e

UAS, industryconsensustandardgienerated by thAmerican Society of Testing and Materials (ASTM)

Internationabbnd Radio Technical @umitteefor Aeronauticsuggestdc y | i ndr i cal v ol umes

airspace that a UAS and its DAA system nagshply with.However, naset of geometric values have been
traditionally placed on the meaningtht phrasefii we | |. 6c ITehd rs alina obreseatcle gliestioning
as tofihow well do pilotsactually maintain well clear in the current NAST o accomplish thisprevious

researcld et er mi ned model s of mothd gireratiwhilgflyihganttre lABaded | i t vy

on controlled flight test datd he ability of a pilot to visually acquire an intruder airceftlistance coupled

with assumptions on pilot maneuvere | ped bui ld the narrative of

performancefor general aviationAlthough the research quit convincing statistical reliability of the
results, thaange of possiblintruders for a general aviation pilot was not thoroughly testadtesting
occurred many yeaego,yetthe NAS continues to change as aviation modernizes

The following research report covers the effort done to both modernizsdegstanding of pilot visual
acquisitionperformance andmprove upon existing datasetsrough the integration of modern human
factors technologies and the varianceest aircraft. Through the end of th&3 test progranand this A65
effort, data was collected from37 pilotsat Del t a St at e Depgartinentof Gomreycials
Aviationinmultiplee ncount er s b et weng aircraftamdniptiudecatrcéaf sudh asothet
fixed-wing aircraft, rotorcraft, and large UAResearchers producedot visual acquisitionmodels based
on the previous methodologies apresent anew approach foestimating the scanning behaviors and
performance of general aviation pilotsdruise flight. These models were then integrated with-fase
simulations to generate safety metrics for thousands of encounters between mannedttérogtfng to
see and avoid one anoth@utputs of the fagime simulations are connected to industry starslaafiety
requirements for small UAS (SUAS).

Purpose

The purpose of this research projedniexpand on the selts of the ASSURE A23: Validation of Lew
Altitude Detect and Avoid Standard&merson, et al., 2023)project thus increasing the statistical
significance of thanalysis performed tetermine the ability of a GA pilot to SeedAvoid other aircratt
The team addressstortcomings of the previous research atteémpted to fill the gaps in the research and
continued to create a more robust datasdtigtit-testingencounters between two crewed fix@ohg
aircraft andencounters between a crewed fixgithg aircraft and crewed rotorcrads well asuild a new

n V
N

t

|

( DS
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dataset to include encountdostween a crewed fixeding aircraft andan UAS. The goal of these

encounters was to capture human facms r amet er s t hat would allow the
workload inthe cockpitanels t i mat e a pi | ot 6 s \asbal HighttRylesYF®)flighe e ot h e
conditions. Thesegrameters also allowed the team to make updated estimates on the Risk Ratio values

and make comparisons to prior reshagtfortsto validate existing industry standards for UAS

Research Questions
The research conducted for this progatightto answer the following questions:

1. What is the individual alerted and-aterted pilot se@ndavoid risk ratio for a manned aircraft
that encounters another manned aircraft?

2. Whatis the combined alerted andairrted seandbe-seen risk ratio for two manned aircraft that
are attempting to avoid one another?

3. How does pilot performance vary under different variable conditions? (i.e., environmental,
aircraft/encounter related such as closure speed, and personal factors)

4. Are proposed DAA "well clear" distances by standards bodies appropriate?

5. What are adequately safe DAA risk ratio targets for a variety of drone size including sUAS (< 55
Ibs.) and midsize UAS (551320 Ibs.)?

6. What is the risk ratio trade space between surveillance capability and avoidance capability for
achieving risk ratio targets for Ground Based and Airborne DAA systems?

7. Based on lessons learned through flight testing, what additional DAA safety performance metrics
and performance targets are needecftvanced air mobilitpAA operations?

2 Experimental Planning

As previously mentioned, the goal of thesearch effortvas toderive the minimum safety performance
requirements UAS soDAA systems could be used as an adequate alternative means of complance.
do this, the team needed to create a seridkgbt teststo capture thehuman factorslata necessary to
determine the existing safety requirements of GA pilots in the .NA8 following sections describe the
flight test planningtypes of aircraft used, procedures followgges of data that were colledt and the
means for collectinghe desired data.

Personnel
To keepeveryone on task during flight operations, deaigd roles and duties were creafBldese roles
weredefined as follows:

9 Test Director i The Test Directowasresponsible for ensuring a flight tesas completed in
accordance with the flight test plan. They particigdtethe Flight Readiness Review meeting
where the flight test plan, flight test cards, and hazard identification faensdiscussed and
finalized, ensuréthe test flightwasconducted in a safe manner and in compliance with the flight
test cards with accepted deviationsedets backup to the Test Conductor, re\eéenand approve
flight test plans and flightest reports, hhthe responsibility of ensuring all members of the flight
test team undetsod their roles and responsibilities and enduhat all members of the flight test
teamwere properly trained in their assigned roles. The test diragtwthe final authority on
alterations to any test cards or the test plan.

9 Test Conductori The Test Conductawvasresponsible for coordinating personnel, aircraft, and
equipment to meet the objectives of Test Cards during a test flightT@$t€Conductor 6ok
guidance from the Test Directdfhe Test Conductovasthe lead for generating the flight test
plans and flight test cards. Thest Conductoalso chaiedthe Flight Readiness Review meeting
where the flight test plan, flight test cards, and hazard identification faensdiscussed and
finalized. TheTest Conductor also participatein flight execution briefingsand overaw the
executionof the test flight.
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1 Human Factors Researcher The HumanFactorsResearchewastasked with data recording,
system operation, equipment emplacement, data anafysis,any othemeasurement duties
onboard the aircraffhis roleperformedactive data collection during the flights as well as predid
all necessary poslight documentation.

1 Safety Piloti The SafetyPilot ensurel that the flightwassafe and that all applicable procedures
werefollowed. TheSafety Pilotwasresponsible for visually acquiring the other aircraft to ensure
that safety thresholdsere being met while in flight. Tis role wasassisted by a traffic display
allowing them to ensure that the ownship and intruding airerefe at the correct altitudesnd
speedsin the event of a possible unsafe encounterStfety Pilothadthe authority to initiate an
abort procedurerlhis role wadypicallyoccupi ed by a member flght Del t a
instructor team and sat in the right seat for the duration of each flight event.

1 Subject Piloti The SubjectPilot wasthe participant beingbservedduring eachflight event
DSUG6Gs flight school .Newsiudents weseisee joreeach flightdeventtoi s r o |
ensureunbiased data was capturddhe primary task of th8ubjectPilot wasto visually acquire
the other aircraft thaterein the air during the activilight testwhile safely operating the aircraft.
Each Subject Pilot had varying degrees of experience and qualification. Bubject Pilot was
consideredhe Pilotin-Command (PIC) for manned encount&achSubject Pilowvasnot aware
of thetrue nature of the test anglereonly informed @ the actualtest intentaftersigning thedata
useconsent documeiivllowing the test

1 UAS Piloti The UAS pilotswereresponsible for flying and maintaining the UAS before, during,
and after the duration of the flight test. ThHkeyv prescribed flight paths and monigatthe aircraft
while theycommunicaedwith theHuman Factors Research&est Conductor, and Test Director.
The UAS Pilotwas alsaesponsible for monitoring the traffic display and providing commands to
the GCS operator.

I GCS Operator(s)T The GCS Operatorgiere responsible for sending flight commands to the
aircraft once th&JAS Pilothad set the flight mode to AUTO. They monitatthe test cards and
executd the appropriate commands by following the test cafdisthe flight commands were
executed using Mission Planner software.

Equipment
Thefollowing equipment list details each piece of hardware required for data collection during the flight
test.The equipment listed was placed in tvenship aircraft prior to each flight.

I Tobii Pro Glasses 3 Thesewearableeye trackingglasses were placed on the Subject Pilot to
record the flight from dirst-personview and providepupil gaze tracking datthroughout the
duration of the flight. This data was usedataalyzepilot scanning patterns and verify visual
acquisition timestamps.
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Figurel. Tobii ProGlasses 3recording unit, anlasses 3 applicatigii obii, n.d.)

1 Microsoft Surface Tableti This tablet was used to setup the Tobii Pro Glasses 3 and monitor
their live video feedA Microsoft Excel macroapplicationwas created and installed on these
devices to record thésual acquisitiortimestamp. A buttonon the applicationvas pressetly
the Human Factors Researcher when the Subject Pilot verbally atasectjuisition of the test
aircraftoccurred Both programs wer@pen and monitored throughout the duration of the flight.

A bookmark was created in the live video feed of the Tobis&&la 3 Controller softwadirectly
after the visual acquisitionds timestamp was r

1 AppleiPadi Theelectronic flight bag app, ForeFlightobile, was installed on the iPad and used
with a Sentry ADSB Receiver for higher positional accuratwyrecord theGlobal Positioning
System(GP9 track log of thecrewedaircraft throughout the duration of the flight test.

1 Sentry ADSB Receiveri This ADS-B receiver was used to provide accurate GPS track log data
by pairing it via WiFi to the iPad.The Sentry supports four GNSS systerfWide Area
Augmentation SystenGPS, Galileo,Global Navigation Satellite Systenand BeiDy, and
increased the accuracy of the GPS dak&e device was mounted on the rear passenger window
via suction cup mounh the ownship aircraft.

1 Sony PX470 Digital Voice Recafter i The digital voice recorder was used to record all
communicatiot hat came t hrough tAgplitddorgcedingcabllewa®t 6 s h
plugged into théheadphone audiport onboard the aircrafind then into the voice recorées
microphone portTheSu bj ect Pi |l ot 6 s h e podaudid cablearsd thp dtheg ge d i
port orboardthe aircraft enabling the recording of all in flight audio whether from within the
aircraft or via radio.
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Figure2. Sentry ADSB receiver unit and SonyPX-470 aidio recorder

Test Aircraft

A variety of aircraftconsisting of crewed fixed wing, rotorcraft, and a U&&re usedhroughout this
flight-testingcampaign Additional performance metrics amtescriptions can be fourid Test Aircraft
CharacteristicsThe ownship aircraft throughout this project was most often a Cessna 172P or CeBsha 172

The aircraft shown in théollowing images are representative of the multitude of different planes from
DSUbGs f | e eutilized. ihee tCessm& 1788 p a n eahalogi gaegds while the 172Re&re

Technically Advanced Aaraft( TAA) that wutilized a fAglasso cockpit

Figure3. DSUGs Cessna 1R (Left) andCessna 17R (Right) (FlightAware, n.d.)

There were ten flights accomplished with a Cirrus SR20 aswhehip aircrafais well shown inFigure4.
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Figure4. D S U Gigus SR2(Duff, 2023)

The intruder aircrafvaried depending on the testing forndasired.The rotorcraft intruder aircraft was a
Bell 206Bprovided by Povine Helicoptersshownin Figure5.

Figure5.Pr ovi ne HBell206Bopt er s O

For encounters involvingAS, theintruderwasaremotely piloted50% scale moddtiper Cubreferred to
as the subscale Cub or MicroCdlhe exact model used in testing is shown in Figure 6.
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igure6 R F R LH&mmpel 60% Cliped |g Clcrljb).

Testing Location and Flight Paths

All flight tests occurred in the Central Mississippi Delta region surrounding Cleveland, Mississippi where
Del ta State Uni ver s.iAltflighisbegan andgidéed asCtevelaral Municipal Airmot at e d
(KRNV), highlighted inthe box inFigure 7, with an aeal view shown inFigure 8. Tests occurred in
predominantly Class G airspace, although some routes occasionally entered Class E.
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Figure8. Aerial view of KRNV.

Crewed Fixed Wing Overtake Geometry

Testing of the wertake encounter geometry consisted déster ownshipaircraft at a higher altitude,

typically 1500ftAbove Ground LevelAGL), passing directly ovea slower intruder aircraft, typically at

1000ft AGL. These aircraft were a Cirrus SR20 and Cessha 172, respedisiigple triangle shaped

path, shown irFigure9, was flown by the intruder aircrafitach leg is 13 nautical miles long, allowing
enough distance for the overtake encounter to be completed

Allig|
34.077313/-90.822585

Concordia
33.969462/-91.049199

Merige

RNV Rend

KRNV

CLEVEFAND 7
MUNICIPALS B

Figure9. Triangle flight path for fixed Wing intruder.

The ownship aircraft would follow the same patto wever , | arge fiteardropo
corner toincrease time of flighivhile losing sight of the intruder armdlowing the sloweraircraftto reach

the next leg of the flight path. The intruders would typically cut the corners of theopathch the next
encounter path in a timely mann&he path was flown twice to generate a total of six encounters in each
flight test.
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Figurel0. Triangle flight path for ownshlalrraft

Rotorcraft Crossing and Head On Geometry

For encounters with the rotorcraftpssing and head on encounter geometries were executed in the same
flight test by having an A HiguellTherevgerte eighhdegigeated f | i g h
encounters throughout the fligivhich yieldedfour crossing encounters and four headDmo circuits of

the path were completed to generate the eight total encounters. This allowed for the four head on encounters
to occur at the Atopd and fAbottomd of the hourgl as
occurred directyinhe center of t he # Xdhefotal3lighttime feomivieelsaup mi | e ¢
to wheels down was roughtynehour andive minutes depending on cruise speeds and wind conditions.
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Figurell Hourglass flight path overlaid on sectlonal

The fixed wing ownship and intruder rotorcraft flew the path in opposite directions to generate the
designated encounterBhe ownship aircraft was located at an altitude of 1600ft A4Bld departed from
KRNV. Its flight path direction can be found below.

11
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Figurel2. Ownshiphourglasglight path in orangeandits drection, shown in blue.

The intruder rotorcraftieparted from Greenwoddeflore Airport (KGWO) andcruisedat 1100ft AGL.
The rotorcraft would proceed in the opposite directibthe ownshipas can be seen igurel3.

a

Figurel13. Intruder hourglass flight path, in orange, and its direction, showadin

12
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Rotorcraft Overtake Geometry

The following paths were designed to generate overtake encounters between a fixed wing aircraft and a
rotorcraft. The rotorcraft was located at a lower altitofl@ 100ft AGL and wasovertaken by the fixed

wing ownshipcontaining theSubjectPilot located at 1600ft AGLEach of the overtakegasconsiderec
singleencounterFigure 14 displaysthe two flight paths with numbered waypoints overlaid. Thesee

four total encountergplanned tooccur before the conclusion of teaehour flight. The green diamond

shape is the ownship path and the red hexagon is the intruder path. The encounters occurred during the
overlapping sections of the straight legs before the intruder broke off to the next portion of the path to setup
for the next encounter
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Dwyer
Figure14. Diamond flight path for overtake encounters. Ownship shown in green and intruder in red.

The intruder rotorcraft maintained a spee&®to 80 knotsluring the encounters, dependentthe speed

and location of the ownship aircraft. The ownship aircraft was expected to maintain at least 95 knots or
above to ensure that ibold overtake the intruder within the designated encounter distance of eight nautical
miles. Both aircraft flew the path in @unterclockwiselirection. The ownshipa i r c¢ flightf patld is

shown in the following imageas a satellite view anithe ForeFlight pathoverlaid on a sectional chart,
which was provided to the Subject PBoThe Subject Pilots were imgtted to perform a teardrop tuan

each vertexas can be seen in the right imaghis was donéo allowtime for the intrudeto set up on the

13
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next leg of the flight pdt This also increased the distance between the aircraft while allowing loss of visual
acquisitionupon the end of the overtake encounter
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UAS Overtake Geometry

Similar to the crewed fixed wing overtakes, the UAS overtakes required the ownship aircraft to fly 500ft
above the UAS which acted as the intruder aircraft. The altitudes for these tests were typically set at 1000ft
AGL for the ownship and 500ft AGL for ¢hintruder. The ownship would follow a larger path that was
intended to cross through two UAS test sites in which a UAS intruder would fly its own path to create the
overtake encounters. The UAS test sites were limiteldmile radii due to radio rangentitations. The

crewed ownship path is shown below.
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Figure17. Ownship UASOvertake Flight Patt

The ownship flew the blue path and was intended to create five overtake encounters. The first encounter
would occur at the first test site in yellow on the left of the figure from North to South from WP1 to WP2.
The second and third encounters would hafiyaekto-back starting at WP4 and ending at WP5 and would
pass through both test sites. The fourth encounter would occur from WP6 to WP7 at UAS test site 2. The
fifth and final encounter would occur from WP7 to WP8 from South to North at UAS test sieH tdst

site had its own path for the encount@nslare both shown ifigure18andFigurel9. The flight paths for

each of the UAS are shown in blue and labeled by encounter number.
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Figurel19. Site 2 UAS Intruder Flight Path
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Due to issues with one of the UAS during the first round of flighting events, the second test site was
removed from the following tests. The crewed flight path remained the same, but only generated three
encounters per flight instead of five. Eaclgffi would last approximatel5 minutesiepending on winds.

Additionally, after reviewingthe firstfew rounds of UAS overtakes, it was determined that the subject
pilots had a better chance of visually acquiring the intruder dutsrigiter at the beginning of each leg of
the encounters because the operational radius of the UAB®@vakort at 1 miTo remedy this, the UAS
intruder was outfitted with an upgraded radio receivellmw the operational radius to be increased to
1.5mi giving an extra mile and more time for the overtake to otittimately this alowed the UAS to be
sent on its path sooner so thia¢ subject pilot hatessof a chance to see the aircraft in its loiter at the
beginning of each encounter I&he newownship flight path can be seen below. The new path allowed
for the UAS to fly at 1000ft AGL and the ownship flew at 1500ft AGL keepin&@@dt vertical separation.
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Figure20. Ownship UASOvertake Flight PatR

As shown in the figure above, tbgvnship flew along the red path until it reachedttiengle waypoints
called psends. Once the ownship reached a send
operator would send the UAS intruder out of its loiter and onto its encountdihlegend it points were
spaced from 2.5mi t8.75mi away from the operational radius depending on timeeged for that run.

The Mission Planngpathfor the UAS is shown below with overlays for each encounterTleg.path for

the UAS wouldoperate solely inside of the yellow operational radius at UAS SitwmiFigure20.
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Figure21. Site 1 UAS Intruder Flight Path

Flight Test Procedure

The test procedures discussed below were perfofonedery test window regardless of testing geometries
or aircraft. Prior to arriving at thairport, the equipment would be fully chargaghdated and testd to
confirm thatall equipmentwas operational Eachtest personneiole had its own procedure for a given
phase of the testingf a role was not listed for a phaseattholewould act as suppbfor the othepersonnel.
Testing would typically lastrom MondayFriday for a given week and would tatgup to five flightgper

day intwo-hourwindows for each flightThe flight windows are shown ifablel.

Tablel. DSUd student pilot flight windows.
Flight Window Time
1 7:00 AMT 9:00 AM
2 9:00 AMi 11:00 AM
3 11:00AM i 1:00 PM
4 1:00 PMi 3:00 PM
5

3:00 PMi 5:00 PM

Preflight

TestDirector, Test Conductor, and Human Factors ResearcRewer oniPad and Surface Tablet and
perform a time synchronization before every flight wind&at up templates for the data capture software.
Installall the necessary instrumentation into the test airdredflight brief to the Subject Pilatsing the
approvednstitutional Review BoardRB) brief in Subject Pilot Briehg Script Brief the Safety Pilot on
the path they v fly, what they should expect to encourdaring the flight.andinform them tomonitor

air traffic and take over the aircraftriecessarylnform the intruder on the path and timing to ensure that
theencounters Wil happen when and where they were supposed to. The Human Factors Rebeardser
test aircraffprior to engine startup

Safety Pilot:Perform weight and balance to ensure that all crew onboard the aircraft met the limits of the

aircraft as well as thgolicies and procedures set by DS&énerally, the Safg Pilot also neeedto request
that the test aircraft to be filled to half tanks instead of full tanks to mee#iight and balance limits.

18
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Subject Pilot:Preflight the test aircrafis normally woulde dondor any DSU training flight.

UAS Pilot and GCS OperatorBor flights that required the UAS, the UAS Pilot and GCS Operators would
perform all standard preflight procedures for the UAS and perform a warmup flight to ensure that the
aircraft is operating nominally.

Inflight

Human Factors Researchdfrovidestatus updates of the aircraft and the testing to the Test Conductor/Test
Director such as théme to takeoff and environmental factors that they encountered to be documented.
Capture the visual acquisitions from the Subjeiddt andlog them in the Human Factors Application as
well asset abookmark in the Tobii video recording to be reviewed later.

Test Director and Test Conductéteepcommunication with the intrudeaircraft crewtwo intruderSafety
Pilots or the UAS Pilot and GCS Operatalepending on the test requirememedaying any critical
information back and fortibocumented weather during each flight event andsatl postflight surveys
to keepthetest event running smoothly and limit the downtime between flights.

Safety PilotMonitor the flight path andhstruct the Subject Pilot to apply correctidgaghe course heading,
altitude, or speed as necesstwykeep the flightsafe and maintain the timing needed to generate a
appropriate encountdf. a twoperson crew of Safety Pilotgasneededo act as the intruder aircraft for a
test monitor the path and fly the intruder aircraft to maintain the timigpssary to generate@mcounter
with the ownship.

Subject Pilot Fly the given path as instructed while wearing the Tobii eye tracking glasses and having
headset audio recorded through the audio recovagbally call out any air trafficseenduringthe flight.

UAS Pilot and GCS Operatar§he UAS Pilotshouldtake off the UAS and fly to a specified altitude and
switch the aircraft into autopilot. From there, the GCS Operatos talaz and send the aircraft to specified
waypoints to generate encounters while listening to radio traffic and coordinate with the Test Director/Test
Conductor to ensure everythirgyunning smoothly.

Postflight

Human Factors ResearcheBave all data from the flight angreparethe next template for the following
flight. Svap batteriesn equipment as necessaBanduct thePosfflight Survey with the Subject PilofThe
Postflight Surveycan be foundn Demographis and Situational Awareness Surve$emiStructured
Interview. After the surveyhave the Subject Piloead and siganinformedconsentdocument

Test Director and Test Conductd¥ile all documentation from the Human Factors Researchesrgadize
the net test window byensuring that everyorngin place andhere were no issues from the previous flight
or no negative developments in weatthet would impact the next test window.

Safety PilotInform the Test Director or Test Conductor of any issues or comments regarding the previous
flight. If there was a twqperson crew acting as the intruaéncraft, prepare the aircraft for the next window
of flight testing as necessary.

Subject Pilot Conduct DSU standard postflight procedures and thee migh the Human Factors
Researcher in a private ategparticipate in the postflight interviews and documentation

UAS Pilot and GCS Operatar®erform a post flight inspection, charge the avionics batteries, refuel the

UAS, and wait for the call from the Test Director or Test Conductor to begin operations for the next flight
window.
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Data Management

There vas a plethora of dataptured during each flight windoMost of thedata wasaptured and stored
on its local recording format during the flighd keepall of the dataseparate and organizethe typical
types of data anttheir correspondingtorage deviceare shown ifmable2.

Table2. Data and metrics recorded during flight testing.

Data Type StorageDevice
OwnshipTrack Log ForeFlight Application on iRd
Subject PilotAudio Voice Recording Unit
Eye Tracking Data Tobii Recording Unit
Human Factors Log Surface Tablet

IntruderTrack Log (NoRUAS) ForeFlight Application on iPad
Intruder Track Log (UAS) PixhawkAutopilot
Post Flight Survey Paper Copy
Informed ConsenDocument Paper Copy

After each flight all associated data was compiled and uploaded to an encSglideStateDrive (SSD)
hard driveto keep the human factors data secure and orgafihedsSDalways remained in the possession
of the Test Director in a secured locatwwhen not in useThe data remaining on theiginal recording
devices would be erasaddthe recording devices would bet up for the next flight window. This ensured
that all data was in a secure place and that the storage on the recording devices would miotriiityugo
test.The paper copies of the post flight survey and informed consent docwererfiled into a binder and
then scannednd uploaded to the SSNith the otler data.All Personallyldentifiable Information was
stored according to tH&B document@andmade irmccessible to anyone that was not lisied performer
for the resarch

Safety Considerations

Before conducting any of the flight testing for this projediSU went through thefull flight test
development proces$his involvedparticipating ina flight test plan and car@) development meeting,
creating both the test cards and f@ahn, andreviewing the plan and cards for accuracy with all parties
involved in the testinghrough aflight test plan reviewAfter that, the team would meet with tAeiation
Safety Officer (ASO) to identify any risks associated with the tests and create a hazard docifment.
necessary, the hazard document was reviewed in a safety reviewcbosigling of the research teamd

the ASQ Finally, theentireflight testingteam participatein aflight readiness review to ensure that all
guestions weraddressedand all parties had atequiredknowledge andesources t@afely executehe
flight test.

While not a direct hazard, the ownship wgsically required to fly at the minimurallowedaltitude limit

of 1000ft AGL during the testingThis was atypical fostandard DSU traininflights. This kept a 500ft
vertical offset between the test aircrafhe Safety Pilotswere instructed to intervene if either aircraft
waivered in altitude by 130 Since the flight testingpok place in the NASthe Safety Pilot would monitor
the airspace during the flight to keep separation fromtasnaircraft and applavoidance maneuvers as
necessary to maintain safe offsets. For each flightdpstified Hazard Identification Forms were created
to capture alhotable hazards of thesting along with mitigations for each hazarte Collison Hazard
IdentificationFormfor therisk of aircraft collisioris shown belowadditionalrisk identification forms are
shown inAdditional Hazard ldentification Forms
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Hazard Identification Form F. 862 325 3804
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2

Probability Mitigations: Alreraft must maintain a 500 ft vertical separation at all times. Safety
pilots are aware of the encounter locations and will monitor the location of other aircraft with
ilots can assume control of the aircraft in unsafe situations.

Emergency Procedure: In the event separation is lost, the aircraft will follow the standard right
of way rules to avoid the collision. Pilots will also inform the other aircraft of the change in
altitude to maintain a safe flight test.

Probability

Basic

Mitigated

3

Severity

Figure22. Hazard identification form for a collision hazard.
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3 Flight Test Results

Participant Demographics
Subject Pilot experience levels varied frpitots with less than a total year of flight experiengetosix
years with the average age of the Subject Pilots being aroing&s old Ages ranged from 18 to 35
Thisisduetdt he research teamdés wutilization of the
pilots. The Subject Pilots predominantly flew single engine aircraft such as Cessaad &ssna 172
models as these are the most numerous at the flight seltholugh26 of thepilots also possessed a multi
engine rating

Table3. Demographics overview of test participants.

Parameter Unit Minimum Maximum Average Mode Median
Age Years 18 35 21.7 20 21
Pilot experience Years 0.5 6 26 2 2
Singleengine
non-complex Hours 65 750 182.9 180 180
experience
Multi-engine Hours 0 120 14.9 0 0
experience
Complex Hours 0 120 15.4 0 0
experience
Crosscountry
flight time in last 6 Hours 0 50 11.8 0 10.35
months

Of the 78 Subject Pilots tested4.4% held an instrument rating42% of the Subject Pilots were rated
commerciallyand only 2.8% were certified flight instructors.

Table4. Ratings overview of test participants.

Rating Percentageof Subject Pilots holding rating
Commercial 42.3%
Instrument 74.4%
Certified Flight Instructor 12.8%

The years of experiender each Subject Pilot were recorded as showFignre23. Many of the Subject
Pilots were relatively new to flying, exhibited by the tmost numerous ranges being between 1 and 2

years.
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Figure23. Years of experiencas a pilot for each Subject pilot tested.

Most of theSubject Pilots were rather comfortable with the aircrafy there asked to fly, althougtv of

them stated they wemtheri Not at all 6 or @A S| i gasshownaokigire2dni | i ar wi
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Figure24.Subj ect Pil ot b6s flommi | i arity with ai

Ten of these pilots flew the Cirrus SR20 during the fixed wing ovedakeunters andiere new to the

aircraft as many had just recently started receiving trainirgy iecently been approved to flye aircraft

The remaining siflew a Cessnha 172 AA) and had more time im Cessna 172P witdnalog instruments

orvicever sa, and stated that they were fAslightlyo fa
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differences in cockpit layouind performanceompared to the aircraft they hagent the most time in
during the six months prior to their participation in the research.

41 pilots stated they paid more attention than usual to traffic throughout the fligistis most likely
attributed to the being aware of their evaluation by the Human Factors Researcher and the presence of
the eye tracking glasse&nother reasonable hypothesis is the pilots were aware the research was for the
FAA and may have attempted &tonormally pay more attention to different cockpit duti@ssimilar

number however stated that they paid around the same amount of attention to asffiey wold in any

other flight. In either case a visual acquisitiovas no more likelyin pilots that stated they paid more
attention to traffic than to pilots that paid the same amount of attention to tkédfie.information on pilot
scanningcan be found isectiord, Visual Acquisition Performancevhere the data from the Tobii Glasses

has been analyzed.

P M
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Figure25. SubjectPilob s at tenti on paid to scanning f

Survey and Interview Analysis

As the final portion of the questionnaire, the Human Factors Researcher would ask the following questions
aboutthe flight and the aircraft the Subject Pilisually acquired Ther answers were recorded and
transcribed onto the surveys by the Human Factors Researcher.

For each positive visual acquisition, answer the following questions:
1 What were the characteristics of the aircraft that made it easy or difficult to spot?
1 What were the environmental conditions that made it easy or difficult to spot?
1 Was there anything else that made detection easy or difficult to spot?

Table5 and Table 6 showthe factors that Subject Pilots stated as having made visual acquisition of the
intruder aircraft easier. The tables have been divided by intruder type dueiftettemce in characteristics
between the aircraftMany of the Subject Pilots stated similar factoh®wever, there were slight
differences in the flight tests leading to a few specific factors mentioned for the different intruders.

Table5. Factors thamadeacquisitioneasier forfixed wing intrudet
Made Visual Acquisition Easier (Fixed Wing Intruder)
Intruder Aircraft Characteristics
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=a =4 -8 -9

Looking down on high wing aircrafirovided more visual surface area.

Aircraft moving against static background made it stand out more.

White paintat low altitude contrasted against ground when flying above intruder.
Low wing ownship: Easier to look up at higher altitude traffic without Ff@ng blocked.

Environmental Conditions

E

Sun reflected off of intruder causigdjnt that was noticeable.

Clear weather with lowvinds was easy to fly iand allowed for more attention to be paid to
scanning for traffic.

Lower altitude ownship: Looking up on cloudy ddaye intruder aircraft would contrast agair
the clouds in the background.

During the summer, much of the background was green providing high cdotrée white
intruder aircraft.

Other

Windshield being cleaned made it much clearer and easier to see out.

Table6. Factors thamadeacquisitioneasier forrotorcraftintruder

Made Visual Acquisition Easier (Rotorcratft Intruder)

Intruder Aircraft Characteristics

E

E

Red color of aircraft stood ot Subject Pilots.

The motion of the rotors was noticeable
spotting the rotorcraft.

Relative motion of the aircraft was spotted in peripheral vision of the Subject Pilot
During head on encounters, the rotorcraft was easier to spot over the nose when further

Environmental Conditions

=a =

The sun reflected off dhe rotor blades or the windows of the rotorcraft and caBsbgect
Pilot to spot the intruder.

Clear days with calm winds allowed Subject Pilot to spend morestiarening outside.

Rural area with little to no air traffimade spotting intruder easier because it would stand ¢
more due.

Other

Side profile of the helicopter provided a larger visual area making it easier for the Subje
to visually acquire it.

Encountering the rotorcraft multiple timeaused Subject Pilot to increase their awareness
try to predict its location throughout the flight test.

Table7. Factors that made acquisition easier for UAS intruder

Made Visual Acquisition Easier (UAS Intruder)

Intruder Aircraft Characteristics

E

E

White aircraft stood out against brown fields below it.

Flashing lights on intruder aircraft spotted, especially on early morning flights when sun
lower.

I ntruder aircraft spotted during turn f
surface area.

Likewise, high wing intruder provided higher visual surface area when spotted from abo
Red/ Maroon accent stripes on wing broke

Environmental Conditions

Clear days with calm winds allowed Subject Pilots to spend more time scanning for intru
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1 Brown fields and flat landscape below intruder improved contrast, making the intruder st
out.

1 Sun bouncing off of wrapped paint job on wings causing glint.

T On slightly c¢cloudy days, the sun was no
scan for traffic.

Other

1 Normal VFR flight with low activity and workload.

9 Easier to look down ia high wing aircraft and spot traffic below you due to wings not bloc
FOV.

The following tables detail the factors that Subject Pilots stated as havingheadédsual acquisitiorf
the intruder aircraft more difficult.ike the above tables, they have been broken down by intruder type

Table8. Factors thamadeacquisitionharder forfixed wing intruder
Made Visual Acquisition Harder (Fixed Wing Intruder)
Intruder Aircraft Characteristics
1 There was lower visual arelaring head on encounters

Environmental Conditions
Sun shining i n tduegafernognevening fights ot 6 s ey es
Sun glare off of ponddlooded areas, and windshield
Hazy sky obscuring intruder aircraéispecially at further distances

Other

Looking for a higher altitude intruder while in a high wing aircraft due to blocked FOV.
Looking for a lower altitude intruder while in a low wing aircraft due to blocked FOV.
Traffic on roads in the distance (close to horizon) being mistaken for potential air traffic

E N ]

E R

Table9. Factors thamadeacquisitionharder forrotorcraftintrudet
Made Visual Acquisition Harder (Rotorcraft Intruder)
Intruder Aircraft Characteristics
I ntruder moving out of the Subject Pilo

Environmental Conditions
Sun shining in the Subject Pilotds eyes
Sun glare off of ponds, flooded areas, and windshield
Hazy sky obscuring intruder aircraéispecially at further distances
Wind causing turbulence and made it harder to follow path and stay at altitude; this took
attention of the Subject Pilot away from traffic scanning

Other

Blind spots created byose of ownship and wing struts
Higher amount of radio traffito focus on during flight
Flying at a lower altitude than Subject Pilot is accustomed to
Lack of traffic awareness data
Instructor pilot usually assists tmaffic scanning to the righand Subject Pilot may not ha
scanned in this direction as often as others
FOV blockages dut the Safety Pilot in the right seat
Subject Pilot does not usually wear sunglasgate flying.

E)

E

=a =4 -8 —a -9

= =
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Table10. Factors that made acquisition harder for UAS intruder

Made Visual Acquisition Harder (UAS Intruder)

Intruder Aircraft Characteristics

= —a =9

Small aircraft
Lack of maneuvering and relative motion
Looked like a car or pond

Environmental Conditions

E

Hazy weather conditions, especially towards horizon
Wind causingurbulence and made it harder to follow path and stay at altitude; this took {
attention of the Subject Pilot away from traffic scanning

= =4 —a A

= =4 =

I Sun shining in eyes
Other
Due to lower altitude, Subject Pilot was more concerned about potential tower hazards th
Gl asses reduced Subject Pilotbés FOV

Tall Subject Pilot had to duck to fully see out of the windshield

Subject Pilotds first time flying with
to weight and balance difference

Following the flight path on the screen while also scanning for traffic

Subiject Pilot recently finished their IFR training and was not accustomed to flying under

Have not flown in left seat recently

Many of the factors mentioned by pildteat madehe visual acquisition easier wrore difficultalign with
previous research accomplished in the A28alidation of Low Altitude Detect and Avoid Standards
(Amerson, et al., 2023ffort. Themain factors that many pilots mentioned as making it easier to see most
often related to aircraft color and its contrast with the background or a kighalsurface area when they
would spot the aircraft from abovlany pilots mentioned weather as a factor in making it harder to spot
the intruder aircraft, most often stating the sun would be in their eyes. This was especially prominent on
flights that took place in the evening when the sun was lower on the hdfiapimess on otherwise ele

al so proved challenging for many as ¢t he

days

although weather conditions were within normal VFR boundaries.

Flight Testing Environment

Limits for clouds were in place according to the Class G airspace weather requirements pids€miRn
8 91.155(General Operating & Flight Rules 14 C.F.R § 91, 2022¢ather data was collected from the
Meteorological Aerodrome Repddr Greenville MidDelta Airport, located 23 miles southwest of KRNV,

prior to every flight.

Subject Pilots were asked to salfsess their attention paid to weather throughout the test flight when
compared to ot her @ nor7&%ubject PWEDS pddlithe game attentiod® to the o f
weather as they would in a normal flight, illustratedrigure 26. 10 Subject Pilotstated they gave more
attention to the weather throughout the flight than uddasét of these pilots flew in conditions with a low

cloud ceiling or higher sustained and gusting winds. They have been denoted with an astelikklih
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Tablel1l1l. Weather conditions during testing.

Participant Date T(imp Visib'ility ;/\Iggsd Winq Clouds
# (°F) (mi) Direction
(mph)
1 7/11/2023 90 10 3 SSW SCT031 OVC043
2 7/11/2023 90 10 3 SSW SCT031 OVC043
3 7/12/2023 85 10 14 S FEWO015 FEW021
4* 7/12/2023 85 10 14 S FEWO015 FEWO021
5 7/12/2023 87 10 12 SW CLR
6 7/12/2023 87 10 12 SW CLR
7 8/21/2023 97 10 5 ESE CLR
8 8/22/2023 91 10 4 NNW CLR
9 8/22/2023 95 19 2 NNW CLR
10 8/22/2023 97 10 5 S CLR
11 8/23/2023 87 16 4 ENE CLR
12 8/23/2023 93 10 4 SWS FEWO040
13 8/23/2023 93 10 4 SWS CLR
14 8/24/2023 88 10 1 ESE CLR
15 8/24/2023 95 19 2 E CLR
16 8/24/2023 99 17 3 E CLR
17 8/25/2023 93 18 4 SW CLR
18 11/28/2023 46 22 8 N CLR
19 11/28/2023 52 25 6 NNE CLR
20 11/28/2023 53 25 4 NNW CLR
21 11/29/2023 30 20 5 S CLR
22 11/29/2023 45 20 5 S CLR
23 11/29/2023 62 25 11 SW CLR
24 11/29/2023 60 28 9 SSW CLR
25 11/30/2023 59 25 9 SW FEW100
26 1/10/2024 31 19 7 SSW CLR
27 1/10/2024 33 19 8 SSW CLR
28 1/10/2024 47 19 12 SSW CLR
29* 1/10/2024 51 22 13 SSW CLR
30* 1/11/2024 34 14 7 SSE FEWO028 BKNO36
31 1/11/2024 44 10 9 S FEW026 FEW035
32 1/11/2024 56 16 9 SSE FEWO031
33 1/11/2024 63 18 11 SSE SCTO060
34 3/19/2024 54 21 10 SW CLR
35 3/19/2024 56 22 10 SW CLR
36 3/19/2024 59 25 10 WSW CLR
37 3/20/2024 49 17 6 SW CLR
38* 3/20/2024 59 21 8 SW CLR
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39 3/20/2024 68 25 9 SW CLR

40 3/21/2024 45 13 3 ESE CLR

41 3/21/2024 54 16 4 SSE CLR

42 3/21/2024 64 16 3 E CLR

43 3/21/2024 71 25 7 ESE SCTO070

44* 4/15/2024 65 13 13 SSW BKNO023

45 4/15/2024 74 14 11 SSW FEWO027 OVC036
46 4/15/2024 79 15 12 S BKNO39

47 4/15/2024 81 18 13 S FEWO041

48* 4/17/2024 79 15 9 SSW | FEW013 BKN022 OVCO
49 4/17/2024 80 17 9 SSW FEWO017

50 4/17/2024 81 17 9 SSW FEWO049

S51* 4/18/2024 76 14 12 S FEWO018 SCT029 OVCO
52 4/22/2024 43 13 3 NE CLR

53 4/22/2024 60 22 4 E CLR

54 4/22/2024 61 23 4 E CLR

55 4/22/2024 64 25 2 SE CLR

56 4/22/2024 66 25 2 S CLR

57 4/23/2024 49 12 7 S CLR

58 4/23/2024 61 16 10 S CLR

59 4/24/2024 63 14 6 WSW CLR

60 4/24/2024 67 15 7 WNW SCT060

61 5/6/2024 81 15 10 SSW FEWO027 FEW033
62 5/6/2024 85 16 12 S FEWO038

63 5/6/2024 86 16 12 SSW SCT042 SCT055
64* 5/9/2024 80 6 6 S CLR

65* 5/9/2024 80 6 6 S BKNO17

66 5/9/2024 83 5 5 WNW | BKN023 BKNO30 OVCO:
67 5/9/2024 87 18 7 WNW FEWO033

68 5/9/2024 90 20 7 NNW CLR

69 5/10/2024 67 17 11 N CLR

70 8/12/2024 72 14 5 ENE CLR

71 8/14/2024 88 18 4 ESE SCTO085 BKN150
72* 8/14/2024 94 19 5 NE FEW 130

73 8/15/2024 89 17 5 S SCT 070

74 8/15/2024 89 17 5 S SCT 055

75 8/15/2024 95 18 3 S CLR

76 8/15/2024 97 19 3 SE CLR

77 8/16/2024 78 13 5 SSW BKN 080

78 8/16/2024 84 15 7 SW CLR
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4 Visual Acquisition Performance

Tobii Eye Tracking Data Structure

Using the Tobii Pro Qasses3, the team collected pilots' eye tracking data, which encompasses various
metrics such as 2D and 3D Gaze Points, Gaze Direction, Pupil Position, Pupil Diameter, and Fixation
Points.The teamdentifiedessential variables for subsequent analysis.

1000

Gaze Point Y
[4,]
(=]
o

Pupil Diameter Right
[+

0 500 1000 1500 2000 2 4 6
Gaze Point X Pupil Diameter Left

Figure27. Subject Pilod gazepoint on left andpupil diameteron right.

The analysis is substantiated by two key visualizations. The first scatter plot does not indicate any
significant correlation between the x (gaze point x in 2D) and y (gaze point y in 2D). This dispersion
suggests that both dimensions provide distinctwahdable insights into the gaze behavior, implying that

the exclusion of either variable could result in a loss of critical information. Therefore, it is recommended
that both dimensions be retained for a comprehensive analysis of gaze patterns. If) tens@sond plot
exhibits a correlation between the diameters of the left and right pupils. This correlation suggests
redundancy since pupil dilation is generally symmetrical and influenced by similar physiological or
environmental factors. It suggestetpupil diameter with a single variable (either left or right), thereby
streamlining the dataset without compromising the analytical value.
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Figure28. Correlation matrix heatmap for relationship between eye tracking parameters.

The correlation matrix heatmap provides a comprehensive view of the relationships between various eye
tracking parameters measured by TdbjieglassesEach cell in the heatmap represents the correlation
coefficient between two variables, with the scale ranging frbnfperfect negative correlation) to +1
(perfect positive correlation). Colors closer to red indicate a higher positive correlation |@sdctoser

to blue indicate a higher negative correlation.

From the heatmapone canobserve high positive correlations among similar types of data points,
particularly within the gaze direction and pupil position variables. For example, the X, Y, and Z coordinates
within the gaze direction and pupil position categories show significaniataorrelations, suggesting that

these measurements tend to vary together in a predictable manner. This correlation is expected as
movements in one axis often accompany shifts in others when the eye changes direction or position
Conversely, the relatively lower correlations between Gaze Point 2D coordinates and 3D Gaze Directions
suggest these variables provide unique details. This distinction is crucial for analyses where detailed spatial
orientation and eye movement pattemesrgecessary, such as in studies aimed at understanding how people
interact with complex visual interfaces.

Additionally, the variables with low or no correlation, such as the duration of gaze events compared to

physical measures like pupil diameter, highlightiousaspects of eye behavior, indicating the importance
of retaining these distinct data types for comprehensive behavioral andbsis.12shows the actual
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correlation values between the variables. The detailed analysis ofvtiriealeswill be demonstrated in
SectionO.

Tablel2. Correlation betweeaye tracking variables.

Gaze.point.X Gaze.point.Y Gaze.point.3D.X Gaze.point.3D.Y Gaze.point.3D.Z Pupil.diameter.left Pupil.diameter.right Pupil.diameter.filtered Gaze.event.duration
Gaze.point.X 1 0.15 -0.1 0 -0.02 0 -0.02 -0.01 0
Gaze.point.Y 0.15 1 -0.02 -0.04 -0.06 0.05 0.11 0.07 -0.05
Gaze.point.3D.X -0.1 -0.02 1 0.39 -0.3 0 0 0 0
Gaze.point.3D.Y 0 -0.04 0.39 1 -0.64 0.01 0.01 0.01 0.01
Gaze.point.3D.Z -0.02 -0.06 -0.3 -0.64 1 -0.04 -0.04 -0.04 0.01
Gaze.direction.left.X -0.99 -0.21 0.1 0 0.03 -0.01 0.01 0 0
Gaze.direction.left.y -0.06 -0.99 0.01 0.04 0.06 -0.04 -0.11 -0.07 0.05
Gaze.direction.left.Z -0.19 -0.2 -0.03 0 0.04 -0.13 -0.12 -0.12 0.09
Gaze.direction.right.X -0.99 -0.1 0.11 0.01 0.01 0.01 0.03 0.02 0
Gaze.direction.right.Y -0.17 -0.99 0.02 0.04 0.06 -0.04 -0.1 -0.07 0.04
Gaze.direction.right.Z -0.08 -0.14 -0.03 0 0.03 -0.11 -0.12 -0.12 0.08
Pupil.position.left.X -0.98 -0.23 0.1 0 0.03 -0.03 -0.02 -0.03 0
Pupil.position.left.y -0.1 -0.93 0.01 0.04 0.05 -0.01 -0.06 -0.02 0.07
Pupil.position.left.z 0.34 0.06 -0.08 -0.02 0.03 -0.3 -0.32 -0.32 0.02
Pupil.position.right.X -0.98 -0.06 0.1 0 0 0.05 0.07 0.06 -0.01
Pupil.position.right.Y -0.17 -0.92 0.03 0.04 0.05 0.01 -0.03 -0.01 0.04
Pupil.position.right.Z -0.22 -0.07 -0.01 -0.01 0.04 -0.29 -0.34 -0.33 0
Pupil.diameter.left 0 0.05 0 0.01 -0.04 1 0.92 0.97 0.08
Pupil.diameter.right -0.02 0.11 o 0.01 -0.04 0.92 1 0.97 0.03
Pupil.diameter.filtered -0.01 0.07 0 0.01 -0.04 0.97 0.97 1 0.05
Gaze.event.duration 0 -0.05 0 0.01 0.01 0.08 0.03 0.05 1

Sequence Analysis

Research hypothesis 1: The eye scanning patterns of pilots differ significantly between
various mission stages of a flight.

This hypothesis is grounded in the observation that the complexity and frequency of gaze shifts vary
between the more demanding taképhase and the relatively routine cruise phase. Duringdtkpilots

are required to monitor multiple instruments adtrols rapidly to ensure a safe ascent, whereas during
cruise, the focus tends to be more on maintaining course and altitude, resulting in more repetitive and less
varied gaze patterns.

Take-off Cruise

Sequence: N-S-N-O-P-L-G1-N-O-N-Y-T-N-Y-P- Sequence: N-O-N-O-N-I-N-O-N-H-N-O-T-N-O-
I-F-S-Y-K-N-I-M N-O-N-O-N

Figure29. Eye movement sequence of a pilot during two phases of flight.
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Figure 29 illustrates the eye movement sequences of a pilot during two distinct phases of flightiftake

and cruise. These sequences are captured usirigpeking technology fitted within the cockpit, allowing

for a precise recording of where and how frequently the ptjatz= shifts to different instruments and
controls. Each numbered marker represents a spéaifi@ Of Interest (AOI) within the cockpit that the

pilot looks at, and the sequence of numbers below each image represents the order in which the pilot's gaze
moved between these points.

During takeoff, the sequence is more complex and varie®&N-O-P-L-G1-N-O-N-Y-T-N-Y -P-|-F-S-Y -

K-N-I1-M. This sequence indicates frequent shifts between numerous controls and instruments, reflecting
the high demands placed on the pilot during this ctifpbease of flight. The pilot must monitor a wide

range of indicators and systems to ensure a safe ascent. The gaze points include essential flight instruments
and navigation systems, which are crucial for adjusting the aircraft's speed, altitude, atatyrdjeing

the initial climb.

In contrast, the sequence during the cruise phase is simpler and more repet@iNN-1-N-O-N-H-
N-O-T-N-O-N-O-N-O-N. This indicates a more routine monitoring pattern, with the pilot's gaze returning
frequently to a few key instruments. This phaseflight requires less frequent manual adjustments,
allowing the pilot to monitor the essential systems to maintain a steady flight path and altitude, thus ensuring
the aircraft remains on course and stable. The repetitive nature of the sequence suggestogritive

load compared to the takdéf phase, reflecting the routine nature of this 1ftight period.

Research hypothesis 2: The eye scanning patterns of pilots, as indicated by average relative
frequency of gaze points, do not show significant differences across different aircraft types.

This hypothesis demonstrates that despite variations in cockpit design and layout across different aircraft
types, the fundamental egeanning patterns of pilots remain consistent. The heatmaps display prominent
areas of gaze concentration which appedgteaimilar in terms of the locations on the instrument panels
that attract the most attention. This suggests a level of uniformity in the criticalthabpsots monitor,
regardless of aircraft type. If these focal areas correspond to similar instsuimdyoth aircraft (e.g.,
primary flight displays, and engine monitors), it supports the hypothesis that pilots maintain a consistent
scanning pattern, adapting to where essential information is displayed.

Figure30. Scanpattern in C172n leftand Cirrus SR20n right.

Research Hypothesi8: Pilots exhibit significant differences in eye scanning patterns during
head-on versus overtaking encounters in flight.
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In the "Headon" scenario, the distribution of AOI shows a concentration of gaze points around central and
upper portions of the instrument panel, as well as some focus on the forward view and peripheral areas.
This pattern indicates that the pilot is &ety maintaining situational awareness of the airspace directly
ahead. The scattered distribution across a wide array of instruments suggests a high level of alertness and
comprehensive monitoring.

For the "Overtake" scenario, the gaze points are more focused towards specific areas of the instrument
panel, particularly around navigation and communication instruments. This suggests that while the pilot is
overtaking another aircraft, the focusisoamnt ai ni ng preci se contr ol over
concentration of gaze points in fewer areas could indicate a more targeted approach to monitoring, reflecting

the different priorities in this type of encounter compared to a-beaituation.

Head-on Overtake

Figure31. Scanpattern in eheadon encounte on left andovertakeencounteron right.

Research Hypothesis 4: Experienced pilots exhibit more diverse and comprehensive eye
scanning patterns compared to novice pilots during standard flight operations.

This could be indicative of a higher level of situational awareness and an ability to integrate information

from multiple sources more effectively Figure32, the experienced pilot's gaze points are spread across

a broader array of instruments and controls, reflecting a refined capability to monitor and respond to
multiple aspects of the flight environment simultaneouBlys expansive scanning behavior might allow
experienced pilots to maintain better control and readiness, adapting quickly to any situational changes by
having a holistic view of the cockpit and external conditions. On the other hand, the novice pibtsee

focus on fewer points, which might suggest a more concentrated but possibly limited scope of attention.
This could be due to the noviceds need to concent
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are still mastering the basics of flight management. Their scanning pattern might be less diverse as they
have not yet developed the confidence or skill to simultaneously monitor multiple information sources.

Novice Experienced
Single Engine Hours (150) Single Engine Hours (750)

Figure32. Scanpatternbased orapproximatesnginehourswith 150hrson left and750hrson right.

Research Hypothesis A: Pilots' engine hours significantly impact eyescanning patterns,
causing the scanning behavior to broaden as engine hours increase.

Figure33illustrates the eyscanning patterns of inexperienced pilots, each with engine hours under 120.

As depicted, the scanning pattern for these pilots remains relatively narrow and focused. P@6{ARith

hours, exhibits a concentrated scanning pattern around the central instruments. Sapilatlyyith 80-

90hours, shows a narrow scanning pattern with slight expansion, but still primarily focused on a small area.
Another plot with 90-100hours, demonstrates minor broadening of the pattern, yet it remains centered on
key areas. Finallya pilotwith 100-110 hours, has a somewhat broader scanning pattern, though it is still
relatively constrained compared to that of more experienced pilots. These observationg shpportt e a md s
hypothesis that less experienced pilots (with fewer engine hours) tend to have narrower and more focused
eyescanning patterns. As pilots gain more experience, their scanning patterns become wider, covering
more of the cockpit displays and surroundings.
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60-70 hours 80-90 hours

90-100 hours 100-110 hours

Figure33. Experience impacts on scan pattern for pilots with less than 120 single engine hours.

Figure34illustrates the eyscanning patterns of more experienced pilots, each with varying hours on single
and multiple engines. The broader scanning patterns are observed, indicated by the number of engine hours,
which significantly influence eyscanning behaeor. For instance, pilots with higher single and multiple
engine hours demonstrate ey@anning patterns that cover a larger portion of the cockpit. This broad
scanning pattern indicates a heightened level of situational awareness and an ability tormdtiitier

cockpit instruments simultaneously. Indeed, experienced pilots tend to develop a more comprehensive and
proactive scanning strategy. This allows them to effectively integrate information from various sources
within the cockpit, enhancing their esall flight management and decisioraking capabilities. Overall,

these observations align withh e  thgpatimeséissthat increased engine hours, encompassing both single
and multiple engine experiences, contribute to wider and more distributestgaysing patterns.

37



The FAA's Center of Excellence for UAS Research

THIRD PARTY RESEARCH. PENDING FAA REVIEW. XASSU RE

375-400 hours 400-425 hours

250-275 hours 275-300 hours

Figure34. Experience impacts on scan pattennpilots with more than 120 single engine hours.

Research Hypothesis 5increased pilot engine hours lead to wider scanning behavior,
regardless of the type of intruderg(both in UAS and rotorcraft overtakes) and the missions
(both overtakes and head-on/crossing.

Figure 34 and Figure 35 provide evidence supporting the hypothesis that pilots with more engine hours
exhibit broader and more expansive scanning behaviors. This trend is observed consistently across different
types of intruder scenarios, such as rotorcraft and UAS overtakesexBmple,a plot, who has
accumulated 25@75 engine hours, demonstrates a scanning pattern that covers a vast area of both the
cockpit and the external environmeltoreover, regardless of the missiob®th in overtakes andead

on), this extensive scanning pattdog experienced pilotsuggests a high level of situational awareness,
where the pilot is actively monitoring multiple instruments and external cues to effectively manage the
overtake headon, andcrossing encounter

Similarly, in the case of UAS overtakes, experienced pilots exhibit wider scanning patterns as their engine
hours increase. As shown in Figur@, ilots with higher engine houdisplay scanning behaviors that
encompass significant portions of the cockpit and external surroundings. In contrast, pilots with fewer
engine hourshow narrower and more focused scanning patterns, primarily directed at specific instruments
and the windshield.

These observations indicate that experienced pilots, regardless of the type of intruders encountered, engage
in more extensive scanning patterns. This behavior likely reflects their enhanced ability to maintain
situational awareness and manage multiplermétion sources simultaneous®verall, the analysis
demonstrates a clear correlation between pilot experience, as measured by engine hours, and the breadth of
scanning behavior. This insight has important implications for understanding how pilotgraimi
experience influence situational awareness and scanning strategies during flight encounters with different
types of intruders.
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250-275 hours 375-400 hours

100-125 hours 225-250 hours

Figure35. Typical Subject Piloscanpatterns irrotorcraftencounters

75-100 hours 125-150 hours

200-225 hours 250-275 hours

Figure36. Typical Subject t scanpatterns in UASencounters
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Scanning Behaviors and Cognition Awareness based on Flight/Pilot Configuration
Figure37illustrates the relationship between engine hours andegmning patterns in pilots. The two key
metrics analyzed are the average duration of eye fixations and the total duration of eye fixations, both
measured in milliseconds, across different rangesngine hours. The left graph shows the average
duration of eye fixations for pilots grouped by their engine hours: less than 150, between 150 and 300,
between 300 and 450, and more than 450 hours. From the graph, it is evident that pilots with feerer engi
hours (<150) tend to have higher variability in their average fixation duration, with some fixations reaching
up to 7000 milliseconds. As pilots gain more experience, their average fixation duration decreases and
becomes more consistent. For instandetgpwith engine hours between 150 and 300 show a tighter cluster

of fixation durations around 1000 milliseconds, indicating more stable and focused scanning patterns. This
trend continues for pilots with 300 to 450 hours and those with over 450 hoerg, thh average fixation
durations are shorter and less variable.

The right graph illustrates the total duration of eye fixations for pilots within the same engine hour groups.
Here, a similar trend is observed. Pilots with fewer than 150 engine hours have a wider range of total
fixation durations, with some pilots reaet up to 60,000 milliseconds. As pilots accumulate more hours,
the total fixation duration decreases and stabilizes. For example, pilots with 150 to 300 engine hours show
a clustering of around 40,000 milliseconds, and this clustering becomes even onownped in the 300

to 450 and > 45@our groups, indicating more efficient and targeted scanning behavior. From these
observationgiesearchersan conclude that pilot experience, as measured by engine hours, has a significant
impact on eyescanning patterns. Less experienced pilots tend to have longer and more variable fixation
durations, reflecting a less efficient scanning strategy. As pilaits ipore experience, their scanning
patterns become more focused and consistent, with shorter average fixasitons and more stable total
fixation times This suggests that experienced pilots are better at quickly and effectively processing the
information in their cockpit environment, leading to improved situational awareness and flight
performance.

Average Duration Total Duration in
in Milliseconds Milliseconds

8000 70000

7000

20000
.
¥
1000 : ol F I -&! 10000
~ s - B v
<150 [150, 300] [300,450] >450 Engine

v v v v
<150 [150, 300] [300,450] >450 Engine
Hours

Hours

Figure37. Relationshibetween engine hours and eye fixation.

The graphs irFigure 38 illustrate the relationship between years of experience and two key eye metrics:
average pupil diameters in millimeters and the number of saccades. The graphs categorize pilots into three
groups based on their years of experience: less than 2 yearsi@tard 4 years, and more than 4 years.

The left graph shows the average pupil diameters for pilots across the different experience groups. Pilots
with less than 2 years of experience exhibit a relatively wide range of pupil diameters, with an average of
less than 2.5 millimeters. The variability in this group suggests that their scanning patterns are highly
individualspecific. Compared to the more experienced groups, their pupil diameters are smaller. Indicating
that they might not be collecting dataeificiently. Pilots with 2 to 4 years of experience have a slightly
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more consistent pupil diameter, indicating a more uniform physiological response. This consistency might
reflect a more stable emotional state as pilots gain more experience and confidence in their flying abilities.
Pilots with more than 4 years of exp&ge show average pupil diameters around 2.5 to 3 millimeters. This
suggests thaexperiencedpilots have a stable physiological response during flights, indicating better
situational awareness.

The right graph depicts the number of saccades for pilots within the same experience groups. Saccades are
rapid eye movements between fixation points, and their frequency can indicate cognitive workload and
attention distribution. Pilots with less than @ays of experience show a moderate number of saccades,
averaging around 80. In the 2 to 4 years' experience group, the number of saccades is slightly higher,
averaging around 85. This group shows the second group is better at distributing their attergtha

cockpit. Pilots with more than 4 years of experience exhibit the highest number of saccades, averaging
around 90, with some pilots reaching up to 140 saccades. This higher frequency of saccades suggests that
experienced pilots are highly activedcanning their environment, maintaining high situational awareness.
From these observationsne can clearly conclude that pilot experience significantly impacts both
physiological and cognitive responses during flights. The key findings are that stepzed pilots

exhibit smaller values in pupil diameter and a smaller number of saccades, indicating less efficient attention
distribution. As pilots gain more experience, their physiological responses stabilize, and their eye
movement patterns become more efficient.
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Figure38. Relationship betweesxperiencdevel andoupil diameterandsaccades

Figure39illustratesthe relationship between reliance on visual landmarks and two key eye metrics: average
pupil diameters in millimeters and the time to first fixation in milliseconds. The pilots are grouped into
three categories based on their reliance on visual landnmaxtkat all, slightly, and moderately to heavily.

The left graph shows the average pupil diameters for pilots across these various levels of reliance. Pilots
who do not rely on visual landmarks at all exhibit a relatively narrow range of pupil diametgegiag

around 2 millimeters. This consistency suggests that these pilots have a stable physiological response,
indicating lower cognitive load during flight. In contrast, pilots who rely slightly on visual landmarks show

a wider range of pupil diametemyeraging around 2.5 millimeters. The increased average pupil size and
variability suggests a higher cognitive load, as these pilots use visual landmarks to aid in their navigation
and situational awareness. Pilots who rely moderately to heavily on lasgaharks exhibit the largest
average pupil diameters, around 3 millimeters, with significant variability. This indicates that these pilots
experience the highest cognitive load and stress levels, relying heavily on visual landmarks for navigation.
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The substantial increase in pupil diameter suggests a heightened state of effort as they process a greater
amount of visual information to maintain situational awareness.

The right graph illustrates the time to first fixation for pilots within the same reliance categories. Pilots who
do not rely on visual landmarks at all have the shortest time to first fixation. This quick response time
indicates efficiency in identifyingnd focusing on relevant visual information, likely due to their familiarity

and confidence in their environment. Pilots who rely slightly on visual landmarks have a longer time to first
fixation. The increased time suggests that these pilots take lomgdentify and focus on relevant
information, possibly due to the additional cognitive processing required to incorporate visual landmarks
into their navigation. Pilots who rely moderately or heavily on visual landmarks show the longest time to
first fixation. The extended time indicates that these pilots take the most time to process and focus on
relevant information, reflecting the higher cognitive load and mental effort associated with their heavy
reliance on visual landmarks.
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Figure39. Effects oflandmarkreliance orpupil diameter andime tofixation.

The provided graphim Figure4Qillustrate the relationship between wearing sunglasses and two key eye
metrics: the number of saccades and the time to first fixation, both measured in milliseconds. The left graph
shows the number of saccades for pilots wearing sunglasses versus thdsacocades are rapid eye
movements between fixation points, and their frequency can indicate cognitive workload and attention
distribution. For pilots wearing sunglasses, the number of saccades averages around 80, with some pilots
reaching up to 140 saates. There is considerable variability, indicating a range of cognitive workloads
and attention distribution strategies among these pilots. In contrast, pilots not wearing sunglasses show a
slightly lower average number of saccades, also around 80, thufemier outliers reaching above 100.

This group exhibits a tighter clustering of saccades, suggesting more consistent eye movement patterns.

The right graph depicts the time to first fixation for pilots with and without sunglasses. Time to first fixation
measures how quickly pilots can fixate on a target after a stimulus. Pilots wearing sunglasses show a wide
range of fixation times with a high average time. This indicates potentially due to visual interference or
discomfort caused by sunglasses; it takes longer time to get fixated. On the other hand, pilots who do not
wear sunglasses demonstrate slightly quicker and more consistent fixasn with lower time. Pilots

who do not wear sunglasses exhibit more consistent saccade patterns, indicating a potentially more stable
cognitive workload and attention distribution. This consistency might be due to the absence of visual
interference fronsunglasses, allowing for clearer and more focused vision. Conversely, pilots wearing
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sunglasses have a broader and higher range of reaction times, suggesting that sunglasses may cause some
visual interference or discomfort, leading to delayed fixation times for some pilots.
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Figure40. Effects ofsunglasses osaccades antime tofixation.

Encounter Set
As mentioned, a variety of encounter geometries were performed against different intruder aircrafn
overview of the encounters can be seen Trable 13. Detailed tables containing information

about each individual encounter are in
A65 EncounteData Overall, 89 encounters were conductedth crewed aircraft in this research effort
60 against a crewed fixed wing intrud@® against a rotorcraft intrudeand ® against a UAS intruder

Table13. Types and number of encounters generated in flight testing.

Intruder Type Encounter # of Encounters
Type Generated

Crewed Fixed Wing Overtake 60
Rotorcraft Head On 24
Rotorcraft Overtake 33
Rotorcraft Left Crossing 11
Rotorcraft Right Crossing 11
UAS Overtake 50

Fixed Wing Encounters

Encounters against a fixed vgrintruder were overtake scenarios where the ownship aircraft would pass
directly over the top of the intruder aircraft. There was one test where this was swapped due to the Subject
Pilot being a repeat test participa@ut of the 60 encounters§5 resulted in the Subject Pilot visually
acquiring the intruder aircraffhedistribution of thes@isual acquisitionss shown inFigure41. None of

the visual acquisitions occurred within the currently accepted-@ledr Volume (WCV) of 0.33 nmi
(2000ft) or Near Mid Air Collision distance (NMAC) of 0.082 nmi (500 Tthe average detection distance

was 1.35 nmi&,203 ft).
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Distribution of Visual Acquisition Distance of Fixed Wing Intruder

14

1

[

1

=]

=]

=3}

Frequency

o

5]

o A8 qu\q% ﬂlh'\ }ga”xh% 4B U;:!hq‘!l llﬂx Ilﬁu %,ﬂ&\ 1@%‘5 ﬂh‘\ ."-’ﬁhq,,";lm
e @ P W o ™ P e? o

0

Vizual Acquisition Distance (nmi)
Figure4l. Detection distances of the fixed wing intruder during overtake encounters.
The probability of detectiorat eachvisual detectiomangeis shown inFigure42. At distances below 1.5
nmi (9,114 ft), Subject Pilotavere more likely to spot the aircraft during the overtake encouméren

the intruding fixed wing aircraft is at distances of 2.5 (5190 ft)Jand beyond the probability of detection
is greatly diminished to 10% and below.

Probability of Detection Vs. Range (nmi)
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Figure42. Probability of detection of the fixed wing intruder airciafbvertake geometry.
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Due to the nature of the test, a horizor@fbsest Point of Approach (CPA) of zenas desired for a
Aper f ect OTheeCRAfm fixedtwimg encountershown belowwaswithin 1 nmi(6076 f) for all
encountersvith a maximum 00.83 nmi (5043 ft)and a minimum 00.01nmi (61 ft). In the 60 overtake
encounters conducted? 4f them occurred within th&VCV and 24 would be considered NMAC# is
important to note that the tesivere not designed tmerfectly complete an overtake as the slower intruder
aircraft needed time tetup for the next leg of the flight path before the ownship arrived. In many instances,
the intruder aircrafbroke off of the flight patlafter the ownship reasonably could no longer see the intruder
without makingexaggeratedr unnaturabody movements or physiadisplacement withitthe aircraft. For
these reasons, the CPA values tentadarger than if the teblad been designed tinimize the tested
CPA.Researchers detainedthao nce t he i ntruder was below the da:
that this approach would still yield, and gield, good test data.

Fixed Wing Intruder
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Figure43. Closest point of approach between the ownship and fixed wing intruder.
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Figured44shows that of the five missed detections in the overtake encodotesf themhad CPAwithin
theWCV andthree were within thaccepted horizonttNMAC volume.

Countof CPA Distance
Fixed Wing Intruder
CPA for Detections and Missed Detections
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Horizontal Distance (nmi)
CPA Distance

Figure44. Closest point of approach between the ownship and fixed wing intruder separated by detection
status.

The closing speed between the two air¢istiiown inFigure45, was determined at the time of detection, if
there was one, and at the time of CPA for the#l no detectionThe ownship aircraft was typically
moving 35to 60 knots faster than the slower ownshkigpeed difference that was necessary to achieve the
desired overtakencountein an appropriate amount of time
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Figure4b5. Closing rate between ownship and fixed wing intruder.

Rotorcraft Encounters

Encounters between a fixed wirmgvnshipand rotorcraft intruder consisted béadon, crossing, and
overtake geometrieS he rotorcraft was always at a lower altitude during all t83tere were 79 total
encounters across the three geometasshowrin Table14. Out of these encountersnly 33 resulted in

a positive visual acquisition of the rotorcraft by the Subject.Pileeése encounters are broken down further
in the following tableandFigure46.

Table14. Summary of encounters with rotorcraft intruder.

Avg Min Max
Encounter Detections Missed Total Detection | Detection | Detection
Geometry Detections | Encounters | Distance | Distance | Distance
(nmi) (nmi) (nmi)
Overtake 15 18 33 0.77 0.17 1.74
Head On 6 18 24 0.45 0.12 0.89
Left Crossing 8 3 11 0.73 0.16 1.49
Right Crossing 4 7 11 1.02 0.91 1.21
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Visual Acqusition Distance of Rotorcraft Intruder
All Encounter Geometries
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Figure46. Detection distances of the rotorcraft intruder in all encounter geometries.

Out of the 33 positive visual acquisitigmsne occurred within the WCVhowever, none wengithin the
NMAC volume.Five were in overtake encountemsdthe remaining four being an even split of hesd
and left crossing geometrieThe following figures contain the visual acquisition distanfoe each

encounter geometry type.

Visual Acquisition Distance of Rotorcraft Intruder
Head-On Encounter Geometry
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Figure47. Detection distances of the rotorcraft intrudeh@adon encounter geometries
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Visual Acquisition Distance of Rotorcraft Intruder
Overtake Encounter Geometry
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Figure48. Detection distances of the rotorcraft intrudeouertakeencounter geometries

Visual Acquisition Distance of Rotorcraft Intruder
Crossing Encounter Geometry
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Figure49. Detection distances of the rotorcraft intrudeciossingencounter geometries

The probability of detectiofor the rotorcraft intruder is given fRigure50, where it can be seen that the
probability of detectiorand detection distances themselves are much lower when compared to the fixed

wing encounters
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Probability of Detection Vs. Range (nmi)
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Figure50. Probability of detection of theotorcraftintruder aircraftall encounter geometries
In Figure51, the rotorcraft overtake geometry resulted islightly larger probality of detection than the

larger rotorcraft dataset with45.5% probability of detectionnder 0.2 nmi. This is reasonable due to the
significantly lowerclosing rates of overtakes when compared to the other geometries.
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Figure51. Probability of detection of the rotorcraft intruder in overtake geometry.
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The heaebn geometry posedgaeater challeng®r subject pilots to acquire the rotorcraft with a probability
of detection around 25%Additionally, thehead onencounters have a smaller databein the overtake
geometry, but general trendf probability of detection versus rangan be seen in the figure below.
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Figure52. Probability of detection of the rotorcraft intruderiead orgeometry.

The crossingencounters provided the largest probability of detection out of the rotorcraft encounter
geometries tested despite havarge closing rate of 107 kts. greneralthe rotorcraft was spottddrther

than 0.8 nmiThe side profile of the rotorcrgftovided an easier targetdpot,and a few pilots attributed

their ability to see the rotorcraft to the sun flickerioff the rotors as is traversefls shown inTable 14,

pilots were more likely to acquire the rotorcraft if it was crossing from left to right as opposed to right to
left. This is most likely due to the subject pilot sitting in the left seat if the aircraft and having more visibility
on the left side of thaircraft, if the subject pilot scans to the right side of the aircraft the nosastngment

panelb | oc k mo st o f.The éye trapking data féos the previous section also agrees with this
conclusion.
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Crossing (nmi)

60
s ° Avqg closingrate 107 kts
S s0 ° Avg CPA: 0.20 nmi
s °
T 40 °
3 °
& 30 e
= °
= 20 h
8 °
§ °
o

=
o
L

0
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

Detection Range (nmi)

Figure53. Probability of detection of the rotorcraft intruderdrossinggeometry.

The CPAdistances for all rotorcraft encounters are giveRigure54. Thelowest CPA was zero, a result
of an overtake encounter where the ownship passed directly overhead with no lateral sepachtion,
largest0.94 nmi (5712 ft)Nearly half of the encounters had a C#at would be considered an NMAC
and69resulted inWCV violations.

Rotorcraft Intruder
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Figure54. Closest point of approach between the ownshipratwicraftintruder.

Figure 55 displays the CPA foencounters with detections and those without detections.of the 46
missed detections, 41 of them occurred in encounters with a loss of well cles iarah NMAC.
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Figure55. Closest point of approach between the ownshipratwicraftintruder separated by detection
status.

There was a wide range of closiragesexhibited across the three encounter geometries with three distinct
speed ranges being presentFlgure56, the first binconsists entely of overtake encountersall having
closing rates below 50 knot§he crossing encounters all had closing rates of between 50 knots and 100
knotsand all heaébn encounters. The final speed range betvi€enknots and the highest closing rate of
168 knots were all heaah encounters.
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Figure56. Closing rate between ownship and rotorcraft intruder.

The closing rate between the ownship and rotorcraft intruder sorted by detections and missed detections is
shown below
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Figure57. Closing rate between ownship and rotorcraft intruder sorted by detection status.
UAS Encounters

Through the flight testing campaign of A@hge researchers captured 50 UAS encounters a¢4dogiots.
Unfortunately,due to various technical issues with the testing aircraft as well as fionitigeencounters,
many of the encounters resulted in the intruder aircraft being spotthd lwiter before the start of an
overtake legThe glare from the wings of intrudertime loiter caused the pilots notice the intruder much
further away than in the case of an ideal overtake scenario. Cases whmlat geav the intruder UAS in
a loiter were removed from the following anadys

The overtakes between the ownship and UAS intrude occurred with the ownship flyingalitede of

1000ft AGL or 1500ft AGL and the UAS flying ab00ft AGL or 1000ft AGL depending on the overtake

flight path that was performe&oth paths were designed to genetateeencounters per flight window.

Out of the 50 encounters gathered during the testing, 22 resulted in the subject pilot visually acquiring the
UAS intruder during the ovetta meaning that only 426 of the encounters resulted in a positive visual
acquisition This is comparable to the overall A65 dataset which suggests/rall, pilots were only able

to spot intruder aircraft 43% of the tinfégure58 shows the probability of detection vs range between the
ownship and the UAS intrudefhe average detection distance for the UAS overtakes was approximately
2073ft (0.34 nmi) All the visual acquisitions occurred before the NMy#dlume was breached.
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Figure58. Probability of detection of UAS intruder in overtake geometry

Additionally, Figure59 compares the UAS overtakes to the previously mentioned fixed wing overtakes. As
shown, the smaller visual area of the UAS as well as faster closing rate greatly impacted the distance at
which the subject pilot was able to see the aircidfe UAS intruder moves much slower than a manned
aircraft which means that an overtake occurs much fasteetttmuntersvherea manned aircraft overtak

another manned aircratl AS overtakes givéhe pilot less time to see the intruder before it goes out of the
pil otds FOV.

Probability of Detection vs Range (nmi) of UAS and
Fixedwing Intruder
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Figure59. Comparison of probability of detection between UAS and fixed wing intruder encounters
The distribution of visual acquisition distances showfrigure 60 shows that the majority of the visual
acquisitions occurrewithin the WCV, but before breaching the NMA@Iume.When compared to the

fixed wing encounters, the visual acquisition occurred at much closer distanceanthesattributed to the
scale of the UAS with a wingspan of t&ompared to the fixed wing intrudsi36 ft wingspan. Another
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factor to onsider is the closingates between thix wing encounters and the UAS encounters. DRSS

had an average closing rate of 60 kts while the fixed wing encounters had an average closing rate of 43 kts.
This means that the subject in the UAS overtake testing approached the UAS at a higher rate than in the
fixed wing encountersso there was less time to acquire the U&®re the overtake occurred.

Distribution of Visual Acquisition Distance of UAS Intruder in Overtake Geometry

Frequency

o W = wn o =l oo

WVizual Acquizition Distance (nmi)

Figure60. Detection distances of théAS intruder during overtake encounters.

Figure 61 and Figure 62 show the breakdown of closest point of approach during the UAS overtake
encounters. The first figure represents the CPA for all of the UAS encounters with the second figure
providing a breakdown of CPA with respect to status of detection. The majotiity ericounters resulted

in CPA values less than 200dt horizontal separation. This is much better than the CPAs found in the
fixed wing encounter set where the majority of the CPAs fell between 61 &7nft. This difference is
mostly due to the fact that the UAS is following a course with GPS data feeding directly into the autopilot
keeping the aircraft on its flight path while the fixed wing aircraft has to be manually flown by a human
following a pah given onthe instrument panel or given audilfieadings to followresulting in slight
deviations from the true course.
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Figure61l. Closest point of approadtetween ownship and UAS intruder all overtake encounters
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Figure62. Closest point of approach between the ownshipld8 intruder separated by detection
status.

The closing rate for the UAS encounters was generally between 44 k&4dttd This is due to the
limitations of test aircraft. The subject pilots were told todtyl00 kts ground speed for the UAS tests
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while the UAS is limited to a top cruise speed of 50 kts sotha@verage the closing rate should be 50 kts.
Disregarding the two largelosing rats, the averagés 54 kts. The two large closure rates are dufeo

closing rate being calculated at the CPA, for those two encounters the CPA occurred at the end of the
encounter leg when the UAS was turning back to set up the next encounter
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Figure63. Closing rate between ownship adéS intruder sorted by detection status.

5 Modeling and Simulation

Three encounter sets were measured for the A65 pr
determined independently for all measurements, as well as by combining all the measusétmehés
measurements from the A23 projeEth e t matmbdesd f or deriving b from th
the original method ofAndrews, 1991)T he Ai nst ant aneousod probability o
given by:

0 Q 1)

Where & is the visual acquisition rate, whi ch can

8

_ —0 (2

In this equation; [nmi] is the range between the ownship and intrualprmi2/sy is the pilot attentiveness
factor, A is the visual cross section of the intruder [nmi2], &{dmi] is the visibility. The cross section
versus angle was taken from existing models for the intruder vehicles used in this work (CesBed 172
206, andMicrocub), and the value for could be estimated from the flight data that was loggeohin
second intervals. All tests were conducted at high visibiRyl0 was assumed fohis fitting process.
Because these factors are known and controlled across all encounteneseds) either combine datasets
or fit the encounter sets individually.

To determineb from the flight tests, previous worlAndrews, 1991has suggested integrating the time
varying parts of Equation 2 in®o a single value,
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The integration begins when the intruder enterdakl-Of-View (FOV) of the ownship and ends when
the intruder either leaves the FOV or is detected by the ownship pilot. The values @valuated by
integrating over the duration of the encounter. Therefore, this approach results in one datapoint each
encounter, with each point havin@avalue and a Boolean value indicating whether there was a detection
or not. Since the integration starts and ends when the intruder enters the ownship FOV, thémekant de

of the FOV will influence the results of the final analysis. In the A23 prajestarchersonsidered several
FOV definitions from previous works, as shownFigure 64. Researcheralso established a model that
used weighted FOV with preference given to directions closer to the forward direction of the ddukpit.
teamfound that this approach yielded similar results to the FOV defingtUnerhill & al., 2023)
Therefore, the FOV defined ifunderhill & al., 2023)is used in this work, which places the horizontal
angle from {12C°, 8] and the vertical angle from15°, 15°]. Following (Andrews 1991), the FOV is
restricted to ranges greater than 0.3 nautical miles.
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Figure64. Different standards foownshipField-of-View.

To estimate a probability of detection ver€ysall the data points are binned into a histogram with bins in
Q and the probability being the number of points with a detection in a particular bin divided by the total
number of points in that bin. With this process complete, it is only necessary to fit the equation.

0Q Q 0Q Q 4

The value ofb is the free parameter in the fif) is derived directly from the flight logs and aircraft
geometries.

Since each encounter set had a different number of total encounters, the number of bins was different for
each fit of Equation 4. The following table summarizes the fitting results for each dataset. The results from
the A23 project are included for refecen The value fob is listed with onell confidence intervals in

parenthesedlhe research teanmsed the field of view proposed by (Underhill 2023) and the range limits
(r>0.3 Nm) proposed by (Andrews 1991).
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Encounter Set Num. Enc. | Num. Det. | b Num Bins | R?
A23 Crossings 298 118 4081 (1536) | 10 0.759
AB65 Overtakes 60 48 1831(1048) |8 0.691
A65 Rotorcraft 73 20 2592 (318) 10 0.938
A65 Microub 50 11 3410(1700 8 0.7051
Crosses +Rotor + Overtake| 431 186 2859486) 15 0.8948
The datainthetableabove are plotted wit Frigue65From thistgoréitislence i

clear that, within the measured confidence intervals, all encounter sets coincide with a Ged2846f

2879, indicated by the gray barkigure65. Additionally, a simple average of the values in Tlable 15

above, with error bars included, gives an average measured vdla285%9+486, indicated by the green

bar inFigure65. Thereforethe researcherecommend a value 828591486 for encounter simulations.

We note that although there are significant differermsgveen theé values for the different encounter
datasets, we cannot say for certain if these differences are due to encounter geometry. This is primarily
because the visual acquisition model (Equafipdoes not provide a way to account for other factors like
visual contrast that may have influenced the results. Additigraaily perhaps most importantlgere was

a completely different set dest pilots fromA23 and A65. Therefore, we cannot rudet that any
differencesimbmay be due to differences in the pilotsdé s
the uncertainties in th® measurements suggest that all the flight tegjeeewith b=2859 within
uncertainty, the most defensible position is to adopt this as the value derived from our measurements. Future
work may be able tdistinguish between overtakes and crossing geometries by designing experiments that
eliminate other sources of uncertainty such as uniform pilot selectionspescand identical intruder
aircratft.

Theb value for theMicrocubis somewhatigher than thaverage from thether testsHowever, 1 of 22
fifdetectiond events were excluded from the anal ysi
(Andrews 1991) states that datapoints with range less than 0.3 nautical miles should be excluded. This is
because the expential form of the visual acquisition equation (Eq 4) may not be valid at these close
ranges.In theseflight tests, 1 of the 2 total detections of the Microcub occurred within this range.
Therefore, this may suggest ttiat the smaller Microcub and other dresiged aircraft, th limits on the

visual acquisition equations may need to be adjusted in future analysis.
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Figure65. Comparison ofesults fordifferent encounterdatasets

Figures6568s how t he results of the fitting procedure u
Figure65 shows the fixeaving encounters only, whilgigure66 shows the rotorcraft and fixed wing sets.

Finally, Figure67 shows all datasets combined, including the A23 datk&pire 68 shows the results of

fitting theMicrocub experimentd.he researcherecommenadising the larger combined datagatcluding

the Microcub)to estimatecb due to the i mproved c oUheMicrocgbisst at i st
excluded becausie researcherselievethe range fitting constraints for the larger aircraft may not be
comparable for th#licrocub, as discussed abointe that the quality of the fits in Figures 65 anché8

limited by the overall size of the encounter dataset. Nevertheless, th&i&s of the fits are reasonable,

as Isted The encounter dateerefit to theexponential in Equation 4; therefore, there is limited flexibility

to adjust the form of the fitting equation to better match the measured data.
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Figure67. Fitting result forrotorcraft encounters
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Figure 68. Fitting of thenicrocub encounter set.

Encounter Simulations
Encounter simulations were run for the rotorcraft vehicle using difastsimulator implemented i@++.
The fasttime simulator uses a point mass flight kinematics m@dfelitz, 2015)o simulate the motion of
the ownship and intruder. Encounters geometries are created using an encounter set created by the
Massachusetts Institute of Technolegyincoln Laboratory Airspace Encounter Mod&orchenderfer,
Espindle, Kuchar, & Griffith, 2008)T'he visual acquisition model was tseme as the one described in the
previous section, with the intruder cross section beingrineder represented by a Bell 2G6torcraft
calculated for each the Bell 206 and Cessna 172 using measured datdagreeincrements. The
Microcub is 60% the size of the Cessna with a similar shape, so its cross sectiaicwlasedas 0.36
times the Cessna value for the same anghe encounter simulations were repeated for a range of values
of b. Additionally, the turn rates and pilot delay times (time between detection and initiating evasive
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mareuver) were varied, as shown in Table Three different intruders (Bell 206, Cessna 172, Microcub)
were simulatedand the ownship was a Cessna 172, with the appropriatesessn values for each
aircraft being calculated in retime when updating Equatidduring the simulations.

At each time step, Equati@his evaluated for the relative geometry and range at that moment, with a time
increment of1/100 of a secondlhe input encounter geometry data (which are logged in seconds) are
interpolated between datapoints to increase the rate of the simulation to 0@ zobability of detection

is compared t e aa lroadn dvaam ifaMo net ¢ hat varies [0, 1], a
the test variablea detection is flagged for that test, and the ownshipnlsesn soidance maneuver after

the specified delay timét the intruder/ownship is not detected, the vehicles follow the input encounter
trajectories exactly. Once an avoidance maneuver begins, the kinematic model is used to calculate an
updated trajectoryBecause there is a degree of randomness to these simyleioh€ncounter geometry

was repeated 10 times to compstatisticsfor calculatingtherisk ratios.

When the ownship detected an intruder in the simulation-se&@nd delay was implemented before a
standard rate turn was executadditional simulations were run where the intruder was also executing see
and avoidThe horizontal and vertical distances in each encounter were used to determine if there was los
of well clear or near migir collision for the encounter. In addition to the standard turn rate and 12 second
delay, turn rates of 1.5, 2, and 3 times the standard were simulated and delay &ntesaod 9 seconds

The total number of configurations was therefore 4 delays [3, 6, 9, 12] times 4 turn rates [1, 1.5, 2, 3], 2
avoidance combinations (ownship only, intruder and ownshipy aradies ob, [1831, 2592, 2859, 4081,

5617, 8500, 170Q0

The risk ratio was calculated using the following formula:

YY It non I8l va I s
no I8l [ I S

The denominator in this equation is determined by the encounter set geometry. Two encounter datasets
were used the #25 MITLL with 100 encounters, and the full #25 set with 10,000 encouritkeisset is
derived from the Airspace Encounter Models for uncorrelated manned encounters
(https://github.com/AirspaeEncountefModels/emmodetmannedbayegA. Weinert, 2019). The model

is derived from Bayesian inference of manned encounters at low altitude for a variety of conventional and
unconventional aircrafallowing a variety of different encounter sets to be derived. The encounter set used
in this work contained a variety of crossing, overtake, and other encounter geomgtiethe 100
encounteset, there were a total of 78 LoWC and 32 NMAC, while for the 10ed@0unter set, there were
7,123 LoWC and 2,709 NMAQ his gives denominatofsvithout mitigation)for the risk ratio equation of

0.78, 0.32, 0.7123, and 0.2709, respectivEtycalculate the numeratorgah encounter geetry in the

set was run 10 timesith mitigation (detect and avoidand the total number of LoOWC and NMAC was
tracked for the encounter set.

Eachdifferent configuration was run for every encounter in #25 MIT-LL encounter set with 1000
encounters, and each configuration and encounter were completed 10 times, favfg4otal x 2 X 7 X

10,000x 10) = 224,000simulated encounter§hese full results are tabulated in the appendiadidition,

Table 16 shows the results of the risk rafior b=2859run on thel0,008encounterset | n t he WA bot h
columns, both the ownship aimtruder could perform detect and avoiineuversOverall, the isk ratio

for loss of wellclear was about 287% | ower i0n stcheserafistomytthe ownship avoiding

The risk ratio for the near migir collision was 1315% lower for thefibothd scenarig versus only the
ownship.Figure69 shows theisk ratios versub for the standardate turn and a standard 12 second delay

between detection and avoidameaneuver
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Figure69. Risk Ratio v for one and twdCessnaircraft maneuvering after a detectiorthe
AStandardo case (Turn Rate = standard tu

Risk ratios were calculated for three different intruder aircraft: a Cessna 172, a Bell 206 helicopter, and the
Microcub drone The apparent crosectional area of the intruder is different for each of these intruder
aircraft (the 2 .AReownshipmrcrafnin the giondationsowas always the Cessna 172.
Figure69s hows t he fAstandardod case for unalerted Vi suze
standard rate turnand 12 second delay times between detection and turhade 16 lists risk ratios

calculated for cases where turns ar@reaggressive, and delays are leBable 16 shows the results for

b=2859 simulations were run for a variety of valueojvith additional data tabulated in thppendix.

Tablel6. Encountesimulationresultsfor b=2859

Risk . :
obor| R, | maio, |
Turn Rate(x standard) Delay (s) NMAC Well- :
%3\‘;: (Own Clear I?IE';/(I) '?‘r%
Only) Only) (Both)
Cessna Intruder
1 3 0.746 0.625 0.596 0.331
1 6 0.800 0.678 0.617 0.444
1 9 0.837 0.781 0.650 0.500
1 12 0.817 0.775 0.650 0.584
1.5 3 0.732 0.575 0.529 0.281
1.5 6 0.771 0.675 0.549 0.400
15 9 0.777 0.697 0.594 0.444
1.5 12 0.814 0.756 0.649 0.500
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2 3 0.723 0.613 0.464 0.300
2 6 0.745 0.672 0.545 0.369
2 9 0.733 0.669 0.583 0.444
2 12 0.779 0.719 0.617 0.500
3 3 0.631 0.503 0.396 0.247
3 6 0.729 0.619 0.481 0.297
3 9 0.745 0.663 0.518 0.359
3 12 0.754 0.675 0.560 0.466
Bell 206 Intruder
1 3 0.885 0.797 0.674 0.488
1 6 0.886 0.819 0.709 0.563
1 9 0.915 0.844 0.710 0.569
1 12 0.901 0.838 0.754 0.625
1.5 3 0.855 0.778 0.621 0.413
1.5 6 0.874 0.806 0.638 0.488
1.5 9 0.888 0.856 0.708 0.531
1.5 12 0.886 0.806 0.694 0.581
2 3 0.826 0.738 0.569 0.350
2 6 0.859 0.809 0.613 0.456
2 9 0.882 0.838 0.655 0.528
2 12 0.894 0.866 0.688 0.538
3 3 0.804 0.697 0.522 0.338
3 6 0.837 0.788 0.574 0.413
3 9 0.856 0.809 0.628 0.488
3 12 0.885 0.869 0.644 0.563
Microcub Intruder
1 3 0.899 0.831 0.677 0.459
1 6 0.909 0.875 0.704 0.581
1 9 0.921 0.838 0.721 0.566
1 12 0.921 0.931 0.756 0.566
15 3 0.865 0.791 0.637 0.384
1.5 6 0.878 0.822 0.672 0.516
15 9 0.921 0.850 0.687 0.538
1.5 12 0.912 0.906 0.732 0.594
2 3 0.858 0.769 0.606 0.391
2 6 0.883 0.822 0.636 0.447
2 9 0.886 0.888 0.682 0.534
2 12 0.897 0.841 0.722 0.597
3 3 0.833 0.763 0.526 0.338
3 6 0.872 0.838 0.592 0.394
3 9 0.894 0.853 0.641 0.469
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Simulations were conducted for only the ownship performing detect and avoid and for both the intruder
and ownship performing detect and avditiis made ifpossible to compare the relationship between the
risk ratios for these scenarios. In general, we find that

YY O'YY

We find that the values of a and b depend on the turn rate, delay time, and relathgectiossl area of

the aircraft. Fwerfindtthate-0.98antbaln8das shava inhe Bigure 69 if both the

ownship and intruder are Cessna aircraftis confirms the general rule of thumb that tis& ratio is

squared when both aircraft perform detect and avdagdvever, the value of the coefficient and exponent

change when deviating from the standard turn rate and delay time. Additionallylilee ghange when

the ownship and intruder are not the same aircraf
from0651. 0 and Abodo may -2badependinmgaoh theedifferdntraimcraft, delaytimes, and

turn rates used.

- LoWC -
o NMAC -

203
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Figure70. Risk ratio for both aircraft performing detect and avoid, versus only one aircraft, for a range of
values of beta

When determining the appropriate risk ratio values to use for DAA systems it is important to consider the
safetyimplicationsof using a specific set of valugbe ASTM standard should err on the side of increased
safetybut not be so restrictive thétte requirement becomesmfeasible The research provided in this
documentshows that pilotsaire not able to see smaller aircraft as well as they deg@lsee fullsized
crewed aircraftA DAA system on a UAS should not increase the likelihood of LowC or NMAC compared

to encounters between two GA pilaislying on seandavoid techniques to avoid each other so the
combined seandavoid effectiveness of two pilotavoiding one another serves as the baseline for
evaluating the ASTM DAA performance standaftde Cessna 172 intruder is used as the example because
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afety of UAS through

the flight testing showed that it wétse easiest intruder to see which leads to the most conservative risk
ratios erring on the side of increased saf€gnsiderthe RR values for &€essna 172 intruder withfa
value of 28593 times standard turn rate, and a 6 second delay for both aircraft avoiding sdeeario
LoWC RR is 0.481and the NMAC RR is 0.297TCompared to th€essna intruder with thie of 4081
standard turn rate, and 6 second delay for the both aircraft avoiding scdratioWC RR i90.529 and
NMAC RR is 0.309 The first scenario requires 3 times the standard turnmaitth can be excessive for
normal seeandavoid behavioto remain weHclear and would only typically be used imactual collision
avoidance maneuvefhe second scenario witketter visual performandeas a similar effedh seeand
avoid effectiveness shown by the RR valuBsth of these examplesan beconsidered conservative in
different aspectssuch as darger turn rate or higher visual performance, and Bo#mnarios support the
current ASTM DAARR valuesfor LoWC of 0.5 and NMAC of 0.30.

Hardware in the Loop Simulation Development

In an effort to develop aopensourcesimulationtoolsetas part of the Simulation akhalysisPlanning
theteambegan the development af &lnreal EngindUE) enabledphysicsbased simulation for encounter
modeling. The development ofhis simulation was conducted using WErsion 5.3,which excels in

simulating ultra-realistic physics interactions. UE offers extensiveutility for numerous useases
customization optiongo tailor the minute details of any simulatjoand a wide array of piauilt

Application Programming Interface plugins. As a phydiased simulation platform, UE can simulate

precise flight dynamicsia the JSBSim plugin. JSBSim is an objeciented (C++), notinear 6DOF

Flight Dynamics Model (FDM}hat provides the capability fally c onf i gur e andflightdi t an
control system.

&

(@) (b) @ @
Figure71. Simulationdevelopmensetup

Cesium is utilized aa JavaScript librarglesigned for the visualization of 3D geospatial data, which is
integrated into the UE model as showrfigure 56 (a)This pluginis optimizedfor dynamic data to be
used in web browsers or throught and has the ability tetream global 3D content from cloud sources.
The geospatial data provided by Cesium is sourced from Bing Aerial maps as a comprehensive WGS84
globe,so users carerivetheir simulation at any location on earth via the input of specific |agitaiod
longitude coordinatesThis dataset includes various geospatiamponentssuch as terrain imagery,
atmospheric effects, and detailed 3D OpenStreetN&giures forming the foundation for rapid
development of locatiespecific simulations.For the hardware components, an aeronautical yoke and
throttle quadrant were employed, as showFigure 56 (b), (c), and (dY.he yokeis constructed frona
robust steel shaft with dual linear ball bearings and 180° rotation, while the throttle quadrant ingludes s
aviation levers, seven twway programmable switches, and 14 warning lights. This hardware setup,
combined with the JSBSim FDM and Cesium ion 3D geospatial data, was essential for valiigting
Hardwarein-the-Loop (HITL) simulator.
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Figure72. Simulatecheadon encounter(front andtail views with HUD)

The figure illustrates howv h e r e spayaicsloabed sinsuldtor operates under UAS headcenarios,
showcasing both tail views ardeadsUp Displays (HUD) at various stages of an encounter with an
intruding aircraft. In the top rowf Figure72, images (dl), (a2), and (&3) depict the tail view fronthe
simulated aircraft during the encounter with the intruding Uk#&gda-1) shows the initial detection of
the intruding UAS in the distance, highlighted by a red circle. As the scenario prognesgrs(a-2)
displays the UAS visibly closertoh e r e sa@caaft, avith ¢he reddcircle highlighting the approaching
UAS and demonstrating the progressive increase in its size as it nears. Frag(a-3) shows the UAS
passing byt h e r e sair@aft,ovheeeritgsdnuch closer and more prominemticeting it has come
near and then passed alongdide e r e sa@gcaaft.c her s 6

The bottom rowof Figure72, consisting of images {b), (b-2), and (b3), presents the perspective from the
HUD during the same heamh encounteimage(b-1) shows the initial detection of the intruding UAS on

the HUD. The HUD provides critical flight information such as speed, altitude, and heading, with the
intruding UAS circled in red, barely visible on the horizon. In the second HUD inragge(b-2), the

UAS is closer and more discernible, highlighted by the red circle, illustrating the approaching UAS as it
nearst h e r e saraaft, avithehe 81D still displaying redime flight data. The final HUD image,
image (b-3), shows the UAS paisgy byt h e r e sar@aft, mbmemushaloser and more noticeable
within the red circle, with the HUD continuing to display crucial flight metrics, indicating thav

r e s e a systénenmaimtéins situational awareness throughout the encounter.

Figure72 effectively demonstrates the capabilitiegtod physicsbased simulator in handling UAS head

on scenarios. Tesimulator, powered by Unreal Engine UE, JSBSim plugin, and Cesium ion, is a precision
tool that accurately replicates rembrid flight dynamics and environments. Its ability to depict both
external tail views and internal HUD perspectives allows for gehgnsive situational awareness. The
simulator's providing pilots with redgiime information crucial for making informed decisions during such
encounters is a testament to its robust functionality. This precision enhances training and preparedness for
UAS encounters, instilling confidence in its capabilities.

Further developmemf this openrsourceHITL simulatoris planned to be continued through other ASSURE

efforts such as ABDAA Human Factors Requiremenizroject. Due to the opessource nature of this
developer system, it can be modified to suite the needsvafiety of applicationg-uture developments
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