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EXECUTIVE SUMMARY

The operational relevance of unmanned aerial vehicles (UAVS) continues to grow inexorably.
However, sudy groups and scientific advisory boards alike have lggtéd the human factor as

the key barrieto increasing future UAV effectivenesSmong thehuman factorghallenges

facing UAV operatorare thescope of tasks and workload of UAV operations, the need to

satisfy ofteacompeting mission constraints duribd\V routing, andthe need terform

routing and other tasks involvindpreedimensional3-D) airspace usingisplays that may not
optimally convey that information. These challenges are intensified when changes to an original
route are required duringnaission and must be resolved-thefly, often under considerable

time pressure.

Though previous cognitive task analyses have identified some of the problems that arise during
dynamicre-routing,the specific3-D cognitive and perceptual challenges facpgrators have

not been enumeratetio begin to elucidate thesballengesacognitive task analysis and

requirements analysis of themauting problem wasarried ouwith fourme mber s of t he N
VC-6 Shadow UAV Squadron recently returned from tlae iv Iraq.A structurednterview was

developed andonducted with the V& thatfocusedon UAV capabilitesand functions, re

routing eventypesand strategie® handle themand the current statwd, and future

information requirements fore-routing and terrain displays.

Interview results indicated thatissionswere conducted in crowded and constricted airspace,
were reactiveand often involved trailing vehiclder ISR. The operators frequently encountered
events requiring AV re-routing, including new or changes to targets being traglabanges in
airspace availabilitycollision avoidance with other aircraftounterdetection requirementand
weather avoidanc&Vhile resolving these freuting eventspperatorshad to satisfy several other
constraints, such asvoidingterrain, ensung vehicle safetyandsatisfying primary mission
requirements.

The key3-D spatial aspects of the events triggeringaetinginvolved complex combinations

of avoiding closed or dangerous regionsis$pace ad terrain while simultaneously staying
inside of available airspace, near targets, andnwiiight of UAV groundcontrolstations
Available UAV displays @ not support the integration or understanding of all of these spatial
aspects of such complex amfation necessary for UAV 1@uting.

The rerouting events wereperationalized in terms of theif[3 spatial attributes and display
requirementsnd then organized into a taxonomy. The taxonwifiybe used to inform a

planned series of experimentssypporting the creation of a synthetieroaiting task that

abstracts out the key cognitive and perceptual challengesaditinag The externalvalidity of

thesynthetic tasks ensured by tying it closely to the taxonomiie experimentwill combine

Pxci fic Science & PBEnEgkpereseinthamhgmaGfaaorspi@s (
visualizatioswithMI Tds expertise in the humtwnmnsearchper vi S (
designand validate advanceadsualizationsand tools to suppodffective UAV re-routing
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INTRODUCTION

The Missing HumanFactorin A Un mannedo

Unmanned aerial vehicles (UAVS) are taking on an increasing array of critical tasks foSthe U
military. Their versatility, stealtrand ability to remove humans from immediate threat are all
attractive attributes at a time when thditary finds itself stretched in several ongoing conflicts
while having tomonitoremerginghreats across the gloldéor these reasons, UAVs and
unmanned aircraft systems (UAS), more generfiiyre prominentlyin theplans anduture

vision of the US. military (Office of the Secretary of Defen@@SD), 2005).

UAVs and UASpossess a misnomer thatils a key source ofssues angroblens. The

fun ma n riretletiotitle suggests the twin benefits of being free of the dollar cost of human
operaion andthe @erational cost of human err@oth benefits are illusorlthough
ostensibly Aunmanned, 06 UAVs actwually require
interventionby multiple operators per vehiclia order to operate successfulyee Figure .l

Typically, the UAV control team consists aftriad ofan air vehicle operator (AVO) monitoring

the flight instruments and flight path, a mission payload operator (MPO) controlling the sensors,
and a mission commander communicating with air traffic contoardinating with other

mission team members, and supervising the UAV oper@Bargerty, 2004)

Figure 1. The human factan UAV operation via ground control statig@CS)displays.

UAV monitoring and intervention activities are remotely conductethzediatedoy visual

displays makingUAV operationextremely challenging-or examplethe operator of the UAV is
deprived of sensory cues that would normally be available to the pilot of a manned, aincraft
thereforemust rely solely on the informatnigpresented on displaysee Figure 1)A recent
comprehensive X@ear review of human factors in Department of Defense (&BY mishaps
found that 60% of mishaps involveduman causal factors (Thompson, Tvaryanas, & Constable,
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2005).The physical sepaian between the UAV operator and the UAV may be one contributing
factor for such mishaps.

Not only areUAV operatingtasksdifficult, butthere arencreasinglymore of them of wider
scope to performAs multi-mission UAVs increasingly become the norm, tinenber andgcope
of the tasks that operators must become familiar with and pedmwseven further€.g.,
Nehme, Crandall, & Cummings, 200The human factarof UAV/S operationand specifically
thesupport for operators provided by theisual dispaysfor the perceptually andcognitively
challengingask ofroute replanningthroughthreedimensional (3D) airspaceare the focus cd
newresearclprojectsponsored by the Office of Naval Research (ONRg project is called

ROVER( f or -timmeeveelr si ght Vi sual i z atandasrconfluotesh Ef f ect i

coll aboration with researchers from MI TOs

The UAV Route ReP| anni ARppu(tieg o) Probl em

The challenges facing UAV operators atany andvaried and previougognitive task analyses
(CTAs) have specified thgenerakognitive demands and conflicting goals that must be satisfied
for UAV operation(e.g., Gugerty, DeBoom, Walker, & Burns, 19€81gerty, 200% One
problemidentifiedas particularlychallengingby several research grouigghe difficulty of
dynamicroutere-planning o4 ofit € ng, 0 d(UahrnsangKuchar én®Onsar, R20D2
Tadema, Koener& Theunissen, 2006; Déries, Roefs& Theunissen, 2007}t is this re

routing problenthatis thefocusof this report.

v 7 =-..

- i —r‘-..

Problem

Figure 2. lllustration of the UAV rerouting problem.

UAVs perform missiondy flying routesthrough3-D airspace. Initial routes are 341 to meet
mission objectivesuch as gathering ISftelligence, surveillancgnd reconnaissance)
imagery, for exampléMissions may entail satisfying competing goals and creatintgs that
satisfy a variety obftencompeting constraints. For exampb®tainingISR imagery mayequire
staying close to a targtd gethigh-qualityimagerywhile keeping a safe distanesvay fromthe
targetto avoid detectionAlternatively, fuel expenditure may need to be minimized while route
terrain coverage needs to be maximiZBte constraint satisfaction of mission route planning is

Aer
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complex ad requires a great deal obgnitive effort However, the operatsshard work is not
finishedoncethe routes have been established and these constraints somehow satisfied.
initial UAV route plans have bedaid andthe mission commenced, operatonsistmonitor
missions for changes that may require their intervention.

AsFel dmar schal von Mol ihebdpl faamews vd ivets.o mont afc
Situations inevitably unfold in unexpected ways that require operator intervention amhmiss
re-planning.Figure 2illustrates some of the challenges efouting UAVs througthostile,

dynamic environmest often under timpressureln the illustrationtheinitial route Rg, is
compromisedy some problemThe user must generaitternate outes, definedthrough a series

of waypoints(R; and R, for exampl@, to routethe UAV around the problenfProblemghat may
trigger rerouting include new enemy air defenses, weather ceiling changeappogcks

requiring ISR or avoidance, airspacetrieions or openingsandvehicle malfunctiongust to

name a fewThe complexity of the multivariate constraint satisfaction requdtgthgre-routing,

the sheer number of parameters that need to be considered, and the importancessp@amses
for both vehicle safety and mission successibine to make reouting a critical operator
challenge. As Tadenst al.(2006) point out, the 2003 report of the Scientific Advisory Board of
the U.S. Air Force on the future of UAVs concluded that UAVYaetingwas a central user
challenge and capability gap, statitigatii € a ut o ma t-systems intdrfacenand dynamic
re-planning algorithms are the key limiting factors to increasing both the performance of the
UAVs and the vehicldo-o p e r a t @United States Aar orcédvisory Board, 2003).

However, the specifics of ti8D spatial aspects of thie-routing problem have not been
elucidated or studied in detail. What are the key spatial aspects of the most common problems
triggering rerouting and how doperators typically handle them? Which problems are most
time-pressured and hodoes time pressure affectmauting in response to different triggers?

What are the key cognitive and perceptual challenges and where potghgalhuman factors
leveragepoints for interventions to assist users? In this report, we coadegquirements

analysis of the rplanning problem with Navy UAV operatorscently returned from the war in
Iragto begin to answer these questions

The Airspace Management Problem

Thedynamic nature obperationahirspace managemeitgelf can bean additioml source ofe-
routing.UAVs fly missionsna r estri cted operations zone (oOr
other manned vehicles and where other civilian and military missiay®¥e ongoing 6ee U.S.

Army, 2001). Withinthe ROZ airspace allocated to operators ntecomea restricted, complex

3-D configuration to navigate through, dependent on the number of ongoing missions in the
region(Griffith, Wilson-Smith, Ohmer, et al., 2@). Further, airspace allocatigs often

dynami c, wiit3-DairBpace gupesytich are the units of currency of physical

airspacd being given and taken away over the course of a mission asdrédating the need

for dynamic rerouting when tese changes impinge on UAV routes.
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Figure 3. A near miss between a UAV and a commercial airliner over Kabul, Afghanistan in
2004 captured from the UAV (reproduced from Griffith et al., 2006).

Ai r space man ayperposenstgiesentmid-aircodlisions. However, there have
been sever al reports from both Afghanistan an
not proceeding smoothly or erriree (Erwin, 2005; Griffith et al., 2006). Figure 3 (above)

shows dramatic imagery captured franGerman Luna UAV of a potentially catastrophic near

miss between itself and a fullyaded commercial airliner over Kabul, where the two vehicles
came wi t h 15 (Géaffitroet al., 2@08. Nearonisdessuch as theseadicate the

potential for arairspace managemefailure on many leve& on the part of the airspace

manager or the pilots of manned or unmanned aiécrafidmay be a product of the dynamic
crowded nature of airspace that UAdM$enoperate withinThough operators typically do not

have a common operating picture showing the locations of other manned and unmanned aircraft,
they may beable to use th&l A V @ive camera feed to gasomeadditional, though limited,

situation awarenes3he camera magssistsomewhatn aircraft avoidane, if an aircraft in the
UAVOs patchmeréss ifn etl hdeif ohé operatee sees tha airdraft in time to avoid

it.

From the perspective of a UAV operatohat are thenost significantirspace management
problems? How common are they? What their 3D properties? Are-B airspace restrictions
processed like any other routing constraint, or are they processed in qualitatively different ways
by UAV operators, with different information and display requirements than other routing
problems?
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Display-Related 3D Space Perception Challenges

Currently, UAV operation is mediated througtound control stationdCS') displays The
explosion of interest in UAVSs over the last decade has resulted in a vari@§Ssystems
provided by a number of vendoiThough there is currently a pufidhr a standard protocol for
operatingmultiple heterogeneous vehiclasd sharing information obtained by those vehicles
through a common vehicle control statitWATO Standardization AgreemerB TANAG)

4586) not all UAV systems conforno this standard. Thus, curresystems often display
information slightly differently to UAV operators, who are then faced with learning different
systems and what the different displays show.

GCS displays may not support the informatreeeds of UAV regouting.Current GCS systems

have evolved tdepict routes, track symbology and other tactical information superimposed on a
display using twedimensional (D) NGA (National Geospatidhtelligence Agency, formerly

NIMA , National Imageryand Mapping Agengyor FalcorView-format mag (for an example,

see Cummings, Marquez & Visser, 200Me NGA/FalcorView map format isvidely used in
aviatonandiessenti ally an embellished topographic
shown from @op-down, or 90° viewing angle, with the addition of some shading information to
provide some terrain appreciation, see Figuabove for an exampl@hese maps are typically
segmented intequare regions with the maximum terrain altitude denoted forggetn.Some
GCSsystemsalsoemploya separate profile view corresponding to thedopn viewfor

checkng the vertical clearance of the route over terr@ne challenge operators facel&riving
situation awareness of alBairspace sufficient to prm their routing and othetasksfrom

these2-D topoor profile-view maps.Additionally, if both the topdown and profileview maps

are available, correspondence between, and mental integration of, the two views can be difficult
(e.g., St. John, Cowenpfallman & Oonk, 2001).

GCS displays are employed for a large number of tasks. Each of these tasks may have different
information requirementgor example, seBlehmeet al.,2007).Routere-planningrequires

spatial awareness of thelBairspace and termaiThere is a large and wealleveloped literature

on the human factors of display use $patial awarenegasks.Certain tasks are wedluited to

the 2D NGA-typemap format, such as tasks requiring precise relative position judgments (St.
Johnet al, 2001). However, awareness of the gross scene layout andwsiggrstandings

often not wellserved by 2D displays. In particularapididentification of gross scene layout for
path planning is better served by shaded perspective vfeseenes so-called i Do displays

(St. John, Smallman, Ban& Cowen, 2001; Smallman, Cook, Man&sCowen, 2007)lt is an
open questiortherefore how well current GCS displaygipportoperatorétasks of time

pressured reouting through complex, constricteelBairgpaces challenges whiclare likely
furthercompounded wheterrain and target proximities impoadditionalconstraints

'n this report, AGCS® is used to refer to the physical
used to control UAV operations, afidGCS di spl ayso refer to the map and i nf
control stations.
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MATERIALS AND METHODS

Documenting Operator ChallengesCognitive Task Analysis

The remediation of any problem begins with its carefiiracterization. To characterize

cognitive challenges and problems, the proven process etestred design begins with a
cognitive task analysis or ACTAO to center re
Ainsworth, 1992). There are nunoeis methods employed across the field to perform a CTA: the
current studyelicitedknowledge viastructured interviews with actual users, a method
successfully employed in the Navyds Co-mmand 2
known Knowledge Wie and Wall (Smallman, Oonk, Moore, & Morrison, 2001).

The current project focuses on the demands-obuéng and developing visual displays that are
well-suited to support UAV reouting. Because of this focus and the fact that previous CTAs
have speciéd the cognitive demands and conflicting constraints during UAV operations (e.g.,
Gugerty, 2004), the current CTA focused on the specific cognitive and perceptual challenges
associated with the-B spatial aspects of m®uting UAVs. The intent was to eact sufficient
information about the-B spatial aspects of events triggering UAWoaiting to distill down the
information requirements of 1i®uting and relate them to the validated human factors theoretical
framework of St. John et al. (2001). By idiéying the shape understanding and relative position
information requirements of #®uting, potential human factors leverage points for interventions
and superior displago-task pairings to assist us&an be identifiedThe CTAwill be used to
developsoc al | ed A s yinasks that reftect theperkeptoal and cognitive demands of
real rerouting tasks sufficient to allow careful Hiased human performance experimentation.
Finally, information from the CTA wilbe used to inform the design@&et of scenarios

populated with regouting vignettes that create an environment for the measurement of synthetic
task performance.

Participants

We interviewedour Navyparticipants(two lieutenant commandersne chief petty officerand

one lieutenantwhowe r e me mb er s o6f(Fleet iCempadsite \EquadsoShedow

UAV Squadronfrom Webster Field in Pax River, MD. (& wascreated in response to a request
for forces (RFF) and recently returned frormewenmonth deployment in Iraq.

Structured Int erview

To conduct th€€TA, a structured interviewasdeveloped before meetingth the UAV
operators to facilitate information elicitation abttue operating experiences of Mwith the
Shadow UAVduring deploymentRespecting the limited time availaliteinterview Navy
personnel, the structured interview was designed with the minimum number of questions to
quickly focus on the key issues of inter&3teinterviewfocused orevents that triggered
enroute UAV replanning in ordeto document routing ane-routing problems involving
airspace, other airborne vehicles, mission requirements, and tédtaough initial mission
routing and dynamic reouting involve some of the same issues and constraints, our efforts
focus primarily on thee-routing proess. Therefore, the interview focused omaeting issues,
but naturally included discussions of initial mission routing for context and complete
understanding.
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The questions in the structured interviewevgrouped into the four following categorieath
example questionfr eachcategoryin italics

1. General UAV capabilities and functionaliffour questions)
1 Example questioniVhat routing information is typically handled automatically as
opposed to manually (e.g., do ydesignatealtitude when planing the initial
route, or do you manually contt UAV altitude)
2. Re-routing eventypesand strategie® handle thenfl2 questions)
1 Example questiondihat types of events occur that require you toorge after
you have already planned an original re@tHow do you prioritize these events
that require you to reoute?
3. Re-routing event display informatiafecurrent status and future information requirements)
(seven questions)
1 Example questian Are general areas to avoid or cover shown on displags
you use for route planning andreuting? If so, how are these areas depicted?
4. Terrain displaygcurrent status and future information requiremefid)questions)
1 Example questions¥hat types of terrain displays for routiagd rerouting
were availablea youduring mission® What terrain display information that you
did not haveduring your missiongvould havehelpedyouplanroutesand
dynamically reroute?

Procedure

Two separate interviews were conductBaefirst interview took place in April, 20081 Pax

River, MD. The meeting was attended by threeQAV operatorsvho had operated in
Baghdad and Sadr City, Iratyvo scientists from Pacific Science & Engineering Group (PSE),
one scientist from the MIT Department of Aeronautics and Astronaatidsadeveloper from

CDL systemsmakerof the UAV VCS (vehicle control statior}586 softwarehe operators had
been usingCDL Systems, 2008Y he full-day meeting was split into two parts: at the beginning
of the meeting, the operators provided feedlmackhe CDL software they had used in Iraq to the
CDL software developer; during the remainder of the meetveg;onductedhe structured
interview.A second interview attended by a fourth \@peratomwho had operated near Mosul,
Irag, and the two PSEcgentists was conducted in August, 2008, at tBe UN a VhyrdbFéeet
facility in San Diego, CA.

At the beginning of the interviesythe participants were informed of the institutional review
board (IRB) approval of the interview, and the voluntary natfitbeir participation.

The operators were informed abopuriposdoiNtRed s suppo
ONR-sponsoredJAV project, and the roles of those attending the meeting. Niewias

explained that the purpose of the interview session wgaitoan understanding of the tasks and

issues faced by the squadron, especially those related to UAV gatinreng, including the

types of events that trigger the need toaateand the displays usetliringre-routing As the

interview was conductedyost interview questions stimulated detailed discussions and naturally

led to additional question®t contained in the original structured interview

Extensive notesveretaket 0 document t he oguepteraentalirawiigs r espons
during the inteviews. The majority of the interview questions were covered during the session.
The operators provided their contact information, and offered to provide additipnabnce
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theinterview notesvere summarizedit the end of the interview, the operatarsre thanked for
their participation.

Method of Analysis

Following theinterview session, there wei@low-up information exchanges with the operators
to validate and supplement the information gathered during the interdiBessummarized
responses we then reviewednd subjected to content analysis. The essential issues were
distilled, categorized, arglipplemented and contextualized with information from the DoD
roadmapandotherrelevantiiterature.The categorized results are presented in thessstion.

To further distill the results into an actionable guide for the development of the synthetic UAV
re-routing task, the CTAlerived operator knowledge has been transformed intocutig

event taxonomy (Figure 7) that includes the goals ofafteuting event, event attributes[B
spatial information requirements of the event, and potential human factors leverage points for
interventions to assist users.
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RESULTS

Following the content analysis, thesultswere organized intdhe followingfour sections

1 Section Icovers background information about the-@@quadron, the Shadow UAV
capabilities, airspace management, and air traffic control;

1 Section2 categorizes and describes thgouting eventseported by the operators
and associatedsses including the impact of terrain on-reuting;

1 Section 3 focuses on the-reuting prioritization goals and strategies used by the
operators;

1 Section 4 summarizes thoperties ofJAV display tools and aids requested by the
operators, groupelly re-routing event

Due to differences in operating environmertig experiences of theperators irBaghdad Sadr
City andin Mosul differedin somerespectsA short summaryighlighting thekey differences
experienced by thBlosul operatois includedat the end of each numbenessultssection

1. Background
A. UAV Operator Background and Training

The VG6 trained at Fort HuachucAZ, with training primarilyfocusing on visual recognition
of military vehiclesGeneral taining lasted approximately six mast consising of five months
of flight instruction, one month of new equipment training, ahdo-weektheater
indoctrinationNavy Individual Augmentee Combat Traini(i§IACT) course Officersin charge
completed approximately nine weeks of a Warranic®ffcourse on Army regulations and
system operations.

B. Local MissionContext and Attributes

During theirsevemamonth deploymerto Irag theairspace in the operating area of the Baghdad /
Sadr City squadron watremelycrowded.Flight timeaveraged.8 hours per day. During the

last month and a hatif their deploymentan increase in manning falVOs allowed a transition

to acontinual, 24hour operational tempo. Normal missions lasted from five to six hours, and
were often at night in response to ISQuestsFollowingthe VG6 6 s d e p Isecgnthe n't ,
rotation will deploy to Iraq for six and a half months with overlap for turnover.

The missionsléwn bythe squadrorwere reactivecustomerdriven, and involved servings ISR
assetgor counterinsurgeng in theareas oBaghdad and Sadr Cityhe operators noted that
much of theifrt. Huachuca training haabt transferred well totheir mission focus dfailing
genericvehicles through urban terraifhe squadromneceived taskinfrom elemerd requestirg

ISR via mIRC (multi-user internet relay chathat a commonly employed military
communication system. Missiomgmning was rarely formalized and missions tended to be fairly
ad hocA flight plan was always entered to satisfy procedure requirementiightiroutes were
flown manually oibyu s i n g -nmayowhich tossisted of typing in coordinates or clicking on
waypoints to designate a routeitial mission requirements usually involvgdtting airborne to
await subsequent specific mission taskifige mission commander reyand manage

airspace ahead of the UAXn airborne handoféccurredoetween vehicle launch controllers
and main missiokJAV controllers via securkoS radio.
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Flight conditions were hampered by the demands of local airspate| and the need to
prevent conflict with manned and fellow unmanned assetsGU#&systemdor the Shadow
(and other UAVS) used by the operataere notintendedo give acomprehensiveisplay of

the immediate environment surrounding the UA\tluding airspace availability and the
location of other unmanned and manned aircidferefore, there-routing concerns were chiefly
causé by the constantly changing airspace configuration, fluid mission structures, limited
awareness of other aircraft, aifé dynamic of a countemsurgencycombat environment.

C. ShadowUAYV Capabilitiesand Functions
The VG6 operated the R@B Shadow UAV (for details and specifications, see OSD, 2005).
brief, the vehicle has an endurance of seven hours, an operatsilivad of 15,000 feet, a
maximum speed of 105 knots, and a typical loiter speed of 60 knots. The B model is capable of
accommodating the higbandwidthTCDL (tactical common data link) and features many
improvements over the original A model, includinlpager wingspan, greater endurance (due to
greater fuel capacity), and an improved flight computer. The system is designed purely for ISR
operations and has no offensive capability. All operations are limited to within 68 nautical miles
of the GCS as longs LoS is maintained due to the limits of the command and control system
operating in the UHF (ultrligh frequency) bands (OSD, 2005).

D. GCS DisplaySuite
Various GCS systems can be used to control the Shadow. Téeug€dC D L ¥&S-4586
control softwae during their deployment (CDL Systems, 2008). The MG86 is an integrated
command, control, and information system for controlling and monitoring UAS (Sulmistras &
Kharey, 2008). Among its capabilities and features are integratetimeavideo, an irdractive
map, mission planning and vehicle management, operational safety, and deployment and
integration. Thoughhte systenhas the ability to show tegown andprofile displaysof terrain,
terrain maps for the V® mission area were often not availaldeimport into the control
software during the operatorsd missions due t
environment.

The video, map, mission planning, vehicle management, and operational safety windows of the
VCS-4586 control display are shovm Figure 4.
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Fuellevel < 20 % now 18, min 0

Speed - TAS < 58 kts, now 56, min 56

Aititude command adpsted for terran
= Data recording nactive

Vehicle ID update, verify commanded

By 05418169 110°4 1973V

IGTABNTZV LB HOLIOV

B 3518439 116°38 882V

R 05°17.816'W 116°37.750V

Figure 4. VCS-4586UAYV control display(from Sulmistras & Kharey, 2008)

E. Airspace Managementand Air Traffic Control
Operators reported that many of theallenges resulted from the busy aarspin the area of
operations. Consistentitiv U.S. military doctrine, mission airspace for the-@@as divided
into Akeypado blocks defining |l ateral and al't
manned and unmanned aircraft in the mission area (see Figta&ch)blockhad a fixed wilth
and length in distance, and extended in figembd altitude blockdMultiple keypad blocks were
stacked to cover the entire altitude range of the mission airdgas®ersor letterswere used to
refer to theairspacecubes (see Figure 5 for an exaegbnfiguration).
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The launch site airspatieat wascontrolled by the local airport tower and approach and

departure controlas also divided into regionand was referenced with numbers or let{se®

Figure 6for an example airspace configurafioRor the operatorgjrspacananagementas
oftencomplicated byhe fact thataunchsite aispace and missioniespace overlapped his

required the aircraft to be controlled initially by the launch site controller, and then be handed

over to the mission controllers before the launch was technically compietpace allocations

had to be negotiated via websitelanIRC chat rather than verbally or via BES Adding to

the airspace complexity was the fact that the square regions designated on the NGA maps did not
correspond to the keypad squares useatksignatéhe missiorairspace

Airport Approach &
departure
~ control
A
Tower
G ) B . control
F C
E|D

Figure 6. Laurch site airspagéncluding airport, tower control region,
and approach and departure region.

The control of the Shadow UAVs was complicated by the fact that there was no way to display
the current exact location of the mission UAV to the mission comarandho was situated

outside the GCSAs one operator put ithe situation waé é lsallenging forthe mission

commander sitting outside of GCS but within 5 feeth@fGCS and yetwe did not have any

way to display to him the current exact location ofrttission A/V (air vehicle)for requesting
airspace or addressing airspace control igsWeBhus, the UAV location updates had to be
communicated via intercom by the AVO to the mission commander since there was no shared
visual display between the missioonemander and the AVO. This required constant
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communication to ensure that the commander wa
airspace was open, and where other vehicles were.

Complicating matters further was the fact tha¢@tors did not havee common operating

picture ofotherairborne assetso the position of other aircraft had to be coordinated manually
by passing coordinates via radiven though the mission operations center could track friendly
assetsthis information either was noteessible by the AVO in the GCS, or was available via a
separate means, such as a laptop, and its update rate was not fast enough to provide the necessary
support to the operators. Thus, -6 simply did not know where other aircraft wefhis

made peiorming a UAV handoff especially challenging: operators indicated that they only knew
the actual location of a new UAV once they took control.dDite operator expressed this lack

of positional knowledge by stating i would be tremendously useful feither GCS to

transmit location info to the other or receive locational data direct from a secon(diA/V
vehicle)not wunder that p arAtllofthasd factors &8 © the aveyali t r o |
complexity of the tasks, and required constant uwigidrom the operatorsihough they used

the live camera feed primarily for ISR, target tracking, locating, and verifying the target, the
operatorgnentioned additional uses, suchaarerdt avoidancgin spite of occlusions from the

nose gear)a backup navgational device if GPS failed, and a me&m$ook for icing on the

leading edge of the wingndto do a local weather scan in the vicinity of the UAV

Although some of the airspace awareness issues impacting tbed&nlted from a lack of
adequa IT coverage and thus may not apply to all UAV operatisunsh a lack of visualization
bothorganic to the UAV and inherent in the GCS mdhat visualizing where objectgere and
what events imped and entagdwas exceedingly difficult.

F. TheVC-6in Mosul
In contrast to the crowded airspace of Baghdaddr City, the airspace in the vicinity of the
Mosul squadrorwas relatively quietTaskingfor theMosul squadron waslightly less reactive,
with approximately half the tasking determined priori® mission. Additionally, the squadron
in Mosul did notexperiencghe same ITimitationsas the operatordid in Baghdad Sadr City.

2. Re-Routing EventsEncounteredand Associated Issues

The structured interview focused heavily on events that requiecolerators to reoute thér
UAVs. The operators indicated that the need imrae arose frequently during their missions,
estimating an average of 10 times fiee-hourmission. Rerouting was most often triggered by
operational factors, with the magstmmon event beinrget trackingfollowed bychanges in
airspace statugnd other factors such esllision avoidance with other aircrafindcounter
detection requirements (ensuring that the UAV remained undetected by insurgents during
counterinsurgency operationsRerouting was also triggered by environmental events such as
weatherOperators noted that, during-meuting, time pressure was generated by the need to
monitor multiple sources of information, including airspace management and chat.

Detailed descriptions dhe types ofe-routing events encountered by the-8®@perators are
described next. For each event triggeringaeting, the following essential elements that will
help to define the synthetic tasks are called out:
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1 Spatial aspds of primary rerouting goal: the goal achieved by successfubrging;
includes an action (e.g., avoid or stay within) related to a spatial regiorréstgcted
airspacetarget region)

1 Relative frequency of reouting event: how often the-reutng event was encountered
relative to other reouting events

1 Potential human factors (HF) leverage point: possible human factors intervention that
addresses a current gap and is intended to effectively supporirtheing goal

A. New or Changes tararget Tracking Requirements
The UAVsOd primary mi ssi on -tmaistelligeacetotheseih t ar get
commandPopup trackswere sometimeassigneduddenly after a UAV was airborne, which at
timesrequired a complete change in missiand raute Tracking moving targets depended on the
movement of the target, and of teendlydanoyshit ed t h
by IEDs(improvised explosive deviceB)ggeredISR requests for locations nearéyd
prompted rerouting and missn changes. According to the operatdasing required to track or
covera moving target was the most frequentaating event encountered. Requests for new
target track requirements, specifically track
quickly because of the requirement to first acquire the airspace needed for tracking.

1 Spatial aspects of pmary re -routing goal: stay within line of sight (LoS) region for
target ISR

1 Relative frequency:high

1 Potential HF leverage point:specify optimakoverage of target in 3 dimensions

B. Change inAirspaceAvailability and C learance
Changes in the status of airspafentriggeredre-routing. Inactive airspacgmetimedecame
availablefor use More commonly, though, available airspace occupied by, thie planned
route of, the UAV was closed sudderiyocking a path or requing the UAV to vacateFor
example,sa& a |l lotalrspdich (t he ai r s p a cattimesiequirel ilmmedidter i ke ar
additional assets or manned assetsnter and travee the areahusclosing the airspace for use
by unmanned vehicles

The operations area was heavily impacted by multiple groups conducting miSiiosrs.

organizations occasionally estabbkstrestricted zones for their own operatiprequiring UAVs

to suddenly be removed from an area as manned aerial assets enteredudélso changen

the status of airspaeed ] acent t o t he UAVamnediatelytiggeredaré oc at i c
routing requirement without prior warning. Changes in airspacéabildy were among the

most frequent triggers form@uting.

Interestingly, operators reported adapting to the chaos of dynamic, restricted airspace by
developing strategies of their own. For example, they repdrigd a bmbre airgpace than

needed to provide themselves a buffer zone in anticipation of future restrictions. Alternatively,
they sometimes had the mission commander deconflict airspace ahead of the AVO while he or
she flew the UAV in orbits as close as possible to the boundary of airspactcipation of it
opening up. Operators also claimed airspace squares on the way back to the airport as a
contingency route.
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1 Spatial aspects of pmary re -routing goal: avoid restricted airspace region while
staying within available airspace region

Relative frequency: high

Potential HF leverage point:makeairspace boundaries explicit; show available and
closed airspace

= =4

C. Aircraft Avoidance
At the time of their deployment, the V&operated in the busiest airspace in the world. Manned
and unmanned airdtacompeted for tightly controlled cubes of air in which to do their missions.
This often resulted in the need to deconflict airspace when two aircraft were close together.
Manned aircraft always received priority over unmanned vehistethe operatorseded to re
route the UAVs to give manned aircraft priority. Operators had to respond particularly quickly in
situations where a UAV was in the way of a manned aircraft. Additionally, the operators would
need to occasionally avoidierheadaircraftfiring atthe groundthrough the airspace occupied
by their UAV.

Operators reported that, due to the congested airspacenissas involving UAVs occurred,
sometimes with another UAV or a manned aircraft. It was possibleUAYV to stray in front of

a mannedsset if if or the manned aircraftjas in the wrong altitude, keypad, or both, and was
not in communication with the appropriate controlling authority.

1 Spatial aspects of pmary re -routing goal: avoid airspace region occupied by other
aircraft

Relative frequency:high

Potential HF leverage point:makelocation of other aircraft expligiprovide airspace
transit times, distances and relative position

1
1

D. Counter-DetectionRequirements
At times, when stealth was required during an ISR mission, UAV opsfiadal to ensure that the
UAV was not detected auditorily or visually by those in the vicinity of where it was tracking.
Operators were sometimes notified that their UAV was at risk of being detectepdrsts from
U.S. militaryteams on the ground inghmission arealo prevent detectiomperatorsnanualy
change altitude usually flying higherto prevent the UAMrom beingdetected by thosen the
ground.

1 Spatial aspects of pmary re -routing goal: avoid detection region

1 Relative frequency:low

1 Patential HF leverage point: convey shape understanding of cowutetection regions
and their relation to terrain

E. Weather Avoidance
Though weather was not a major factor for the&/@ecause of the time of year of their
deploymentpperators noted thtteS h ad owd s ¢ a p a b-iinlitediShaelevs &g e we at |
susceptible to icing while in the cloudsnbe outrun by sandstorms travelling faster than the



\\Q\\\ Pacific Science & Engineering Group
\-

UAV, andcamot fly in rain. If encountered, such changes in weathald effectively closeff
airspa&e and require a y@ute if the current route was impacted by weatOgerators reported

that dfferent types of weather typically required different methods of avoidance. For example,
icing could be avoided by descent or ascent to a different altittdle, sandstormsould

require complete avoidance of the affected area. Forced changes in altitude in response to icing
(or other weather conditions) could afféciSto the GCS for radio control, and could

compromise auditory stealth required to avoicedeon.

Spatial aspects of gmary re -routing goal: avoid weather region
Relative frequency:low
Potential HF leverage point:convey location and shape of hazardous weather events

= =4 =4

F. Impact of Terrain on Re-Routing Events
AlthoughtheVC-6 operated imn aredhat was mostly flat, aumber of terrain issues were
discussed andientified. Themost importanterrain informatiomeed was to understand the
overall shape of the terraifhis was necessaty ensure terrain avoidance in both the absence
and presencef other events (e.g., weather avoidance). In other words, even if airspace was open
and no targets needed to be tracked, terrain still had to be understood to avoid colliding with it.
The operators indicated that the Shadow did not have a controlletifiig terrain (CFIT)
warning feature. Although some UAV systems warn of impending terrain collision, they must
provide sufficient warning for the operator t
of terrain layout may be critical tecogniz the need forandexecutea successful avoidance
maneuver when enough warning to recover is not provided. Also, the appropriate avoidance
maneuver must be specified. For example, UAVs are sluggish in terms of speed and flight
kinematics. A sudden ancesip enough climb to avoid terrain may not be physically possible or
even necessary, and another maneuver, such as a lateral turn, may be sufficient to avoid terrain.
Again, an operatorodéds understanding ofpropererr ai n
avoidance maneuver.

For the VC6 in general, when accommodatingrogiting requirements by avoiding obstacles

(e.g., other aircraft, weather) or tracking targets (or both), altitude changes were more common
than lateral changes because laterahgbha required more time than altitude changes due to the
Shadowds &drouting svenesanthe complicated further if they occurtime vicinity

of complex mountainous terrain. The operators mentitim&idotheunits who hadoperated in
areasvhere mountains were often 5000 feet in altitndelfaced such terrain issues.

The operators indicated that understanding terrain shape was especially important for
maintaining auditory and visual coundggtection Interestingly there were different thsolds

for auditory and visual grourdased detection depending on the time of day, the ambient noise,
and the seasonal behavior of the local population (e.g., in the summer, but not the winter,
residents may sleep on rooftagtsnight stanahg a greatechance of hearinthe UAV).

Terrain understanding was also critical for ensuring necessary LoS to both the targets being
tracked and the ground control datalink. For example, terrain could occlude LoS between the
UAV and the targets, antie¢ radios thairked theUAV to the ground control stations could be
blocked by terrain featuregees, or buildingsrhis, combined with the need to remain unheard
and unseen, meant that there was a practical limit to how low the UAV could be operated.
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TheVC-6 used éherNGA or FalcoiView maps vith minimalterrain shading and altitude
clearance numbers as primary termdisplays These displays provided at besiy three levels

of static zoom. The global navigation chart view (GNC) allowed an overall view of theater
terrain including prominent cities, towns, drainage, roads, railroads, shaded relief, and spot
elevations The operational navigation chart view (ONC) provided alenel view of the
theatelin addition tosome tactical detaibuch as airports, elevatis, vertical obstructions,
terrain, restricted areas, and landmailkse tactical planning chart view (TP&howedthe most
detail sufficient tosupport high speed, low altitude radar and visual navigation of high
performance tactical and reconnaissaaceraft Meteorological information could not
effectively be overlaid on the maps. The operators indicated that access to all three views was
limited at times during their missions, and these views were not scalable (e.g., no zooming
between GNC and ONC).

Terrain is a factor that must always be considered duringuteng, and it often interacts with
re-routing events that arise (e.g., avoiding terrain may become more difficult when weather
reduces the flight ceiling). Thus, the essential elements iangdd the development of the
synthetic rerouting tasks are included for terrain.

1 Spatial aspects of pmary re -routing goal: avoid collision with terrain; avoid LoS
occlusion from terrain; land safely on terrain
Relative frequency:constant

Potential HF leverage point:convey both shape understanding about terrain and precise
relative position information about distances

1
1

G. TheVC-6in Mosul
In spite of the differences iroperational environmenth¢ VG6 in Mosul reported the same
types of rerouting eents as the V& in Baghdad Sadr City The primary difference between
the two environments was the relative frequency of the eMantosul, he most commonly
encountered evestequiring rerouting werereceivingintelligence reports about targetdey
also dealt with changes in airspace availability and aircraft avoidance, but to a lesser extent than
theBaghdad / Sadr City squadron. The-8@n Mosul typically kepthe UAVs abovea
minimumaltitudeto ensure countatetection. They experienced adsemweather more
frequently than the V@ in Baghdad / Sadr City, often encountering rain and snow in the
afternoonsThe difficulties with weather were complicated by inaccurate weather reports that the
squadron received from the local tower.

The VG6 in Mosul did not have the problems with accessing area maps experienced by the VC
6 in Baghdad / Sadr City. TiMosul squadromad access to several different maps of

progressive levels of detail, anétendrew restricted areas on their GCS map displays.
Additionally, they were able to overlay the launch site and mission airgoacelarie®n their
displays.Terrain avoidance was less of a factor for the group in Mosul because of the less
crowded airspace and ability of the GCS software to calculate teteairance prior to routing.

3. Re-Routing Prioriti zation Goals and Strategies

Operatorgandicated the followingyoal prioritization they used whethey encounteredvents
that required them to t@ute With thehighest at top, this prioritization order was
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Safety of manned aircraft

Airspace management

Primary mission requirements

A/V safety

1 Other mission and ISR requirements

= =4 4 A

Several constraints related to the health and safety of the UAV, and other aircraft or people, had
to be satisfied during UAV opdrans. When replanning a route, operatansported considering
the followingconstraints, ordered roughly from most to least important:

i Safety and ability to maintain control of UAV

Fuel status

Airspace needs and availability

Airspace deconfliction wit other assets

Planning UAV return to home base and turnover to new UAV
Maximum airspeed limits

Terrain (as a collision hazard and a potential source of signal masking)
Weather

=4 =4 4 4 48 8 -

The VC-6in Mosul

The Mosul group prioritized visibility and A/V safety firgollowed by target coverage during
re-routing. The constraints considered duringoeting were similar to those listed by the
Baghdad / Sadr City V@.

4. DesiredProperties of UAV Display Tools and Aids

Not surprisingly, several of th@operties ofJAV display tools and aids desired by the operators
relate to the gaps in available information relevant 4muting events. The desir@doperties

are organized according to-reuting event categms The purpose of eliciting thegeoperties
from theoperators was to gain additional insight into their tasks and the information they
believad would help to support those tasks. Thesmpertieswill also be taken into account when
designingvisualizationgo support effective reouting.

Airspace Availability and Clearance

The operators indicated a need for vaetivated overlays to display the boundaries and
availability of airspace areas. One operator suggested simplifying the process of requesting
keypads by typing the desired keypad into a systermmesn@iving clearance for approved

keypads fipérators should not be required to build all of this; at the beginning of the flight, it
should be as easy as enteringinadist k ey pads anThe yse & Bighlightitggfoe nt er .
designating their owairspace and the opening of previouslygsed airspace was also propgsed

A é gur airspace would be highlighted, as well as restricted (hot) areas as they beconte active.

Aircraft Avoidance

Operators expressed a need figptays of other aircraft, degiated by type (friendly, manned,
or unmanned) in redime, finéwking where the other aircraft are, and their parameters
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(altitude, airspeed, heading, and aircraft type) are crucial in a saturated air enviéonAésd,
the ability to filter aircraft loation by altitude was noted as importaDperatorsvanted to be
able to shover hide the positions of other aircraft to reduce clutter when necessary.

Terrain

The operators stated that a uaetivated terrain overlay would be useful, especially wheaiter
becomes a factor (e.g., when it comes within a certain number feet of the UAV). They also
thought that a LoS indicator to show terrain that would mask the control signal if the UAV went
below a certain altitude would be useful. A pgpdisplay to shw areas where the terrain could
mask the contr ol mesegtitutle wgs alseproposed.aAdditichdly the
operators indicated that aCBdisplay with a variable viewing angle, or a separatedimgn

display with a corresponding profileew, would be useful.

Weather

The operators indicated that it would be useful to selectively overlay current radar and satellite
information for thunderstorms, rain, dust, cloud layers, and freezing temperature boundaries on
UAV control displays.

The VC-6in Mosul

The Mosul operator indicated that it would be useful for weather information to be integrated
into therouting displaysa capability that would have beparticularlyhelpfulin dealing with
the frequentveather events encounteredheir areaof operation
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CONCLUSIONS

Interviews with the V@5 operators revealed the challenges involved in UAV control,
monitoring, and intervention. This particular group of operators constantly dealt with the
challenges of dynamic UAV smuting in an exceptially busy and complex environment, and
had to satisfy multiple, and often competing, constraints duringutng. Airspace management
was especially difficult during their mission as there was no common operating picture to
coordinate understanding of avand other aircraft locatisnRerouting events were commonly
encountered during missioran(average af0 rerouting events peive-hourmission). New
targets or changes to target tracking requirements were most frequent, followed by changes in
airspae availability and clearance, aircraft avoidance, terrain issues, coletéetion
requirements, and weather avoidandesurprisingly, e-routing wasreported asnost time
pressured fothe most timecritical dynamic events, such as a new target oraagé to a target
being trackedrequiring clearance to airspace to track the taged)aircraft avoidance.

The key spatial aspects of mostroutingevents were combinations of avoiding closed or
dangerous regions while stagimside of close to, owithin sightof regions of interestr those
crucial for UAV control €.g.,LoS to GCS)Regionsof space to avoid and enggenerally had
complex configurations and sometimes even overlapped (e.g., target LoS region and counter
detection region)Understading the 3D aspects of the UAV route, the location of other aircraft
in 3-D space, the airspace boundaries, location of targets, weather, the terrain shape, and the
interaction of all of these factors is critical for UA\Gmeuting. 3D space perceptiothallenges
were present for all types of-reuting events discussed with the operators, especially since the
ability to visualize several of these factors was-gristent or limited during their mission.
Dealing with the & aspects of reouting UAVs tlrough space by use of[2 topo maps

intensified the challenges experienced.

The challenges faced by the operators indicate a need for displays that support the understanding
of the 3D aspects of reouting to enable effective #@uting. Also, solutionghat integrate

automation, such as artificial intelligenbased path planning algorithms (PPAS) to assist users

with developing and selecting optimatn@utes would provide further support. It is the aim of

this researchin future collaboration with MITto developmethods for effectively visualizing the
outputs of such PPAs® support dynamic reouting.

Mission experiences vary depending on the type of UAV being flown, the environmental
conditions (terrain and weather), and the specific mission olgsclihough helocal mission
context and attributes differed somewhat for the Baghdad / Sadr City and \Wo$ubperators,
the types of events encountered by the two groegpsiring reroutingwere similar. The main
differences between the two groupsluded the degree of airspace saturation, the level of IT
support and accessible maps, and the relative frequency of the typesutirg events
encountered. Although other UAMissionsmayvaryin somerespects from those of the W&
the similaritiean re-routing events for the two M6 groups who operated in different
environments suggests that suctioeting events are likely generalize to other UAV missions.

Codifying the Issues: ReRouting Event Taxonomyand Synthetic Task

The purpose obur stucturedinterview was to understand the issues that UAV operators face
during inflight UAV re-routingto support the development of synthegaoutingtasks.An
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additional goal wato use this knowledgas a basis for futur@evelopmentand tesng of
display solutions to support effective UAV-reuting. To codify the domain knowledge gained
from the interviews, and tstructure and support the study of UAVroaiting, the issues and
events extracted from the interviewsreorganized into a reoutingeventtaxonomy (see
Figure 7. There-routing taxonomyrovides a bridge betwedine knowledge gained from the
interviewsanda series of planned experiments. Additionalhisttaxonomy highlights potential
interventions to assist users with each typeeabuting trigger.

The taxonomy is organized by the evamtguiring reroutingreported by thenajority of the
operatorgcolumn 1), ordered from most to least frequently encountered. Troeitiag events

are operationalized in terms of thé3spatialaspects of the primary-reuting goal for each

event (column 2), against the backdrop of otheorging requirements thatd tobe satisfied
(column 3). The frequency of each event relative to other events encountered is listed next
(column 4) along wh the expected time pressure ofoaiting for that event (column 5).

Previous work on the human factors eD3lisplays has revealed a task dichotomy for
judgments involving precise relative positions or distances vs. judgments involving the gross
shapeor layout of a scene (St. Jotet,al, 2001). This work has also identified display types
bestsuited to support the two types of tasks. In the taxonomy, for eachitteg event trigger,
shape understanding requirements (column 6) and relative pasijoinements (column 7) are
specified. Pairing these requirements with potential human factors leverage points (column 8)
will help identify the information requirements, and eventually the displaysshiet to

support UAV rerouting, for each type okfrouting event trigger. As previously noted, missions
will vary depending on UAV type, environment, and mission priorities. These and other factors
will affect the relative frequencies and expected time pressure of events (columns 4ilaig 5)
experierwed by differentJAV groups.

Consistent with the key objectives of synthetic tasks (Cooke, Rivera, Shope, & Caukwell, 1999;
Gugerty,et al, 1999; Martin, Lyon, & Schreiber, 1998), the tatfkst we will developusing the
operator knowledge represeniadhe taxonomy will focus on the perceptual and cognitive
issues key to the focus of the ROVER prajettie 3D spatial aspects of enroutegkanning.
Currently, we envision the syntheticrauting task to involve reroutingfor events drawn
directly from the taxonomy (e.g.,4®@ute in response to a change in airspace availability while
staying within LoS of a target in mountainous terrain). Performance will be assessed with a
composite measure of[3 re-routing (e.g.Jength ofroute excursion througtiosed airspace,
route distance through available airspace, target LoS distancengptid ofterrain clearance or
excursion). This differs from the metrics used in othawording tasks (such as the BRUTE
Recon Task in Gugerty et al., 1999) in thaviit be aperformance measure ofC3spatial re
routing, per se, verssgeneral composite measure of ovecalhstraint satisfaction. The
synthetic tasks will be completed as part of configurable scen&mue thesynthetic tasksvill
consist of onlythe key elements of UAV feuting,theywill be performableby UAV novices

and experts alikeTo honor external validity, the frequency ofraaiting events encountered by
the operators as well as the constraints they considered will be reflecteddarthacs.
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Figure 7. Rerouting event taxonomy.
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APPENDIX
Acronym Glossary
A/V: air vehicle
AVO: air vehicle operator
CFIT: controlled flight into terrain
CTA: cognitivetask analysis
DoD: Department of Defense
GCS: ground control statioor ground control system
GNC: global navigation chart
GPS: global positioning system
HF: human factors
IED: improvised explosive device
IRB: institutional review board
ISR: intelligence surveillance and reconnaissance
LoS: line of sight
MIRC: multi-user internet relay chat
MPO: mission payload operator
NATO: North Atlantic Treaty Organization
NGA: National Gespatiatintelligence Agency
NIACT: Navy Individual Augmentee Combat Training
NIMA: National Imagery and Mapping Agency
ONC: operational navigation chart
ONR: Office of Naval Research
OSD: Office of the Secretary of Defense
PPA: path planning algorithm
PSE:Pacific Science & Engineering Group
RFF:request for forces

ROVER:reattime oversight visualization for effective routing

ROZ: restricted operations zone
TCDL: tactical common data link
TPC:tactical planning chart
UAS: unmanned aircraft system
UAV: unmanned aerial vehicle
UHF: ultra-high frequency

VC-6: Fleet Composite Squadron
VCS: vehicle control station
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