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This book is dedicated to the memory of Robert J. Randle,

Jr., who died 27 May 1995, virtually on the eve of the

publication of this, his final work. Bob was our esteemed

colleague and respected friend. We could say a great deal

about him -- about his many accomplishments, about his

original contributions to his chosen field, about his dedi-

cation to the truth in his work, about the many attributes

that distinguished him as a good and genuine man. But
Bob wouldn't like that. We will miss him.

William E. Larsen

Lloyd N. Popish



But the eagle and the hummingbird are different.
Anon.
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FOREWORD

Flight training is a critical component of the aviation system. Operational efficiency and
safety in any realm of aviation could not be successfully achieved in the absence of a

practical method for selecting and training the people needed to operate aircraft. Without

quality training even the best-designed and best-constructed aircraft is doomed to failure;

and often, good training is called upon to compensate, at least partially, for less-than-
optimal designs.

The present volume is a welcome addition to the voluminous literature on flight

training. Although each of the topics discussed in the individual chapters of this

compendium has been the subject of numerous papers, chapters, and in some cases, books,

to my knowledge there has never been a treatise focusing specifically on training in the

vertical flight world. The demands of this world are unique, a fact to which I can personally
attest, and as such, deserve specialized attention.

As vertical flight assumes an increasingly important role in the aviation system,
the importance of training for vertical flight is likewise increasing. The editors deserve

commendation for recognizing these lxends and for providing the vertical flight community
with a valuable reference that will enhance the economy and safety of the world's air
transportation system.

John K. Lauber
Member

National Transportation Safety Board
Washington, D.C.

xi
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INTRODUCTION

The principal purpose of this publication is to provide a broad overview of the technol-

ogy that is relevant to the design of aviation training systems and of the techniques appli-

cable to the development, use, and evaluation of those systems. The issues addressed in

our 11 chapters are, for the most part, those that would be expected to surface in any
informed discussion of the major characterizing elements of aviation training systems.

Indeed, many of the same facets of vertical-flight training discussed herein, were recog-
nized and, to some extent, dealt with at the 1991 helicopter simulator workshop. 1 These

generic topics are essential to a sound understanding of training and training systems, and

they quite properly form the basis of any attempt to systematize the development and

evaluation of more effective, more efficient, more productive, and more economical ap-

proaches to aircrew training.

Although there are many commonalties between fixed-wing and rotary-wing

flight training, the remarkable versatility of rotary-wing aircraft, both in terms of their

performance and the missions they fly, demands that we recognize the training require-
ments that are unique to vertical flight. The differences in the jobs that these two funda-

mentally distinct aircraft are designed to do must be addressed in the design and develop-

ment of their respective training systems and programs, as well as in the regulatory crite-

ria that are imposed on their pilot certification gaining and operation.

The vertical-flight and virtually unlimited maneuvering capabilities of helicop-

ters and tilt-rotor and tilt-wing aircraft have opened up myriad commercial operations

that have significant economic and social benefits. The well-ordered and widely used

training systems for fixed-wing aircraft are not always applicable to rotary-wing opera-

tions, which are characterized by a large number of extensively distributed and margin-

ally funded small operators. The unavailability of low-cost training media forces these

operators, whether large or small, to depend mainly on their on-line aircraft for both

revenue generation and training; as a result, the efficiency of both suffers. Beyond ab

initio training, the aircraft is a poor training device; it is uneconomical, inefficient, and

unsafe, and it is a poor place in which to learn and assimilate new material and to practice

newly acquired skills.

The United States has always been the undisputed leader in aviation research,

development, and production. Once again the vigor and high quality of these activities
have placed us at the threshold of a new era and confronted us with new challenges in the

continuing evolution and growth of our national aviation transportation system. That

l William E. Larsen; Robert J. Randle, Jr.; and Zuk, John: NASA/FAA Helicopter

Simulator Workshop. NASA CP-3156 (DOT/FAA/RD-92/2), 1992.

xv



xvi INTRODUCTION

system involves an already burgeoning commercial helicopter industry, and we may soon
see the further expansion of vertical-flight commercial carriers with the introduction of

the tilt-rotor, the civil version (CTR-22) of the V-22 Osprey, and possibly the tilt-wing

aircraft.

Because of the proposed addition of vertiports for off-loading the runways used

by the large carriers, these new vehicles have the potential to produce a profound effect
on the infrastructure of the national airspace system. They will require new air-traffic

control (ATC) procedures because of changes in the architecture and timing of traffic

flow; and they may deeply affect the nature of current feeder-carrier operations, which of
course do not have the spot-landing capability of rotary-wing aircraft. It is hoped that by

anticipating rotary-wing operations our management of rotary-wing training and training

equipment requirements will progress apace so that the transition from conventional fixed-

wing requirements to the identification and fulfillment of those peculiar to rotary-wing

training will be as expeditious as possible.

As mentioned above, the rotary-wing industry is made up of many, widely dis-

tributed small operators whose training needs and logistics differ markedly from those of
the well-ordered, capital-intensive air-carrier training systems. The monolithic organiza-

tion is rare in this fledgling industry, and that is a source of challenge to the training

equipment community and to the federal agencies supporting and regulating aviation

development. Rotary-wing training departments, equipment, courses, and instructors are
not an integral part of corporate operations as they are and have been with the large air

carriers.

In anticipation of the growth of the rotary-wing segment of the aviation indus-

try, the Federal Aviation Administration (FAA) is in the process of proposing a new rule,
NPRM, Part 142 (Title 14, CFR), which will authorize and regulate Certificated Training

Centers. The objectives of this new rule are to increase simulator use, to eliminate the

need for simulator exemptions, to standardize training, and to standardize the FAA over-

sight of trainers through a centralized, national training-program approval process. In an

effort to maintain a broad perspective, the rule would not specify in any detail the differ-
ences between the use of fixed-wing and helicopter simulators. Instead, the FAA would

issue certificates to qualifying training centers. The issuance of the certificate would be
based on a set of training specifications, which could then be changed much more easily

than the certification. Part 142 will either replace Part 141, Pilot Schools, or complement

it, in which case Part 142 schools would cooperate with Part 141 schools in setting up

mutually satisfactory arrangements for training students.

These new regulations can be a significant factor in addressing the training needs

of the many small rotary-wing operators who have severely limited training budgets. In
addition to providing for increased simulator use, however, more attention needs to be

given to allowing more training and checking credit for the low-end (less complex) train-

ing devices. Also, in keeping with a heightened interest in simpler but more versatile
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trainingsystems,moreattentionshouldbegiventothefeasibilityofusingmobiletrain-
ingdevicesthatcanbequicklyre-configuredtoaccommodatethetrainingneedsfortwo
ormoreaircrafttypes.

Thereareobvioussimilaritiesbetweentheinfrastructureofthecurrentrotary-
wingindustryandthatofdeployedmilitaryrotary-wingunits.Asaresult,thetraining
capabilitiesenvisionedbymilitarycommandersfollowingtheDesertStormoperation
mayholdequalpromiseforcivilianrotary-wingoperators.Highlyplacedmilitaryspokes-
men,whosecommentscouldwellbeharbingersofthefutureincivilrotary-wingtrain-
ing,calledforportableandruggedtrainingsystemsthatcouldbetakenintothefieldfor
on-sitetrainingtomaintainandsharpencombat-readinessskills:"... deployable,fieldable
systemsaregoingtohelptheoperatingforcesimmeasurably";increasedemphasison
simulatedtrainingoperationsasthemilitarygoesthroughthedownsizingbroughtabout
bytheendof theColdWar;andthedesignanduseofmultiple-aircraft-typetraining
simulatorswithshortconfiguration-typeturnaroundtimes.2

Onecompanywassaidtobe"... workingonaflexiblemissionrehearsal
simulatorinwhichaC-130cockpitcanbetransformedintoahelicoptercockpitin30
minutes."Anotherisworking"[On]anaircrewtrainingsystemfortheSpecialOpera-
tionsForcesthatwillenablethemtotraininsevendifferentaircrafttypes"withdatabase
turnaroundin48hours.Anotherexampleoftraining-deviceeconomythroughsimplifi-
cationis theF-16multi-tasktrainer(MqT),developedfor theAir ForceReserveby
ArmstrongLaboratory(WilliamsAFB,Adz.)thatweighsonly1,500pounds.It canbe
separatedintotwopartsforeasytransportationandcaneasilyberolledthrougha66-
inch-wideofficedoor.It evolvedfromanearlierefforttodevelopanF-16airintercept
trainer(AIT)"toteachthepilottoplaythepiccolo"- meaningtoteachhimtooperatethe
manyradarandweaponscontrolsthatareonthestickandthrottle.Althoughrudimen-
tary,AITstillwasrequiredtogivepilotsaradardisplayandasmallvideodisplayandto
respondwithgoodfidelitytotheside-stickcontrollerandthrottlemovementsasthepilot
maneuveredtoattackenemyaircraft.Theauthorofthiscommentalsostatedthat"if the
conceptcanbeduplicatedforothertypesofaircraft,therecouldbeaverylargemarket
forMTTs."In particular,theNavymightbeverymuchinterestedinhaving"flyable"
simulatorsonboardships.

At theriskofoversimplification,it maybesaidthattherearethreeoverlapping
performancedomainsrepresentedbytheactivitiesofaircrewmembers:psychomotor
activitiesintheguidanceandcontroldomain;serialandproceduralcognitiveactivitiesin
themanagementofaircraftsystems;andcognitive,executive,decision-makingactivities
inflightandresourcesmanagement.Theseareall interactivewiththeneedtomaintaina
veridicalandongoing"situationalawareness."Failuresin thecognitiveactivitiesof
aircrew(humanerror)aregenerallyconcededtobethemajorsourceofaviationincidents
andaccidents.

2AviationWeek& SpaceTechnology,25Nov.and16and23Dec.1991.
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Indeed,thefocusof humanfactorspractitionershaschangedovertheyears
fromhumanengineeringandworkplacelayouttopilot-in-the-loopstudiestothecurrent
intenseinterestinthe"higher"aircrewintellectualfunctions.Inalandmarkpaper,Weiner
signaledthechangeofemphasis.Weinersaid:"Thehumanfactorsprofessionhaslong
recognizedtheconceptofdesign-inducederrors.Thispapersimplyextendstheconcept
toa large-scalesystem,whoseprincipalcomponentsarevehicles,trafficcontrol,and
terminals.Thesethreecomponentsareembeddedintwoothercomponents:regulations
andweather.''3

And,wewouldadd,thegrowingneedtofly byusingautomaticdigitalflight-
controlsystemsisamixedblessingbecausethesesystemscanbothdecreaseandincrease
workload.It isobvioushowtheycandecreaseworkload,butthereisalsoapotentialfor
increasingworkload;it resultsmainlyfromapoormatingbetweenthelogicofdigital
devicesandthelogicofthehumanmind.Byremovingthepilotsfromdirectinvolvement
inactualaircraftcontroltoaprincipallysymboliccontrol,thereisadangeroffragmenting
thecontinuoussituationalawarenessthatissoessentialtoflightsafety.Thecharacterof
thecriticaltrainingtasksischanging,andthemuch-discussedissueoftrainingequipment
fidelityistakingonnewmeaning.Thenewfidelityofinterestistheonethatpertainsto
thesimulationofWeiner's"large-scale"systemwithitsrichinformationalcontextanda
flyingtaskthatisnowmoreadeliberativethanamotorprocess.Underliningthisreality
isthefactthatproceduralflight(intellectual)skillsdecayafteronlyweeksofnopractice,
whereasmotorskillsareretainedformonthsorevenyears(seeChapter5,pp.101-103).
In line-oriented-flighttraining(LOFT)andin cockpit-resourcesmanagementtraining
(CRM)theemphasisisnowonsuchfactorsascommunication,flightstrategies,crew
coordination,tasksharing,decision-making,andeffectivesmall-groupproblemsolving.
Wemustnotethatasimilarsophisticationofrotary-wingcockpitsandautomatedflight-
controlsystemscannotbefarbehindthatofadvancedfixed-wingsystems.Inconsequence
ofthis,themajortrainingtaskbecomesclear,andit differssignificantlyfromthatofa
decadeago.Inturn,thattaskdeterminestraininggoals,means,andmedia.

Thereaderofthefollowingchapterswill learnofsomenovelideasregarding
therecognitionoftheuniquenessofrotary-wingoperations.Theauthorsneverlosesight
of thesharpdifferencesthatinsomanyimportantwaysdifferentiatetherotary-and
fixed-wingworlds.Thereisachallengeherefortheregulatoryagenciestosupportthe
rotary-wingindustryinordertoensurethatalloperatorshaveavailabletothemtraining
systemsandequipmentthataresystematic,uniform,andcost-effective.

Theregulatorymandatesforrotary-wingpilotqualificationandcertification
mustrecognizethesignificantdifferencesbetweenrotary-andfixed-wingrequirements.
Andfinally,butofprimaryimportance,itmustbepossibletosatisfythequalificationand

3Weiner,Earl:ControlledFlightintoTerrainAccidents:System-InducedErrors.
HumanFactors,vol.19,no.2,1977.
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certificationrequirementsinmoremodestbutfunctionallyrelevanttrainingdevices.
Emphasisshouldbeshiftedfromthetraditionalperceptionofsimulatorfidelity- withits
primaryfocusontheprecisenesswithwhichthesimulatorduplicatesthephysicalchar-
acteristicsoftheaircraftit mimics-tooneofprimaryconcernwiththesimulator'seffec-
tivenessasateachingtool,thatis,withhowwellit trainswhatit ispurportedtotrain.

Theeditorsextendtotheauthorsaheartythanksfortheircontributionstothis
book.Theirvolunteeringtoworkwithoutcompensationwasinspiringandwedeeply
appreciatetheirtakingtimeoutfrombusyschedulestohelpinthiseffort.Wehopethey
drawsomesmallrecompensefromthefactthatcollectivelytheyconstituteanunprec-
edentedsourceofexpertiseinthemanyinterestingandchallengingfacetsofrotary-wing
trainingandoperations.

Weconsiderthispublicationtobeanaturalfollow-ontotheSantaClaraWork-
shop(referencedabove)andmeanforittoberesponsivetotheconcernsexpressedbythe
Workshopparticipants.Wehopeit willprovidetheinformationandmotivationneeded
tobeginplanningthedevelopmentofasystematic,economical,anduniversallyacces-
sibletrainingsystemforthevertical-flightworld.Thatshouldbenext.

FederalAviationAdministration
SverdrupTechnology,Inc.
Scripta,Inc.

WILLIAME.LARSEN
ROBERTJ.RANDLE,JR.

LLOYDN.POPISH



AN OVERVIEW OF THE VERTICAL FLIGHTINDUSTRY: THE SOURCE OF TRAINING

REQUIREMENTS

John D. McIntosh* and Lloyd N. Popish t

SUMMARY

The demand for rotary-wing flight training and training simulators has been flat and will
remain so for several years. The primary reason is the current surplus of well-trained
former military pilots who seek to be absorbed into the civil sector. The projected market
for new helicopters throughout this decade also falls far short of the production seen in
the 1980s; however, there is a growing trend toward more sales of light twins and inter-
mediate class helicopters, the categories for which most simulators are sold. The expen-
sive delays associated with the current air transportation system and the excessive costs

of new airports or add-on runways can favorably affect the rotary-wing market segment.
But rotary-wing vehicles must be brought into full participation in the public transporta-
tion business, which means that the public's perception of the safety, reliability, cost-
effectiveness, and environmental compatibility of the rotary-wing vehicles must be im-
proved. A critical factor in the future of rotary-wing training is the need for updated
regulatory requirements that (1) recognize the differences between fixed-wing and ro-
tary-wing training; (2) appropriately credit simulator and other ground training of rotary-
wing pilots; and (3) recognize the inherent differences between air carriers and the ro-

tary-wing flight industry in terms of demography, operations, and corporate structures
and sizes.

INTRODUCTION

A review of the helicopter training industry should probably begin with a recognition of

the fundamental differences that characterize and define the operations of fixed- and ro-

tary-wing aircraft. For example, most fixed-wing pilots carry passengers as their princi-

pal business, most rotary-wing pilots do not; most fixed-wing pilots fly essentially rou-

tine missions in a single aircraft type, whereas rotary-wing pilots fly not only an awe-

some variety of specialty missions, but often do so in a variety of aircraft types; and
virtually all professional fixed-wing pilots are instrument-flight-rules (IFR) rated, while

on the contrary many helicopter pilots can work without the IFR rating because their
missions are usually flown under visual flight rules (VFR) and at low altitudes.

* Applied Dynamics International, Ann Arbor, Michigan.
t Scripta, Inc., Los Altos, California.



2 JOHND. MCINTOSHAND LLOYD N. POPISH

In additiontothesepilot-functiondifferences,it shouldbeunderstoodthat a

brief treatment of the helicopter flight training industry, in the context in which the term

is employed here, will be, in essence, a reflection of the various market factors involved

in the rotary-wing business, for when all is said and done it will be the number of rotary-

wing aircraft, their distribution, and corporate size that will set the tone and scope of the

pilot training programs. What follows is primarily a general discussion of the many
variables and influences that can be expected to have significant effects on the rotary-

wing training industry. It is not our purpose here to treat the subjects of training tech-
niques and programs per se, with the exception that the role of training simulators is

defined in terms of pertinent market and training factors.

Application of the advances made in training rotary-wing pilots has lagged the

application of similar advances in the training of fixed-wing pilots. This lag is attribut-
able in no small measure to the lack of regulatory upgrading of the means by which

rotary-wing pilots can earn credits for training in equipment alternative to the aircraft
itself. Because of the much greater effect of fixed-wing aircraft in terms of passenger

volume and public safety considerations, this regulatory lag is to be expected. As a re-
suit, the use of advanced simulation training for rotary-wing pilots has fallen far behind

that defined in FAR Part 121. This runs counter to evidence pointing to the training

opportunities and enhancements possible with rotary-wing simulators, which in many
instances exceed those offered by similar training of fixed-wing pilots.

Rotary-wing missions in general are more varied and in many respects more

hazardous than their fixed-wing counterparts. They include, for example, sling-load

operations, low-altitude flights over otherwise inaccessible terrain, flights to and from

offshore drilling platforms, air-ambulance services, fire fighting, police work, photography

and mapping, traffic reporting and control, news media activities, agriculture, executive
transport, tours, taxis, charters, cargo, advertising, construction, training, and even the

"fan drying" of rain-soaked athletic fields. Much of the pilot training these kinds of

missions require -- training that is expensive and potentially dangerous or impossible to

conduct in an actual aircraft -- can be accomplished safely, economically, and effectively

in simulators. Moreover, difficult emergency procedures can be practiced quickly and

repeatedly until pilot skills are upgraded to the desired level.

Fortunately, there is increasing official recognition of these training possibili-

ties, and work is under way to confront and resolve the problems that stand in the way of

more effective and appropriately accredited training of rotary-wing pilots. The training

services and training equipment industries are working in conjunction with the Federal
Aviation Administration (FAA) and the National Aeronautics and Space Administration

(NASA) to more effectively bring higher technology and performance standards to bear

on the training of rotary-wing crewmen in the civil sector. The FAA has set up task forces
and worked out plans whose goal it will be to bring rotary-wing simulation training on

level with that of the scheduled airline pilots. "We are working toward the day when the

term 'scheduled airline' includes [rotary-wing] flight as well." (ref. 1)

When the FAA published its first advisory circular for fixed-wing simulator

qualification, it established standards that have saved millions of dollars, provided a basis
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forvastlyimprovedgaining,andcreatedamodelcopiedaroundtheworldandbyour
ownmilitaryinsomeprocurements.Extendingthatprecedenttoincluderotary-wing
aircraftisbothdesirableandpossible,giventheadvancesinrotary-wingsimulationtech-
nologyandthefuturedemandsthatwillbeimposedonrotary-wingpilottraining.

In addition to dealing with the special needs and problems associated with ro-

tary-wing training, an overview of that industry must also consider the questions of sup-

ply and demand. For a variety of reasons, the business of rotary-wing operations, and

therefore rotary-wing training, is not robust. In general, the number of helicopters pro-
duced in the United States has declined over the past decade, and for certain reasons, as

mentioned above, there is a fairly long-term surplus of rotary-wing pilots. On the other

hand, there are mitigating factors that are likely to favorably change the demand for

rotary-wing flight services; they are discussed below.

It should be noted that much of the material presented here was derived from

interviews conducted with major rotary-wing operators and manufacturers, from NASA

studies, from interviews with industry providers of training services and equipment, and
from trade journals and other published data on aircraft operating costs.

THE MARKET

Some statistical summaries at hand were examined in the interest of developing an indi-
cation of the makeup of U.S. civil rotary-wing operations. The summaries are based on

data in the World Aviation Directory (ref. 2). Two hundred operators were listed, and

within that group some 20 operational functions were identified. These included taxi/

charter, construction, photography, patrol, training, medical, exploration, forestry/fire fight-

ing, tours, news media, air carrier, agriculture, law enforcement, advertising, offshore,
executive transport, cargo, and fan-drying of athletic fields.

The number of employees varies remarkably from operator to operator: from 1

to 2,267. Thirty-five percent of the companies had fewer than three employees; 20% had
from three to six; 28% had from 7 to 19; and 17% had 20 or more. The median number of

employees was nine and the mode was six. Forty-four percent of the operators had only
one helicopter; 26% had two to three; 18% had four to seven; and 11% had eight or more.
Forty-four equipment types were listed.

The Helicopter Association International (HAl) presented a survey and statisti-

cal analysis of questionnaire responses from 99 helicopter operators (ref. 3). The survey

broke down all flight operations into three general categories: commercial, 61%; corpo-
rate flight departments, 29%; and public service, 10%.

Within both of the above breakdowns there is a great deal of duplication of

operational functions across companies. A further way to categorize operations is by

reference to the parts of Title 14 of the Code of Federal Regulations (CFRs) they operate

under (commonly referred to as Federal Aviation Regulations or FARS). HAl's break-

down in these terms is as follows: Part 91, general operating and flight rules, 76.8%; Part
135, air taxi operators and commercial operators of small aircraft, 51.5%; Part 133, rotor-
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craftexternal-loadoperations,35.4%;Part137,agriculturalaircraftoperations,15.2%;
publicaircraft,10.1%;Part145,repairstations,9.1%;andPart121,certificationand
operations:domestic,flag,andsupplementalaircarriersandcommercialoperatorsof
largeaircraft,only2%.Thetabulatedoperatorsarefairlyevenlydistributedthroughout
theUnitedStates:34%in thewest,25%inthesouth,21%inthenortheast,and19%in
thenorthcentralregion.

Thesestatisticscharacterizethehelicopteroperationalworldasafar-flungcol-
lectionofsmall,independentbusinessesengagedinahighlyvariedrepertoireofunique
andsociallybeneficialtasks.Theabsenceoflargeoperatorsinthisyoungindustrypre-
sentsachallengetothetrainingequipmentdesignersandmanufacturersandtogovern-
mentalagenciessupportingandregulatingaviationdevelopment.Forexample,training
departments,equipment,courses,andinstructorsarenotintegralwiththeircorporate
operationsastheyareandhavebeenwiththeairlines.Thesmallcompaniesaredepen-
dentontrainingin theirownorrentedaircraftoronthepurchaseof trainingtimefrom
contracttrainingschools.

Thetraining,trainingequipment,logistics,andregulatorypracticesofthefixed-
wingworldareill-suitedtothesupportof thismosaic-likeindustry.Newsolutionsare
requiredthatcouldeasilyencompasssuchradicalinnovationsasmobiletrainingunits,
multipurposetrainingdeviceswithquick-changecapabilities,newregulationsadaptedto
newneeds,enhancedapprovalof lesscomplexandexpensivesimulatorsandtraining
devices,andageneralencouragementandsupportofdecentralizedtrainingfacilitiesand
deliverysystems.

Thedemandforrotary-wingpilots(andthusfortrainingsimulators)is,ofcourse,
afunctionofthedemandforthekindsofservicesbestprovidedbyrotary-wingaircraft.
That demand, in turn, is reflected in the demand for new aircraft, and in that respect the

outlook is not encouraging.

Between 1973 and 1983, the U.S. production of civil rotary-wing aircraft aver-

aged slightly more than 900 vehicles per year. In the last decade, that average production

dropped by more than 50% -- to about 435. It is true that during the most recent 10-year

period, the number of rotary-wing aircraft imported into the United States, particularly
from Canada and France, has increased. Nonetheless, most of the loss of U.S. produc-

tion is attributable not to the increased competition but to cutbacks in corporate and gov-

ernment spending and to a slowdown in the growth of offshore oil drilling activities.

There are about 4,465 helipads in the United States, only about 180 of which are

available for public use. The reason is that although most rotary-wing aircraft are used in

public service, they are not used to transport the public. For example, about 2,000 of

these helipads are used by local and state governments and by the federal government for

purposes of law enforcement, emergency medical services, fire fighting, surveying, and
terrain surveillance. About 890 of the helipads are in dedicated service to corporations

(e.g., private transportation), and perhaps 450 of them are engaged in offshore drilling
operations (ferrying personnel and supplies between offshore platforms and the coast).

Another 450 are used in business applications -- construction, passenger services, train-
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ing,etc.Finally,about220areprivatelyownedandusedforsuchpurposesaspersonal
transportationandrecreation.

Thereareanumberoffactorsthatwillinfluenceordeterminethefuturedemand
forrotary-wing-aircraftpilottrainingandthusforrotary-wingsimulators.Butthepri-
maryone,of course,is thedemandforcivilrotary-wingaircraftthemselves.Forthe
period1991-2000,totalcivilrotary-wingsaleshavebeenpredictedtobeoftheorderof
5,300,comprisingfourvehicleweightclasses:lightsingle(2,700),intermediate(1,345),
lighttwin(1,135),andmedium/heavy(120).

Whentheforecastfiguresarebrokendownbyyear,thereisaconspicuousflat-
nessindemandoverthedecadecovered.Thereis,however,a slighttrendtowardthe
lighttwins( <6,000lb)andintermediates(6,000-15,000lb). And,it shouldbenoted,
mostofthetrainingsimulatorsbuilttodatehavebeenforthesetwocategoriesofrotary-
wingaircraft.

Giventheforecastof5,300rotary-wingaircraftsalesin the1991-2000decade,
it isestimatedthataboutonethirdwill bedeliveredintheUnitedStatesandthattwo
thirdswillbeexportedworldwide.Theprimaryexportmarketswillbethedenselypopu-
latedareas-- JapanandtheotherPacificRimcountriesandEurope.

Themarketwill alsoexpandinEasternEurope,butsowill thesupplysidein
thosecountries.Competitioninthecivilrotary-wingmarketcanbeexpectedfromRus-
siaandtheotherformerSovietstatesandfromEurocopter,apotentialgiantinthebusi-
nesscomparedwithAerospatialeandMBB,itsfoundingpartners.

Exclusiveofthelight-singlehelicoptersthatdominatethetrainingandprivate-
usesegmentsofthemarketplace,therotary-wingmarketcontinuestobedrivenbythe
petroleumindustry.Thereasonissimple:forthatindustry,therotary-wingaircraftisan
effectiveworkingtoolthatpaysitsway.Othersegmentsofthemarketareintheareasof
publicservice,emergencymedicalservices,executive/corporateuses,andpassengerser-
vices.

Salesofrotary-wingaircraftarenow,astheyhavebeenhistorically,adversely
affectedbytheirpoorpublicimage-- whetherrealorperceived,or,morelikely,some
combinationofthetwo-- thatmilitatesagainsttheiruseasapracticalmeansofgeneral
transportation.

Regardingrotary-wingaircraftingeneral,thereexistsanegativepublicimage
of theirsafetyandreliability.Moreover,thereareimportantenvironmentalconcerns,
especiallythenoiseproblem,a lackofdependableIFRoperationsin icingconditions,
andmajoreconomic(seat-milecosts)disadvantages.Andair-trafficcontrolsystems--
allof whichwereoriginallydesignedforfixed-wingaircraft-- mustberevisedand
conceivedanewtoaccommodateagreatervolumeofIFRrotary-wingtrafficatvertiport
facilities.

It isgoingtobenecessarytoconvincethepublicthattheadvantagesandcapa-
bilitiesofrotary-wingflightcanbeexpandedandexploitedinasafeandenvironmentally
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benignwaybeforefundswillbevotedforvehiclepurchasesandfacilityconstruction.
Obviously,thepublicisnotgoingtoaccept-- orwillonlyreluctantlytoleratealimited
versionof-- rotary-wingflightservicesthatareexcessivelynoisyorviewedasaddi-
tionalsourcesofairpollution.Reliability,bothrealandperceived,oftheflightvehicles
mustalsobeimproved.Anemergencyautorotationintoabusyintersectionwillnotdo
muchforthepublic'simageofrotary-wingaircraft.

Whencomparedwithregionalfixed-wingseat-milecosts,rotary-wingaircraft
areatamajordisadvantage,withcostsaboutdoublethoseoffixed-wingcarriers.How-
ever,thetilt-wingandtilt-rotorvehiclespromisetoreducethosecostratiosfrom2toIto
probably1.2or1.4to1.

Investmentcapital,ingeneral,isdifficulttocomeby,andcanbeexpectedto
remainsountildebtsarepaiddownanduntiltheeconomy(in theUnitedStatesand
worldwide)picksupagain.Still,ifaninvestmentcanbeshowntomakeeconomicsense,
toensureafairreturn,andtobeinthebestinterestofthecountryatlarge,themoneywill
beforthcoming.Onlythoroughandeffectiveplanningcombinedwithcommensurate
technicalcapabilitycanensurethefutureofrotary-wingaircraft.

Notonlyshouldweanticipatethatinvestmentcapitalforrotary-wingflightsys-
temswillbehardtocomeby,buttherewill becompetition-- insomeinstanceskeen
competition-- forwhatevermoneyisavailable.Forexample,theBoston-NewYork-
Washingtoncorridorispotentiallyoneofthenation'smajorrotary-wingflightmarkets.
Butthecompetitiontherewillbeintense,withamultitudeofalternatives,includingre-
lieverairports,runwayadditions,magneticrailsystems,andso-calledbullettrains.

Thepotentialmarketforrotary-wingflightserviceswillbesignificantlyand
favorablyaffectedbythecongestionthatplaguestoday'sairtransportationsystem.Air-
portdelaysequatetoincreasedcosts.Forexample,21U.S.airportsnowhaveannual
delaysof 20,000hoursormore.Thosedelaysareestimatedtocost$5billionayear.
Predictionscallforatotalof33airportstohavedelaysofthismagnitudeby1997,41by
1998,and50bytheyear2000.

Airtravelprojectionsfortheyear2000arefora32%increaseinjet transports
anda74%increasein thenumberofairpassengers.Lookedatinconjunctionwiththe
factthatabouthalfoftoday'sflightsegmentsarelessthan500milesin length,onecan
seetremendousopportunitiesforamajorrotary-wingortilt-rotorflightrole.Thoseop-
portunitieswillbeevenmorepronouncedinEuropeandJapanthanintheUnitedStates.

Alleviationofthecurrentdelaysituationcallsforexpandedfacilities.Addinga
runwayatanexistingairport,evenwheresuchexpansionispractical,costsabout$84
millionincurrentdollars.Thatisenoughmoneytobuildseveralhelipadsorvertiports
andtobuysomerotary-wingaircrafttousethem.(Anexampleofthelatterpossibility
mayindeedoccurincrowdedJapan.)

Anindustryteamstudyingtilt-rotormissionsforNASAreportedthatanew
airportwouldcostbetween$4billionand$8billion.(ThenewDenverairport,originally
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soldtothetaxpayersascosting$1.7billion,will finallycostat least$10billion,and
probablymore,and,apparently,willnotprovidetheproblemsolutionsandserviceim-
provementspromised.)

Forhalfthecostofanewairport,NASA'sstudyteamreported,anetworkof12
vertiportsand16540-seattilt-rotoraircraftcouldbebuilt.(If theDenverairportis typi-
calofactualnewconstructionscosts,thosenumberscouldbequadrupled.)

Thereareotherpromisesofeconomicprogressforrotary-wingflight,principal
amongwhicharecostmodelsforacompletetransportation scenario that factors in all trip

costs, in time and money, from the "door of origin" to the "door of destination." This will

come to pass when air-traffic control systems and facilities become further oriented to

operations direct from city-center to city-center. Cost factors derived from this kind of

model can be expected to yield cost comparisons that are far less unfavorable to rotary-

wing flight operations, if not indeed favoring them.

Several factors are discernible that portend an upswing in the rotary-wing mar-

ket. The export business is strong and is growing in densely populated regions through-
out the world. Facilities for vertical-lift vehicles -- a critical factor in future demand --

are being expanded. New pads and vertiports are being built. The vertiport planned for

downtown Dallas, it should be mentioned, will be able to handle the transitional rotary-

wing vehicles m tilt-rotor, and tilt-wing-- as well as helicopters. Conversely, the lack of
such facilities in many parts of the world is going to constrain rotary-wing sales until
appropriate support facilities are constructed.

If the newer tilt-wing and tilt-rotor vehicles are successful in penetrating the

public sector of the passenger and cargo markets, and if the airspace regulations and

infrastructure are developed properly and concurrently, then the demand, including heli-
copter demand, could amplify many times over. Regarding helicopters, the good work

under way to reduce seat-mile costs and to improve reliability, perceived safety, and en-
vironmental compatibility must be continued.

TRAINING

The pilots of rotary-wing aircraft are a diverse lot whose skills vary over a much broader

range than those of their fixed-wing brethren. They fly an array of vehicles, and the

performance requirements for both vehicles and pilots vary according to the missions

being flown. As a result, rotary-wing pilots require different and often unique kinds of
training.

Between 70% and 80% of today's professional fixed- and rotary-wing pilots

received their initial, and the major part of their subsequent, training in the military ser-
vices, which is to say that the military was (and still is) the major source of commercial

pilots (see Chap. 5). As mentioned earlier, there is today a glut of rotary-wing pilots, a

result of force reductions and of a relatively stagnant economy in general.
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Butforsometimethemilitaryserviceshavebeencuttingbackonthenumbers
of pilotsin training.That,coupledwithahigherretentionratebythemilitaryof its
trainedpilots,isgoingtocausethesupplyofmilitary-trainedpilotstocontracttosome
extent.Asthathappens,thepresentoversupplyofrotary-wingpilotswillbeabsorbed--
perhapsoverthenext2-3years.Atthatpointit willbenecessaryforciviloperatorsto
takemoreresponsibilityforpilottraining.

Thecareerpath for fixed-wing pilots follows a fairly standard and tightly con-
trolled training regimen, one that always includes instrument training for IFR flight. In

contrast, most of the flying done in conjunction with rotary-wing operations is done at
low altitude and under VFR conditions. As a result, many rotary-wing pilots, neither

forced by job requirements nor otherwise motivated, are not IFR rated.

This is changing, however. The trend in all of civil aviation, rotary-wing as well

as fixed-wing, is toward more and more IFR equipment, systems, requirements, and train-

ing. Even for VFR flights, pilots are increasingly recognizing that IFR means more flight

safety and enhanced mission capability. Undoubtedly, efforts made to upgrade the IFR
skills of rotary-wing pilots will pay dividends over the long term in safer and more eco-

nomic operations. And simulators are ideal tools for training IFR skills.

Modem cockpits are increasingly characterized by automatic flight-control sys-
tems and by computerized pilot-aircraft interfaces including sophisticated digital elec-

tronic displays and interfaces -- the "glass cockpit." These are not as highly developed

in rotary-wing aircraft as they are in fixed-wing aircraft, but they certainly will be in the

future. Coupled with this is the greater recognition of the role of crew cognitive perfor-
mance in operational safety. Of the three major human performance domains on the

flight deck -- guidance and control, system management, and flight management-- the

last two are increasingly seen to be the major source of operational errors and accidents.

Thus, the design and training goals now come from a need to keep the crew in the loop

and thus prevent their role from changing from one of continuous, active participation to

one of simply monitoring flight progress. Active participation is viewed as being essen-
tial to the creation and maintenance of a proper situational awareness. This will require a

greater knowledge of human information-processing abilities and more effective design

in the mating of human and engineering control logic. The emphasis is thus shifting from

guidance and control, pilot-in-the-loop activities to that of the controller as communica-
tor, decision-maker, and executive.

Engineering and dynamic simulator fidelity are not highly requisite for training

in these cognitive skills. The relatively recent advent of cockpit resource management
and line-oriented flight training was meant to provide learning opportunities for commu-

nications, decision-making, and "airmanship" in the use of crew resources. The exercise

and honing of these capabilities is dependent not so much on simulation as it is on dis-

simulation, that is, pretending or playing the game in the interest of skill development

and professional competency. Thus, the fidelity of interest in the near- and far-term will

be that of environmental and operational fidelity in the creation of realistic, rich training

scenarios. The training of intellectual performance does not require high physical fidel-

ity; it requires comprehensive intellectual content and a full range of operational options.
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In themeantime,however,andregardlessofthemixbetweenIFRandVFR
trainingneeds,thetrainingofrotary-wingpilotswillcontinuetoemployaircraft,part-
tasktrainingdevices,andfullflightsimulators.Butamajorandcharacterizingdiffer-
encebetweenfixed-wingandrotary-wingtraining is that regulations, aircraft require-

ments, and perceived and actual costs still cause a far smaller proportion of rotary-wing
pilots to profit from the training effectiveness and efficiency that full IFR simulators can

provide.

To a great extent, the qualitative and quantitative differences that now exist be-

tween fixed-wing and rotary-wing training -- with the advantage to fixed wing -- derive
from the FAA-induced inequalities relative to regulatory credits given for alternative (to

the aircraft) advanced simulation training in FAA Part 121. But efforts are now under

way to resolve some of these problems, and one result should be renewed interest in

providing quality training to large groups of rotary-wing pilots who heretofore have been
denied that opportunity.

It should also be noted that certain technical problems and deficiencies -- for

example, difficulties in modeling rotary-wing dynamics and our present inability to simu-
late binocular vision -- limit the fidelity of rotary-wing training devices. For reasons

such as this, affordable three-dimensional simulator visual systems could markedly af-
fect the quality of simulator training of rotary-wing pilots.

The factors discussed in this chapter, as well as elsewhere in this volume, that

affect the rotary-wing flight market will also create a continuing demand for training.

Presently, trends are appearing that indicate that rotary-wing flight training will continue

to move toward the full-service training companies. Some key people in the industry are
expecting a substantial increase in the demand for simulator-based training in the 1995-
1997 period.

Perhaps it is fitting to close this brief discussion of rotary-wing flight training

with the following news item from the January 1994 issue of Flying.

Dave Givens, a Bell 412 pilot with Corporate Jets, became the first to

complete FAR Part 135 check rides without using the actual helicopter.
Givens completed all the requirements for pilot in command and in-

strument proficiency in FlightSafety's Bell 412 Level C simulator at

the Fort Worth training center.

SIMULATORS

Today there are only a few civil helicopter simulators that would fall into classifications

set forth in the draft copy of the FAA's Advisory Circular AC 120-63, Helicopter Simu-

lator Qualification, which was written to implement qualification requirements for ro-

tary-wing flight-training simulators. Those simulators are a Bell 222, Bell 212/412,

Sikorsky S-6A, Sikorsky S-76B/A, Boeing Verto1234, Aerospatiale 332L, and Sikorsky
S-61N.
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Attemptingtoforecastthenumberofsimulatorsthatwillbesoldinthepresent
decadeisanobviouslydifficultandtenuousbusiness,givenalltheeventualdetermining
marketfactors.Nevertheless,onecanmakeaconsideredguess.Ourslookslikethe
following.

Lightsinglesandtwins(<6,000lb)
Intermediate(6,000-15,000lb)
Mediumtoheavy(>15,000lb)
Tiltrotor
Tiltwing

Total

4
3
1
1
1

10

Whethertherewillbe10simulatorsales,or fewerormore,depends,again,onall the
marketforcespreviouslymentioned,butperhapsmostofallonthefinalformandimple-
mentationoftheFAA'snewrulesforsimulatorqualification.

Simulatortechnologyforfixed-wingandrotary-wingtrainingisconvergingat
thehighendof themarketintermsofthesystemsinvolvedandthedemandsthosesys-
temsmakeontraining.Forexample,collisionavoidancesystemsandflightmanagement
systemscanbetaughttofixed-androtary-wingpilotsusingsimilartrainingenviron-
mentsanddevices.Buttherotary-wingpilotrequirestraininginotherproceduresand
techniquesthatareuniqueto theaircraftandmissionsheflies-- searchandrescue,
emergencymedicalevacuations,andsling-loadoperationsareafewexamples.

Itshouldbenotedthatflightandtrainingstandardsforoperations that are pecu-

liar to the rotary-wing aircraft are now being addressed by training schools and by the

FAA. Still, more remains to be done.

For purposes of comparing the costs of simulator and actual aircraft training, the

following assumptions have been made: (1) a light twin helicopter for which the simula-
tor cost is twice that of the aircraft; (2) 1,200 training hours spent in the aircraft, 3,500 in

the simulator; and (3) a depreciation period of 10 years. (Note: crew pay and insurance

are not included.)

The costs break down as follows. Training in the aircraft costs $605/hr, consist-
ing of the following per hour charges: depreciation, $292; maintenance and parts, $188;
fuel and lubricants, $100; and facilities/other, $25. Training in a simulator costs $260/hr,
consisting of the following per hour charges: depreciation, $200; maintenance and parts,
$30; facilities/other, $27; and power, $3. Moreover, these cost comparisons -- $605/hr
for training in the aircraft, $260/hr in the simulator -- do not reflect the many less tan-
gible but nonetheless real advantages of simulator training. For example, more of each
training hour in the simulator can be devoted to actual training (e.g., there is no need to
fly out to a particular location before training begins). And training can be provided in
recovering from a wide range of abnormal and emergency situations, many of which
would not be practical to attempt in the actual aircraft and many of which would be
impossible to conduct in flight. As a result, the simulator-trained pilot may be far more

capable of handling in-flight emergencies.
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Thewidespreadacceptanceandutilizationof simulator training for pilots of

fixed-wing aircraft were functions of simulator fidelity, training cost reductions, and gov-

ernment regulations that allow credits for the training thus obtained. The same will hold

true for rotary-wing flight training. The economy offered by simulator training of the
pilots of rotary-wing aircraft has already been demonstrated, but much remains to be

done in the areas of regulatory recognition and simulator fidelity.

High-fidelity and cost-effective training will continue to gain in importance in
the rotary-wing market. But simulator fidelity, obviously, cannot be legislated into be-

ing. The right data must be modeled in the right way and implemented on equipment
capable of executing the model and cues in real time.

Simulator fidelity is, at least in some important respects, more difficult to achieve

for the rotary-wing vehicles than it is for fixed-wing aircraft. Involved are aircraft data

and data collection, modeling techniques, visual and motion cues, and performance.

For example, rotary-wing dynamics are far more difficult to model for high-

fidelity computer solutions. The flexibility of helicopter rotors and their continually chang-
ing angles of attack contribute to these problems. But engineers have developed substan-

tially improved modeling techniques-- blade-element rotor models are an example. The

blade-element solutions are certainly an improvement over the alternative of generating a

rotor-map-based design. Their use does require model-solution speeds that in the past

were a problem, but that are now within the capabilities of the faster and less costly
computers that are available.

Unfortunately, the problems that are peculiar to rotary-wing aircraft extend well
beyond the rotor. Fuselage aerodynamic data are difficult to collect and document for

slow forward airspeeds, in wind, and in hover. Engineers have to tune induced velocities,

and there is a need for more data relevant to translational lift. And in the lower speed

regimes more resolution is required -- 32-bit, floating-point computers will be required.

Another technical challenge -- and one that is considerably more difficult to

deal with -- concerns our inability to simulate binocular vision, given only two-dimen-

sional, out-the-window visual displays. The problem is pointed up when a fixed-wing

approach and landing is compared with that of a rotary-wing aircraft landing from hover.

For the fixed-wing simulator, the change in the pilot's perspective of the runway

and its surroundings, at approach speeds of 100 knots or more, is sufficient to provide

acceptable realism and pilot cues in the landing scene. But attempting to land a rotary-
wing aircraft from hover or autorotation is another matter indeed. Now the pilot's per-
spective is changing very little, and the height cues are essential. As a result, he is almost

totally dependent on depth perception in his efforts to determine his height above the

surface. Although confined-area vertical cues help, the fidelity problem with the rotary-
wing simulator remains to be solved.

The motion and visual cues needed in rotary-wing simulators are different from

and more complicated than those needed in fixed-wing simulators. For example, the
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fieldof viewof thehelicopterpilotismuchgreaterthanthatof thefixed-wingpilot,
particularlyinregardtotheimportantlook-downanglesthehelicopteroffers.Alsoim-
portantinhelicoptertrainingis thefidelityofthesimulationoftheonsetandvibration
cueS.

Not many owners and operators of rotary-wing aircraft can afford to buy full

flight simulators, which typically cost $8 million to $12 million. But specialty training

companies and some educational institutions that serve a broad market segment will be
able to justify the purchase of this training equipment and will be able to profit from it.

Based on projected deliveries of rotary-wing aircraft over the next 10 years (dis-
cussed in more detail elsewhere in this chapter) and taking into account the size and crew

requirements of those helicopters and the customary ratios of flight vehicles to simula-
tors, it can be estimated that 8-12 new, full flight simulators will be built during that

period. That number could increase considerably if certain developments, which would

have major effects on the use of helicopters and other rotary-wing aircraft, materialize.

For example, given changes that would admittedly be on a breakthrough scale,

the public might be convinced to recognize and accept rotary-wing aircraft as vehicles
that offer real advantages over airplanes and surface vehicles. The breakthroughs would

involve changes in airway regulations that govern rotary-wing operations; improvements

in the public perception of helicopter safety; noise abatement techniques for operations in

city centers; construction of city-centered heliports and vertiports; and, probably, some
commercial variant of the V-22 tilt rotor. And having said that, it must be added that

although all of this speculation is practical, the likelihood of it being realized in, say, 10

years, is not high.

The training of helicopter pilots remains biased in favor of in-aircraft training

and part-task devices for aircraft-type and familiarization training. There are very few
certifiable full flight simulators, FlightSafety's 222, 212/412, and S-76 being among the

better known examples of the very real advances that have been made in civil rotary-

wing training. Many pilots and operators have already discovered the significant benefits
to be derived from simulator training: expanded operational capabilities; improved safety,

morale, and professionalism; and substantial reductions in training costs.

In summary, although simulator fidelity is a major factor, there are others. Fi-

delity itself concerns data and models, equipment technology, and training programs.

Then there is the cost of simulator training, as well as training demand. It should always
be borne in mind that a simulator, no matter how well designed, is still but a tool in a

pilot-training program. The program itself must be designed to high quality standards

and in such a way as to be cost effective.

CONCLUSION

This brief survey of the rotary-wing industry has pointed up four principal issues or prob-

lems -- better perhaps, problem areas -- that characterize the status of the business: (1)
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economics,(2)qualityoftraining,(3)supplyanddemandfactors,and(4)publicaccep-
tanceofrotary-wingaircraftfortransportation.

1. Economics.Thevolumeof rotary-wing pilot training is quite small relative
to that for fixed-wing pilots. Moreover, there is less cost-benefit awareness associated

with rotary-wing training than with fixed-wing training. At the present, the investments

required to provide top-grade training for rotary-wing pilots is difficult to justify when

there is, in effect, a glut of well-qualified pilots who received their training in the military.

(This situation is expected to change, however, as fewer military-trained pilots enter the

civilian market and as the existing surplus of pilots is used up.) Encouragingly, observ-

able trends are toward better training, an expanding market for training, and increased

awareness of the short- and long-term economic advantages of improved training equip-
ment and techniques.

2. Training quality. The quality of simulator training of rotary-wing pilots is

often tied into simulator fidelity. In recent years there have been marked improvements

in simulator fidelity, but important issues still remain: data gathering, dynamic model-

ing, and visual scene simulation. All must be improved and are being improved, thanks

to regulated training standards, competition in the training school industry, and the de-
mands of owners, operators, and pilots.

3. Supply and demand. There is a surplus of helicopter pilots -- not necessarily

well-trained and current pilots, but a surplus nonetheless. Most of these pilots were trained

in the military. But the number of pilots moving from the military into the pool of civil

pilots is decreasing and can be expected to continue to do so over the next several years.
As a result, the existing surplus of pilots will steadily decrease and a new demand for ab

initio training will develop. In addition, leaders in the business are predicting a slow but

steady growth in the sales of medium and intermediate helicopters. Concomitantly, the
demand for IFR training will go up, which means there will be a need for more invest-

ment in full simulator training (see Chap. 4).

4. Public acceptance. Any radical changes in the magnitude of the demand for

rotary-wing training will be contingent upon similar changes in the public's perception

and acceptance of rotary-wing aircraft. If there is a breakthrough -- if rotary-wing air-
craft come to fulfill a major role in public transportation -- then of course there will be a

corollary and dramatic increase in the demand for facilities, vehicles, pilots, training, and
simulators.
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TRAINING AND TRAINING SCHOOLS:
MEETING CURRENT REQUIREMENTS

Noel G. Preston*

SUMMARY

Rotary-wing operators differ organizationally, in the kinds of aircraft and missions they
fly, and in the geographic and environmental conditions under which they operate. They

have in common a general lack of training equipment and training capability, other than

their own aircraft, and a keen and understandable interest in the cost of training. Simula-

tor training is expensive, and although its near-term advantages are not always clear, the

immediate outlay of money is. Only a few top-level, advanced simulators are available

in the civil market, most of which are for a few types of large helicopters. Additionally,

the Federal Aviation Administration (FAA) strictly limits the credits that rotary-wing pi-

lots can earn in a simulator (unlike the situation for their fixed-wing counterparts). Lack

of advanced simulators for rotary-wing aircraft, the cost of simulator training, the un-
availability of regulatory credits for simulator training, and the virtual total reliance of

the operators on in-flight training in their own aircraft (also expensive) are inducements

for the operators to meet only the minimum FAA-specified training requirements and,

therefore, to risk turning out minimally trained pilots.

INTRODUCTION

The rotary-wing industry comprises nearly 10,000 civil helicopters registered in the United

States, and includes nearly 50 different helicopter models or series (ref. 1). Estimates of

the number of these registered helicopters that are in use vary, but the active fleet has

been estimated to be somewhat less -- perhaps around 7,000 (ref. 2). There are approxi-

mately 36,500 active helicopter pilots -- those having helicopter ratings and current medi-

cal certificates -- in the United States. Training programs and related training circum-

stances vary widely for these pilots. They reflect the industry's diversity, the operators'

varying different perceptions of the benefits of the various training activities, the large
cost differences that characterize the training activities, and differences, of course, in the
financial resources and the operational circumstances of the owners.

Only a few operators have integral training facilities and devices other than their

own rotary-wing aircraft. Although a professional training center can provide flight training
superior to that that can be accomplished in the aircraft itself, there are real and perceived

barriers to widespread use of sophisticated rotary-wing flight simulators.

PRC Aviation, Tucson, Arizona.
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TheFederalAviationAdministration(FAA)severelylimitsthegainingcredits
thatcanbeearnedinrotary-wingflightsimulators;thosethatareauthorizedarepermit-
tedprimarilythroughregulatoryexemption.Atpresent,thesophisticatedflightsimula-
torsthatareavailableareforonlyafewofthehelicoptertypesthatareinservice.More-
over,thereisasignificantandimmediatedirectcosttotheoperatorforflightsimulator
training,aswellasforrelatedtravelandperdiem.Becausemostrotary-wingoperators
are,ofcourse,cost-conscious,especiallyofnear-term,directtrainingcosts,manyofthem
areinducedtodoonlytheminimumtrainingrequiredbytheFAAorbythird-partycus-
tomers.Consequently,mostflighttrainingisdonein theactualaircraft,ratherthanin
sophisticatedflightsimulators,despitethesuperiortrainingthatcanbeaccomplishedin
thesimulators.

Costconsiderationsalsoaffectthelevelofflighttrainingaccomplishedinactual
rotary-wingflight. Inordertominimizeflightandinsurancecosts,manyrotary-wing
operatorsandpilottrainingschoolsrestricttheirflighttrainingtotheminimumregula-
toryrequirements,eventhoughthoserequirementstrainpilotsonlytominimumstan-
dards.Inshort,FAAregulatorystandardsandrotary-wingoperatorcostconsiderations
contributetothereluctanceofamajorportionoftherotary-wingindustrytoembracethe
superiortrainingbenefitsaffordedbyformalizedflighttrainingprogramsutilizingad-
vancedrotary-wingflightsimulators.

TRAININGREQUIREMENTS

The basic gaining requirements for rotary-wing pilots are specified by the FAA in vari-

ous parts of the Code of Federal Regulations (CFRs), Title 14, Aeronautics and Space.
These CFRs are commonly referred to as Federal Aviation Regulations (FARs). For

example, FAR Part 61, Certification: Pilots and Flight Instructors, specifies require-
ments that must be met in order to receive pilot certificates and ratings, as well as addi-

tional requirements for flight reviews, recent flight experience, second in command (SIC)
qualifications, and pilot-in-command (PIC) proficiency checks for operations requiring

more than one pilot (ref. 3).

Pilots operating under FAR Part 135, Air Taxi Operators and Commercial Op-

erators of Small Aircraft, also must comply with the training and checking requirements

specified in FAR Part 135 (ref. 4). Extensive guidance with respect to these training

requirements for helicopter pilots operating under FAR Part 135 is found in the Air Trans-

portation Operations Inspector's Handbook: "Each Part 135 certificate holder (with the

exception of a Part 135 operator using a single pilot or only one pilot-in-command (PIC)
in its operation) must obtain FAA approval of curriculums used for training flight

crewmembers, instructors, check airmen, and aircraft dispatchers. The operator is re-

sponsible for ensuring that its training program is complete, current, and in compliance

with regulations." (ref. 5)

Rotary-wing flight training comprises two broad areas. These depend on the

pilot's experience in rotary-wing aircraft and the intended result of the training, once it is

complete. Training within general areas may be further subdivided, in some cases into
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substantialsubparts.Forpurposesofexplanationherein,thesebroadareasofrotary-
wingflighttrainingandtheirsignificantsubpartsarelistedbelow.

1. Trainingthatisdesignedandundertakentoqualifyforaparticular
pilotcertificateorrating.Theprincipalsubpartsofthistrainingcategoryare
initialrotary-wingpilotflighttrainingfortraineeswhoarenotrotary-wingpi-
lots;andfollow-ontrainingofpreviouslytrainedrotary-wingpilotssotheycan
obtainadditionalpilotcertificateratings.

2. Trainingofcertificatedrotary-wingpilotsinordertosatisfyspe-
cificregulatoryoroperationalrequirements.Includedinthiscategoryaretrain-
ingforflightreviewsandflightchecks;tomeetrecentflightexperiencerequire-
ments;tocomplywithFARoperatingpartrequirements,suchasthoseofFAR
Part135;andoperator-initiated,orwhatmightbetermedvoluntary,training
activities.

Forbothsimulator-basedandaircraft-basedtraining,thecontentoftherotary-
wingflighttrainingprogramsdependsonthefollowingconsiderations:

1. Regulatoryrequirementsandauthorizations
2. Operatorperceptionoftrainingeffectiveness
3. Operatorassessmentofoperationalrequirementsandrisk
4. Operatorfinancialconsiderationsandperceptionsoftheeconomic

effectivenessofparticulartrainingactivities

Training for Pilot Certificate or Rating

FAR Part 61 specifies the requirements for issuing pilot and flight instructor certificates
and ratings (including rotorcraft-helicopter ratings and instrument ratings), the operating

conditions under which those certificates and ratings are necessary, and the privileges

and limitations of those certificates and ratings.

Training related to these requirements must be given, with one exception, by a

certified flight instructor: "[N]o person other than the holder of a flight instructor certifi-

cate issued by the Administrator with an appropriate rating on that certificate may (1)

Give any of the flight instruction required to qualify for a solo flight, solo cross-country

flight, or for the issue of a pilot or flight instructor certificate or rating; (2) Endorse a pilot

logbook to show that he has given any flight instruction; or (3) Endorse a student pilot

certificate or logbook for solo operating privileges .... "(ref. 3, sec. 3, p. 8)

The one exception to these FAR Part 61 requirements is the instruction given by

an airline transport pilot to other pilots in air transportation service.

A certified flight instructor with a helicopter rating must have at least a commer-

cial pilot certificate with a helicopter rating. The minimum required flight experience for

a commercial pilot certificate with a helicopter class rating is 150 hours of flight time,
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including100hoursinpoweredaircraftand50hoursinahelicopter.Thisissignificant,
foritmeansthatapilotwithasfewas50hoursinhelicoptersand50hoursinsomeother
typeofpoweredaircraftcanbeauthorizedtogiveflightinstructiontostudentpilotsin
helicopters.

FARPart61.71containsadditionalspecialrulesforgraduatesofflyingschools
thatarecertificatedunderFARPart141(ref.6). Theserulesstatethatthegraduateofa
flyingschoolcertificatedunderFARPart141isconsideredtomeettheapplicableaero-
nauticalexperience requirements for a pilot certificate if he applies for that certificate

within 60 days of his graduation from that school. He is also considered to meet the

applicable aeronautical knowledge and skill requirements if he applies within 90 days of

graduation from an appropriate course given by a certified pilot school that is authorized
to test applicants on aeronautical knowledge or skill, or both (ref. 3, sec. 71, p. 29).

Thus, training to qualify for pilot certificates, rotary-wing ratings, and instru-

ment ratings can be accomplished on an individual basis by a certified flight instructor

with appropriate authorizations, or through an appropriately authorized pilot school that
is certificated under FAR Part 141 (see the subsection, Pilot Schools, further on in this

chapter).

Training of Certificated Helicopter Pilots

For individuals who have pilot certificates with helicopter class ratings, there are certain

training requirements that must be met if they are to remain active as pilots. Training of
this kind varies widely in respect to frequency of the training, the areas covered by the

training, and the extent of the training. This includes training undertaken to satisfy regu-

latory requirements for flight reviews and flight checks, regulatory requirements pertain-

ing to recent pilot experience, training program requirements specified for commercial

operations (such as in FAR Part 135, "Air Taxi Operators and Commercial Operators,
1992) and "volunteer" training programs developed by helicopter operators for their

specific operations under FAR Part 91 (such as by corporate flight departments) (FAR

Part 91, General Operating and Flight Rules).

FAR Part 61.56 requires that a pilot have completed a flight review within the

past 24 months if he is to serve as pilot-in-command (PIC). There are limited exceptions,
which include the following: A pilot who has "satisfactorily completed a pilot profi-

ciency check conducted by the FAA, an approved pilot check airman, or a U.S. Armed

Force, for a pilot certificate, rating, or operating privilege;" and "a person who has...

satisfactorily completed one or more phases of an FAA-sponsored pilot proficiency award

program."

Additional flight check requirements apply to pilots engaged in operations un-

der FAR Part 135. The training to satisfy these requirements is known as the qualifica-

tion curriculum segment of the operator's approved training program. It begins when

formal training has been completed and ends when the pilot is fully qualified to perform

without supervision and without restrictions in revenue service. These flight check re-
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quirementshavethefollowingprimaryobjectives:(1)to ensurethateachflightcrew
memberhasreachedanacceptablelevelofproficiencyinallassigneddutiesbeforebeing
releasedfromtrainingandsupervision;and(2)toprovideameansformeasuringthe
effectivenessofthetrainingprogramandforidentifyingandcorrectingtrainingdeficien-
cies(ref.5).

TheFARstatesthefollowingregardingaircraft-typequalification:"All pilots
whoarequalifyinginanaircrafttypearerequiredbyFARPart135.293tocompletea
checkinthattypeofaircraftbeforeenteringrevenueserviceandannuallythereafter....
Therulereferstothischeckasacompetencycheck.... Theruledoesnotspecifythe
maneuvers(events)whichmustbeaccomplishedonacompetencycheck.... Toensure
standardizationandanadequatelevelofsafety,theminimumacceptablecontentofcom-
petencychecksforaFARPart135curriculumisestablishedbyOrder8400.10.(ref.5)

PilotsincommandflyinginoperationsunderFARPart135mustalsocomplete
aPart135linecheckasrequiredbyFARPart135.299.Thelinecheckmustconsistofat
leastoneroutesegmentoveracivilairway,anapprovedoff-airwayroute,oraportionof
either,includingtakeoffsandlandingsatoneormoreairportsthatarerepresentativeof
theoperator'stypeof operation.TheFAAprincipaloperationsinspector(POI)may
permitthelinechecktobeconductedonthesameflightduringwhichthecompetency
checkisconducted(ref.5).

ForIFRoperationsauthorizedunderFARPart135,aPICmustalsohavepassed
aninstrumentproficiencycheckwithintheprevious6months.

Pilotswhoarerequiredtocompleterecurrenttraining,competencychecks,line
checks,andinstrumentproficiencychecksunderFARPart135aregivenan"eligibility
period"inwhichtosatisfactorilycompletethechecks.Theeligibilityperiodis3months,
definedasthecalendarmonthbeforethe"training/checkingmonth,""thetraining/check-
ingmonth,"andthecalendarmonthafterthe"training/checkingmonth."

FARPart61.57requiresthatapilotsatisfycertaingeneralflightexperienceand
nightflightexperiencerequirementswithinthepast90daysif heistoserveasPIC.It
furtherspecifiesinstrumentflightrules(IFR)experiencerequirementswithintheprevi-
ous6monthsforapilotwhowishestoactasPICunderIFR.A pilotmayactasPIC
underIFR,however,if hehassatisfactorilycompletedaninstrumentcompetencycheck
inlieuoftheIFRexperiencerequirements.FARPart135.297hassimilarrequirements
forpilotsincommandinFARPart135operations.

SixmajortrainingprogramcategoriesforFARPart135operatorsarelisted
below.

1. Initial new-hire training. The initial new-hire training category is

for personnel who have not had previous experience with the hiring operator

(i.e., newly hired personnel). All such personnel must complete initial new-hire
training.
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2. Initial equipment training. The initial equipment-training category

is for personnel who have been previously trained and qualified for a duty posi-

tion by a given operator (not new-hires) and who are being reassigned to a dif-
ferent duty position on a different aircraft type, or to an aircraft of a category or
class for which the crew member has not previously qualified with that operator.

3. Transition training. Transition training is for an employee who

has been previously trained and qualified for a specific duty position by a given

operator and who is being assigned to the same duty position on a different

aircraft type.

4. Upgrade training. Upgrade training is for an employee who has

been previously trained and qualified as second in command (SIC) by a given

operator and who is being assigned as PIC to the same aircraft type for which he

was previously trained and qualified.

5. Recurrent training. Recurrent training is for an employee who has

been trained and qualified by a given operator, who will continue to serve in the

same duty position and aircraft type, and who must receive recurrent training or

checking within an appropriate eligibility period to maintain currency. All per-
sonnel must complete recurrent training for the duty position and aircraft type

for which they are currently assigned within the appropriate eligibility period.

6. Requalification training. Requalification training is for an em-

ployee who has been trained and qualified by a given operator, but who has

become unqualified to serve in a particular duty position or aircraft because of
failure to receive recurrent training or a required flight or competency check

within the appropriate eligibility period (ref. 6).

There are no regulatory training requirements specified under FAR Part 91. Train-

ing requirements that apply to these operators are those specified in FAR Part 61.

TRAINING REALITY

Of course, rotary-wing pilots and operators must comply with regulatory requirements

pertaining to training and checking. According to helicopter pioneer Joe Mashman, the

current U.S. training and certification requirements date back to 1946 when the first U.S.

civil helicopter was certified. "At that time, three pilots -- two of us from Bell's flight

test staff and the government certification agency engineering test pilot -- sat down and

in 3 days established the training and certification requirements for this new type of air-

craft. Developing these criteria was truly a guess in the dark, considering that no civil

experience information and accident cause/factor data existed. The task was further com-

plicated by an unclear picture of who would purchase the helicopter and how it would be

used." (ref. 7)
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Over the 49 years since those first training requirements were established, rotary-
wing aircraft have become vastly more complex as have the operational demands of the

wide variety of missions now flown by them. For example, many helicopters have two

engines, two electrical systems, redundant hydraulic systems, and sophisticated and

complex avionics systems. Helicopters now routinely fly IFR at speeds and altitudes

they were incapable of when training and certification requirements were formulated in

1946. As a result, many in the rotary-wing industry maintain that training requirements

have not kept pace with the advances that have been made in vertical-lift technology and

its application, or with the attendant implications of increased demands on pilot capabilities

and skills. "Comparison of the original pilot training and certification requirements to
current ones shows that there have been no significant changes." (ref. 7)

The present regulatory training requirements establish basic, minimum require-

ments that must be met, but they allow pilots and operators to carry training beyond those

requirements as they see appropriate. In actual practice, however, many pilots and opera-

tors neither accomplish additional flight training nor, if they do, use advanced training
equipment, such as flight simulators. The risk related to these current training practices

is, of course, that the practice of "training to minimum standards" produces exactly that

-- a pilot trained to the minimum standards.

Examples of areas in which the required training standards can be considered

minimal include autorotation landings, instrument flight training, helicopter experience

for flight instructors, flight reviews and competency checks, recurrent training require-

ments, and recent instrument experience.

1. Autorotation landings. Successful accomplishment of an autoro-

tation to a touchdown is no longer required for a private pilot certificate, a com-

mercial pilot certificate, or a rotary-wing airline transport pilot certificate. Flight

proficiency requirements for the private pilot and commercial pilot certificates

specify autorotational descents with a power recovery to a hover in single-en-

gine helicopters, and do not reference autorotational descents in multi-engine

helicopters. The Practical Test Requirements for a rotary-wing airline transport

pilot certificate specify that autorotative landings in a single-engine helicopter

"may be required" (ref. 3, Appendix B, p. 68). The usual argument against
practicing autorotations is that current high engine reliability makes the risk of

engine failure less than the risk of damaging the helicopter in autorotation train-

ing. The facts are that engine failures, as well as other malfunctions that require

an autorotative response, do occur. Certainly, flight simulators are an ideal means

of training for these emergencies in a risk-free environment.

2. Instrument flight training. For recreational or private pilot certifi-

cates, there are no requirements for instrument flight training, not even for inad-
vertent or unavoidable entry into instrument meteorological conditions (IMC).

Here again, flight simulators are an ideal means for providing instrument flight
training, including practice in appropriate emergency procedures.

3. Helicopter experience for flight instructors. It is possible for a

pilot to become a certified flight instructor, authorized to give training in heli-
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copters,withonlyminimalexperienceinhelicopters.Forexample,apilotwith
only50hoursofhelicopterflighttimemayapplyforacommercialpilotcertifi-
catewithahelicopterclassrating,providedthatotherflightrequirementshave
beenmetinothercategoryaircraft,suchasairplanes.If thepilotthenpassesthe
applicablerequiredwrittenandpracticaltests,hemaybeawardedaflightin-
structorcertificate.

4. Flight reviews and competency checks. A helicopter pilot operat-

ing under FAR Part 91 need only have completed a flight review within the

previous 24 months in order to act as PIC. If operating under FAR Part 135 and

carrying passengers for hire, he need only have completed a competency check

within the previous 12 months in order to act as PIC. This can, in fact, approach

13 months, depending on when in his eligibility period the pilot completed his

previous check.

5. Recurrent training requirements. There are no recurrent training

requirements for helicopter pilots operating under FAR Part 91. FAR Part 135

requires that pilots complete recurrent flight training each 12 months, but the

annual FAR Part 135 competency check can be substituted for the required an-

nual recurrent training. Pilots operating under FAR Part 133 (Rotorcraft Exter-

nal-Load Operations) need not undergo recurrent training if they have performed

at least one rotary-wing external-load operation of the same class and in an air-

craft of the same type within the previous 12 months.

6. Recent instrument experience. FAR Part 61 specifies instrument

experience minimums of 6 hours of instrument time and six instrument ap-

proaches within the previous 6 months if a pilot is to act as PIC under IFR.

These requirements can be satisfied, however, by having completed an instru-

ment competency check within the preceding 6 months. In other words, in single-

pilot operations, a pilot can take off with passengers aboard and immediately

enter IMC, even if it has been 6 months since he had any instrument flight time.

Training Costs

Buying and operating rotary-wing aircraft requires a substantial financial commitment.

Rotary-wing flight hours are expensive, whether for revenue-generating operations or for

training. Since training flight hours rarely produce revenue or directly accomplish an

operational mission, there is immense pressure within the rotary-wing industry to mini-

mize training flight hours and their associated direct, immediate costs. A typical attitude

in the industry is, "If it is not required by regulations or by my customer, I won't spend

the money to do it." This attitude ignores both the long-term benefits of a comprehen-

sive, structured training program and the long-term risks associated with the absence of

such a program.
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Pilot Schools

In order to be certificated under FAR Part 141, a pilot school must have FAA approval of

a course outline for each training course it wishes to offer. There are additional require-
ments that must be met if the pilot school is to have examining authority. Once examin-

ing authority has been issued to a pilot school, that school may recommend graduates of

its approved courses for pilot certificates and ratings without those individuals taking the
FAA flight or written tests. (This does not apply to flight instructor certificates and air-

line transport pilot certificates and ratings.)

Minimum curricular requirements for helicopter pilot certification through a pilot

school certificated under FAR Part 141 include the following:

Helicopter private pilot: (1) ground training of 35 hours; and (2) flight training

of 35 hours, including 20 hours of flight instruction and 10 hours of solo practice.

Helicopter commercial pilot: (1) ground Iraining of 65 hours; and (2) flight
training of 150 hours including 50 hours of flight instruction and 100 hours of directed

solo practice, at least 50 hours of which must have been in helicopters.

Helicopter instrument rating: (1) ground training of 35 hours; and (2) instru-

ment flight training of 35 hours, up to 10 hours of which may be in a ground trainer that

meets the requirements of FAR Part 141.41 (ref. 6, sec. 41).

At the ab initio and rating add-on levels, pilot schools train their students to

meet regulatory requirements for a particular certificate or rating. There are great practi-

cal incentives for these schools to do all that they can to minimize risks while producing

a reasonable return on investment. This minimizing of risk extends to training approaches,

such as the omission of autorotations to a touchdown. There also is significant competi-

tive pressure to achieve training objectives, such as qualifying for a pilot certificate with
a helicopter rating, at the lowest possible cost to the customer. This competition is indi-

cated by the large number of helicopter pilot schools competing for the limited number of

students who can afford to participate in such programs. For example, Helicopter Asso-

ciation International (HAI) lists 74 certified helicopter pilot schools among its members
(ref. 8).

FAR Part 91 Operators

There is a wide diversity of approaches to flight training among helicopter operators who

operate under FAR Part 91. Some helicopter operations comply with the minimum FAR

Part 61 requirements, such as the biennial flight review, recent flight experience, and

instrument flight requirements, if applicable, and do no additional flight training.

There also are numerous helicopter operations under FAR Part 91 that go well

beyond the basic FAR requirements. Some augment their basic training requirements

with additional flight training in the aircraft. Others use flight simulators to augment
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theirtrainingprograms.Sometimestheflightsimulatorsareusedtoproviderecurrent
trainingin specificpilotskills,suchasIFRflight,evenwhenthesimulatordoesnot
matchtheactualaircraft being operated. For example, a pilot who flies an Agusta 109

helicopter, may go through an IFR recurrent-training syllabus in an S-76 flight simulator
since there is no Agusta 109 simulator available. The reasoning is that the training re-

ceived in IFR operations, procedures, and judgment is readily transferable to IFR opera-

tions in the Agusta 109.

At the upper end of the flight training range are those business aircraft operators
who send their pilots through recurrent training twice a year using a full recurrent-train-

ing syllabus based on the use of sophisticated flight simulators. At the present, the only
full-motion civil helicopter flight simulators in the United States are operated by

FlightSafety International (FSI) at its training centers in West Palm Beach, Florida, and
Fort Worth, Texas. Their training programs typically provide aircraft-specific training, as

well as appropriate training in IFR operations, procedures, and judgment.

FAR Part 135 Operators

It is common practice among FAR Part 135 operators to accomplish only the minimum

required flight training. This is best illustrated in the area of recurrent training, where the
required annual competency check flights (FAR Part 135.293) and the required semian-

nual IFR check flights (FAR Part 135.297) can satisfy recurrent-training requirements for

visual flight rules (VFR) operations and IFR operations, respectively. Operators may

expand their ground training curriculum to include areas of attention such as aeronautical
decision-making and cockpit resource management, because the cost and perceived risk

associated with ground training are minimal compared with those of flight training. In

flight training, which tends to be minimized, cost and perceived risk considerations are

much more significant.

Of course, there are notable exceptions. One large helicopter operator, which

has numerous satellite operations, chose to consolidate its training at company headquar-

ters in the late 1970s. With more standardization, better facilities, and dedicated aircraft

for training, it saw its accident rate drop from above five accidents per 100,000 flight

hours to fewer than three per 100,000 flight hours. Further research by the same operator

in the mid-1980s indicated that an inordinate number of its helicopter mishaps involved

pilots in their first year of employment with the company. Consequently, the operator

implemented a program in which company VFR pilots received recurrent ground and

flight training after their first 6 months of employment (rather than at the end of 12 months)

and then recurrent ground and flight training (consisting of the FAR Part 135.293 compe-

tency check) each 12 months thereafter. This policy further reduced the company's acci-

dent rate.

Another FAR Part 135 operator specializing in air ambulance service carries

additional training significantly further through the use of full-motion flight simulators.

This operator flies IFR-certificated helicopters for which there are no flight simulators in
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theUnitedStates. Nevertheless, this operator includes annual flight training in the Sikorsky

S-76 flight simulator, operated by FlightSafety International, as part of its training pro-

gram. FSI and the operator developed a special training program in the FSI simulator to
accommodate the operator's particular training needs.

Although the simulator cockpit and certain simulated aircraft responses are dif-
ferent from those of the actual aircraft flown by the operator's pilots, the operator consid-

ers the training in IFR procedures and decision-making to have valid transfer benefits,

and to be valuable in enhancing safety. The operator cited two principal benefits of the

flight simulator training program. First, the flight simulator training center has profes-

sional trainers whose full-time job is helicopter pilot training, uses curricula developed

by professional trainers, and has extensive facilities and equipment dedicated to training.

Second, the skills achieved in the flight simulator transfer very effectively to pilot perfor-

mance in the company's aircraft, even though those are different from the simulator type

used in the training. For example, IFR flight procedures and judgment requirements are

basically the same in different aircraft types and in the simulator, even though the switches
and their locations in the simulator may be different from those in the aircraft.

Simulator Consideration

There is a consensus among rotary-wing operators that simulators can offer significant
training benefits for some operators, but beyond that point the consensus dissolves. One

factor that limits simulator use is the small number of rotary-wing aircraft types for which
sophisticated flight simulators are available. At present, civil motion-base simulators

with visual systems are available only for a few large helicopters: the Bell 222, the Bell

412, and the Sikorsky S-76. Moreover, the immediate, direct cost of using simulators,

also limits their use. For the rotary-wing operator, this cost includes not only the actual
training cost, but the costs of travel to and from the training center, lodging, and lost

productive time while the pilot is away.

Typical arguments against the use of simulators include, "We can train more

realistically by actually flying our helicopter instead of [training in] a comparable simu-

lator," or "There is no simulator that duplicates our specific helicopter, so why spend time
on inapplicable training?" Both arguments are specious.

With respect to the first, it is foolhardy, and in some cases impossible, to attempt

various maneuvers in flight that can be duplicated safely and with considerable fidelity in

a simulator. Examples include anti-torque system failure, high-side engine-governor fail-
ures, engine failures during critical flight phases, and flight into icing conditions.

With respect to the second argument, that the simulator is not a duplicate of a

specific helicopter, many decision-making and procedural responses to routine and emer-

gency in-flight situations are essentially generic. As a result, the training applicable to

these generic scenarios can be readily transferred to different helicopter types. Examples

include inadvertent or unavoidable flight into instrument meteorological conditions (IMC),
IFR procedures, and instrument approaches to minimums/below-minimums.



26 NOEL G. PRESTON

Inreality,argumentssuchasthosenotedabovemaskthepredominantcauseof
muchoftheresistancetotheuseofflightsimulatorsinrotary-wingflighttraining-- the
significantactualcostofthetrainingrelativetotheperceivedbenefits.Inotherwords,
traininginflightsimulatorsisconsideredbymanytobeimpracticallyexpensiverelative
toareadilymeasurable benefit, such as training and checking credits. As one operator
stated, "Our [training] costs are already so high that the use of a simulator must help me

reduce those costs, as well as provide that extra level of training .... Any simulator we

use must be approved for credit toward the training that we do." (ref. 9)

We see, then, that probably the two greatest obstacles to flight simulator use are

(1) the regulatory limitations on check and training credits that can be earned in flight
simulators, and (2) the cost of simulator training.

Check and Training Credits

The FAA specifies those training maneuvers and checks that can be accomplished in

approved flight simulators. Although these credits for flight checks and training are clearly
defined by the FAA for airplanes, the situation is considerably different for helicopters.

"The helicopter simulator has no detailed regulatory basis, such as the airplane simulator

has in Appendix H of Part 121. The operating and airman certification regulations do not

have provisions for use of helicopter simulators that parallel those of airplane simula-

tors." (ref. 10)

In fact, the FARs note only two limited applications of simulators to helicopter

pilot training:

1. FAR Part 61.57 permits the Administrator to authorize the con-

duct of part or all of the Instrument Competency Check in a pilot ground trainer

equipped for instruments or in an aircraft simulator (ref. 3, sec. 57).

2. FAR Part 61.65 permits one half (20 hours) of the instrument time

required for a helicopter instrument rating to be instrument instruction by an
authorized instrument instructor in an acceptable instrument ground trainer (ref.

3, sec. 65).

The Air Transportation Operations Inspector's Handbook lists those maneuvers

and procedures in which PIC and SIC training must be accomplished for satisfactory

completion of each category of helicopter flight training for FAR Part 135 operators.
There are no maneuvers or procedures for which the Handbook currently authorizes the

use of helicopter flight simulators. The Handbook states simply, "The criteria for the use

of helicopter flight training devices and flight simulators are currently under develop-

ment." (ref. 3, sec. 65)

In other words, the FAA in its regulations and in the guidance it provides to its

inspectors, currently authorizes only extremely limited training and checking credits for

training conducted in rotary-wing flight simulators.
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Therearetwoexceptions,however,bothofwhichareexemptionsgrantedby
theFAAtoFSI.

Training Exemptions

Exemption 5324A was issued to FSI on 25 June 1993, replacing Exemption

5324. It expires on June 30, 1995. In granting the exemption, the FAA determined that a

level of safety equivalent to that provided by the rules from which the exemption was

sought could be achieved if certain conditions were met. The exemption states:

The FAA has indicated, on numerous occasions, its commitment to

expand the use of simulators in training and flight testing of pilots as
the state-of-the-art develops and as the public interest dictates. In this

instance, the petitioner's request meets both criteria. Therefore, it is

concluded that granting the requested privilege to the petitioner, within

specific guidelines, would not adversely affect safety or the quality of

flight training and testing performed.

Exemption 5324A permits FS I to use FAA-approved simulators in FAA-approved

courses of training to meet certain FAR Part 61 training and testing requirements, pro-

vided that certain conditions are met. These FAR Part 61 training and testing require-

ments include the following.

SIC qualification

FAR Part 61.56: PIC [pilot in command] flight review

FAR Part 61.57: PIC recent-flight-experience

FAR Part 61.58: PIC proficiency check: Operations of aircraft requiring

more than one pilot

FAR Part 61.65: Instrument rating requirements

Helicopter rating and type rating

Instrument flight instructor rating

Exemption 5241C was issued to FSI on 8 September 1993, and extends Exemp-

tion 5241B until 30 September 1995. Exemption 5241C permits FSI to offer contract

pilot simulator training, instructors, and check airmen to holders of FAR Part 135 certifi-
cates, if certain conditions are met (ref. 12). For example, if the FSI training program is

approved by the FAR Part 135 operator's POI for that operator, then the operator may
receive FAR Part 135.293, initial and recurrent pilot testing requirements, and FAR Part

136.297, pilot in command instrument proficiency check requirements, in the approved

FSI flight simulator.
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CONCLUSIONS

The operating and management aspects of the civil rotary-wing flight industry vary widely.

There are significant differences with respect to the number of aircraft operated, the num-

ber of employees, the experience levels of the pilots, the missions of the operators, ro-

tary-wing aircraft types, operational environments, and operator financial resources.

There are also substantial variations in regulatory training requirements for ro-

tary-wing operators, depending primarily on the CFR part under which flight operations
are conducted, and on the characteristics of those operations. Regulatory training re-

quirements can be considered minimal in several areas, for example, in the training of

and practice in making autorotations, in instrument flight training requirements, and in
the time intervals permitted between certain flight checks. Furthermore, there are no

universally recognized standards with respect to rotary-wing flight training, such as there

tends to be with the use of flight simulators in training pilots for the operation of airline-

category fixed-wing aircraft.

The immediate, direct cost of training is a significant issue for the great majority

of helicopter operators. Insurance costs limit the maneuvers that can be trained in the

rotary-wing aircraft themselves, and many rotary-wing operators limit training flight hours

to regulatory minimums because of the high cost of in-flight training. It is this high cost

of training that provides many rotary-wing operators the incentive to do only the mini-

mum training required by the FAA, or by third-party customers.

Although it is generally recognized that advanced flight simulators can provide

superior training to that obtainable in actual rotary-wing flight, the credits that FAA regu-

lations authorize for training and check rides accomplished in simulators are extremely

limited. Therefore, the significant cost of flight simulator training (as well as travel and

associated expenses) relative to the limited immediate training and check credits that can

be earned, is a substantial barrier to their use. The use of flight simulators in structured

training programs tends to be by corporate flight departments that are usually better able

to afford such training than are the smaller operators.

The limited resources of rotary-wing operators does not permit the development

of large, dedicated training programs, training staff, and training equipment. On the

other hand, it is precisely these small operators who could derive the greatest benefits
from using outside training organizations. Flight simulator use is also constrained by the

severely limited number of rotary-wing aircraft types for which simulators are available.

Currently, civil motion-base simulators with visual systems are available only for certain

large helicopters: the Bell 222, the Bell 412, and the Sikorsky S-76.
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TRAINING SYSTEMS DESIGNAND DEVELOPMENT

Owen M. Lee* and Carmen E. Asencio-Lee*

SUMMARY

A systematic approach to vertical flight training design and development is presented.
The Interservice Procedures for Instructional Systems Development (IPISD) model is

explained in detail. IPISD is supplemented with recent advances in learning theory and

their applications to simulators and aircrew training.

INTRODUCTION

This chapter presents an overview of training system design and development and is

intended to provide technical managers with guidance useful in planning and regulating

civil training systems. It addresses a major concern of managers: whether the training of

personnel is adequate to enable them to do the job for which they are trained. Training is,
of course, essential to the safe and effective operation of helicopters and flit-rotor and tilt-

wing aircraft in the current and future national airspace. There is a problem, however:
how to ensure adequate training without either overtraining or undertraining. The use of

instructional systems development (ISD) is a means to resolve that problem.

ISD is the application of a systems approach to the training process. The key

aspect of a systems approach to training is that all components of the instructional pro-

cess are interrelated in predetermined ways. Each component has its own function and

has an effect on other components. For this reason, each component must be considered

both individually and in the way it interacts with other components. That is, the entire

training system must be viewed as an interrelated whole.

ISD has grown out of basic research in three separate areas: (1) management

sciences, (2) communication sciences, and (3) behavioral sciences. Contributions from

management sciences include job analysis, occupational survey techniques, decision theory,

*Embry-Riddle Aeronautical University, Daytona Beach, Florida.
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cost-effectivenessmodels,andcomputertechnology.Communicationsscienceshave
contributedbyprovidinginnovativeuseofelectronicsandmedia.Finally,thebehavioral
scienceshaveprovideda solidfoundationforthedesignof alternativeapproachesto
instructionandtothemeasurementandevaluationofbehavior.

It isourthesisthatasystemsapproachtoinstructionisthemosteffectivecurrent
meansofevaluating,developing,andimplementingalternativesolutionstoinstructional
problems.Thiscanbedonebydetermininginstructionalneedsandpriorities,developing
effectiveandefficientmeansofachievingthoseneeds,implementingsolutionsinacom-
petentmanner,andassessingthedegreetowhichtheoutputof thesystemmeetsthe
specifiedneeds.ISDinvolvessuchasystematicapproach.FollowingtheISDprocessit
ispossibletodefinetrainingrequirements,selecttrainingresources,prepareinstructional
lessons,traininstructors,andproducepilotswiththeskillsrequiredtoperformtheirjobs.
Withoutsuchprocedures,theriskofeitheromittingcriticalinstructionalmaterialorin-
cludingincorrectorunnecessarymaterialismuchgreater.

Empiricalevidencehasshownthattherearebenefitstobederivedfromthe
properuseoftheISDapproach.It greatlyimprovestraininginatleastthreedistinct
ways:(1)effectiveness,(2)efficiency,and(3)costs.Firstofall,trainingeffectivenessis
greatlyincreasedthroughthedesignanddevelopmentprocess,withacarefulselectionof
whatistobetrained,themeasurementandevaluationoftraining,andtherevisionofthe
trainingprogramuntilit meetsitsobjectives.Second,efficiencyisgreatlyincreasedby
offeringeffectiveinstructioninamuchmoretime-efficientway.Finally,althoughISD
doesnotalwaysresultinlowercosts,theISDprocessprovidesasystematicwayofview-
ingthecostsof training.Therehavebeenmanydemonstrationswithcombinationsof
effectiveness,time-efficiency,andcostconsiderationsthathaveyieldedimpressivere-
suitsonbothlargesystems,withadvancedsimulators,andonsmallersystems,whichuse
nohardwareatall. Thecommonelementhasbeentheprocedureandtheapproach,not
thehardwareortheequipment.

WeviewtheFederalAviationAdministration's(FAA's)adoptionoftheAdvanced
QualificationProgram(AQP)forfixed-wingaircraftasamajoradvancementinthetrain-
ingofaircrews.TheISDapproachisanintegralpartoftheAQP.TheAQPisdefinedin
AC120-54as"asystematicallydeveloped,maintained,andvalidatedproficiency-based
qualificationandtrainingalternativeforpersonneloperatingunderFARParts121and
135andforevaluatorsandinstructorsofrecognizedtrainingcenters"(ref.1).Animpor-
tantchangein theAQPistheadoptionofaproficiency-basedratherthanatime-based
trainingprogram.Thisfocusesontheskillsofthecrewmemberandnotjustonthe
amountoftimespentinclassroomsandtrainingdevices.TheAQPencouragesthedevel-
opmentanduseof innovativetrainingandqualificationprogramsthatincorporatead-
vancedtrainingtechnology,methods,andmedia.PollockandBenderlistedthe
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followingadvantagesandbenefitsoftheAQP:"(1)bettertrainedandqualifiedperson-
nel,(2)increasedpublicsafety,(3)humanfactorsissuesaddressed,(4)increasedsafety
bytrainingflightcrews,notjustindividuals,(5)training program effectiveness can be
evaluated and revised if necessary, (6) time spent in training becomes quality time, (7)

training programs can be structured to meet specific needs, and (8) full advantage of

simulators and other training devices." (ref. 2)

Many major airlines are working to have their training programs approved by
the FAA under the AQP. However, we still find many flight training programs that are not

precisely defined and that are based solely on the professional judgment of the flight
instructors who deliver the programs. These instructors are typically subject-matter ex-

perts with very little knowledge of the instructional and learning processes and of the

appropriate use of media such as simulators and computer-based instruction. There is a

need for precision in training programs. This was pointed out in the Kemeny report on

the accident at Three Mile Island, which stated that the content of the training provided to
control-room operators was imprecise, that it was not based on detailed and systematic

analysis of the operator's tasks, and that available training-program development tech-

nology had not been employed (ref. 3).

Caro states:

Operators of imprecisely defined aircrew training programs cannot dem-
onstrate the relevance and adequacy of their course content with re-

spect to known training requirements and, therefore, might be judged

culpable in the event of errors committed by aircrews they trained. These

operators would be hard pressed to build a legal defense against a charge

that their training is inappropriate, should they be required to do so.

Because procedures do exist whereby the necessary precision in defin-

ing training-program content can be obtained, as the Kemeny Comission

noted, it would be difficult to defend the adequacy of a training pro-

gram that is not derived through those procedures. These operators

also face a technical problem. Imprecisely defined training programs
cannot be packaged for efficient delivery, cannot be made available

economically to small groups or individual pilots when needed, and

cannot be controlled easily or standardized from one administration to
another. [ref. 4]

A MODEL FOR INSTRUCTIONAL SYSTEMS DEVELOPMENT

The systematic model that we are drawing heavily on is the Interservice Procedures for

Instructional Systems Development (IPISD) that was prepared for the U.S. Armed Forces

by Branson and his colleagues at Florida State University (ref. 5). IPISD is a systems
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approachtomakingarationalselectionofvalidtrainingcontent,materials,strategy,and
mediatomeetjob-performancerequirements.It illustratestherationalefortheselection
ofthefull contextwithinwhichthetrainingistotakeplace.Thesedetailedsystematic
proceduresprovideforprecisionintrainingprograms.

IPISDisafive-phasemodel.It describesthefunctionsnecessarytoanalyze
instructional needs; to design, develop, and implement instruction; and to maintain qual-

ity control of instruction. A sequential relationship of these functions is recommended.

These five phases -- analyze, design, develop, implement, and control -- are discussed
below (from ref. 6).

PHASE 1: ANALYZE

The analyze phase presents procedures for defining what the jobs are. The inputs, pro-

cesses, and outputs of this phase are all based on job information. During the analyze
phase, an inventory of job tasks is compiled and divided into two groups: tasks not se-
lected for instruction and tasks selected for instruction. Performance standards for the

tasks selected for instruction are determined through interviews or observations at the job

site and are verified by subject-matter experts. The analysis of existing instructional

material is done to determine if all or portions of the analysis phase and other phases have
already been done by someone else following the ISD guidelines. As a final step, the list
of tasks selected for instruction is analyzed to determine the most suitable instructional

setting for each task. There are five specific outcomes of this phase: a list of job tasks, a
list of training tasks, job performance measures, analysis, and selection of the instruc-
tional setting.

List of Job Tasks

The procedures used in developing the list of tasks needed to perform a particular job

include finding out exactly what people do when they do that job, the order in which they
do it, the conditions under which they must do it, and the level of skill or performance

deemed adequate for the job. This effort probably represents the greatest investment of

time and money of any of the initial steps in training development. This investment,

when it is properly managed, yields extremely impressive payoffs, principally because of

its effect on the organization of training and because it focuses attention on the important
aspects of the job.

List of Training Tasks

Selection of the tasks to be trained is a critical step in the process because it is at this point

that decisions are made that will obligate resources throughout the entire process. Priori-
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ties must be assigned to the various tasks, since there is rarely enough time or resources to

train everything that it might be desirable to train. Among the criteria that have been used

in the past for selecting the tasks are the following:

• Percentage of people who actually have performed the task

• Percentage of total work time spent on the task

• Probable consequence of inadequate performance

• Task delay tolerance

• Frequency of performance

• Task learning difficulty

• Probability of deficient performance

• Immediacy of task performance

Job Performance Measures

The development of job performance measures OPM's) for each task selected for instruc-

tion must be of the highest possible technical quality. It is in this step that a clear state-

ment is made about what is expected in job performance. JPMs measure that which is

desired by the incumbents. The development of JPMs is a difficult technical assignment,
primarily because of problems with the following: (1) validity, the degree to which a

JPM measures what it is intended to measure; (2) fidelity, the degree of similarity be-

tween the training situation and the operational situation that is simulated; (3) administra-

tion of JPMs, for there can be some complex problems of logistics; for example, in some

instances there will be test problems involving the use of heavy, complicated, or delicate

equipment which may or may not be continously available; (4) costs involved in obtain-

ing high validity and fidelity may exceed the probable benefits; and (5) the time neces-
sary to administer some tests is longer than what is practical under normal circumstances.

Each JPM is associated with one task, and it measures enough parts of that task
to make possible a sound generalization about task performance. In some instances, the

whole task must be measured in order to make a judgment, whereas in other instances

certain parts of the task may be sufficient to reveal the incumbent's ability to perform.

The final step in the development of JPMs is their validation under field conditions.

Analysis

A basic objective of this step -- the analysis of the job analysis, task selections, and job

performance measures -- is to facilitate and encourage training in all those situations that
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meettheestablishedcriteria.Thus,acarefulanalysisoftheexistinginstructionalmateri-
alsshouldbeconducted.TheIPISDproceduresprovideguidelinesformakingtheanaly-
sisandsuggestcriteriathatcanbeappliedinordertoestimatethepotentialusefulnessof
existingtraining.

InstructionalSetting

Selection of the instructional setting for the tasks selected for instruction is very impor-

tam in arranging the training so that it will be available to the trainee when the informa-

tions or skills to be trained are needed by the trainee. There are five instructional settings

in the ISD procedures to which tasks can be assigned: (1) job performance aids (JPAs),

which can range from simple lists of instruction to step-by-step procedures for task per-
formance; (2) self-teaching exportable packages (STEPs), which can be in print form, in

audiovisual form, or in the form of a kit that can be assembled or manipulated; (3) formal

on-the-job training (FOJT) where the facilities are adequate; (4) installation support schools
(ISSs), principally to meet local needs; and (5) resident schools (RS) instruction.

PHASE 2: DESIGN

The design phase is concerned with designing instruction using the job analysis informa-

tion from Phase 1. The first step is the conversion of each task selected for training into

a terminal learning objective. Each terminal learning objective is then analyzed to deter-

mine the steps necessary for its mastery. Test items are designed to match the learning

objectives, and a sample of students is tested to ensure that their entry behaviors match
the level of learning analysis. Finally, a sequence of instruction is designed for the learn-

ing objectives. There are four specific outcomes of this phase: learning objectives and

analyses, test items, test of trainee entry behavior, and task sequencing. These outcomes
are discussed below.

Learning Objectives and Analyses

Learning objectives have been found to be an extremely effective means for controlling

the intent of instruction. Learning objectives must be stated in terms of what the student

is expected to do rather than in terms of what the instructor or supervisor is expected to

do; that is, learning objectives must be based directly on the job performance measures.

Because there is a direct relationship between each learning objective and a job perfor-

mance measure, or part of a job performance measure, much unnecessary instruction can

be eliminated. The description of learning objectives should have, at least, (1) a verb
which describes the observable action, that is, the kind of behavior that will be accepted

as evidence that the objective has been achieved; (2) a statement of the conditions under
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whichthebehaviorisexpectedtooccur;and(3)astatementofthestandardbywhichthe
performanceisjudgedorevaluated.

Test Items

The key to any successful instructional program is the precision with which what is taught

is tested. The quality of the tests developed in this phase of the IPISD model will have an

important effect on the quality of the instruction. The tests must have good technical
characteristics (reliability and validity) since they will form the basis of many decisions

that will be made about students and about the quality of the instruction. Managers need

also to be concerned with the degree of fidelity that is available in the testing situation, the

completeness and thoroughness of the tests, and the use of these tests in establishing the
baseline (cutoff scores). Since instruction is not offered for its own sake, but as a means

to an end, the test items used must be consistent with the overall aims of the instructional

program.

Trainee Entry Behavior

Adequate design of ISD training requires a careful analysis and description of the entry
behavior of the trainee as it relates to the proposed training program. Entry behavior falls

into two principal classes: (1) basic aptitude and ability, and (2) acquired knowledge and
skills. In the short term, very little can be done to change the basic aptitudes and ability

of the entering trainee. However, longer-term results can suggest the need for different

selection criteria. Assumptions must be made about the knowledge and skill levels of the

trainee and then verified or adjusted depending on the results of the testing of entry skills.

In addition to the entry test, which is used to adjust the beginning point of a course,

pretests for the instructional unit are developed to see to what extent students have al-

ready mastered the skills to be taught. Provisions can be made for students to bypass
certain blocks of instruction if the pretests show that they already meet the desired skill

levels.

Task Sequencing

The specific purpose of task sequencing is to identify the learning objectives that are

independent of each other, those that are dependent on others, and those that may have

supportive relationships. When two learning objectives are independent, the learning of
one has no effect on the learning of the other. When two learning objectives are depen-

dent, it is necessary to learn one before learning the other; that is, accomplishing the latter

learning objective is dependent on the learning that occurred in achieving the first learn-

ing objective. The third possibility exists when the achievement of one learning objective
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supportsor facilitatesthelearningofanother,butinwhichtheorderinwhichtheyare
learnedisnotimportant;thatis,thelearninginonewill transfertotheothernomatter
whichoneislearnedfirst.Organizingthelearningobjectivesintothesethreecategories
willassistthedevelopersof instructionin twoways:(1)it will identifytheproperse-
quenceoflearningobjectives,and(2)it willprovidemaximumflexibilitywhentherela-
tionshipsaresupportiveorindependent.

PHASE 3: DEVELOP

In the develop phase, instructional materials are prepared. Readers should refer to the

later section in this chapter on Learning Theory and its Application to Flight Training.

The develop phase begins with the classification of learning objectives by the learning

category that is necessary for optimum learning to take place. It is followed by a media-

selection process to determine how the instructional material is to be packaged and pre-
sented to the student, and instructional management plans are developed to allocate and

manage all resources for conducting the training program. Instructional materials are
then selected or developed and tried out. When materials have been validated on the basis

of empirical data obtained from groups of typical students, the training program is ready
for implementation. The five specific outcomes of this phase are classification of learn-

ing objectives, media selection, analysis of instruction, development of instructional ma-
terials, and validation of instructional materials.

Classification of Learning Objectives

Specific leaming events or activities must occur in the instructional environment in order

to produce the desired learning outcomes. We recommend the use of Gagn6's learning

hierarchy in the development of learning objectives for flight training.

Media Selection and Instructional Management

Media selection is a major means for determining how the training materials are to be

presented to the student. The choice of media influences both the effectiveness and cost

of training. Because a systematic approach to media selection requires consideration of

the nature of the learning objectives and the type of learning, the instructional manager
must be aware of the list of media mixes or alternatives being considered and must be

able to contribute to the decision-making process by providing information about facili-
ties, personnel, and other resource availability. A number of matrices have been devel-

oped that assist in the section of media. Reiser and Gagn6 discuss this issue in detail (ref.

7). Also, many computer-based media-selection systems have been used on major train-
ing development projects, and many of these systems have specified the use of simulators
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ofvariousdegreesof fidelityinaviation-basedtrainingprograms.Whentwoormore
mediacansatisfythelearningobjective,thedecisioncanbemadeonthebasisofcost,
availability,orotherfactors.Oncethemediahavebeenselected,themanagementplan
canbespecified.

Themanagementplanistheprincipalorganizationaldocumentforthetraining.
It indicatesexactlyhowthetrainingistobeconducted,howthestudentsaretobeman-
aged,whenandwheretheywillbetested,whattheinstructorsandothersupportperson-
nelaretodo,andhoweachofthemanyelementswithintheplanworktogether.The
managementplanisalsousedbytheinternalevaluatortoplanandconducttheinternal
evaluation.It isusuallynecessarytodeveloptheplanwiththeassistanceandcooperation
of theinternalevaluatorinordertobesurethatwhatisbeingplannedcanbeproperly
evaluated.Theplancanbeusefullydividedintotwogeneralcategories:thoseareas
employingthegroupblock-schedulingmodeandthoseusingself-pacedmodes.Withthe
increaseduseofinstructionaldeliverytechniques,it isnolongeranabsolutenecessityto
useaninstructorsolelyinatalkingordemonstratingmode.Thejoboftheinstructorhas
increasedincomplexitytothepointwheretheinstructorismoreoftenthoughtof asa
managerof instructionalresources.Thismaymeanspecialpreparationor trainingand
possibleassignmentofpartoftheinstructionalstafftoprovidethenecessarysupportfor
theinstructorinthemanagerialrole.

Analysis of Instruction

A review of existing instructional materials must be conducted for the purpose of deter-

mining their potential value for use in the training program under consideration. These
materials are reviewed specifically to see whether they meet the leaming objectives es-

tablished for the training program that is being developed, and to determine whether they

can be used or adapted for use within the context of the selected learning guidelines and
media. Materials are selected or adapted for use where they are appropriate, and are

rejected when they fail to meet the current program needs.

Development of Instructional Materials

One of the larger efforts in the ISD process is that of developing instructional materials to

accomplish the learning objectives, and this is the appropriate place to produce them.

The process includes developing draft materials, trying them on students, and finally

sending the materials to appropriate production specialists for development. A variety of

approaches are available for use, such as lectures, video tapes, slide/tape presentations,

job-performance aids, and formal on-the-job training. As previously indicated, the ap-
propriate mix of these approaches will depend in large part on the available time, facili-

ties, and resources.
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All ISDtrainingisdevelopedaccordingtoacommonsystematicapproach.
Fundamentaltotheprocessis thedevelopmentof theminimuminstructionalcontent
necessarytoaccomplishtheintendedlearningobjectives.Toachievethis,a"lean"ap-
proachtowritinginitialdraftsisrequired.Trade-offsmustbemadebetweentheideal
wayofapproachingthetrainingandtheresourcesavailable.Astheinstructionalmateri-
alsaretriedoutwithstudents,weaknessesanddiscrepanciescanbeidentified,and,where
necessary,materialscanbeexpandedorrevisedtoovercomeanydetectedshortcomings.
Theinputstothedevelopmentofinstructionalmaterialswillbeallofthedocumentation
availablefromtheprocessesthusfar. Anyorall oftheseinputsmayberequiredin
correctlyapplyingtheprocess.

Probablythemostdifficultareafor managementindevelopinginstructionis
thatofcoordinatingtheeffortsofavarietyofpeopleinanumberofdifferentskillareas.
Dependingonthemediaandmethodselected,themanagermayberequiredtoarrange
fortheproductionofvideotapes,printedmaterials,audiomaterials,thedevelopmentof
trainingaidsordevices,andanyoneofanumberofotherinstructionalaidsanddevices.
In manyinstances,it will benecessaryforthemanagertochallengeearlierdecisions,
perhapsbecauseofalackoffacilitiesorresources,becauseofthewaitingtimerequired
tohavematerialsproduced,orbecauseofrevisionredevelopmentdecisionsnecessitated
bytestresults.Further,themanagermayencounterdifficultieswhentryingtogetpro-
ductionpersonneltoproducematerialsaccordingtothecurrentprogramneedsdefined
byISDprocessesratherthanaccordingto techniquesandprocedurestheyhaveused
previously.It is notuncommonformediaspecialiststo bemoreconcernedwiththe
appearanceandstyleoftheproductionthanwithitsinstructionaleffectiveness.Thus,the
managermustconstantlybeawareof theinstructionalrequirementsof thematerialsas
opposedtotheircosmeticappeal.Ofcourse,alldevelopedmaterialsmustbeconsistent
andaccurateincontent.

Validation of Instructional Materials

The heart of the development phase is the validation of instructional materials. The vali-

dation process is probably the most powerful procedure in the entire development effort.

If the learning materials selected and developed have been produced efficiently, they will

have the minimum possible elaboration, and when tried on students for the first time,

some shortcomings are to be expected. These inadequacies can be corrected through the
process of revision.

It is important that the students used in the materials-validation process be truly
representative of those for whom the instruction is being designed. Only a few members
of the target student population should go through the materials at first, and revisions

should be made on the basis of those first trials. Following this initial revision, the num-

ber of students using the materials is increased in order to detect any other errors. Finally,

when the instructional materials are thought to be complete, they are tested on enough
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studentssothattheireffectivenesscanbedemonstratedatanacceptablelevelofconfi-
dence.Asthematerialsareimproved,fewerandfewerstudentswillhavedifficulties
withthem,andmoreandmorestudentswillworkthroughthemtoanacceptablelevelof
performance.At thispoint,thetrainingisreadyforintroductionintothesettingfor
whichit wasdesigned.

TheISDprocessrequiresthatalltestitemsrelatedirectlytotheinstructional
objectives.Becauseof this,thetestresultscanbeusednotonlyto determineif the
studenthaspassed,butalsotodeterminewhichof theinstructionalareasseemtobe
causingthemostproblems.Thesamedatathatwereoriginallyusedonlytoevaluatethe
studentscannowbeusedinanequallysuccessfulwaytoevaluatetheinstruction.Analy-
sisofthesedatawillclearlypointoutthoseareasofthetrainingthatrequirerevision.An
extremelyimportantmanagementfunctionofthisphaseisthatofensuringthattherevi-
sionsmadearenecessary,andthatthedatahavebeencarefullyanalyzedandinterpreted
beforetheserevisionsaremade.Managersmustalsobeconcernedwithensuringthatthe
instructiondevelopedmeetsminimumrequirementscommensuratewithavailabletrain-
ingresources.

PHASE4: IMPLEMENT

The implement phase refers to the steps necessary to implement the instruction. Staff

training is required for the implementation of the instructional management plan and the

training, and some key personnel must be trained to be managers in the specified manage-

ment plan. The instructional staff must be trained to conduct the training and to collect
evaluative data on all of the instructional components. At the completion of each instruc-

tional cycle, management staff should be able to use the collected information to improve

the instructional system. The specific outcomes of this phase are (1) information on

student and training resources and (2) a completed cycle of instruction.

Student and Training Resources

At this point in the process, the instructional portion of the management plan, which was

developed previously, is ready for implementation. The implementation of the manage-

ment plan is the terminal step in the planning and preparation and takes place just before

regular training begins. Instructional management plans will vary considerably, ranging
from those involving resident school instruction to those involving formal on-the-job

training programs. No single plan will serve all purposes. It is at this point in the process

that any discrepancies or deficiencies in what has gone before will be identified and cor-

rected before the students begin the training.
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Thefirstthingthatmustbedoneistomakeacompleteinventoryandchecklist
tobesurethateverythingnecessaryfortheimplementationofinstructionisavailable.If
necessary,changes,additions,anddeletionsshouldbemadetotheinstructors'manuals
andstudents'manualstoensurethattheyarecompletelyuptodate.Whattheinstructors
aresupposedtodoandwhentheyaresupposedtodoit mustbemadeabsolutelyclear,
andanyspecificoruniquerequirementsthattheymayberequiredtomeetmustbede-
fined.Andif necessary,thestudentmanuals,allnecessaryexercises,training,directions,
andotherrequirementsshouldbecompletedormodified.

Thenextstepistoidentifythoseinstructorswhoaregoingtobeinvolvedin the
implementationeffortandtoprovidewhateveradditionaltrainingmaybenecessaryfor
themtocarryouttheinstructionalplan.Mostoften,thisinvolvesrehearsalandreviewof
theusesandfunctionsoftheequipmenttobeused,practicingdemonstrations,orrehears-
ingtestadministrationwhentestshaveuniquefeatures.

Finally,theproceduresbecomeadministrativeinnature.Time,space,necessary
facilities,andequipmentmustbesecuredandchecked.Whenthishasbeencompleted,
instructionisreadytobegin.Thereisoftenafrenzyofactivityjustbeforethedeadline.
Themanagerwillordinarilyfindhimselfheavilyinvolvedinawidevarietyofdecisions
thatmustbemadeandexecutedbeforethestudentsarrive.Planningforeverypossible
contingencymightrequiremoretimethanisrequiredforsimplymanagingandsolving
last-minuteproblems.Manyoftheproblemstobesolvedatthispointwillhaverelatively
straightforwardsolutions.Themanagershouldexpecttobeconstantlyavailabletothose
whoneedhimduringthoseweeksanddaysjustbeforetheimplementationofthenew
instruction.Timelydecisionsatthispointcanhaveadramaticeffectonmeetingthe
deadline.

Completed Cycle of Instruction

A completed cycle of instruction is the first of four continuing steps in the ISD process;

the others are internal evaluation, external evaluation, and system revision. These four

functions occur continually so long as there is a need for training.

Obviously, the role of the instructor is vital. As the instructor is provided with

more and more resources and is gained in their use, his role increases beyond that of

traditional classroom lectures to include the duties of instructional manager. In self-
paced, peer-tutored, computer-assisted, and other nontraditional forms of instruction, the

role of the instructor will be even more vital to the attainment of the training objectives.
The instructor will manage resources, make presentations, administer tests to students,

record data, and make recommendations for improvements to the training. Working in
cooperation with the internal evaluation group, the instructor will help evaluate the stu-
dents and the training.
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Themanagerneedstobeconcernednotonlywiththeadministrativerequire-
mentofmakingsurethatalltheinstructorsperformasexpected,butwilloftenfindhis
roleexpandedtoincludethefollowing:

1. Counselingandreassuringinstructorswhoareunfamiliaranduncomfort-
ablewithnewinstructionaltechniques

2. Providingencouragementandsupporttothoseinstructorswhocontinue
theeffortsasplanneduntilsufficientdatacanbecollectedinordertomakereasonable
revisiondecisions

3. Meetingregularlywiththeinternalevaluationgrouptocoordinatedataso
thatevaluationscanbecompletedandrevisiondecisionscanbemade

4. Ensuringthattherearesufficientlearningmaterialsandresourcesavail-
able,andthatthereisadequatetimetocompletetheinsmactionasplanned

5. Managingthepersonnelandphysicalresources,withconstantattentionto
waysinwhichresourcesandfacilitiescanbeconservedandpersonnelcanbefreedfrom
moreroutinedutiestomaketheirtimeavailableforothernecessaryISDfunctions

PHASE5: CONTROL

The control phase is concerned with the procedures and techniques for maintaining in-
structional quality control. Evaluation and revision of the training program are carried

out by personnel who preferably are neither the instructional designers nor the managers

of the course under study. The first activity (internal evaluation) is the analysis of learner

performance to determine instances of deficient or irrelevant training. The evaluation

team then suggests means of resolving the problems. In the external evaluation, person-

nel assess job-task performance on the job in order to determine the actual performance

of trainees and other job incumbents. All data collected, internal and external, can be

used as a means of quality control of the training and as input to any phase of the system

requiring revision. The three specific outcomes of this phase are instructional effective-
ness data, job performance data, and instructional revisions.

Instructional Effectiveness Data

Internal evaluation is planned and conducted primarily to determine whether the ISD

instructional development effort has been accomplished. Data are collected not only to

assess student progress but to assist in improving the quality of the instruction. The

principal question to be answered in the internal evaluation is, Is the instruction providing

the students with the necessary information and skills to meet the objectives in a satisfac-
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torymanner?Inaddition,timedataandotherinformationfromstudentsarecollectedto
providethebasisfor makingdecisionsabouttherevision.Althoughevaluationisnot
uniquetotheISDprocess,nosetofinstructionaldesignanddevelopmentprocedurescan
becalledISDunlessit includesanadequateinternalevaluation.Ideally,theinternal
evaluatorwouldbeassignedtoadepartmentnotdirectlyresponsibletotheinstructional
design,development,ordeliverysystemmanager.Animpartialevaluatorwillbeinthe
bestpositiontoverifythatcorrectprocedureshavebeenfollowedinobtainingtheresults
of theinstruction.It istheevaluator'spurposetoremoveasmuchof theguessworkas
possiblefromtheoperation.Bycarefulanalysisoftheevaluationdata,adetermination
canbemadeabouttheproblemsthatsurfacewiththeinstructionsothatappropriate
revisionscanbemade.

Job Performance Data

External evaluation is conducted in order to determine whether the trainees who have

completed the training program and are in the field are able to perform on the job. The
external evaluator provides the fundamental data for quality control. Those students who

have met all of the instructional requirements are followed into the field either physically

or by questionnaire. Their performance on the job is then determined by job-perfor-

mance measures; supervisors' evaluations are also taken into account. Ideally, the exter-

nal evaluator would base his conclusions principally on actual job performance as mea-
sured by the JPM's produced. Often, because of scheduling problems, testing, and other

difficulties, some data will have to be collected in other ways. Finally, an external evalu-

ation report is prepared; it contains the conclusions and the data upon which the conclu-

sions were based. Recommendations for any necessary revision are included in this evalu-
ation.

Either by interview or by questionnaire, trainees who have completed the pro-
gram will be asked about (1) how well they believe they are able to perform the job; (2)

the kind and amount of training received since arriving on the job; (3) how well the

instruction they received prepared them for the job; (4) the portions of the instruction that

were relevant to the job; and (5) which job tasks seem to cause the most difficulty.

From the supervisors of the graduates, information will be collected about how

well the graduates are performing on the job, how the graduates compared with those

who received another form of training, and in which areas the graduates were inadequately
prepared for the job.

From other sources, including an evaluation team, information will be collected

about how well graduates scored on the job-performance measures, which JPMs gave

them the most trouble, how well the JPMs were administered, and how well the supervi-

sor knows his job.
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Instructional Revisions

After the internal and external evaluation reports have been prepared, the data they con-

tain must be used as the basis for deciding which elements of the system require revision.

The internal and external evaluation reports will document course performance on an

internal basis, and the external evaluation report will have documented the performance

of graduates on the job. A careful analysis must be made of the data contained in these
reports in order to determine the need for revisions. The need for revisions results from

changes in procedures, system characteristics, or other major external changes, as well as

from the results of the performance of the instructional program. Revisions can be re-

quired in any part of the system, and they can be undertaken to improve performance of
the students, to reduce student time required to complete the instruction, or to try to retain

an appropriate level of effectiveness at a lower cost. Estimates of the potential benefits of

revision are made on the basis of the evaluation data. The specialists within each of the

departments concerned with making revisions then decide which trade-offs must be made
to make the revision worthwhile.

Data-based system revisions undertaken as a result of careful consideration of

the alternatives are the heart of the ISD process. The ability to make good data-based

decisions is dependent on the quality of the data collected and on the care with which

appropriate conclusions are drawn from those data. It is ordinarily through the revision

process, particularly during the early revision cycles, that some of the great payoffs from
the ISD process can be realized. An extremely careful effort must be undertaken to estab-

lish the basis for comparing training after revisions have been made with prior training
effectiveness measures.

This is one of the most significant areas in the IPISD model for making manage-
ment decisions. All or part of the instruction may have to be revised. Job data, task-

selection procedures, JPMs, and settings may all require serious review. The manager

must decide what to revise in the context of total resource allocation and scheduling

problems. Within any pool of resources, allocating a portion of those resources to the

revision of an existing program means that those resources are unavailable for new train-

ing course development. Often, the data are very clear and the decisions to revise or not

can be made with confidence. Equally often there will be inconsistencies in the data, and

the inferences will not elicit the same level of precision; in those instances, the manager

must continue the analysis until conclusions can be reached with confidence and a course

of action agreed upon.

MANAGEMENT INFORMATION SYSTEM

One of the major functions needing direct management attention in the Interservice Pro-

cedures for Instructional System Development approach is the development and organi-
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zationof themanagementinformationsystem.Becausemanagementinformationfor
IPISDtrainingdifferssignificantlyfromthemanagementinformationneededformore
traditionaltraining,it mustbedevelopedandpresentedinausableway.Further,induce-
mentmustbeprovidedtootherstorespectandusethedatagathered.Oneplannedexpec-
tationoftheIPISDeffortisareductioninthenumberofdecisionsthathavetobemade
onthebasisofbestguessesandanincreaseinthenumberofdecisionsmadeonthebasis
ofreasonableconclusionsdrawnfromcarefullycollecteddata.Thekindsofinformation
thatcanbemostvaluabletomanagementincludetheinformationgatheredaboutthejob,
thetasklist,thecriteriausedtoselecttasksfortraining,thedatausedtoselectthesetting
ofthetraining,andtheperformanceofthetrainees.If thesedataarecollectedandprop-
erlyinterpreted,theprecisionwithwhichonecanmanagetrainingprogramscanbegreatly
increased.

It isobviousthattheseproceduresintheIPISDmodelaredifferentfromsome
currentpractices.Asaresult,someresistancetochangeis tobeexpected.Although

training can convert some opponents to supporters, ISD still requires a large commitment

of staff, resources, and time, and that commitment should be planned and provided for
from the beginning.

LEARNING THEORY AND ITS APPLICATION TO FLIGHT
TRAINING

This section provides the additional information that is necessary for developing aircrew

instruction. Its purpose is to apply what is known about how people learn to the develop-
ment of effective aircrew training. Two theories of learning, behavioral and cognitive,

provide principles that have been used to improve the design of aircrew training instruc-

tional materials. Behavioral theory is restricted to external, observable behaviors, and

attempts to explain why certain behaviors occur. In contrast, cognitive theory attempts to

determine how learning takes place, based on processes believed to occur within the
learner. Merrill (ref. 8) states:

The most widely applied instructional design theory is based largely

on the work of Robert M. Gagn6 and his associates at Florida State

University. This work is often equated with the term Instructional Sys-
tems Development (ISD). It assumes a cumulative organization of learn-

ing events based on prerequisite relationships among learned behav-

iors. Gagn6's principal assumption is that there are different kinds of
learned outcomes, and that different internal and external conditions

are necessary to promote each type. Gagn6's original work... [ref. 9]
was based on the experimental learning psychology of the time, in-

cluding paired associate learning, serial learning, operant condition-
ing, concept learning, and gestalt problem solving. Recent versions...
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[ref. 10] have incorporated ideas from cognitive psychology, but the
essential characteristics of the original work remain.

Gagn6 emphasizes the internal and external conditions of human learning (refs.

9, 10). These conditions are derived from research on learning and learning efficiency.

The conditions of learning are explained by an information-processing model of learning

and memory. This model implies (1) a sequence of internal processes involved in each

act of learning; and (2) five different kinds of memory organization which are internally
stored as a result of learning, and which exhibit themselves as types of human capabilities

(or "learning outcomes"). Both of these conceptions of internal conditions carry implica-
tions for the external conditions of learning, implications that can be incorporated into

instruction.

Major constructs are the five kinds of memory organization, conceived as the

outcomes of learning, and inferred from the learner's performance as learned abilities

(categories of things he is able to do). These are:

1. Intellectual skills: Symbol manipulation procedures or routines, particu-

larly those seen as using concepts and rules to solve problems

2. Verbal information: Stored propositions that relate concepts and that are

exhibited by stating information either in oral or written form

3. Cognitive strategies: Internally organized processes by means of which the

learner modifies (controls) his own processes of attending, learning, remembering, and

thinking

4. Attitudes: Acquired states that influence the learner's choices to behave in

a particular way toward particular objects, persons, or events

5. Motor skills: Learned abilities that enable the learner to execute bodily

movements having certain properties of timing and smoothness.

As a guide to planning instruction, nine instructional events have been identified

that support the learner's cognitive processes. These external instructional events are

designed to ensure that the corresponding internal learning process occurs. If these nine
external events of instruction are included in each lesson, a greater degree of confidence

in the learner's performance of the lesson may be attained.

1. Gain the learner's attention: Alertness

2. Inform the learner of the lesson's objectives: Expectancy

3. Stimulate recall of prior learning: Retrieval to working memory

4. Present stimuli with distinctive features: Selective perception

5. Guide the learning: Semantic encoding

6. Elicit the desired performance: Retrieval and responding

7. Provide informative feedback: Reinforcement
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8. Assessperformance:Cueingretrieval
9. Enhanceretentionandlearningtransfer: Generalizing

The IPISD model has been praised for its emphasis on job skills and on good

instructional design. However, it has been criticized for not organizing complex subject

matter well and it tends to be topic-oriented and not performance-oriented. To address

some of the criticisms, Merrill (ref. 8) extended the ideas of Gagn6, based on research by

cognitive scientists. He retained Gagn6's fundamental assumption that there are different

learning outcomes and that different conditions are required to promote each of these

different outcomes. Merrill proposed an extension of these fundamental ideas as follows:

A given learned performance results from a given organized and elabo-
rated cognitive structure, which we will call a mental model. Different

learning outcomes require different types of mental models; the con-

struction of a mental model by a learner is facilitated by instruction that

explicitly organizes and elaborates the knowledge being taught, during

the instruction; and there are different organizations and elaborations

of knowledge required to promote different learning outcomes.
[ref. 11]

Merrill's concept of a mental model is a useful heuristic in designing training

programs for such complex skills as flying an aircraft. The basic idea is that a person
develops an internal model of the world to reason and explain things about the world.

Montague states that:

Mental models are composed of autonomous objects associated topo-

logically with others, rules for their interaction that allow them to be

run in one's imagination or mind's eye and the outcomes assessed. They

assist human reasoning by producing explanations or justifications of

complex system behavior. They are mnemonic devices or learning de-

vices .... Thus, they aid in the apprehension of how systems work

and provide a strong means for generating expectancies about how things
are done, should be done, or the consequences of certain actions.

[ref. 12]

It is important to provide a learning environment that promotes the development

of mental models. The use of simulators and simulation in aircrew training is one way to

provide this performance-related context and to aid in the development of appropriate

and accurate mental models. Montague states:

In training with simulation, we are attempting to help people build up

their representation of the physical world to be able to operate equip-
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menteffectively,andwemustbeabletodesigntrainingandtraining
devicestoallowthemosteffectivebuildupofappropriatementalmod-
els.... Whatisrequiredfortrainingsimulators/devicesis thatthey
mustprovidethecues,theopportunitiesfortraineestorespond,make
andcorrecterrors,andobservetheconsequencesof theiractions.
[ref.12]

Cognitivescientistshaveproposedwhattheycallthe"situatedlearningmodel."
Brownetal.arguethat"knowledgeissituated,beinginpartaproductofactivity,context,
andcultureinwhichit isdevelopedandused"(ref.13).Theypropose"cognitiveappren-
ticeship,"whichhonorsthesituatednatureof knowledge.Theyidentifiedsixuseful
strategies:(1)apprenticeship,(2)collaboration,(3)reflection,(4),coaching,(5)multiple
practice,and(6)articulation.InreferringtosituationlearningMcLellanstatesthatthis
knowledgemustbelearnedincontext--intheactualworksettingorinahighlyrealistic
or"virtual"surrogateof theactualworkenvironment(ref.14).Virtualrealitiesarede-
finedbyHendersonasamultimediaenvironmentthatprovidesusersasenseofpartici-
patingin realitiesdifferentfromtheirown(ref.15).Hefeelsthatthemainpurposeof
virtualrealitiesis toprovideexperiencesthataretransferableto reality.Hestatesthat
theyareequivalenttohigh-fidelitysimulationsproducedbyusinginteractivemediaor
withspecializedsystemssuchasaircraftsimulators.

McLellancitesanexampleof howthesituatedlearningmodelcanbeimple-
mentedusingvirtualrealitybyreferringtoasceneinthemovieFirebirds showing simu-
lator training of an Apache helicopter crew. McLellan states:

Two trainees, a pilot and a gunner, enter a sophisticated simulator, a

virtual environment that is controlled by their commanding officer, the

instructor, and an assistant who are in a nearby room equipped with a

set of computer controls and video monitors that show the trainees and

what they see and do and say in the simulator. Within the simulated

helicopter flight, the environmental conditions are controlled, and modi-

fied, by the commanding officer to simulate increasing difficult condi-

tions of terrain and enemy attack. Apprenticeship is present since the

commanding officer decides what level of difficulty the trainees are

ready for in each successive simulated flight. The instructor provides
coaching in the form of feedback on the trainees' performance during

each simulated flight. Collaboration is present in terms of teamwork

between two members of the helicopter flight team, and also in the

verbal interplay between trainees and instructor ....

Teamwork and coordination are necessary not only between crew mem-

bers on a single helicopter, but also between helicopter crews working
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in tandem to carry out a mission. The simulation provides the opportu-
nity for multiple practice where different factors are articulated ....

This helicopter simulator is a form of virtual reality: it is a highly

sophisticated surrogate of an Apache helicopter that is supplemented
with powerful feedback mechanisms .... This virtual environment is

used in accordance with the Situated Learning Model of training ....

Another example of how virtual reality can be paired with situated learn-

ing is a training program for airline pilots, line-oriented flight training,

known as LOFT .... The LOFT program was devised to provide
practice in team building and crisis management. [ref. 14]

It is important to distinguish between simulation and simulators. Hays and Singer

define simulation as "the ongoing representation of certain features of a real situation to

achieve some specific training objective" (ref. 16). Simulators are "the media through

which a trainee may experience the simulation." A simulator is usually considered a

single piece of equipment that represents the aircraft. Hayes and Singer go on to say:

No matter how a training device is designed, no matter what its level of

fidelity, it will not be an effective trainer if it is not used properly. Like-
wise, it is not possible to design an effective device if the task to be
trained is not understood and if the context of instruction is not com-

patible with the training device. A total training system perspective
must guide training development to insure that the most effective train-

ing strategies are followed. [ref. 16]

Gagn6 lists three main characteristics of simulators: (1) they represent a real

situation, (2) they provide controls over the situation, and (3) not every aspect of the
situation is simulated.

Gagnt's third characteristic is important in distinguishing between training simu-
lators and engineering simulators. Jack Thorpe, Defense Advanced Research Projects

Agency (DARPA), distinguished between engineering simulation and training simula-

tion. He emphasizes that data generated in the context of engineering simulation may not

be applicable in the context of training simulation and vice versa (ref. 17). The purpose

of engineering simulation is "to provide a test-bed for studying the effects of engineering

parameters on performance," whereas the purpose of training simulation is "to develop

aircrew skills" (ref. 17). The approach used in engineering simulation is to try to dupli-

cate all the important flight conditions; the approach used in training simulation is to

identify the skills to be trained and the types of training media that should be used (what,
where, how often).

Hays and Singer note that in a training simulator it may be necessary to depart

from realism in order to provide the most effective training (ref. 16). As an example, they
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mentiontheadditionof instructionalfeatures,suchasstop-action,lessonrestart,and
enhancedfeedback,allofwhichreducetherealismofthetrainingsituation,butenhance
learning.Also,Thorperemarksthattrainingsimulatorsexistwithinatotalcontext,a
totaltrainingsystem,andthatif takenoutofcontexttheyarenolongertrainingdevices
(ref.17).Anychangein onecomponentof thetrainingsystemwill likelyaffectthe
trainingeffectivenessoftheentiresystem.Becauseamixoftrainingdevicescansome-
timesprovidethemosteffectivetraining,it isimportantthatmanagersnotlookatasimu-
latorbyitselfbutratherfocusontheentiretrainingsystem.

Whensimulatorsarementioned,thefirstthoughtsofmanypeopleturntohigh-
cost,full-mission(high-fidelity)simulators.Thereisacommonsenseconceptionamong
manypeoplethatif skillslearnedinasimulatoraregoingtobetransferredtotheaircraft,
thenthestimuliandassociatedresponsesinthesimulatormustbesimilartoor identical
tothoseexperiencedintheaircraft.Thismisconceptionhasproducedsomeveryhigh-
costsimulatorsofquestionabletrainingvalue.Thorpemakesthepointthatthereis the
tendencytoequate"fidelity"with"highfidelity,"whichiscounterproductivebecauseit
locksusintoonetrainingstrategy(ref.17).Hefeelsthatthegoaloftrainingequipment
designshouldnotbegearedtosomehypotheticalleveloffidelity,buttotheproductionof
awholetrainingsystem that will make use of the most creative instructional strategies

available (including low-fidelity devices). In fact, a 1978 Air Force Human Resources

Laboratory study showed that flight simulators with very high fidelity provided too much

information for novice trainees and actually distracted from training (ref. 18).

Hays and Singer list three hardware reasons and three instructional reasons for

using training simulators (ref. 16). The hardware reasons are (1) safety, (2) cost, and (3)

device availability. The instructional reasons are (1) performance measurement, (2) in-

structional flexibility, and (3) the capability of"intelligent" training simulators. The hard-

ware reasons are self-explanatory; however, the instructional reasons need some amplifi-
cation. Measurement is important to knowing how the trainee is performing; it provides

feedback to the student, and forms the basis of individualized instruction. Instructional

flexibility is a strength in training simulators. "The instructor can freeze an instant, com-

press time, or make it run backwards, even alter the sequence of tasks to enhance all

instruction" (ref. 16). Also, training simulators "can be simplified, in order to give an

overview or to provide initial instruction at a reduced difficulty level." Finally, training

simulators can be made more "intelligent" and be able to perform many of the current
simulator instructor functions.

The ultimate value of simulator training depends on the extent to which skills

learned during that training can be utilized later in an aircraft. The process of subse-

quently using simulator skills in an aircraft is usually called transfer of training, or sim-

ply transfer. That is, skills learned during simulator training are said to transfer to the
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aircraft.Thetransferoftrainingisacomplexprocess.It dependsnotonlyon what is
learned, but on how and under what conditions the learning occurs. Transfer of training

and cost effectiveness are covered in detail in Chapter 4; however, it is necessary to intro-

duce the concept of transfer of training at this time because of the pervasive effect it has
on the design and development of aircrew training systems.

LEARNING PROCESSES IN AIRCREW SKILLS DEVELOPMENT

To understand the learning processes involved in aircrew skills development it is neces-

sary to understand the kinds of tasks that are involved in piloting an aircraft. Hays and

Singer define a task as a series of goal-directed transactions controlled by one or more

"programs" that guide the operations by a human operator of a prescribed set of tools

through a set of completely or partially predicted environmental states (ref. 16). There
are five man-machine interaction tasks in piloting an aircraft:

1. An indicator on which the activity-relevant indication appears

(stimulus) (e.g., instruments, warning lights, and horns)

2. A cue, or sign that calls for a response (decision to make correc-

tive action) (e.g., checklist, instrument reading different from expected, flash-

ing light, a special sound)

3. A control object to be activated (e.g., aircraft yoke, throttles, rud-

der pedals)

4. The activation or manipulation to be made (actual behavior se-

quence in executing the selected motor action) (e.g., push forward, pull back,

turn clockwise)

5. The indication of response adequacy (e.g., instrument reading

normal, glide-slope indicator showing on glide slope, flashing light goes off)

Generally, the feedback from one task cues the next task to be done. These are

known as continuous tracking tasks and are the most difficult type of tasks performed in

any job. Man's perception receptors are involved in sensing the incoming stimuli. His

cognitive processes are involved in cue development by interpreting the stimuli and giv-

ing them meaning, and deciding on what corrective action to take. His muscle effectors

are involved in producing the motor responses that implement the corrective action by

manipulating the controls. Then the cycle is repeated. Flying an aircraft requires con-

tinuous corrective action involving perceptual senses, cognitive activity, and motor

responses.

The previous paragraph sets out the tasks that are involved in flying an aircraft.

Now, lets looks at the learning processes involved in complex skills development: cue

development, discrimination, generalization, and mediation. A more detailed discussion
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oflearningprocessesinaircrewskilldevelopmentisprovidedinchapter3ofreference
19,fromwhichthefollowinginformationhasbeenexcerpted.

Cue Development

The development of cues and the selection of correct responses to those cues are impor-

tant aspects of flight training. A cue is a stimulus that has acquired meaning, that is, it
conveys information that is understood by the airman. The bases for cues are stimuli,

although a stimulus is not a cue by itself. A stimulus refers to a physical object or to an

event that can activate a sense receptor.

Discrimination

Discrimination is a process of interpreting stimuli (i.e., cue development) and selecting

appropriate responses. It is simply the recognition that a given stimulus or response is
different from another stimulus or response. Discriminations are complex processes, and

they can be difficult to learn. The more complex the skill involved in aircrew perfor-

mance, the larger the number of moment-to-moment, even instant-to-instant discrimina-

tions that must be made. Also, as task complexity increases, discriminations depend on

very subtle differences in patterns of numerous stimuli. The difference between a novice

and an expert when performing complex tasks is that the expert has learned to derive
more detailed information from the cues. He can discriminate subtle differences that a

novice cannot. The expert can also translate the subtle meanings into equally subtle

control inputs.

A training program that makes use of an "aircrew skills hierarchy" can aid the

trainee in learning to make discriminations. The purpose of developing skill hierarchies

is to determine which skills underlie, or are components of, skills higher in the hierarchy

so that learning the higher ones can be made easier by building upon previously mastered

skills that are lower in the hierarchy. The same strategy can apply to learning discrimina-

tions. Complex discriminations can be built on separately learned basic discriminations.

For instance, if a student has previously mastered distance-estimation tasks and the coor-

dination of control inputs in response to visual cues, these discriminations can be used to

guide his inputs to flight controls when he is later approaching a tanker for in-flight

refueling.

Generalization

Generalization refers to the use of previously learned skills in situations that are different

from the situations in which they were learned. Generalization occurs to the extent that a
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givensituationisinterpretedasbeingsimilar(basedoncueinformation)toapreviously
experiencedsituation.Thecueinformationisthemeaningconveyedbythestimulipresent
in thetwosituations.Therefore,cueslearnedinasimulatorcanbegeneralizedto(used
in)anaircraftif thecueshavethesamemeaningsinbothvehicles.Thephysicalstimuli
canvarybutthecuesmeanthesamething.Consequently,thesimulatorstudentshould
learntousecuesthathewillneedinordertoperformintheaircraftbyconcentratingon
the"meaningsofstimuli"availablein thesimulatorratherthanonthephysicalcharacter-
isticsofthosestimuli.

Thelearningdiscussedintheprecedingparagraphmightbedescribedasgener-
alizingcuediscriminations,aprocessthatunderliesthelearningofallskills.Thispro-
cesswasimpliedintheearlierdiscussionofhierarchies,thatis,buildingnewdiscrimina-
tionsonthosealreadylearned.Cuesandresponsesassociatedwithpreviouslylearned
skillsbecomeincorporatedintonewskillsthroughthisprocess.Generalizationof the
discriminationamongcuesisthebasisforthegeneralizationofresponsesappropriateto
thosecues.If aresponsehasbecomeassociatedwithacue,andrefinedandhonedac-
cordingtotherequirementsdictatedbythecueinallitssubtleaspects,thenit willbe
availabletotheextentthatthecueitselfis recognizedin asubsequentsituation.The
challengeinsimulatortrainingis toteachcuediscriminationsinsuchawaythatcue
subtletiesremainclearlyrecognizablein thenew,differentstimuluscomplexpresented
inanaircraft.Whensimulatortrainingaccomplishesthis,aircrewswill transferassoci-
atedsimulator-learnedresponsestotheaircraftaswell.

Mediation

Thepsychologicalprocessinvolvedinseekingandrecognizingfamiliarcuesinchanging
situationsiscalledmediation.Thatis,thegeneralizationofpreviouslylearneddiscrimi-
nationstoasituationathandisanintermediaryprocessthatprovidesmeaningforthe
situation.Itcomesbetween,ormediates,theactsofsensingastimulusandrespondingto
it. Mediationoccursanytimeapersoninterpretsastimulusandactsaccordingtothat
interpretation.Mediationsunderlieallskills,andmediationalexplanationsoftransferof
trainingareimportantinsimulatortrainingbecausetheyfocusattentiononrelatedlearn-
ingprocessesratherthanonthephysicalfeaturesofthedeviceandtheresponsesthatcan
beperformedin it. Simulatortrainingshouldemphasizethemediatingprocessesthat
enablestudentstoestablishcuemeaningsandcueandresponsediscriminations,andto
generalizeskillsbeinglearnedinthedevicetothestimulussituationtobeencounteredin
theairplane.

It hasbeendemonstratedthattrainingdevicesthatarelowinphysicalfidelity
cannonethelessbeeffectiveforteachingprocedures.ProphetandBoydfoundthatair-
craft-procedurestraininginacockpitmock-upmadeofplywood,photographs,anddowel
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rodstransferredtoanaircraftaswellasdidcorrespondingtraininginahighphysical-
fidelitydevice(ref.20).Photographsofcockpitswitchesinthemock-upsymbolizedthe
realswitchesin theaircraft,andthesymbolicprocessof pretendingtorepositionthose
switcheswasjustasusefulwhenlearningtoperformcockpitproceduraltasksandtheir
sequencesaswhenthetasksweretrainedin theaircraft.Furthermore,thenecessityfor
writtenmaterialsandoralinstructioninaircrewtrainingillustratestheextensivedepen-
denceonsymbolicmeanings.Withappropriateexperience,mentalor imaginativere-
hearsalcanbeeffectiveforlearningmanytasksorforimprovingperformancein them.
Johnsonfoundthatlow-fidelitytrainingdevicescouldbeusedtoteachproceduralskills
whenanimagerystrategywasusedinthetraining(ref.21).

Theimportanceofmediationinsimulatorlearningbecomesevenmoreobvious
whenoneconsidersthepervasiveroleofverbalmediation-- aprocesswithnoobjective
fidelitywhatsoever-- bothin trainingandinoperationalperformance.Theprofound
roleoflanguageinlearningtodiscriminateamongcuesandtogeneralizethosediscrimi-
nationsiseasilyestablished.Withoutlanguage,aircrewtrainingwouldbeachaoticen-
terprise.Considertrainingastudentwithoutanywords,oralorwritten,toexplainthings
tohimor to tellhimwhatto doorhowto practice.Notonlydoestheinstructional
processitselfdependonpreviousmasteryof thismediationalsystem,butthestudent
mustlearnnewusesofit. Hemustuselanguageovertlyforcommunicationduringtask
performance;butprobablymoreimportant,hemustemploylanguagecovertlytoclarify
mostofthecueshewilluse,andtoguidehisdiscriminationofcuesandtheresponses
associatedwiththem.Furthermore,thislastuseoflanguageoftenincreasesasanairman
matures.

Becauseoftheroleverbalprocessescanplayincomplexperformance,suchas
aircombatmaneuvering,andbecauseverbalizationscanbebroughtunderconsciouscon-
trol,languageisaprimemediationalvehiclefor teachingevennonverbal,perceptual
motorskills.Eventually,apilotmaylearntouse,say,onlyvisualperceptionsoftherate
ofchangeofacompassheadingtoguidesomeparticularcontrolinput.Butrateofchange
isvagueatbesttoanovice.Hemustfirstreadthecompassasheadingsordegrees--
words-- whileprobablysayingtohimself,"That'stoomuch;that'saboutright."If one
teachesthenovicehowtouselanguageasamediationalvehiclewhileintraining,thatis,
totalkto himselfaboutwhattonoticeandwhattodo,hewill beabletolearnmore
rapidlytodiscriminateperceptualandkinestheticcuesandassociatedmotorresponses.
Theendresultwillbeawell-established,coordinated,complexhabitthateventuallymay
requirelittleornoverbalguidance.

Aircrew trainees should be taught to verbalize the discriminations they are learn-
ing, and the verbalizations should concentrate on the selection (discrimination) of appro-

priate cues, including ongoing kinesthetic feedback from control movements. To en-

hance the effectiveness and efficiency of simulator training, equal emphasis should be
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giventohowthestudentisprocessinginformation,howandwhyheselectedorfailedto
selectparticularcues,andwhatheshoulddotoimprovetheprocessingof theinforma-
tionheobtainedfromthosecues.Mediationofall typespermeateseveryaspectofair-
crewtrainingandperformance.Therefore,theseproceduresshouldbespecificallytar-
getedintrainingobjectives.

Caropointstothecentralrolemediationplaysincomputer-basedtraining:

Throughmediationthetraineecansubstitutetouchingacomputer-based
representationof, forexample,atoggleswitchfortheactualactof
movingtheswitchin theaircraft.Inthisway,thetraineecanlearn
quitereadilytooperaterathercomplexsystemsbyhavingthemsimu-
latedonthecomputerdisplayscreen.... [The]computerterminalis
usedasalow-costsimulatorofaircraftsystemsandthroughmediation,
provide[s] training in the operationof those systems.
[ref.4,p.246]

However,Caropointsoutthatthereisapracticallimittotheuseofmediation
andlow-costsimulatorsintraining.

Althoughlow-costsimulatorscanbeeffectivein training,highercostdevices
alsoareneededinatotaltrainingprogram.Low-costdevicescanbeusedtotrainse-
lectedtasksthatcanberepresentedrealisticallyatlowcost,butmanytasksinvolvedin
flighttrainingcannotbetrainedinsimulatorsthat represent so few cues and responses.
Complex tasks that are more dependent on variable rather than fixed procedures and on

crew coordination, timing, and situational considerations cannot be practiced efficiently

in such simple devices. Most aircrew training programs recognize this fact and incorpo-
rate mission simulators that simulate all -- or nearly all -- of the features of an aircraft

and its environment, as well as devices such as cockpit procedures trainers that simulate

only a subset of those features. Regardless of the complexity of the tasks to be trained or

the realism and completeness of the simulation of those tasks, the learning processes
involved in efficient simulator training are the same. The manner in which the simulator

is used in training must attend explicitly to cues, discriminations, generalizations, and

mediators if the intended aircrew skills are to be developed (ref. 4, p. 247).

CONDUCTING AIRCREW TRAINING

Since flying an aircraft requires continuous corrective action involving perceptual senses,

cognitive activity, and motor responses, these skills will have to be acquired through the
learning processes described above and through instruction and practice in simulators

and aircraft. The importance of cognitive training, situational awareness, and cockpit
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resource management in flying airplanes has not been emphasized enough in the past.

Singer points out that in the psychomotor domain it is becoming more apparent that cog-

nitive processes and strategies are much more involved in skill acquisition than hereto-
fore realized (ref. 22).

Cognitive training should be employed systematically during aircrew training to

provide a context for skill performance and to aid in learning particular cue and response
discriminations. In academic training, students should acquire knowledge of the tasks

they are to perform through briefings and homework. Students should be encouraged to
rehearse tasks mentally and to think them through before attempting them in simulators,

and again after they have been practiced. The debriefing of students should highlight the

adequate aspects of performance, as well as problems to be resolved during subsequent
training. Successful uses of cognitive training include the work of Prather with T-37

student pilots. By having student pilots listen to audio recordings that prompted mental

practice of what to do, when to do it, and why to do it in landing the T-37 aircraft, Prather
found that the students were able to perform significantly better on both procedures and

on landing (ref. 23).

Cognitive training is not restricted to verbal information. For example, Waters

et al. report that flying skills, such as scanning the horizon, interpreting instruments, and

learning procedural sequences, can be learned from photographs, workbooks, and audio-
visual devices (ref. 24). They also reported on the results of a study using multimedia

materials to teach the overhead landing pattern. The program produced student pilot

performance that was consistently superior in both cognitive component test scores and

in the transfer of training to the acquisition of complex perceptual motor flying skills.
Crawford and Hurlock used a PLATO IV touch-screen to present graphic simulations of

the front panel of the S-3A Copilot Integrated Control System Panel Multipurpose Dis-

play (ref. 25). The results indicated that computer-trained students outperformed stu-
dents trained by using the classroom and a high-fidelity simulated-position trainer, and

that there was a cost savings as well.

Cognitive training is important, but there are other aspects such as guidance and
feedback that are essential in learning aircrew skills. In order for the training to be effi-

cient and effective, the learner must do or have available to him the following:

1. Attend to the instruction

2. Know what is expected (performance objective)

3. Recall prior knowledge

4. Perceive the distinctive features of incoming stimuli

5. Receive guidance in the learning

6. Perform the desired actions
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7. Receivefeedbackoncorrectnessofactions
8. Haveperformanceassessed
9. Retainthelearningandtransferit toothersituations

Thesearethenineeventsof instructionthatGagn6proposedtohelpensure
effectivetraininginsimulators,aircraft,andallothermedia.

CONCLUSION

Thischapterhasprovidedanoverviewoftrainingsystemdesignanddevelopmentthatit
ishopedwill beusefultotechnicalmanagersinplanningandregulatingcivil training

delivery systems. It addressed training as a major concern of managers, because training
is essential to the safe and effective operation of all helicopters, as well as tilt-rotor and

tilt-wing aircraft, in the current and future national airspace. The problem of how to

ensure adequate training without overtraining or undertraining was addressed. A systems
approach to the processes and procedures of instruction that are thought to be the most

effective current means of evaluating, developing, and implementing alternative solu-

tions to instructional problems was presented. This can be done by determining instruc-

tional needs and priorities, by developing effective and efficient means of fulfilling needs,
by implementing solutions in a competent manner, and by assessing the degree to which
the output of the system meets the specified needs.

The Interservice Procedures for Instructional Systems Development (IPISD)

model, which was prepared for the U.S. Armed Forces by Branson and his colleagues at

Florida State University, was explained in some detail. IPISD is a five-phase model that

describes the functions necessary to analyze instructional needs; to design, develop, and

implement instruction; and to maintain quality control of instruction. Learning theory

and its application to flight training stressed the conditions of leaming as specified by
Gagnt. Gagnt's work was modified by Merrill to include the concept of mental models,

a useful heuristic in designing complex skill-learning programs.

Simulators were discussed in the context of virtual reality and situated learning
as a way of providing a performance-related context for training. Simulators were viewed

as an important component of any aircrew training program; however, the importance of
maintaining a systems view in dealing with training programs was noted. With the simu-

lator in its proper context, that is, properly used, learning processes -- cue development,
cue and response discriminations, generalization, and mediation -- were discussed. The

chapter was concluded with a brief discussion of how the information presented can be
used to conduct aircrew training.
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TRANSFER OF TRAINING AND
COST-EFFECTIVENESS

Daniel P. Westra* and Gavan Linternt

SUMMARY

A theory for evaluating simulator cost and training effectiveness is developed. Models

for expressing the relationship between training factors and the time required in the air-

craft, and for determining optimal cost-effectiveness are presented and illustrated. The

use of an exponential decay function, which directly expresses the assumption of dimin-
ishing returns to solve for the point of optimal cost-effectiveness, is defined and illus-
trated. A distinction is made between cost-effective simulator use and cost-effective

simulation, and a three-phase experimental process for investigating the many factors

that affect training and transfer of training is described. It includes simulator design

factors, simulator factor enhancement or augmentation, instruction factors, and optimal

simulator use. This three-phase process includes the use of performance experiments, in-

simulator transfer-of-training experiments, and field transfer-of-training experiments.

INTRODUCTION

Cost-effectiveness analysis (CEA) refers to methods whereby alternative means of achiev-

ing an end result, or a product, can be compared in terms of cost and effectiveness. For

our purposes, effectiveness means training effectiveness, which is measured by means of
appropriate performance criteria. More specifically, training effectiveness refers to the

proficiency level achieved by individuals as a result of their completion of a training
process. When applied to training effectiveness problems, CEA is sometimes referred to

as cost and training effectiveness analysis (CTEA), but we retain the term CEA for gen-

erality. The term proficiency is defined here to mean the ability, acquired through training

and practice and as a result of certain inherent characteristics, to perform at some certain

level on specified tasks. Proficiency level is determined by appropriate measures of per-
formance, which may range from paper and pencil tests to precise measures of control,

(e.g., hover) to instructor ratings of overall ability. Cost refers to the measurement in

dollars of the resources consumed during a training process.

CEA is a special case of systems analysis and cost-benefit analysis. It differs

from the more general cost-benefit analysis in that performance does not need to be val-
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uedindollars.Incost-benefitanalysisthealtemativeproductsarevaluedindollarsand
acost-benefitratioisobtained.Alternativesmaythenbecomparedinabsoluteterms
(dollars)bycomparingthecost-benefitratios.ThegeneralformofCEAinvolvescom-
parisonsofthecostsofthealternativesandthetrainingeffectivenessof thealternatives.
Thus,it actuallyinvolvesacostanalysis,whichcomparesthealternativesindollars,and
atrainingeffectivenessanalysis,whichcomparesthealternativesintermsofperformance
measurements.CEAdoesnot require that performance be valued in dollars, but it does

require that either performance or cost be held equal if a nonambiguous answer to the

question of which alternative is "best" is required. Holding performance between alter-

natives equal has been done classically in designed transfer-of-training experiments by

constraining performance such that proficiency is held equal; specifically, training to a
fixed criterion level on a transfer task.

It is assumed, in this regard, that the user of CEA desires to know which alterna-

tive is "best" from either a cost or training-effectiveness perspective. If neither cost nor

performance is held equal, an ambiguous result may be obtained. This is not necessarily

a problem, however, and may even be desirable in some circumstances. In this case a

figure of merit is provided, and the user then has a choice of more than one combination.
To illustrate an ambiguous result, consider that one outcome in a two-alternative com-

parison may be that alternative B costs more than alternative A, but that B produces

students with a higher proficiency level. That is, alternative B is "best" in terms of train-

ing effectiveness, but alternative A is "best" in terms of cost. To solve the difficulty, one

needs to place a value on the performance difference between A and B.

To illustrate this, assume a two-alternative comparison with the following
results:

Alternative Cost Proficiency level

A 10 7

B 13 9

The costs are in dollars and the proficiency levels are (arbitrary) averages for a

group of students. Assume that proficiency has been measured by a suitable metric which
could be, for example, a proficiency rating or the number of acceptable or better landings

in 10 attempts. Alternatives A and B are two different methods of training, that is, B is

not simply more A. Further, assume that the results shown are the only information

available. (Note that this would often be the state of affairs for a practical situation in

which data were gathered to compare two alternatives.) Thus, we do not know the rela-

tionship between costs and proficiency level for either alternative or for any other profi-

ciency levels.

In the above example, the results obviously do not provide a clear answer to the

question of which alternative is best. Alternative B costs more, but it produces a higher

level of proficiency. Given information about the nature of the performance measure-

ment, one could m_e an informed guess about which alternative would be the most cost-
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effectivewhilemeetingspecifiedtrainingrequirements,butmoreinformationisrequired
toreachamathematical solution. This necessary additional information would provide a

comparison of results for equal performance or equal cost.

There are four choices of where the comparison in terms of constants (values
held equal) could be made. We could compare costs at a proficiency level of 7 or 9 or we

could compare proficiency levels at a cost of 10 or 13. Suppose we wanted to make the

comparison at a proficiency level of 9. Then the additional piece of information we need

is the cost of the additional A-alternative training needed to produce a proficiency level

of 9. If we knew the relationship between the levels of A-training and performance we

could estimate this value. Suppose we have this information and obtained the following

where A 1 is the original alternative, and A 2 is an increased amount Of Al:

Alternative Cost Proficiency level

A 1 10 7

A 2 12 9
B 13 9

It is now clear that at a proficiency level of 9, A 2 is the most cost-effective

alternative relative to alternative B. Now, suppose that a proficiency level of 7 is accept-
able and, given the requirements of the training system, that it is only necessary to train to

this level. Then the "equal performance" comparison that is desired is at proficiency 7.

Again, suppose we know the relationship between the levels of alternative-B training and
performance, or that we have obtained empirical dam on specific levels of B and obtained

the following result where B 1 is the original alternative, and B 2 represents decreased
training using the alternative-B.

Alternative Cost Proficiency level

A 1 10 7

A 2 12 9

B 1 13 9

B 2 9 7

It is clear from the above that at proficiency level 7, B2 is the best alternative. Thus the

answer to the question of which alternative is best depends on the level at which profi-
ciency is held equal.

It should be noted here that the preceding discussion deals only with the case in
which distinct alternatives are considered, that is, the comparison of one method of train-

ing versus another. In a complex real-world environment, interest is more likely to center

on the optimal combination of training factors. In the above example, interest would

likely center on the combination of training alternatives A and B that would produce the
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mostcost-effectiveperformance.Thisisverymuchthecasewhentrainingdeviceswith
differentlevelsofcomplexity,realism,andcostarethetrainingfactorsunderconsider-
ation.

In practice,it is desirabletocollectperformanceandcostdataatvariousse-
lectedlevelsofthetrainingfactorsX1,X2..... Xnthatareofinterest.Thelevelsofthese
factorsarespecificallychosentomaximizetheinformationinadesigned experiment. In

an undesigned experiment, data are collected at the levels of the factors that exist natu-

rally or that have occurred as a result of changes to an existing system. In the latter case,

sources of confounding, which may exist if more than one factor has been changed, gen-

erally cannot be resolved statistically.

COST-EFFECTIVE ALLOCATION OF RESOURCES

Ideally, we would like to allocate all necessary resources to a training process in the most

cost-effective manner. In theory, we could do so if we knew the various relationships

between performance and the costs of training factors at different levels. It is worthwhile

to understand this theory, for it lends insight into the objectives and problems of cost-

effectiveness analysis. The theory assumes that we know (or can reliably estimate) the

training effectiveness of all combinations of training (input) factors. Further, it is assumed

that the ratio of costs for input factors is constant. For the sake of illustration, much of

what follows will assume only two training factors. For our purposes, one of these can be

considered training in the real task or aircraft, and the other can be considered simulator

training. Much of what follows draws heavily from String and Orlansky (ref. 1).

BUDGET-CONSTRAINT LINE

A budget-constraint line represents the combination of inputs that results in a constant

cost. There are of course an infinite number of possible budget-constraint lines, one for

each possible budget. In practice, however, one would be interested in only a limited

range of these. In the case of simulator training and aircraft training, there is essentially

only one budget-constraint line, although there will be different budget-constraint lines

for different simulator configurations.

Figure 1 illustrates three budget-constraint lines representing three budgets, C 1,

C 2, and C 3. Note that under the assumption of constant cost ratios, these lines will nec-

essarily be parallel. In the example shown, training factor 2 costs 1.5 times as much

as training factor 1, per unit of time. The training input factors have been labeled X 1 and

X 2 in accordance with the convention of the general linear model. Thus, they are appro-

priately viewed as factors within a model that relates their effects to performance. The

levels of the factors are in turn directly related to costs. For our purposes, assume that

training factor 1 is simulator training and that training factor 2 is aircraft training.
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Figure 1. Budget-constraint lines.

PRODUCT ISOQUANTS

Product isoquants are defined here as the contours of equal performance across the range
of interest for the training factors. They may be described as the combinations of training
factors that result in equal performance. In theory there are an infinite number of these
isoquant lines, but in practice we would generally be interested in only a limited number
of them within a few categories of performance. In any case, it must be noted that they
are theoretical until verified empirically.

Product isoquants are illustrated in figure 2. It should be noted that in theory
product isoquants can take a variety of shapes; the lines drawn in figure 2 show a charac-
teristic called continuous convexity. This characteristic is consistent with the results pub-
lished in the literature in many instances and is consistent with the expectation for many
training factor environments, that of diminishing returns. That is, as we apply more and
more of a given factor beyond some nominal amount, we get less and less additional
training-effectiveness benefit.
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Figure 2. Product isoquants.
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Whenaproductisoquantshowscontinuousconvexity,therewill beaunique
pointoftangencybetweenit andabudget-constraintline.Thatpointoftangencygives
thecombinationoftrainingfactorsthatminimizescostforthatspecificlevelofperfor-
mancedefinedbytheproductisoquant.Atthepointoftangency,thereisnootherequal-
costmixthatwill resultinahigherleveloftrainingeffectiveness,andthereisnoother
combinationoftrainingfactorsthatwill resultinthesameleveloftrainingeffectiveness
atanequalorlowercost.Thiscanbeseeninfigure3whereanexampleisgivenforthe
trainingfactorsof simulatorandaircrafthours.Thedataforthishypotheticalexample
aregivenintable1.

Table1.IllustrativeCombinationsofSimulatorandAircraftHours

Combination Simulator Aircraft Costa Performanceb
hours hours

0.0

2.0

4.3

7.5

11.0

7.3

4.0

1.3

0.5

0.4

$1095

800

625

825

1160

90

90

90

90

90

aSimulatorcostat$100/hr;aircraftcostat$150/hr.
bArbitraryequal performance value, which is assumed to be a criterion level.
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Figure 3. Point of budget-constraint line and product isoquant
giving point of optimal cost-effectiveness.
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This observation allows us to see that at the point of tangency (fig. 3), the slopes
of C and P are equal. At this point, the rate of substitution -- which is the rate at which

training-factor unit times can be substituted for each other without affecting performance

-- is equal to the ratio of the costs of the training factors. Note that the theory of dimin-
ishing returns dictates that this rate change along the range of the factors. (If it did not,

product isoquants would be represented by a straight line, and the substitution ratio would

be a constant.) The average substitution ratio over a limited range and in discrete terms is

what Roscoe calls the incremental transfer effectiveness ratio (ITER) (ref. 2), and the plot

of these over the range of interest for the training factors would represent the incremental

transfer function (ITF). To keep matters straight, the term substitution ratio (SR) will be

reserved to refer to a point value, and the term ITER will refer to the discrete analogue of
the substitution ratio.

The fact that the rate of substitution at the most cost-effective point is equal to

the ratio of costs can be used to define some relationships mathematically. Specifically,
at the optimal cost-effective point,

SR = - C1/C 2 (1)

where C1/C 2 is the ratio of unit costs (e.g., an hour of training time) for training factors
X 1 and X 2. (Note that the negative sign reflects the slope direction.)

The ITER may be referred to as the discrete form of the substitution ratio,

ITER = (X2,t_ 1 - X2,1) ] (X1, t- Xl,t_l) (2)

where X2, t is units of factor X 2 at measurement t, and X1, t is units of factor X 1 at
meaturement t.

The ITF presents a plot of ITERs along a product isoquant for suitably small

units of measurement t. (It should be noted that the sign of the actual slope has been
reversed in this formulation. This was done to create positive values of the transfer ratio

to represent positive transfer; it presents no problem in the analysis.) The significance of
this is that if the ratio of costs is known, if the general form of the ITF is known, then the

point of optimal cost-effectiveness can be estimated. In practice, this relationship would

generally have to be estimated from data. However, unless this relationship is known, or
can be reliably estimated, the most cost-effective combination cannot be determined.

Further, a single optimal combination cannot be determined unless continuous convexity

is present. Continuous convexity will be referred to herein as the assumption of diminish-

ing returns. However, it cannot be overemphasized that this assumption is just that, an
assumption. Whenever possible, of course, one should draw conclusions from data, rather
than make assumptions.
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MEASUREMENT OF TRAINING EFFECTIVENESS

In the preceding section, it was suggested that training effectiveness can be measured in

a variety of ways, but that to ensure an unambiguous answer to a cost-effectiveness analysis

problem, training effectiveness must be held equal. (Costs may also be held equal, but
our focus here is on training effectiveness.) What follows are descriptions of historical

attempts to measure training effectiveness in meaningful ways that also accommodate

cost comparisons. Though it is important to understand that cost-effectiveness cannot be

determined if performance is not held equal, it is not strictly necessary to constrain per-

formance in a transfer-of-training experiment by means of trials-to-criterion measure-
ment. In fact, there are advantages to not constraining measurement by transfer testing

only to criterion, for more information can be obtained on transfer performance. How-
ever, if cost-effectiveness is to be determined, there must be a way to obtain trials-to-

criterion equivalency data. This can be done by having experts determine when an ac-

ceptable performance level has been obtained, and then using that information to extract
trials-to-criterion data.

Percent Transfer

Percent transfer is a measure of the amount of training required to reach criterion perfor-

mance by an experimental group relative to a control group. The traditional experimental

design paradigm for testing training effectiveness is illustrated in table 2.

Table 2. Illustration of Transfer-of-Training Experimental Paradigm

Training factor A Amount of training Transfer task

Group 1 (experimental) E YE

Group 2 (control) None YC

Notes: E is some value of time or the number of trials chosen by the experimenter; YE is
performance on the transfer task by the experimental group; YC is performance on the transfer task
by the control group.

If performance on the transfer task is measured in terms of time to criterion, then

the percent transfer of the experimental group relative to the transfer group is given by

Percent transfer = (Yc - YE) (100) / YC (3)

Thus, for example, if it takes the experimental group half as long to reach the

criterion as it takes the control group, then the percent of transfer is 50%. If there are a

number of experimental groups, each training in the simulator for a different number of

trials, the percent-transfer values would provide a relative comparison of the amount of
time saved on the transfer task. This measure does not take into account the amount of
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time(orcost)thatwasrequiredtotraintheexperimentalgroupandthushaslittlevaluein
CEA.

However,it isinstructivetoconsiderperformance-measurementissuesrelative
tothismeasuresincetheimplicationscarryovertomoreusefultransfereffectiveness
metrics.First,notethatmeasurementofperformanceonthetransfertaskisdescribedin
termsof timeor trialstocriteria,whichconvenientlyconstrainstheresultsto"equal
performance."With"equalperformance"onthetransfertaskestablished,all thatre-
mainsis todeterminethecostof thealternativestodeterminethemostcost-effective
alternative.

If performanceonthetransfertaskisnotmeasuredintermsof theamountof
resourcesconsumedtocriterion,theinterpretationoftheresultisaffected.In fact,the
usualinterpretationofpercent-transferandoftransfer-effectivenessratiosisdependent
onthislevelandtypeofmeasurement.It isimportanttonotethatunderthedefinitionof
thismetric,andunderthegeneralideaof trialsor timetocriterionasaperformance
measurement,thetransfer task is also a training factor in the sense that "training" on the

transfer-task device (e.g., the aircraft) takes place as an integral part of the transfer-of-

training paradigm. Thus, we properly speak of performance on the transfer task as the

dependent variable, and training on the transfer-task device as a training-factor level within

a general model of cost-effectiveness. Strictly speaking, these measures, which constrain
performance, are not dependent measures in the usual sense, but rather are indications of

the level of training on the transfer factor for specific performance conditions. This will

be seen more clearly when we look at the relationship between the general linear model
and the substitution ratio.

Transfer-Effectiveness Ratio

The transfer-effectiveness ratio (TER) relates the time saved on the transfer task relative

to the time spent on the training factor. This is defined by the following relationship:

YC - YE
TER = (4)

XE

where

YC is the time for a control group to reach the performance criterion on the
transfer task

YE is the time for the experimental group to reach the performance
criterion on the transfer task

X E is the time on the training factor task for the experimental group

The transfer-effectiveness ratio may be computed over levels of the training

factor, in which case it is called the cumulative transfer effectiveness ratio (CTER) by

Roscoe (ref. 2). The TER provides a measure of the rate at which the time for a training
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factorcanbesubstitutedforthetimeonthetransfertasktoreachthecriterionacross
levelsofthetrainingfactor.TheTERisaspecialcaseof theITERinwhichtheratiois
computedrelativetoacontrolgroup.

GeneralForm of the ITER

ThelTER can beexpressedin the moregenerai Arm

X2,t-k- X2,t
ITER =

Xl,t-Xl,t.k

wh_e

(5)

X 1 is time on training factor X 1

X 2 is training time on transfer factor X 2 to reach criterion

t is the t th measurement point

k is a range incrementer such that t-k gives the range over which the
ITER is calculated

Percent-transfer, the TER, and the CTER are thus seen to be special cases of the

ITER as formulated in equation (5). A measure attributable to Diehl and Ryan (ref. 3),

which they call the flight substitution ratio, is also a special case of the ITER.

RELATIONSHIP BETWEEN THE GENERAL LINEAR MODEL

AND THE SUBSTITUTION RATIO

The general form of the model relating performance Y to training factors can be given by

the general linear model

where

Y = I.t0 + B1X 1 + B2X 2 +... BnX n + e (6)

X1, X2,...,Xn

Bl, i= l,n

gO

e

represent training factors at coded levels, and may include com-

binations of training factors in the case of nonlinear or nonad-

ditive relationships (e.g., X n = X21 ; X n = Xn_ 1 (Xn_2))

are coefficients that relate the factors to performance

is the intercept with the y-axis at the origin

is the error or difference between the fitted model and the data
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Wehavebeenprimarilyconsideringthecaseof twoinputfactorsor training
factors X 1 and X 2, one of which is also the transfer factor. We have been designating the

transfer factor as X 2 and will henceforth label it X T for clarity. Thus, to model this
relationship we first entertain the model

Y = I.tO+ BIX1 + BTXT + e (7)

We have earlier indicated that the theory of diminishing returns will often be in

effect with regard to continued training on training factors. As a result, it is almost cer-

tainly the case that we will require additional polynomials of the training factors to model
the relationships, but this consideration is set aside for the moment.

In cost-effectiveness analysis we are interested in relating the utilization of the

transfer factor XT to the training factor X 1. As described previously, we can do this if we

know or can estimate the equal performance contours of the response surface that results

from the various combinations of XT and X 1. Under conditions of equal performance,
the Y values of equation (7) become a constant. Thus,

Yk = ltt0 + BIX1 + BTXT + e (8)

where Yk represents constant values of Y at some level k. We may then write,

-BTXT = !10 -Yk + 131X1 + e (9)

Since Yk is a constant, its addition to or subtraction from the equation does not

affect the estimation of parameters or the form of the relationship between X 1 and XT. If
the form of the relationship between XT and X 1 is typically a negatively decelerated one,

then we must posit the addition of a polynomial term or terms to the model of equation

(9). Note that if model (9) were to stand, the relationship would be a simple linear one,
and the substitution ratio would be a constant. Adding square and cubic terms we have

-BTXT = i-to + B1X 1 + B2X2 + B3X3 + e (10)

where la0 = I.t0 - Yk. It is believed that equation (10) may adequately represent the
relationship between X T and X 1. Other models could also be proposed to represent this

relation'ship. In particular, one might posit an exponential-decay-type model to express

the diminishing-returns assumption directly. The exponential-decay model has some

advantages and will also be developed. However, representing the relationship as a form

of the general linear model also has advantages, primarily its ease of use with readily
available standard regression programs.

Now since we wish to relate X 1 to unweighted units of XT - _q- = 1. Thus

X T = _ + B1X 1 + BzX2 + B3X] + e (11)
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andwehaveamodelthatexpressesperformanceintermsoftherelationshipbetweenthe
transferfactorandatrainingfactor.Thedifferentialofequation(11)withrespecttoX1
givesthesubstitutionratioatX1.Themodelcaneasilybeexpandedtoincludeadditional
trainingfactorsasnecessary.

Thesequencefromequation(6)to(11)illustratesthemathematicalrationalefor
relatingthetransferandtrainingfactorsundertheequalperformancecondition.It also
providesamathematicalrationaleformeasuringtrainingeffectivenessintermsoftrials
orofthetimetoreachcriteriaonthetransfertask.Doingso,convenientlyconstrainsthe
resultstoequalperformance,andallowstheresultstobeexpressedintermsoftherela-
tionshipbetweentransferandtrainingfactors.It shouldbenotedthatmodel_11)is
specifictothelevelof performancethathasbeendefinedduringmeasurementasthe
criterion.Intheory,thereisamodel(11)foreachlevelofperformance,andtherelation-
shipsdescribedbythemodelmaybedifferentfordifferentlevelsofperformance.

Themostlikelyalternativetothegenerallinearmodelforthesekindsofdata
wouldbetheexponentialdecayfunction,whichforasingleparametertakestheform

XT= B0expB1X1 (12)

whereB0is theamountofXT trainingrequiredwhenX1--0.

Theadditionofaconstantccompletesthemodel.(Aswrittenineq.(12),c is
assumedtobe0.)Theconstantcmerelyshiftsthemodelupordownontheordinateand
doesnotaffecttheformoftherelationship.AfinitevalueofcrepresentsthatvalueofX1
beyondwhichnofurthersavingsinXToccurs.In thiscasetheamountofXT training
requiredwhenX1=0isalsoestimatedby_ +c.

Thismodelisnonlinearbecauseitcannotbewritteninaformthatislinearinthe
parameters,thatis,amodelinwhichtheXnareknownforeachmeasurementandarenot
functionsof theBn. Therearesomeadvantagestothistypeofmodel,oneof whichis
increasedparsimony.Forexample,fittingthismodeltodatawouldinvolvetheestima-
tionofthreeparametersratherthanthefourrequiredwhenacubicregressionmodelis
fittedtothedata.If estimatesof130orcorbothareavailablefromthedata,andif these
arethenfixed,onlyoneortwoparameterestimatesarerequiredwhenfittingthemodel.
Anotheradvantageis thatthismodelexpressestheassumptionof diminishingreturns
directly.Thusit impliessomethingofthenatureoftherelationshipwhichmaybedesir-
ableanduseful,particularlywhenlimitedinformationregardingtheempiricalrelation-
shipisavailable.Theuseofthismodelwillbeexploredandconsideredinmoredetailin
theillustrationsthatfollow.

Bickleyderivedthismodelanalyticallyasamodelsuitableforcost-effectiveness
analysisanduseditsuccessfullyinstudyingtransferfromasimulatortotheAH-1helicopter
withapplicationtoanumberoftasks(ref.4). Hederivedthemodelbynotingthatunder
thediminishing-returnsassumption,it is reasonabletoassumethatasX1increases,the
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rateatwhichXTdecreasesisaconstantproportionofXT- c. Thisrelationshipcanbe
representedasalineardifferentialequationwhich,whensolved,yieldsthesolutionin
equation(12).

OPTIMALCOST-EFFECTIVENESS

Ithasbeenshownthatthepoint of optimal cost-effectiveness for a given level of perfor-

mance is that point at which the ratio of costs for the training and transfer factors is equal

to the substitution ratio for the factors. If the form of the relationship between factors is

represented by a model such as (11), the model may be differentiated with respect to the

training factor to determine the rate of substitution at a specific level of training factor.
Differentiating equation (11) gives

d(X T) (13)
= 1]1 + 2B2X 1 + 3113X2

dX 1

and differentiating equation (12) gives

d(XT) (14)
= 110131exp 131X1

dX 1

These expressions are simply continuous forms of the ITER given in equation (5). If the

measurements "t" referred to in equation (5) are taken in suitably small increments and if
k is 1, the ITER function approximates the differential functions.

Assuming that the ratio of unit costs of the training factors is constant, we need

only set that ratio equal to the differential function and solve for X 1, which will give the

point of optimal training effectiveness. The cost ratio is given by the slope of the budget-
constraint line. Thus,

CSL = 111+ 2132X1 + 3113X] (15)

and for the exponential decay model,

CSL = 1101]1 exp 1]1X1 (16)

where CSL is the slope of the budget-constraint line.

Thus, if the form of the relationship between the transfer and training factors is
known, or if it can be estimated from data, and if the costs per unit of the factors are

known, computation of the optimal cost-effectiveness point is a relatively simple matter;

it is accomplished by solving either equation (15) or (16) for X 1. Equation (15) is solved

by the use of the quadratic formula. (There will be two values that satisfy the equation,
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butonlyonewillapplyundernormalconditions.)Thesolutionfortheexponentialdecay
modelis

X1= [ln(CsL / b0bl) ] / b 1 (17)

where b0 and b 1 are estimates of 80 and I]1, respectively.

The slope CSL is equal to - C1/C T where C 1 is the cost of a unit (such as an

hour) of the training factor, and CT is the cost of a unit of the transfer factor. In terms of
the ITER,

C_.._1 = XT, t. 1 - XT, t (18)

CT Xl,t - Xl,t_ 1

within the increment of optimal cost-effectiveness.

Simplification of the Exponential Decay Model

The exponential decay model may be transformed to simplify it into a linear form. Tak-

ing natural logarithms of equation (12) we have

ln(X T- c) = ln1] 0 + 1]IXI (19)

which is in the form of the general linear model if we set X T = ln(X T - c) and 110= ln130:

_[T -- 1_0+ 111X1 (20)

The use of this simplified model does require an independent estimate of the

value of c (the point beyond which there is no additional savings in the aircraft training),

and this value must be subtracted from the X T values before the transformation is made.

When the model is fitted with a regression program, the estimated values b0 and b 1 will

be obtained. The natural antilog of b0 is then taken to give b0, and the values b0 and b 1
may be entered into equation (17) to solve for the point of optimal cost-effectiveness.

Note that equation (20) itself cannot be solved algebraically for the point of optimal cost-

effectiveness since the differential yields a constant. However, it could be solved by

means of numerical methods by using the model to predict the performance isoquant in

values transformed back to the original scale. The estimate of the value of c can be

problematical. It must be constrained such that (X T - c) > 0 for all values of X T, and

probably should be constrained such that (X T - c) > 0.05, the latter in order to keep the

model within realistic bounds. It should be noted that modeling will not work well when
the data do not show reasonable evidence of stability or, in the case of the exponential

decay model, if they do not show reasonable evidence of diminishing returns within the
range of interest. In these cases, one should not go beyond the data in attempting to

determine the point of optimal cost-effectiveness.
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A Hypothetical Experiment

Suppose that an experiment has been performed with data collected at 15 combinations

of X T and X 1 with the results shown in table 3. (In practice, of course, there would

generally be only three or four of these combinations available.) The data shown in table

3 are plotted in figure 4. These results show the characteristics expected under the dimin-
ishing-returns assumption, that is, as more hours of simulator time are added, there is

proportionately less savings in aircraft time. The ITER's for these data are also given in
table 3, giving the average substitution ratio over the 1-hour simulator increment.

Table 3. Sample Data for Hypothetical Experiment

Aircraft

ta X T, hr

1 8.20
2 6.40
3 5.00
4 4.10
5 3.20
6 2.60
7 2.00
8 1.60
9 1.40

10 1.20
11 1.10
12 1.00
13 0.90
14 0.85
15 0.80

Simulator

X I, hr ITER b

0
1 1.80
2 1.40
3 0.90
4 0.90
5 0.60
6 0.60
7 0.40
8 0.20
9 0.20
10 0.10
11 0.10
12 0.10
13 0.05
14 0.05

a t denotes the tth measurement combination.

b Incremental transfer effectiveness ratio.
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Figure 4. Plot of sample data given in table 3.
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Assumethatsimulatortimecosts$100/hrandthataircrafttrainingtimecosts
$150/hr.Thentheslopeofanybudget-constraintlineisgivenby

(-100/150)=-0.67

andthepointofoptimalcost-effectivenessisgivenbythepointatwhichthesubstitution
ratioisequaltothecostratio.IntermsoftheITER,thesignofthebudget-constraintline
isreversed,anditcanbeseenintable3thatthevalue0.67liesintheincrementfrom4to
5hoursof simulatortime.If theaircraftcost4timesasmuchasthesimulatorperhour,
givingacostratioof0.25,theoptimalcost-effectivenesspointwouldlieintheincrement
from7to8hoursofsimulatortime.It shouldbenotedthatinthisexampleincremental
transfereffectivenessisgreaterthan1.0forthefirst2hoursin thesimulator.Thisisnot
merelyhypothetical:trainingonahigh-levelsimulatorthatfully supportsthetraining
taskmaybemoreefficientthan training in the aircraft if, for example, more trials per
hour can be run in the simulator, or if instructional strategies used during simulator train-

ing result in increased efficiency (see, for example, ref. 5).

A Real World Example

It is unlikely that in practice data would be available at the level of detail given in table 3.

It is much more likely that data would be available at only a few of the levels given in the
earlier example, and we would simply not know whether the range of data available

covers the range of interest. If the data came as the result of a single historical change,

there would be data available on only two combinations of training factors. In practice

then, our ability to model the data to the point of being able to accurately estimate the

point of optimal cost-effectiveness would be severely restricted. In the case of only two
training factor combinations, "modeling" breaks down into a simple comparison of the

alternatives.

One of the best examples of a transfer-of-training experiment that provides data

that can be used to determine optimal use of a flight simulator is attributable to Povenmire

and Roscoe (ref. 5). (Bickley also provides excellent data and utilizes this method (ref.

4).) The data also provide an example of diminishing returns in practice. In the experi-
ment, students trained for 0 (control), 3, 7, and 11 hours in the simulator and then were

trained to criterion in the aircraft. The results are plotted in figure 5. These data were

fitted to the exponential decay model by Bickley (ref. 4), which resulted in the following
estimated model:

X T = 6.7 exp (-0.397X1) + 37.6

This information tells us that 44.3 hours are required, on average, in the aircraft

to reach the criterion (6.7 + 37.6) when there is no simulator training; that 37.6 hours of

aircraft training are required even if a very large number of simulator hours are run, and

that the maximum number of aircraft training hours that can saved by simulator training

is 6.7. Differentiating gives
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d(XT)
- 6.7 (-0.397) exp (-0.397 X1)

dX 1

Setting the result equal to the ratio of costs and solving for X 1,

X 1 = In [(- C1/CT) / (-2.66)] / (-0.397)

Thus, if the cost of the aircraft is twice that of the simulator (C1/CT = 0.05), then X 1 = 4.2

hours, the point of optimal cost-effectiveness. If the aircraft cost per hour is 10 times that
of the simulator per hour, then X 1 = 8.3 hours, etc.
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Figure 5. Plot of data given in Povenmire and Roscoe (ref. 5).

It should be noted that the methods described here are applicable to multiple

levels of a training program. For example, they may be used to determine the optimal use

of a part-task trainer, of a procedures trainer, or of computer-based training. In the case of

computer-based training, the methods could be used to determine the optimal use in place
of academic training or procedural training or both.

Types of Prediction Models

In theory, a variety of prediction models could be used to model the relationship between

training and transfer factors. The general linear model is attractive because of the

availability of computer programs and the relative ease in fitting the model. Another

advantage is that the model is easily expandable to include multiple training factors. The

exponential model is also expandable, but not so easily. The disadvantages are that if a

cubic model is required, four data points are required to fit the model (three for a quadratic
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model),whereasonlythreearerequiredfor thedecaymodelif B0 canbeestimated
separatelyandfixed.(Thisisstronglyrecommended,andinthiscasesetB0=_0- c
whenfittingthemodelwhere20istheestimateoftimetocriteriononthetransferfactor
whenthereisnosimulatortraining.)Theexponentialmodelisdefinitelypreferable
theoretically,forit directlyexpressesthediminishing-returnsassumption.Althoughnot
asreadilyavailable,computerprogramsareincommonuseforfittingnonlinearmodels
(e.g.,ref.6). Theexponentialmodelisalsolikelytoperformbetteratthelimitsof the
rangesofthedata.Thepresenceinthegenerallinearmodelofhigher-orderterms,which
acceleraterapidly,tendstomakethemodelunstablenearthelimitsoftherange.

Limitations of Prediction Models

Models that are derived by fitting obtained data are no better than the data that are avail-
able. Thus, all the flaws that may be present in the data in terms of inaccuracies and

confounding will also be present in the model. Generally, models that have been fitted to

obtained data predict performance within the range of the obtained data much better than

they predict performance outside the range. Caution must also be exercised with the

decay model when the estimated values of 1]1 become very large. This happens, for
example, when the training time data are flat, which results in the fitting of a "square"

curve. For example, if the data showed that 6 hours of aircraft time had been saved after

10 hours in the simulator, and that no further savings accrued after 15 and 20 hours, use of

the decay model would predict that most of the savings had been realized very quickly.
However, we have no information about the function between 1 and 10 simulator trials,

and this is where the "action" is occurring in terms of the functional relationship. In this

case, more data would be suggested rather than dependence on the model. Bickely gives

several examples of this occurring with real data for the AH-1 helicopter simulator

(ref. 4).

COMPREHENSIVE EVALUATION OF

SIMULATION COST-EFFECTIVENESS

In a modern flight simulator there are many systems and subsystems or elements (factors,

in experimental design terms) that affect the cost of the simulation, as well as the fidelity,

both physical and functional, of the total simulation. There are also generally a number

of tasks taught in the simulator that may or may not have overlapping task elements, and

that may transfer to the real task in varying degrees. The issues of multiple tasks and

multiple simulator factors require separate consideration. Performance is generally task

specific, so tasks must be considered individually. Bickley did this for the AH-1 helicop-

ter flight simulator and found that transfer of training ranged from near zero to near 100%

for a variety of tasks. An optimal amount of simulator training time should be computed
for each distinct task; the total optimized training cost for all tasks is then simply the sum

of the costs for each task that is taught and trained.

It is helpful to distinguish between cost-effective use of a simulator and cost-

effective simulation. The preceding material deals with the determination of cost-effective
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simulatoruse,givenaspecificsimulator,althoughsimulatordesignfeaturescouldbe
includedin the cost-effectiveness analysis model. However, in terms of cost-effective

simulation, the many possible design factors are better considered under the strategy
defined below. A cost-effective simulation may be described as a simulation that provides

the cues and feedback that are necessary to support training for a particular task or set of

tasks at the lowest cost. Note that in some instances it may be possible to enhance or

augment specific cues and to get the same or even better effect than by utilizing more
expensive display options.

The issue of the multiple simulator factors that affect performance, training,

transfer, and ultimately cost-effectiveness is not so easy to deal with. Conducting a large

number of transfer-of-training experiments for a variety of simulator factors is generally
impractical. Time and cost would make such an approach prohibitive. However, ap-

proaches have been suggested that provide for economic experimental evaluation of a

number of simulator factors. In particular, Westra et al. propose a three-phase process for

determining cost-effective simulation and training (ref. 7). The three phases involve per-

formance experiments, in-simulator transfer-of-training experiments, and true (field) trans-

fer-of-training experiments. Each phase serves as a screening function for the following

one and makes use of economical multifactor design strategies to whatever extent pos-
sible. Figure 6 presents this strategy in flowchart form.

Simulator equipment
and display variables;
e.g., motion, g-seat,
field of view, scene-

feature fidelity

Performance
experiments

Efficient
multifactor

screening
experiments

Refinements

of procedure,
performance
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Screened simulator
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Instructional
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task chaining
training time

In-simulator
transfer of

training
experiments

Refinement of
instructional

procedures,
performance
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Field transfer-

of-training
experiment

!Transfer

e re,f:  veness

experimental findings, ]

nontrainingissues "1 _i_!_YrtS::_on hess

Figure 6. Summary of research program to efficiently obtain experimental

results for simulator training system design.
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Performance Experiments

Performance experiments do not involve the transfer-of-training paradigm; instead they
involve the testing of experienced pilots in the simulator under various design conditions
or options. Generally, these conditions and options are cast in the form of simulator
factors that are set at two levels, one low and one high, that usually represent differences

in fidelity and cost. The low level then represents a relatively low-cost alternative but
one within a feasible range that may be the level in a current operational flight trainer.
The high level of the factor is usually an enhanced or higher cost version. For example,
for the visual factor TV line rate, the low level and lower cost version would be the
standard 525-1ine rate available with off-the-shelf components, and the high level might

be a much more expensive 1025-line rate visual display. The higher line rate would give
higher resolution, but that level of resolution might not be necessary to support the re-
quired performance or training. In this case a null finding at this stage would eliminate
the factor from further consideration. On the other hand, a positive finding would indi-
cate that the factor should be studied further, perhaps with a third level to further define
the performance function.

Performance experiments are much cheaper to conduct than transfer-of-training
experiments, particularly if within-subject designs are utilized. They are also well suited
for the application of economical multifactor experimental designs so that a properly

conducted experiment can yield a wealth of information at relatively low research cost.
The use of performance experiments as screening devices does require a key assumption:
factors that make no difference on performance in the simulator will not make a differ-
ence in transfer of training. This assumption is reasonable and is generally supported by
the results of studies reported in the literature, although there are exceptions. If there is
any question, a very high cost factor, such as a motion platform, should also be included
in the next stage of research, even if the effect on performance is nil.

Another advantage of performance experiments is that performance does not

need to be held equal in order to make initial screening judgments regarding the cost-

effectiveness of various similar design factors. Thus the experimental model is the usual

general linear model (e.g., (6)), which relates performance to the experimental factors.
This allows a much simpler and direct expression of the effects, compared with the non-

linear exponential decay model, when determining optimal cost-effective use of the simu-
lator, although the equation (6) model itself can get quite complicated when multifactor

designs are used. A final and important consideration in the use of performance experi-

ments is that they may be viewed as a form of backward transfer when experienced pilots

are used. Cross discusses this idea at length and notes that in this perspective, results can

be used not only to screen factors for transfer-of-training experiments, but to determine

simulator problem areas (ref. 8). This generates a great deal of information for use in

determining what needs to be done to improve simulation in those areas where there

appear to be shortcomings in simulator support for training real-world tasks.

In-Simulator Transfer-of-Training Experiments

In-simulator transfer-of-training experiments are recommended for the second stage of

the research process to determine the cost-effectiveness of simulation and training.
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In these types of experiments, which utilize the transfer-of-training paradigm, pilots new
to the task are trained in the simulator under various conditions, and then tested under a

high-fidelity test condition in the simulator. This stage is more expensive to conduct than

performance experiments, since within-subject designs cannot be used, but still costs less

than experiments involving testing in the aircraft. Economical multifactor designs can

also be used to hold down the cost of research while yielding a great deal of information.

In this stage also it is not necessary to hold performance equal (train to criterion) in the
transfer test phase in order to make decisions about the effect of these factors.

There are a number of other arguments in favor of these kinds of experiments,
although it must be noted that they are useful only if it is assumed that simulator training
will have a positive transfer to the aircraft. Generally, this is a reasonable assumption,
considering the wealth of data that show the positive benefits of simulator training. In-
simulator experiments can be used to further screen variables and to define levels of
variables for field experiments. Experimental control is better in the simulator, and the
extent to which performance can be measured in the simulator is virtually unlimited; on
the other hand, many performance measurements can be difficult or even impossible to
make in the aircraft. Another major advantage of in-simulator experiments is that in-
structional methods or factors can be investigated in a relatively low-cost manner. In-
structional issues have proved to be important in the use of the simulator. This is even
more important when it is considered that instructional techniques that enhance training
may often be incorporated into the training system at little or no cost. Advantageous
instructional methods may maintain the level of transfer effectiveness or even enhance
transfer effectiveness while reducing simulator training time. Backward-chaining for the
aircraft carder landing task is an example of this (refs. 9, 10).

Field Transfer-of-Training Experiments

The final phase of the research process of determining optimal training cost-effectiveness
involves a field transfer-of-training experiment. This of course involves the traditional
transfer-of-training paradigm which is the subject of the initial section of this chapter. It
is this final phase that determines the bottom line for simulator design, instruction, use,
and cost issues. It should be noted here that it is not strictly necessary to use training-to-
criterion as a performance measurement method in order to determine the optimal cost-
effective use of the simulator. However, if this is not done, that is, if the subjects perform
a fixed number of trials in the aircraft, it must be made certain that the subjects will
achieve the criterion in the fixed number of trials, and that there is an accepted method for
determining when the criterion has been reached. Using a fixed number of trials under
these conditions is actually preferable to using trails-to-criteria. The data will not only
contain information necessary to determine the optimal cost-effective use of the simula-
tor, but will contain additional performance data which will allow a more sensitive and

detailed investigation of transfer performance, irrespective of costs.

Economic Multifactor Design

It is beyond the scope of this chapter to present the mathematical and logical bases for the

economy that is achieved when the procedures advocated by Simon (refs. 11, 12), and

others (refs. 13-15) are followed. However, a very brief discussion of some of the key
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ideasandmethodsisinorder,forthereisnoothereconomicalmeansofinvestigatinga
largenumberoffactors,andtheresearcheconomythatcanbeachievedisremarkable.
Theprocessinvolvestheuseofacollectionofproceduresandtoolsthatproceedfroman
initialscreeningof allthefactorsof interestto thedefinitionof responsesurfaces.It
shouldbenotedthatthewordscreening in this context has a different meaning than it

does in the three-phase process presented above. In that situation, screening refers to the

process of considering variables for inclusion in the transfer-of-training experiments. In
this situation, screening refers to the process of considering variables for inclusion in the

next step of the process to define the complete response-surface relating performance to

experimental variables. It is in the screening phase that the greatest economy can be

obtained through the use of fractional factorial experimental plans, particularly if the

number of factors to be investigated is large.

In the context of the three-phase program defined above, an initial multifactor

fractional factorial performance experiment may provide most or all of the information

necessary to move on to the transfer-of-training phase. In this respect, the primary tool

for executing a screening design is a carefully selected fraction of a full factorial. For

example, consider the case of 11 factors whose influence on the training process we wish
to investigate (11 factors would not be an unusually large number for a full mission flight

simulator). Execution of a full factorial for this situation would require 2,048 conditions
if each factor is set at two levels. However, much of the information obtained would be

on the higher-order interactions, most of which would be negligible. On the other hand,

we could select 64 of these conditions (1/32 of the full factorial) in such a way that all 11
main effects could be estimated independently, both of each other and of two-way inter-

actions (ref. 14). Under the assumption that three-way and higher-order interactions are

negligible, all the main effects and two-way interaction strings could be eliminated. Such

a design is feasible, particularly within the context of a within-subject performance ex-
periment.

There are benefits to be derived from a design like this that are in addition to the

potentially large gain in economy. The results are more generalizable because they have
been obtained across a wide range of conditions. Most estimates of effects are free of

contamination from most within-subject trend or learning effects as an inherent charac-

teristic of the design (refs. 16, 17). Another beneficial result is that an ordered list of

factor effects is obtained. This result is useful in determining the operational significance

of effects and, typically, provides information that is difficult if not impossible to con-

struct when a number of separate experiments are performed. This is because different

experiments are rarely done under the same conditions. When relative magnitudes of the

effects obtained in the same context are seen along with the percent-variance-accounted-

for in a situation in which the important factors that influence performance are operating,

a much more accurate indication of the practical significance of the effect is obtained.

Examples of the Method

The progression through performance, quasi-transfer, and transfer studies, and the use of

economical multifactor designs are independent research strategies that have been corn-
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bined in flight simulation research. Westra used a fractional factorial design to examine
six simulator factors, including scene type, in a performance study of air-to-ground at-
tack (ref. 18). Scene type had a significant performance effect. The study reported in
reference 18 was followed by a quasi-transfer-to-training experiment by Lintern el al. in
which scene content was again shown to be important (ref. 19). The final study in this
series was a transfer study in which there was no evidence of a scene-content effect, but in
which there was evidence of positive transfer (ref. 20). The data from the transfer study,
which provided the final test of scene type, led to the conclusion that minimally detailed
scenes resulted in substantial transfer-of-training for this task. In addition, this experi-
ment showed that the most substantial transfer gains were produced by the first 24 train-
ing runs on the bombing task, and that there was relatively little benefit from further

simulator training.

A similar strategy has been used to examine the effectiveness of different simu-
lator features for teaching landings to beginning flight students. Lintern et al. (ref. 21)
and Lintern and Koonce (ref. 22) used multifactor designs to examine quasi-transfer ef-
fects. The factors tested in those studies were selected on the basis of performance studies
reported by others, thus avoiding the need for the first step. Scene-content and aug-
mented information factors showed significant quasi-transfer effects. Scene content was
subsequently shown to have an effect on transfer (Lintem, G.; et al.: Transfer and Quasi-
Transfer Effects of Scene Detail and Visual Augmentation in Landing Training. Submit-
ted to Human Factors, 1994). Again, in this series of studies, the progression through
performance, quasi-transfer, and transfer studies that incorporated the multifactor de-
signs led to important conclusions about the simulator design features that facilitated
training transfer.

Costs

It has been generally assumed throughout that cost data would be provided to the re-
searcher conducting the analysis, and it is beyond the scope of our purpose here to con-
sider the matter of costs in detail. However, we would be remiss if we failed to mention

that cost analysis can be a very complex matter when the systems involved are complex.
This was illustrated by String and Orlansky who cited widely varying rates -- $418 to
$2284 per hour -- from five different sources for the cost of training in the P-3C aircraft
(ref. 23). Issues such as constant dollars (adjusted for inflation), life cycles of the equip-
ment, development costs, and the time-value of money all may enter into cost computa-
tions. In general, costs need to be described in sufficient detail so that all significant cost
drivers are identified. A systematic and detailed cost-element structure has been pro-
posed for military training systems (ref. 24). Finally, it should be noted that there are cost
items besides simulator and aircraft costs that should be considered in a thorough cost
analysis. For example, in a given case it may be that use of the simulator reduces student
washout and washback rates even though it does not reduce the number of training hours
in the aircraft.

CONCLUSIONS

Simulation cost-effectiveness and simulator use can be evaluated efficiently by using the

methods described and illustrated here. The use of an exponential decay function is



84 D. WESTRAAND G.LINTERN

recommendedtomodelthetransferfunctionrelatingtrainingandtransferfactors.If the

cost per unit time of these factors is known, then the optimal use of the simulator can be

determined. A three-phase evaluation process can be used to efficiently evaluate simula-
tion cost-effectiveness, starting with performance experiments, followed by in-simulator

transfer-of-training experiments, and finally by field transfer-of-training experiments in

which the optimal use of the simulator is also determined.
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THE MILITARY QUEST FOR FLIGHTTRAINING EFFECTIVENESS

Jack Dohme*

SUMMARY

The military approach to vertical flight training is defined by the demanding characteris-
tics of rotary-wing missions and by the scope of the related training requirements. The

military training environment takes an individual off the street and inculcates the funda-

mental and advanced skills necessary to pilot a complex helicopter. But the greater chal-

lenge follows that initial training: training the aviator to survive while effectively em-

ploying the aircraft in a hostile environment. Instructing large numbers of individuals
who graduate from flight school ready to fly under combat conditions demands excel-

lence in training. Maintaining that excellence in training requires frequent evaluation
and revision of the training curriculum and training materials in order to cope with the

training demands imposed by increasingly complex aircraft and increasingly demanding

missions. This chapter provides an overview of the challenge to maintain military rotary-

wing training effectiveness and of research efforts to enhance and improve the quality of
that training.

INTRODUCTION

The U.S. Army is unique in the flight training business. Since the Viet Nam era, all Army

ab initio flight training has been rotary-wing training in the Initial Entry Rotary Wing
(IERW) course at Fort Rucker, Alabama. In recent years, there have been about 12,000

applicants each year for the IERW course, and each year about 1,500 aviators (including

U.S. Air Force and allied nation pilots) have been graduated. Most of the U.S. Army

applicants have no prior flight training and only limited prior exposure to the world of
aviation. I am aware of more than one IERW trainee who has arrived at Fort Rucker

without a driver's license or with any experience in the operation of any kind of vehicle.

Moreover, the high cost of military flight training (e.g., $212,463 in FY93 dollars per

UH-1 helicopter-track IERW graduate) and the total number of rotary-wing hours flown
in support of Army aviation (averaging 1.4 million hr/year from FY84-93) drive the re-

quirement for efficiency in the training system.

A comparison of civilian and military rotary-wing training statistics shows that

the U.S. Army Aviation Center (USAAVNC) at Fort Rucker is the largest "helicopter

* Army Research Institute, Aviation Research and Development Activity, Fort Rucker,
Alabama.
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pilotfactory"in theWesternworld.In fact, the annual number of rotary-wing trainees at
Fort Rucker rivals that of the rest of the U.S. training community combined. The average

annual number of graduates mentioned above (about 1,500) includes an average of 22

U.S. Air Force trainees per year. By contrast, the average yearly number of Army train-

ees acquiring fixed-wing (f/w) ratings was six.

Flight training statistics from the Federal Aviation Administration (FAA) reveal

that an average of 2,296 individuals per year earned an original civilian rotary-wing rat-

ing over FY88-90, when Fort Rucker was averaging 1487. However, since Army IERW

graduates need only pass a short written examination on the Federal Aviation Regulations

(FARs) to qualify for a commercial instrument rotorcraft helicopter rating, this number of
civilian licenses also includes military trainees who opted to take the examination and to

obtain a civilian rating in addition to their military rotary-wing rating. (FAA statistics are

not available for the number of trainees taking the FAR examination to obtain a civilian

rotary-wing rating nor does the Army maintain data on the number of trainees who pur-

sue this rating on their own time. The author's estimate is based on several classes of
IERW trainees.) The percentage of IERW graduates taking the FAR examination varies

over time but averages about 60%. Therefore, about 1,378 of the 2,296 civilian-rated

pilots in the FAA statistics are actually Army trainees receiving additional civilian rat-

ings. These figures imply that approximately 2,415 rotary-wing pilots received their

initial ratings in each of the three target years and that the Army trained 62% of them.

These statistics constitute a challenge to develop a military rotary-wing training

program that is effective, efficient, and responsive.

1. Effective: Graduates must acquire combat skills to survive on the battle-

field and accomplish rotary-wing missions.

2. Efficient: Training costs must be kept as low as practical.

3. Responsive: There is a need to continually assess the quality of training

and to implement changes as required to optimize training effectiveness and efficiency.

This chapter summarizes the efforts made by the military rotary-wing training

community to meet the training challenge in a responsible manner. As trainers, we are

responsible to the following:

1. Our students, to provide effective training

2. The taxpayer, to provide efficient training

3. The national defense, to provide responsive training

All of the players in the training community face this challenge and have the potential to

contribute to excellence in training. Nonetheless, the primary responsibility falls on the

human factors research practitioners because they hold the tools for empirically evaluat-
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ingandimprovingtraining.In short,thischapterreviewstheapplicationof aviation
humanfactorsresearchtoenhancethequalityofmilitaryrotary-wingtraining.

TRAINEE SELECTION AND ASSIGNMENT: WHO'S BEING TRAINED?

The first requirement in the United States for large numbers of military aviators occurred

in the early 1940s during the buildup for World War II. And as the numbers of pilot

trainees increased, so did the attrition rates in flight training. The attrition problem be-

came so acute that in the Army Air Forces only 100 trainees graduated of every 397

applicants accepted for (fixed-wing) flight school (ref. 1). The solution to this unaccept-

able attrition rate was the development of the Army Air Forces Qualifying Examination

(AAFQE) in 1942 (ref. 2) and of the Aircrew Classification Battery (ACB) at the same
time (ref. 3). The implementation of the AAFQE and the ACB cut the attrition rate in

training from 75% to 35% (ref. 1). These efforts to improve training effectiveness through

research led not only to routine screening of applicants for military flight training but also

to the development of aviation human factors engineering in support of military flight
training.

After World War II, the problem of unacceptable attrition rates in aviator train-

ing recurred (ref. 4). There appeared to be two changes in the training program that

precipitated the increased attrition: (1) the introduction of rotary-wing aircraft into the

military inventories and (2) the development of a specific training track for warrant of-

ficer candidate (WOC) aviator trainees. The WOC trainees, who were not college gradu-

ates, evidenced a particularly high attrition rate in training (ref. 4). Kaplan found the

World War II selection tests to be ineffective as predictors of rotary-wing training perfor-
mance (ref. 4). In 1955, researchers began to develop a battery of tests that would be

simple to administer (unlike the apparatus-based ACB) but that would predict success in

both fixed-wing and rotary-wing training. A timed pencil-and-paper instrument called

the Flight Aptitude Selection Test (FAST) was published in 1966; it was published in two

versions, one for officer applicants and the other for warrant officer candidate applicants.

The newly developed FAST was found to be an effective predictor of failure owing to
"flying deficiency" for both applicant groups (ref. 4).

The FAST has been revised twice, once in 1978, the Revised Flight Aptitude
Selection Test (RFAST), and once in 1981, the Alternate Flight Aptitude Selection Test
(AFAST). The AFAST was a further revision to the RFAST in that it evaluated the test

for bias in the selection of minority applicants for flight training (ref. 5) and eliminated or

replaced those items found to be biased either for or against minority applicants (ref. 6).

In practice, the AFAST is only one of the screens used to select trainees. In

common with the civilian aviation community, motivation and self-selection play a role

in determining who will apply to the program. And, in common with civilian rotary-wing
training, the applicant must pass a flight physical examination (Class A in the case of

military applicants). Before being allowed to sit for the AFAST, however, the Army

WOC applicant must first take the Armed Services Vocational Aptitude Battery (AS VAB)

and demonstrate a General Technical (GT) score of at least 110, corresponding to ap-
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proximatelythe65thpercentileintheASVABpopulation.TheGTscoreiscomposedof
threesections:arithmeticreasoning,wordknowledge,andparagraphcomprehension.
OfficerapplicantsarenotrequiredtotaketheASVAB,thepresumptionbeingthatas
collegegraduatestheyhavedemonstratedtheaptitudeandmotivationforsuccessfulaca-
demicperformance.Bothapplicantgroupsarealsoqualitativelyevaluatedonadditional
criteria:(1)age,(2)experience,(3)fieldgradeofficerinterview,(4)academicgrades
(highschoolandcollege),and(5)servicegrades(forpriorenlistedapplicants).Research
hasdemonstratedthatageisapowerfulpredictorofIERWtrainingperformance..,and
youngerisbetter!Thereisapointof inflectionin thelate20swheretheprobabilityof
graduationbeginstodecline,fallingtoapproximately60%atoraboveage36(ref.7).

TherelativecontributionsoftheobjectivescreeningmeasurestoIERWtraining
performancewereevaluatedbyDohmeetal.(ref.7). A discriminantanalysiswasper-
formedusingfourscreeningvariablesaspredictorsof pass/failin theIERWcourse:
RFAST,GT,age,andyearsofeducation.Thediscriminantanalysiscorrectlypredicted
graduationversusflight-deficiencyeliminationfor 82%of theWOCtraineesandfor
86%oftheofficertrainees.(Thetechnique,ofcourse,didnotpredicteliminationsfor
medicaloradministrativereasons.)However,virtuallyallofthepredictivepowerwasin
theRFASTandagevariables.Sinceallresearchsubjectswerepreselectedonthevari-
ablesbeingevaluated,therangeofscoresinthetraineepopulationwastruncated,andthe
overallnumberofthoseeliminatedwassmall.However,theresearchdemonstratedthat
screeningapplicantsforfactorsknowntopredictsuccessintrainingcanimprovetraining
completionrates.

Moreover,theresearchbyDohmeetal. (ref.7)demonstratedthedifference
betweenascreeningtestandaproficiencytest.SincetheGTscorewasusedasapretest
toscreenflightschoolapplicants,therangeofscoresvariedfrom110toover150.Yet,
applicantswithscoresfrom110-119hadan82%probabilityofgraduatingfromtheIERW
program,whereasapplicantswithscoresof 150orgreaterhadan85%probability(see
fig.1).Thepracticalconclusionisthatonceascreeningtesthasperformeditsintended
function,it doesnot improvetrainingsuccesstofurtheruseit asapredictoroforderof
meritinIERWtraining.
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Figure 1. Graduation rate from IERW course for warrant office candidates:
General Technical Test.
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Thevalueof aneffectivescreeningtestin selectingstudentsforrotary-wing
trainingiscorroboratedbyfindingsregardingthedecisionbytheDepartmentoftheArmy
(DA)to lowertheFAST"cut-score"duringa9-monthperiodinFY80and81. The
MilitaryPersonnelCenter(MILPERCEN)wasexperiencingdifficultyduringthattime
inattractingsufficientWOCapplicantstomeetasurgeinthedemandforaviatortraining.
TheFASTcut-scorewasloweredfrom300pointsto270forWOCapplicants(corre-
spondingtoadropfromjustabovethe50thpercentiletoaboutthe34thpercentile).The
ArmyResearchInstitute(ARI)recommendedagainsttheDApositionbecauseof an
expectationofincreasedIERWattrition.Whenthedecisionwasmadetolowerthecut-
score,ARItookadvantageoftheopportunitytoevaluatetheefficiencyoftheFASTasa
screeninginstrument.

The200plusWOCsacceptedfortrainingwhohadFASTscoresbetween270
and300werefollowedthroughIERWtraining.Thatgroupexperienceda37%attrition
ratewhereastheattritionrateforthegroupscoringatorabove300was14%(ref.7).
Figure2showstherelationshipbetweentraineeFASTscoresandthepercentgraduating.
Thefigurerevealsthatfewerthan60%ofWOCswithscoresbelow279completedtrain-
ing.TheprobabilityofcoursecompletionvarieslittleovertheFASTrangeof310to360,
butthereis aclearpointof drop-offbelowthatrange.Thus,theuseof thetestasa
screeninginstrumentwasvalidated.
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Figure 2. Graduation rate from IERW course for warrant officer

candidates: Flight Aptitude Selection Test.
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Theoverallgoaloftestingandscreeningistoincreasethepercentageoftrainees
graduating,and,hence,theefficiency,of thetrainingprogram.Trainingfailuresand
setbacksincreasetrainingcostsandalsoadverselyaffectthecareeraspirationsof the
unsuccessfultrainees.Giventhehighcostsofmilitarygainingandthelargenumberof
applicants,it hasbecomeessentialtoeffectivelytestandscreenapplicantsinorderto
increasethepercentageofapplicantswhosucceed.Theuseof theFASTvariants,in
conjunctionwithotherscreeningcriteria,haskeptoverallflight-deficiencyattritionrates
inIERWtrainingwellbelow10%forbothofficerandwarrantofficercandidatetrainees
overthepastdecade.Morerecently,theIERWattritionratefor FY93was3.4%for
commissionedofficertraineesand6.1%forwarrantofficertraineesforallcauses.In
bothgroups,theeliminationsforreasonsofflight-deficiencywerelessthen1.0%.

CLASSIFICATIONFOR AIRCRAFT AND MISSION ASSIGNMENT

There is another possible application of testing in improving training efficiency: classifi-

cation testing for mission and aircraft assignment. The goal of classification testing is to

match trainee aptitudes, skills, knowledge, and interests with the operational require-

ments of the service. The first attempts at classification testing began with the previously
mentioned Aircrew Classification Battery (ACB) during World War II. The ACB used

portable apparatus to measure complex coordination, rotary pursuit, finger dexterity, dis-

crimination reaction time, foot coordination, two-hand pursuit, and two-hand coordina-

tion (ref. 3). The test battery showed considerable promise in predicting success in spe-

cific mission training, for example, training for pilot, navigator, or bombardier. How-

ever, testing was discontinued after World War II because the apparatus of that period
was unreliable and difficult to calibrate.

Currently, the Army, Navy, and Air Force all employ some means of "tracking"

(or directing) flight students along paths that lead to certain mission-specific training

programs. However, only the Army has an objective test battery and an automated as-

signment algorithm for this purpose. All of these assignment methods have elements in

common because of the sharing of research findings and test designs among the military

human factors community. The Armed Services Training and Personnel Systems Sci-

ences and Technology Evaluation Management Committee (TAPSTEM) was formed to

ensure cooperative utilization of research resources. This tri-service organization was

developed in 1991 to fulfill four objectives:

1. Increase effectiveness and efficiency in service resource utilization

2. Address roles and organization and function issues across the services

3. Ensure relevance and reduce duplication through the review process

4. Define issues for resolution and coordination beyond TAPSTEM

With TAPSTEM, the Pilot Selection Special Topic Group (PSSTG) was formed.

Its membership is made up of active researchers at the Army Research Institute Aviation
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ResearchandDevelopmentActivity(ARIARDA),theNavalAerospaceMedicineRe-
searchLaboratory(NAMRL)atPensacola,Florida,andtheAirForceArmstrongLabora-
tory(AL)at BrooksAFBin SanAntonio,Texas.ThePSSTGischarteredtodothe
following:

1. Catalogsimilaritiesanddifferencesinaircrewselectionandclassification
researchanddevelopment(R& D)programs

2. ReviewexistingR& Dprograms

3. Determinecross-serviceapplicabilityofnewandexistingprograms

4. Exploremethodstoenhancetri-servicesynergy

5. Obviateduplicateefforts

6. DefineissuesbeyondthecontrolofTAPSTEM

ThePSSTGgroupiscurrentlypursuingtheseobjectives,itsgoalbeingtoimprovethe
processesofselectingandclassifyingmilitaryaviators.TheArmy continues to serve as
the lead agency for selecting and classifying rotary-wing trainees.

One specific example of the cooperative approach sponsored by PSSTG is the

planned installation of six Air Force Basic Attributes Test (BAT) testing devices at
USAAVNC. The BAT is a psychomotor/cognitive/perceptual test battery currently in use
for selecting Air Force fixed-wing trainees. It includes subtests such as three-dimen-

sional mental rotation, two-hand coordination, and time-sharing. The six devices being
installed at Fort Rucker are experimental versions that will facilitate evaluation of new

subtests for both fixed-wing and rotary-wing selection and assignment applications. All
Army and Air Force IERW trainees will be tested to develop norms and to evaluate ex-

perimental BAT (EBAT) components for predictive validity as a selection or classifica-
tion battery for both services.

Dual-Track IERW Training

The Army began differential assignment of trainees to IERW training tracks in FY77

with the onset of the "175/40" dual-track training program (it is reviewed later in this

chapter). In the dual-track curriculum, officer and WOC trainees could earn their wings
in either the Utility Mission or in the Aeroscout Mission. The primary Utility Mission,

curently flown in UH-1 Huey or UH-60 helicopters, is to transport soldiers and supplies

to support military objectives, for example, an "Airmobile" insertion of Army Rangers
behind enemy lines. The primary Aeroscout Mission, currently flown in versions of the

OH-58 Kiowa aircraft (and the OH-6 Cayuse in some National Guard units), is to per-

form reconnaissance on the battlefield, for example, to locate and identify enemy units

and to orchestate attacks on them. Early in the dual-track program, the elimination and

setback rates for Aeroscout trainees was judged by the command group at Fort Rucker to
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beexcessive.TheAeroscouttrackwasconsideredtobemorerigorousanddemanding
thanthe utility track, but assignment to Aeroscout training was made based on the needs

of the service and on the preferences of the trainees, not on trainee aptitudes. At that time,
Aviation was not a combat branch of the Army, and mission assignment was often branch-

related; for example, an armor branch officer would be assigned to an aeroscout or attack

aircraft and a transportation branch officer would be assigned to a utility aircraft. The
introduction of Aviation as a combat branch in FY84 solved many of these assignment

problems.

Research was undertaken to determine whether trainees could be selected for

assignment to Aeroscout training in order to improve training graduation rates. Dohme
developed rating forms and administered them to 120 experienced aviators in the field to

identify critical aptitudes and abilities in each mission (ref. 8). An assignment algorithm

was developed from these subject matter expert (SME) inputs to assess Aeroscout abili-

ties and aptitudes in trainees. Algorithm scores were then used to assign Aeroscout train-
ees (conjointly with trainee preference and the needs of the service) to improve the prob-

ability of completing the Aeroscout training regimen. The assumption behind this re-

search effort was that the aptitudes and abilities, judged by the SMEs to be required for
the Aeroscout mission in the field, would also be required for success in the Aeroscout

training program at Fort Rucker.

The Aeroscout algorithm score was a compositive of 11 weighted variables rang-

ing from the most heavily weighted, Map Reading Skills, to the least weighted, Average

Grade in Primary Training. The algorithm was validated against institutional and opera-
tional criteria. The institutional criteria consisted of grades in Aeroscout tactics in the

training curriculum. Operational criteria were developed to evaluate Aeroscout track

graduates after they left the institution and were flying the Aeroscout mission in the field.

A Mission Proficiency Scale (MPS) was developed in cooperation with Army standard-

ization instructor pilots (SIPs) by using a decision-tree model adapted from the Cooper-

Harper aircraft handling-qualities scale (refs. 9, 10).

The institutional validation effort used a sample of 248 Aeroscout trainees as

subjects. The algorithm score served as a predictor, and the combined Aeroscout tactics

grades served as the criterion. The product-moment correlation was r = 0.39 (p < .001).
The 11 algorithm components were subjected to a stepwise multiple regression analysis

using the combined-tactics grade as the criterion; the multiple R = 0.48.

However, of greater importance was the operational validation, since the goal of

training is to produce effective aviators in the field, not merely program graduates. When

standardization instructor pilots (SIPs) from the Army's Directorate of Evaluation and
Standardization (DES) went to the field to assess the combat readiness of field aviators,

they were asked to evaluate recent IERW Aeroscout graduates using the MPS. Over a

period of 6 months, only 15 evaluations were completed, but they demonstrated a corre-

lation ofr = 0.57 (p < .05) with the Aeroscout algorithm score serving as the predictor. A

stepwise multiple regression of algorithm components with the MPS score yielded a value
of R = 0.71.
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Sinceaselectionalgorithmisbasicallyaclassificationtoolandnotascreening
instrument,theeffectivenessofthetechniquecanbeevaluatedbyperformingadiscrimi-
nantanalysisontheAeroscoutandUtilityiIaineesamples.Thediscriminantanalysis
correctlyclassified82.9%ofthetraineesintotheAeroscoutorUtilitygroups(n=248).
It showedveryfewfalsenegatives(AeroscouttraineesclassifiedasUtility)butmany
falsepositives(UtilitytraineesclassifiedasAeroscout).Thissuggeststhattheabilities
andaptitudesidentifiedwithAeroscoutsuccessarealsopredictiveof successalongthe
Utilitytrack,whetherornottheyarecriticalrequirementsof theUtilitymission.

Overall,theAeroscoutvalidationeffortledtofourconclusionsofimportanceto
militarytrainingmanagers:

1. Selectionof traineesforspecificmissiontrainingcouldimprovetraining
efficiencyandeffectiveness.

2. A selectionmethodbasedonSMEjudgmentscouldsuccessfullyidentify
traineeswhowouldhaveagreaterprobabilityofsuccessinmission-specifictraining.

3. Selectionformission-specifictrainingdemonstratedvalidityagainstboth
institutionalandoperationalcriteriain thefield.

4. Thetechniquesrequiredtodevelopandvalidateapracticalmission-assign-
mentalgorithmwerereasonableincostandscope.

TheAeroscoutalgorithmwasviewedbymilitarymanagersandresearchersas
aninterimsteptowardafull-fledgedmulti-trackIERWtrainingprogram.Basedonthe
successof theAeroscoutalgorithm,theArmybeganaresearchevaluationleadingto
multi-tracktraining.

Multi-Track IERW Training

The multi-track IERW course was implemented in FY88 to reduce overall training costs.

Before multi-track, transition training in advanced aircraft (all aircraft except the OH-58

and UH-1) was accomplished in follow-on Aviator Qualification Course (AQC) training.

The goal of multi-track was to reduce the overall number of flight hours required to

produce a mission-ready aviator; this was to be done by performing the mission-specific

training within the IERW course in the advanced aircraft. For example, utility-track

trainees would learn internal and external load operations, aeroscout trainees would learn

aerial artillery adjustment skills, and attack trainees would learn target engagement skills.

The approach taken in the multi-track classification program was to develop and

validate a battery of tests that would differentially predict training performance in each of

the four training tracks: (1) UH-1 (Huey) Utility; (2) UH-60 (Blackhawk) Utility; (3)

AH-1 (Cobra) Attack; and (4) OH-58 (Kiowa) Aeroscout.
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(ThecorrectArmynamefortheUH-1istheIroquois,butit ismorewidelyknownasthe
"Huey"becauseitsoriginaldesignation,theHU-1,wasmoreorlesspronounceable.)

A small-groupanalysistechniquewasusedwith60highlyexperiencedArmy
instructorpilots(IPs)servingassubjectmatterexperts(SMEs)torepresentallsixactive
Armyrotary-wingaircraft(theUH-1,UH-60, AH-1, OH-58, CH-47, and AH-64). In six

workshops, Linstone and Turoff used a modified Delphi technique to review the tasks

and maneuvers published for each mission and aircraft in the Army Aircrew Training

Manuals (ATMs) (ref. 11). The ATMs serve as the mission-requirements documents and,

more important, the mission standards def'mitions for all Army aviation missions. All

Army aviators are evaluated, at least once a year, in accordance with the ATM standards

for their respective aircraft and mission. This evaluation includes written, oral, and flight

objectives sampled from the ATMs.

The objective of the small-group analysis was to identify (1) those ATM tasks

common to all Army helicopter missions and (2) those tasks unique to the operational

success of each particular aircraft and mission (ref. 12). The ATM task lists were also

rated in terms of the criticality of each task for operational success of the mission. Next,
the critical ATM tasks were analyzed using Fleishman's taxonomic approach to identify

and categorize the abilities underlying task performance (ref. 13). The categorization of
abilities was subsequently validated by another group of instructor pilot SMEs.

A literature search, along with liaison with sister services and other agencies

(FAA and NASA), identified candidate test instruments that could be used to assess the

underlying performance abilities. The measures evaluated for the multi-track battery

included the following:

1. The Basic Attributes Test from the USAF Armstrong Laboratory at Brooks

AFB, Texas (ref. 14).

2. The Naval Aeromedical Research Laboratory (NAMRL) multi-tasking bat-

tery from Naval Air Station (NAS) Pensacola, Florida (ref. 15).

3. The NASA/Helmreich Cockpit Management Attitudes Questionnaire
(CMAQ) (ref. 16).

4. The U.S. Army Research Institute Complex Cognitive Assessment Battery

(CCAB), developed under contract by the EATON Corporation (ref. 17).

The 7-hour test battery was administered to 60 highly experienced Army in-

structor pilots, none of whom had participated in the small-group analysis. A stepwise
multiple-discriminant analysis was performed to ascertain whether the UH-1, UH-60,

AH-1, and OH-58 groups could be differentiated. The statistical procedure correctly

categorized 97.5% of the instructor pilot (IP) group (ref. 12). However, differentiating

experienced aviators in the field is far less demanding than differentiating low-time train-

ees in the IERW course. Thus, there was a requirement to experimentally test and vali-

date the new multi-track test battery by using IERW trainees as research subjects.
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USAAVNCatFortRuckermadethedecisiontoimplementtheexperimentaltestbattery
andtouseit forclassificationbeginninginMay1988.All subsequentIERWtrainees
weretestedwiththebattery,anddataweretabulatedontheirperformancein theIERW
commoncoreandinaircraft-andmission-specifictrainingin thelatterpartof the36-
weektrainingcourse.

ThediscriminantfunctionsdevelopedbyIntanoetal.(ref.12)wereusedin
conjunctionwithotherselectionfactors(IPrecommendations,traineepreference,perfor-
manceofthetraineeinthefirst96daysofIERWtraining,anthropometricmeasurements,
andsexoftrainee)toassignstudentstotrainingtracks.The administrative inclusion of

these additional selection factors actually reduced the percentage of trainees who were

assigned to their best or second best match (of track requirements with trainee ability) to
approximately 55% (ref. 18). In other words, the discriminant functions alone were bet-

ter at classification than were the combined administrative selection factors and the dis-
criminant functions.

With more than 3,000 IERW trainees serving as research subjects, the multi-

track classification technique showed considerable promise in tracking IERW trainees.

Research results show that common-core grades were not particularly useful predictors
of success in specific training tracks, with the exception of the UH-1 Utility track. The
latter is considered an artifact, because the UH- 1 aircraft is used for all 20 weeks of the

IERW common-core course. If the UH- 1 track is not included in the discriminant classi-

fication procedure, the following correct classifications are realized: AH-1 track 72.0%
correct; OH-58 track 79.4% correct; and UH-60 track 82.3% correct.

The UH-1 aircraft will be replaced (probably by the time this is published) by

the TH-67 (a variant of the Bell 206) as the IERW common-core training aircraft. The
multi-track classification procedure could be repeated with predictions made to all tracks

from the new training helicopter (NTH). In summary, Intano and Howse wrote, "The

Multi-Track Test Battery and Classification Functions alone or in combination with per-
formance in primary training can adequately assign students to helicopter training tracks.

The final validation classification functions are very similar to the original research func-

tions derived from highly experienced Army aviators." (ref. 18, p. vi)

The selection and classification research summarized above shows that trainee

success rates and, therefore, training effectiveness and efficiency, can be increased by
screening applicants before training and by matching trainee abilities with aircraft and

mission training requirements. In a cooperative effort among the services, selection and

classification research will continue, with the goal of ever-increasing training effective-
ness and efficiency.

THE STAIRWAY TO COMBAT READINESS:

A MILITARY TRAINING APPROACH

Dohme and Gainer suggested the idea that the military training system may be produc-

tively viewed as a life-cycle management system (ref. 19). The military aviator's career
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begins with his selection for initial entry training and ends with his retirement from the
service, typically after 20 years of aviation assignments. During that life cycle, and as the
aviator gains in rank and experience, it is typical that he be given more and more respon-
sibility, for example, a transition to more complex aircraft and assignment to more de-
manding missions and their related duties. At each stage of the aviator's career, there is,
at least theoretically, a training strategy or method that is best for sustaining combat
readiness most efficiently at the lowest commensurate cost. The goal of aviation human
factors researchers is to support the aviation commanders by developing training tech-
niques that help them meet their requirements for efficient life-cycle utilization. Thus,
the aviator life-cycle idea serves as a paradigm to drive and guide research in support of
greater training efficiency and effectiveness.

Gainer, in an unpublished manuscript, calls this life-cycle training paradigm the
"stairway to combat readiness." The application of the stairway to Army aviation train-
ing requirements is graphically portrayed in figure 3. Researchers at ARIARDA have
found the stairway paradigm to be useful, both as a heuristic device for guiding research
development and as a cogent means of communicating the training-requirements/research-
capabilities interface to military managers and decision makers. In figure 3, the horizon-
tal dimension portrays increasing training equipment complexity, and the vertical dimen-
sion portrays task complexity. As the trainee progresses up the stairway, the training
tasks increase in complexity along several dimensions: (1) increased aviator task load-
ing; (2) increased consequences of task failure; (3) increased complexity of aircraft/mis-
sion equipment; and (4) increased interdependency on other military personnel.
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Figure 3. Stairway to Combat Readiness: A total
aviation training system.
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Research is under way at ARIARDA to address the training requirements gener-

ated by these increasing demands on aviator knowledge, skills, and abilities. The follow-

ing four examples demonstrate the alignment of research applications with aviator life-

cycle training requirements.

1. A technique has been developed to address aviator task loading called Task

Analysis/Workload (TAWL) (ref. 20). The TAWL technique was developed for imple-
mentation on a PC computer in the TAWL Operator Simulation System (TOSS) (ref. 20).

The TAWL/TOSS task-loading assessment model has been used to evaluate workload on

several existing Army missions (refs. 21, 22).

2. Rotary-wing aviation accidents have been analyzed (e.g., by Zeller et al.,

ref. 23) leading to the formulation of a more effective model for accident prevention (ref.
24). Accident analysis led to the recognition that failure of aircrew coordination is an

important causal element in aviation accidents. This line of research recognized the con-
sequences of errors in aircrew coordination and guided the development of the aircrew

coordination training package described in example 4 below.

3. ARIARDA has recently developed a facility called the Simulation Training
Research Advanced Test-Bed for Aviation (STRATA); its purpose is to support research

into the evaluation of mission-training efficacy as a function of simulator complexity.

STRATA, which is currendy configured as an AH-64 Apache, is a modular, reconfigurable

simulator. Its capability of varying the levels of simulator fidelity can be used to deter-

mine the most cost-effective levels of fidelity and simulator complexity for supporting a

given training requirement. STRATA can also simulate a wide variety of battlefield
conditions in order to evaluate training concepts, for example, (1) how to effectively gain

a particular tactic or to evaluate the effectiveness of a particular aircraft modification, or

(2) how to simulate the ballistics characteristics of an experimental weapon system.

STRATA has an extensive recording capability so that both human performance mea-

sures and aircraft measures can be recorded, replayed, stored, and analyzed. These capa-

bilities support the use of the device for evaluating training or aircraft/weapons systems

capabilities or both.

Currently, the STRATA facility uses a high-fidelity, fiber-optic helmet-mounted

display (FOHMD) with high-level-of-detail stereoscopic insets for the pilot's visual dis-

play and a rear projection wraparound display for the copilot-gunner. In recent research,

the simulator has been used to evaluate the effect of visual-scene content and display

configuration on nap-of-the-Earth (NOE) flight (ref. 25). In this exploratory experiment,
three levels of tree density were used, three levels of texture detail, and three configura-

tions of the FOHMD; 12 Army aviators, experienced in NOE flight, served as research

subjects.

Results of the Hamilton and Wightman study (ref. 25) indicated that an aviator's

ability to maintain an airspeed of 40 knots at less than 25 ft above ground level (AGL)

was affected by the visual-scene content. The presence of trees (vs no trees) in the visual

data base did produce better control of altitude, but the greater tree density was not sig-

nificantly better than the lower density scene. The level of texture detail did not affect the
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aviators'abilitytomaintainairspeed,butmoredetailed ground surface texture did result

in a small (but significant) increase in the control of altitude. The three display condi-

tions -- eye-tracked area of interest (the high-detail foveal inset), fixed forward area of
interest, and no high-detail area of interest -- did not significantly affect NOE flight

performance. This kind of psychophysical research on basic simulator parameters is
needed to identify the tasks that can be effectively and efficiently trained in existing

simulators and, more important, to affect the design of future rotary-wing simulators.

4. The requirement for aviator recurrency or enhancement training recognizes
the need for aviators to work effectively with fellow crew members and with other military

units (e.g., scout/attack teams, coordinated attack missions with USAF A-10 "Warthog"
aircraft, or in artillery fire adjustment). The ARIARDA research program of aircrew
coordination training is outlined later in this chapter. An exportable training package was
developed, validated, and endorsed for Army-wide fielding by the Army Chief of Staff in
FY93. Ongoing research is applying these crew-coordination training ideas to additional
Training and Doctrine Command (TRADOC) training challenges. They include (1) M1A1
and Bradley Fighting Vehicle crew training; (2) Stinger Bradley Fighting Vehicle crew
training; and (3) distributed, asynchronous training for battalion staff officers.

The stairway-to-readiness approach will continue to serve as a framework for an

overall training system designed to bring Army training requirements into accord with

training research efforts. The stairway idea has proved effective in conveying to Army

leaders the complexities of aviation training requirements and the role that research can

play in improving the overall quality of training.

FUNCTIONAL EVALUATION OF TRAINING

In FY77, the Army introduced a revamped IERW training curriculum at the U.S. Army
Aviation Center (USAAVNC) at Fort Rucker, Alabama. The new curriculum was called
the "175/40" program because it was composed of 175 aircraft training hours and 40
simulator hours. It replaced the previous "180/20" curriculum. There was a USAAVNC
requirement to evaluate the new curriculum to see whether the cut in aircraft hours, re-
placed by additional hours of simulation, would have an effect on the quality of the IERW
graduates.

An empirical evaluation of the 175/40 program was conducted in which the

performances of the control group (180/20 graduates) and the 175/40 experimental group
on 30 mission-oriented tasks were compared (ref. 26). The IERW graduates were fol-

lowed to the field where their flight training records, at Fort Rucker and also field data

accumulated in 6- to 32-week periods after their first unit assignments, were analyzed.

The 30 mission-oriented tasks (e.g., plan night mission, perform NOE flight, select/pro-

vide vectors to holding area) were evaluated by operational unit instructor pilots and unit

supervisors for both groups. One important finding was that the 175/40 graduates were

rated as adequate on 27 of the 30 tasks, whereas the 180/20 graduates were rated as
adequate on only 13 of the 30 tasks. The overall conclusion reached was that in a care-

fully designed training program aircraft hours can be replaced with simulator hours and
still show improved training efficacy (although the training hour trade-off will not neces-

sarily save one hour of aircraft time for each hour of simulator time).
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In summary,programevaluationresearchin rotary-wingtrainingappearsto
havemeritif amechanismisprovidedtofeedbacktheresearchfindingstocurriculum
developers.Giventhenumbersofpeopleanddollarsinvestedinmilitaryflighttraining,
evenmodestimprovementsin trainingefficiencycouldpaylargedividendsintheform
ofincreasedcombatreadinessandreducedtrainingcosts.

DECAY AND RECOVERY OF PILOTING SKILLS

The literature on piloting skill retention suggests that procedural flight skills decay in a
matter of weeks with no practice whereas psychomotor aircraft control skills are retained

for months or even years without practice (refs. 27, 28). The literature also suggests that

the amount of proficiency loss varies directly with the time since last flight and inversely

with the level of experience of the aviator (refs. 29, 30). There is little specific informa-

tion in the literature concerning rotary-wing skill decay and recovery rates. ARIARDA

was afforded the opportunity to study the decay of rotary-wing piloting skills, as well as

reacquisition rates, in research performed on the Individual Ready Reserve (IRR) aviator

program.

IRR aviators are those who are members of the U.S. Army Reserve but who are

not affiliated with an Active Reserve unit. IRR soldiers are controlled by a career man-

ager who assigns training to the individual based on a flexible training program designed

to maintain the"soldier skills" of each individual. In FY79, the Deputy Chief of Staff for

Operations (DCSOPS) tasked ARIARDA to evaluate the IRR program to estimate ro-
tary-wing skill decay rates in nonflying IRR aviators in order to determine the amount of

retraining necessary for requaiification and then to develop a cost-effective retraining
program.

Wick et al. developed an academic self-study program to minimize the cost of

academic retraining (ref. 31). In fact, as the research program progressed, IRR aviators

were sent a self-study package they could use at home to facilitate learning of the aca-

demic information before their arrival at Fort Rucker for flight retraining.

Forty-seven IRR aviators, all of whom were UH-1 pilots, served as research

subjects during the first year of the program (ref. 31). The subjects varied greatly in

rotary-wing experience and in time-since-last-flight. Total flight hours varied from 235

to 4,300 with a median of 1,260. Years since last flown (active duty Army) varied from 1
to 19 with a median of 7.5.

Each subject was first given a proficiency flight evaluation using the standards
published in the UH- 1 Aircrew Training Manual (ATM) as criteria. None of the 47 was

sufficiently skilled to pass the initial evaluative check-fide. There was great variability
among the aviators and across tasks in flight proficiency levels. Training was conducted

to ATM standards, and the average IRR pilot required 16.8 hours of retraining to pass the
check-ride. The range was 10.5 to 25.5 hours.



102 JACK DOHME

Onegoaloftheresearchprogramwastodevelopapracticalanalyticaltoolfor
predictingtheamountofretrainingrequiredtorequalifyanIRRaviatorforactiveduty.A
multipleregressionequationwasdevelopedthatpredictstheamountof retrainingre-
quiredtoqualifyanaviatoronceexperiencelevel(totalflighthours)andcurrency(time
sincelastactivedutyflight)areknown(ref.31).Theequationis:

Y= 14.68+0.48Xa- 0.0015Xb

wh_e

Y is theestimatednumberof training hours required

X a is the number of years since last duty flight

X b is the accumulated military rotary-wing flight hours

The multiple regression analysis yielded an R (coefficient of multiple correlation) of

0.57. This R value is statistically significant and large enough to be a practically useful

predictor. Wick et al. showed that in the practical application of this equation, approxi-
mately 1 hour of flight time is required for every 2 years since the last duty flight (ref. 31).

The IRR flight requalification program requires individual pacing of instruction
in order to be cost-effective. The academic training was found to be effective when self-

paced. Some subjects completed a great deal of home-study before arriving at Fort Rucker

and others completed none. The amount of home-study completed was not closely re-

lated to aviator motivation. Some highly motivated individuals either did not receive the

home-study materials or were unable to rearrange their busy lives to allow for home-

study.

A predictive equation was developed to estimate the amount of academic train-

ing that would be required to academically prepare the aviators (ref. 31). The equation is

Y = 5.62 - 0.66X

wh_e

Y

X

is the classroom days required to complete the academics

is the home-study units (of 14) completed

Several conclusions have been drawn from the IRR program regarding rotary-

wing flight skill decay and recovery. First, the basic psychomotor flight skills are rela-

tively robust, requiring only modest retraining following relatively long periods of not

flying. Second, specific procedural skills are lost when not practiced, but can be recov-

ered in less training time than was originally required in learning them. Third, practical

predictive equations can be developed to enable the training manager to accurately esti-

mate the training time and cost necessary to requalify an individual whose flight currency
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haslapsed.Finally,thesefindingsimplythatif timepermitsit maybemorecost-effec-
tivetorequalifycertainmilitaryaviatorsasneededinwartimethantomaintaincurrency
oftheentireaviatorpopulation.

FLIGHT SIMULATION AS A TRAINING EFFICIENCY MULTIPLIER

The military services pioneered the use of simulation to increase training efficiency. Since

the development of Ed Link's "Blue Canoe" fixed-wing instrument trainer just before

World War II, military aviation has made increasing use of flight simulation to supple-

ment or replace actual flight hours. Yet the question may be asked, "How effective is

simulation in bolstering the aviation training mission?" Surprisingly little research has

been done to functionally analyze the contribution of simulator training to the overall
flight training mission.

In a review of military simulator training effectiveness, Hayes et al. performed a
meta-analysis of the literature (ref. 32). Their review was limited to experiments that met

two criteria: (1) those in which training was conducted in a flight simulator and (2) those

in which training effectiveness was measured in terms of transfer of training (TOT) from

the simulator to the operational aircraft. Twenty-six experiments were identified that met

these criteria (from a review of 247 journal articles and technical reports). The results of

the meta-analysis were subdivided into two groups based on the training vehicle: jet

aircraft or helicopter. In the rotary-wing category, they found only 7 studies, of the 26
that met review criteria.

The conclusions drawn from the meta-analysis were that simulator-based train-

ing consistently produced improved training for jet trainees but not for helicopter train-

ees. Specifically, "... findings from similar (to jet aircraft) helicopter experiments were
less consistent and only slightly favored simulator training combined with aircraft train-

ing over aircraft training alone" (ref. 32, p. 150). Regarding simulator motion cueing,

they concluded that simulator motion cueing did not significantly aid jet training, and

there were insufficient data points to assess the effects of simulator motion for helicopter
training.

From this meta-analysis of the rotary-wing simulator effectiveness literature,

the most obvious conclusion is that more work is needed. Specifically, what is needed is

research using empirical criteria for pilot evaluation, employing the same criteria in the

simulator and the aircraft, using operational aviators (or trainees) as research subjects,

measuring TOT, and presenting sufficient data to support future meta-analyses. Meeting
these criteria makes the research effort expensive and time-consuming, but the alterna-

tive is what we have now -- no clear guidance regarding the most effective and efficient
design for rotary-wing training simulators.

Simulator Evaluation Research

Transfer of training (TOT) is commonly viewed in the simulation community as being
the best available measure of simulator-based training effectiveness. Given that the final
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criterion of flight training is a pilot's effectiveness in accomplishing a mission under

demanding (high task-loading) conditions, then a measure of TOT to mission flight con-

ditions is highly appropriate as a measure of training efficacy. In Chapter 4, Westra and

Lintern provide a thorough review of TOT methods and of the evaluation of cost effec-
tiveness in training. In this chapter, TOT and related techniques are viewed as tools for

the evaluation of existing devices and for the development of better flight simulators and

other training devices.

Backward transfer is a useful technique for evaluating existing flight simulators.

In backward transfer, performance in the aircraft serves as the predictor, and performance
in the simulator is the criterion measure. Backward transfer was used by Kaempf and

Blackwell in an evaluation of the AH- 1 Cobra Flight and Weapons simulator (AH- 1FWS)

(ref. 33). The authors reasoned that an individual who has demonstrated the capability of

performing emergency touchdown maneuvers (ETMs) to published standards in the air-
craft should also be able to perform those same maneuvers to the same standards in the
simulator.

The ETMs evaluated were standard autorotation, low-level autorotation, low-

level high-speed autorotation, right antitorque failure (stuck pedal), and dual hydraulics

failure. Twenty AH-1 pilots in the field with varying experience levels served as sub-

jects, and training was provided until each aviator was able to perform the ETMs within

published standards. Half of the subjects were trained to standards in the aircraft (the

experimental group) and half were trained to the standards in the AH- IFWS (the control

group).

Aviators trained in the AH-1FWS were evaluated by means of a check-fide in

the aircraft, and aircraft-trained aviators were evaluated in the simulator. This procedure
allowed the calculation of both forward and backward TOT. The forward transfer results

indicated that on only two of the five study maneuvers, standard autorotation and fight

antitorque failure, was there a moderate transfer of training to the aircraft (by the simula-

tor-gained subjects). Backward TOT results demonstrated that none of the experimental

group aviators (trained in the aircraft) performed the maneuvers successfully on their
first check-ride in the simulator. In fact, considerable simulator training was required

before these aviators could meet gaining standards in the AH-1FWS.

That so little backward transfer was observed indicates that there are substantial

differences in the flight characteristics of the aircraft and the simulator. The authors point

out, however, that "The lack of a high degree of backward transfer does not necessarily

mean that the simulator has no training value" (ref. 33, p. 6). Nonetheless, the results do

demonstrate that at least one existing Army training simulator is not a good analog of the
aircraft it simulates.

Backward-transfer studies are useful tools for evaluating the training effective-

ness of existing simulators. With repeated backward-transfer experiments, a simulator

could be iteratively "tweaked" until it demonstrated improved backward TOT. This method

has been proposed to USAAVNC, but has not been implemented to date on existing
devices.
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Themoreconventionalmeasureof simulator training effectiveness is, of course,

forward TOT. The research idea is simple: pretraining in the simulator should aid fol-

low-on aircraft training as manifested in either reductions in the gaining time required or

in the number of maneuver iterations required to meet standards in the aircraft. Dohme
used this method to evaluate an experimental low-cost visual simulator called the UH- 1

Training Research Simulator (UH-1TRS) (ref. 34). The UH-1TRS was developed to

determine if ab initio students could be effectively and efficiently trained in primary
rotary-wing flight maneuvers, particularly hovering maneuvers, in a simple, low-cost

trainer. Seven experiments have been completed in which the UH-1TRS was used to
address four research questions:

1. Does pretraining in the low-cost simulator transfer to the aircraft?

2. Can simulator training substitute for aircraft training in the IERW course?

3. Does simulator motion enhance hover training?

4. Can the simulator training be automated, that is, can basic maneuvers such

as hovering be trained without an instructor?

The UH-1TRS was evaluated using TOT (transfer of training) as the primary

research tool, and ab initio flight students served as the research subjects. The TOT

experiments were embedded in the IERW course structure, using randomly selected Army

trainees as research subjects and assigning them to training in the UH- 1TRS before flight-
line training. Training was conducted to criterion: three successive iterations of the

training maneuver that meet the published standard in the Flight Training Guide (FTG).

A transfer effectiveness ratio (TER) was calculated for each maneuver, using the follow-
ing formula (adapted from Williges; ref. 35):

CI - E I
TER =

El (sim}

where CI is the number of control group iterations, E I is the number of experimental

group iterations, and El(sire) is the number of experimental group iterations in the simula-
tor.

Thus, the TER is a ratio of the savings in aircraft maneuver iterations (resulting
from the simulator pretraining of the experimental group trainees) to the "cost" of that

savings, that is, the number of iterations required for the experimental group trainees to

reach criterion performance in the simulator. A simulator that is the equal of the aircraft

as a training device (with the aircraft serving as the criterion measure) would evidence a
TER of 1.0. Observed TER values can exceed 1.0 when the simulator is a more effective

trainer than the aircraft, but TER values substantially less than 1.0 are most common in

TOT experiments. Although the calculated TER values may be considerably less than
1.0, the simulator can nonetheless be an effective and efficient trainer, a result of the low
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costsandrisksassociatedwithflightsimulation.Helicoptertrainingoperationsincur
directaircraftoperatingcostsandmyriadancillarycostssuchasoperatingstagefields,
operatingcommunicationandnavigationfacilities,maintainingacrashrescueservice,
andmaintaininganaviationweatherservice.Simulationavoidsthesedirectandancil-
larycostsandavoidstheinefficienciescausedbyweather-relatedtrainingflightcancella-
tions.Inaddition,simulationincreasestraining efficiency by eliminating the need to join

heavy traffic in order to leave the heliport and fly to a stage field where primary maneu-

vers such as hovering flight and traffic pattern flight can be trained. Simulators also

increase training effectiveness by using initial condition (IC) sets that allow training to

begin from a location other than the parking ramp at the heliport. Only in a simulator can
the SP practice, say, 20 approaches without flying a single departure or traffic pattern!

These advantages to simulator-based training serve as training effectiveness multipliers

and render a device with only moderate TER values an efficient trainer.

There were eight primary phase maneuvers: takeoff to hover; hover taxi; hover-
ing turns; hovering autorotation; normal takeoff; traffic pattern; normal approach; and
land from hover.

The trainers were all instructor pilots (IPs) qualified to teach Primary Phase. In
each case, students were trained for 1 hour/day in the UH-1TRS.

There were specific variations among the four TOT research studies. In over-

view, the first effort was a process evaluation of the simulator to see whether it provided

any TOT to the UH-1 aircraft, using student pilots (SPs) who had already completed
Primary Phase training (Experiment 1); the second and third were conventional TOT

evaluations with neophyte trainees (Experiments 2 and 3); and the fourth was a "substitu-

tion" study in which 7 hours of UIt-1 aircraft time was replaced by 9 hours in the simula-

tor (Experiment 4).

The research plan proposed to substitute 9 hours of simulator training for 9 hours

of aircraft training (in a 50-hour Primary Phase curriculum). However, weather condi-
tions on the flight line limited the control group trainees to just over 7 hours of training

during the time period allotted to the experiment.

Since the four experiments differ in severzd details, their results are presented

separately below.

Experiment 1

The first experiment, conducted in June 1988, was a process evaluation designed to evaluate

the potential of the newly constructed UH-1TRS. The purpose of the experiment was to

evaluate the simulator by training students, who had already demonstrated their profi-

ciency on Primary Phase maneuvers in the TH-55 training helicopter, on the same basic

maneuvers in the UH-1TRS. Trainees were randomly selected to serve as research sub-

jects immediately after completing Primary Phase IERW. The 10 randomly selected SPs
received 2 weeks training in the eight maneuvers mentioned above (takeoff to hover;
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hovertaxi;hoveringtums;hoveringautorotations;normaltakeoff;trafficpattern;normal
approach;andlandfromhover)beforetheywenttotheflightlinetobeginflyingthe
UH-1helicopter.Acontrolgroup(havingnotraininginterposedbetweenthePrimary
PhaseandtheUH-1TransitionPhase)wasselectivelymatchedtotheexperimentalSPs
basedonPrimaryPhaseflightgrades,FlightAptitudeSelectionTest(FAST)scores,rank,
andage.Thematchedpairsflewas"stickbuddies"intheUH-1withthesameIPto
furtherreducevarianceintheexperimentaldesign.Toensureafairandunbiasedevalu-
ation,theIPsdidnotknowwhichSPsintheclasshadbeenpre-trainedin thesimulator.

Sincethiswasthefirstevaluationofthelow-costsimulator,andsinceexperi-
mentalandcontrolgrouptraineeshadmetthesametrainingrequirementsinPrimary
Phase,therewereseveralpossibleresearchoutcomes:(1)theUH-1TRScoulddemon-
stratepositiveTOT;(2)theUH-1TRScoulddemonstratenoTOT;and(3)theUH-1TRS
coulddemonstratenegativeTOT.

ActualresultssuggestthattheUH-1TRSasit wasconfiguredforExperiment1
withverylow-costimagegenerators(IGs),IRIS2400Ts,andarelativelyprimitiveaero-
dynamicmodel,thatis,theNASA"Uncle"model(seeref.36)providedallthreeofthe
possibleoutcomesdependingonthemaneuveranalyzed(seefig.4).TheTER,averaged
acrossallmaneuvers,showedanoverallpositivetransfer(TEn=0.22).
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Figure 4. Transfer effectiveness ratio (TEn) values for

Experiment 1.
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ResultsofExperiment1showedmoderateevidenceofTOT.Figure4presents
theTERforeachmaneuver.Onsixoftheeightmaneuvers,modestpositiveTERswere
demonstrated;ononetheTERwaszero;andonone(takeoff)theTERwasnegative.The
TERscanbepresentedinanalternativeformattoprovideapracticalindexoftheamount
oftrainingtransferexpectedinanappliedtrainingscenario.Figure5presentstherecip-
rocalsoftheTERs(termed"iterationstransferratios"orITRs)whichrevealthenumber
of simulatoriterationsrequiredtosaveoneaircraftiterationontheflightline.Inother
words,theITRrepresentsthe"simulatorcost"ofsavingoneaircraftmaneuveriteration.

ITR

UH - 1TRS Aircraft

TO to hover _ 4.76 1

Hover taxi _ 2.45 1

Hovering turns _4.17 1

Hover autorotation _ 3.23 1

Normal takeoff 1

Pattern _ 2.38 1

Approach __ 14.3 1

Hover to landing --4.17 1

Figure 5. Iterations transfer ratio (ITR) values for

Experiment 1.

Experiment 2

The modest TOT observed in Experiment 1 demonstrated that it would be worthwhile to

perform a full-fledged TOT experiment. For Experiment 2, several improvements were
made to the simulator:

1. The image generators were upgraded to BBN 120TX/Ts, which improved

out-of-window imagery in at least four important ways: the frame update rate went from

17 Hz to 30 Hz; the displayed polygon count went from 300 to 1000; the capability of

surface texturing was added; and, a realistic terrain model (of Fort Knox, Kentucky) was

used in place of the primitive fiat Earth model.

2. The aerodynamic simulation was improved by developing a ground-effect

model and improving the handling characteristics of the UH-1TRS by having test pilots
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iteratively fly the device and the UH-1H helicopter and/hen "tweak" the aerodynamic
equations in response to their suggestions.

In Experiment 2, conducted from February-April 1989, 10 Army flight students
were randomly sampled from an IERW class with the stipulation that none of them had
prior flight experience. Their training schedule was altered to provide preflight academic
training 2 weeks early in order to create a 2-week period for simulator training. Test
subjects were trained to criterion on the previously described eight target maneuvers; the
training was done by IPs qualified to teach Primary Phase students. An average of 8.7
hours of training per student was required in order for/hem to meet criterion performance
on all maneuvers (contrasted with 6.3 hours average for the SPs in Experiment 1 who had
prior training).

Figure 6 shows the TERs for Experiment 2, and figure 7 shows the same data in
the form of iterations transfer ratios. These data show a moderate improvement in TOT
from that of Experiment 1. For six of the eight target maneuvers, there was a positive
TOT, with one essentially zero, and one negative. The overall average TER was 0.36.
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Figure 6. Transfer effectiveness ratio (TER) for
Experiment 2.
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ITR

UH - 1TRS Aircraft

TO to hover _ 6.67 1

Hover taxi _ 1.0 1

Hovering turns 1

Hover autorotation 1

Normal takeoff _ 1.85 1

Pattern _ 2.63 1

Approach _ 2.13 1

Hover to landing _ 1.49 1

Figure 7. Iterations transfer ratio (ITR) values for
Experiment 2.

The overall higher TER in Experiment 2 might be a function of the improve-

ments to the simulator configuration or it could be the result of using neophytes as sub-

jects for whom the degree of improvement in flight skills is expected to be extremely

large during the first few weeks of training.

Experiment 3

Another TOT experiment, Experiment 3, using ab initio trainees as research subjects was

conducted from September-November 1989. Improvements were again made to the UH-
1TRS before the research was conducted. The BBN 120TX/T image generators were

temporarily replaced with Evans and Sutherland ESIG 500H IGs. This improved the

image quality by speeding the frame update rate from 30 to 50 Hz, by improving the level

of detail (LOD) management and texturing capabilities, and by providing additional fea-

tures such as weather effects. A custom data base was developed that modeled a portion

of the Fort Rucker Area of Operations (AO). The experimental procedure followed was

exactly the same as that for Experiment 2.

The TER values for Experiment 3 are presented in figure 8, and the derived

iterations transfer ratios are presented in figure 9. In this experiment, there was a positive

TER for all eight maneuvers. The iterations transfer ratios varied from 1.37:1 for hover
taxi to 4.0:1 for takeoff to hover. The average of these iterations transfer ratios was

2.32:1, which suggests that under these conditions, two and one-third maneuvers in the

simulator will save one maneuver on the flight line. Given the low hourly operating cost

of the UH-1TRS (about $50/hr; the UH-1H costs about $700/hr) plus the increased train-

ing efficiency associated with simulation, these results suggest that the UH-1TRS is an

effective trainer. The overall average TER for Experiment 3 was 0.45.
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ITR

UH- 1TRS Aircraft

TO to hover __. 4.00 1

Hover taxi _ 1.37 1

Hovering turns __ 1.43 1

Hover autorotation _2.08 1

Normal takeoff -- 2.34 1

Pattern --- 1.47 1

Approach _ 3.23 1

Hover to landing --2.50 1

Figure 9. Iterations transfer ratio (ITR) values for
Experiment 3.
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Experiment 4

Experiment 4 was called the substitution experiment. Prior research demonstrated
that the UH-1TRS could produce a positive training benefit when introduced as

an adjunct to an existing fixed-hour training course. However, an adjunct train-

ing schedule offers no cost savings over costs in the current IERW training course.
The substitution study was conducted to evaluate the feasibility of replacing "blade
hour" (aircraft) training with low-cost simulation. Since it was determined in

Experiments 2 and 3 that the average trainee meets the criterion on all eight train-
ing maneuvers in about 9 flight hours, the substitution study replaced about 9
hours of blade time with 9 hours of UH-1TRS time. The configuration of the

UH- 1TRS for the substitution experiment was the same as that for Experiment 2.

The dependent measures of greatest interest in the substitution study were

not TERs; they were instead measures of the overall progress of students in train-

ing. Specifically, the focus was on whether the progress of the experimental
group trainees would equal that of the aircraft control group trainees through the

Primary Phase, as well as in training grades. The simplest measure of this progress
is whether any experimental students were set back or eliminated from training in

Primary Phase. As it turned out, there were no setbacks or eliminations from

either the experimental or control group. Flight training grades at the end of the

Primary Phase were compared, and the control group had slightly higher grades
than the experimental group, but the difference was not statistically significant.

The TERs for Experiment 4 are presented in figure 10. A positive TOT

was achieved on six of the eight target maneuvers; there was essentially no trans-

fer on normal takeoff, and a slightly negative transfer on the hover taxi maneuver.

The associated iterations transfer ratios are presented in figure 11. The overall

average TER for Experiment 4 was 0.23. In general, the substitution experiment
is considered to have had a successful outcome because of the following:

1. No experimental group SPs were set back or eliminated from Primary Phase

training.

2. There was no significant difference in Primary Phase grades between the

experimental and control SPs.

3. There was a net savings in training costs in Primary Phase (about $36,600

for 10 trainees).

4. A degree of positive TOT to the flight line was demonstrated.
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Figure 10. Transfer effectiveness ratio (TER) values for

Experiment 4.

UH - 1TRS Aircraft

TO to hover _ 3.14 1

Hover taxi 1

Hovering turns _ 1,64 1

Hover autorotation _ 4.76 1

Normal takeoff 1

Pattern _ 11.10 1

Approach _ 4.17 1

Hover to landing --2.04 1

Figure 11. Iterations transfer ratio (ITR) for

Experiment 4.

Experiments I-4: Conclusions

The overall results across these experiments show that the UH-1TRS is capable of pro-
ducing positive transfer of training to the UH-I aircraft with Army flight students as
research subjects. However, considerable variability is evidenced in TERs across stud-

ies. Some of this variability is probably attributable to changes in simulator configura-
tion, some to differences in IP experience and skill levels, and some to individual differ-
ences in trainee abilities. Figure 12 shows the total TER values summarized across the

four experiments, that is, averaged across 40 IERW trainees. Similarly, figure 13 sum-
marizes the ITR values for the four experiments.
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Figure 12. Summary of transfer effectiveness (TER) values
for Experiments 1-4.

ITR

UH - 1TRS Aircraft

TO to hover _ 4.4 1

Hover taxi _ 1.92 1

Hovering turns _ 2.60 1

Hover autorotation _5.95 1

Normal takeoff _ 4.88 1

Pattern _ 2.25 1

Approach _ 3.64 1

Hover to landing _ 2.22 1

Figure 13. Summary of iterations transfer ratio (ITR) values.
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In summary, the UH-1TRS demonstrates that low-cost simulation has considerable po-

tential to train neophyte Army flight students in the basic skills of rotary-wing flight. The
TOT results demonstrate that the UH-1TRS is a practical training device and that it could

reduce Primary Phase training costs if simulator time were substituted for helicopter flight
time.

The UH-1TRS has been improved in several ways since the completion of the

four experiments summarized above. The Uncle aerodynamic model from Ames Re-

search Center has been replaced with the ARMCOP model, also developed at Ames. The

ARMCOP model was improved by enhancing its low-speed and in-ground-effect (IGE)

characteristics. A UH-1H aircraft was instrumented with accelerometers (three-axis),

and test flights were conducted to evaluate the aircraft characteristics, especially in the

region of effective translational lift (ETL). These characteristics were incorporated into

the UH-1TRS aerodynamic model. The computer complex was upgraded to solve a

problem with the unreliability of the host computer. Most importantly, the device was

used as a vehicle for the development of an automated training system that could be used

to train neophytes to hover without requiring the participation of an IP.

THE AUTOMATED HOVER TRAINER

One of the critical flight skills that must be learned by ab initio trainees in the IERW

training program is hovering. Hovering maneuvers such as stationary hover, hover taxi,
hovering turns, and takeoff to and land from a hover must be mastered before the trainee

can solo the aircraft and go on to master advanced skills such as instrument flight, emer-
gency procedures, and combat skills. Learning to hover has been traditionally trained

using the "monkey see, monkey do" method in which an instructor pilot demonstrates
hovering flight; after the demonstration, the trainee practices the maneuver while the IP

guards the flight controls for safety and provides guidance to the trainee. In the IERW

curriculum, the trainee must learn coordinated hovering skills before the 20th flight train-
ing hour in order to be cleared for solo flight and to avoid being eliminated from the
training curriculum.

Successful hovering flight requires the coordinated use of the helicopter flight
controls in order to overcome the interactions built into the aircraft. For example, when
power is added by raising the collective-pitch lever in order to climb to a higher hover
height, there must be a concomitant increase in the pitch of the anti-torque rotor (tail
rotor), which is accomplished by adding left pedal. A UH-1 Huey helicopter, which is
currently the Army's primary flight trainer, hovers with the nose 5° high (because ofa 5 °

forward tilt to the main-rotor mast) and slightly "left skid low" in order to compensate for
translating tendency, which is the effect of the anti-torque rotor acting as a propeller and
trying to move the entire aircraft to the right. Any change in one helicopter control posi-
tion requires a concomitant change in other controls to maintain the aerodynamic balance

required for stable hovering flight. These control interactions and the rapid but small
control movements required to maintain a constant position over the ground with varying
wind conditions constitute a large part of the challenge that trainees must meet to learn
hovering flight within the time allotted by the training syllabus.
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Theideaof asimulator-basedautomatedhovertraineroccurredtotheauthor
duringhisfirstattemptsathoveringflightin1977.Inparticular,thestandardtraining
methodof givingtheneophytetraineeonlyonecontrolata timeis atvariancewith
knownhumanfactorsprinciples.Forexample,a literaturereviewbyWightmanand
Linterndrewtheconclusionthatintegratedmanualcontroltasksshouldnotbefraction-
atedfortraining (ref. 37). However, the problem with hover training is that most ab initio
trainees cannot handle all the aircraft controls at one time without compromising flight

safety. Thus, the standard training method used by the Army is to first give the trainee

control of only the pedals, next, only the cyclic, then only the collective. The problem

with this approach comes when the trainee tries to integrate the separately learned control

responses by taking responsibility for all controls simultaneously. The literature review
by Wightman and Lintern suggests that the integration time for separately learned tasks is

longer than the time required to learn the tasks simultaneously in an integrated approach

(ref. 37).

So on the one hand, the human factors literature suggests that integrated psycho-

motor tasks such as operating flight controls should not be fractionated for training, but

considerations of safety say that neophyte trainees should not be given all the controls

simultaneously in hover training. The solution to this apparent quandary is to accomplish

hover training in a simulator with built-in stability augmentation such that the neophyte

can successfully operate all the controls in a hover from the first attempt. The stability

augmentation should be variable, capable of providing substantial help to the neophyte
and much less to the trainee who has nearly learned the hovering tasks. Ideally, the

amount of stability augmentation help should be varied intelligently in response to the

level of performance of the trainee, that is, should adaptively help the student by aug-

menting control stability only to the degree needed by the trainee to retain basic aircraft
control.

This is the premise that served ,as a foundation for the development of the Auto-

mated Hover Trainer (AHT). A simulator-based trainer was envisioned that would con-

tinuously review trainee performance and adaptively augment control inputs such that
the demand characteristics of the simulator would accommodate the trainee's ability to

successfully hover.

These human factors considerations drove the engineering requirements for the

development of the AHT. Aerospace and electrical engineers at the University of Ala-

bama applied the Optimal Control Model to the design of an adaptive trainer providing

inner loop stability augmentation (ref. 38). The mathematical model periodically com-

pares trainee performance with expert performance norms based on a highly skilled pilot

flying the same maneuver without augmentation. As the trainee's performance approaches

the norm, the computer software switches to a lower level of augmentation until the

student is flying the unaugmented helicopter aerodynamic model (ref. 39).

A series of experiments was undertaken to evaluate the training effectiveness of

the AHT. Again, Army IERW trainees served as research subjects and the experiment

was embedded in the IERW course. In the first experimental evaluations of the effective-
ness of the AHT, a standardized evaluative check-ride in the simulator was administered
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followingautomatedtraining.Infollow-onexperiments,TOTfromtheAHTtotheUH-
1aircraftwasmeasured.Thefollowingtwosectionspresentthemethodsandtheresults
oftheAHTexperiments.

QUASI-TRANSFER EXPERIMENTS

In 1989, a preliminary evaluation of the AHT was accomplished using what Roscoe and

Williges termed a "quasi-transfer" method, that is, the transfer was evaluated by using

the simulator itself as the criterion vehicle (ref. 35). Twenty-four warrant officer candi-
dates awaiting flight training served as research subjects. Each was trained to FTG crite-

ria on five hovering maneuvers: stationary hover, hover taxi, hovering turns, land from

hover, and takeoff to hover. The defining criteria for these maneuvers follow.

1. Stationary hover: hover 3 feet behind the Maltese cross, in alignment with

the runway, at skid height of 3-5 feet.

2. Hover taxi: taxi down the centerline of the runway at a skid height of 3-5
feet at a speed not to exceed that of a brisk walk.

3. Hovering turn: maintain the aircraft over a fixed point on the runway at a

skid height of 3-5 feet; perform a 90 ° pedal (yawing) turn to the right; perform a 90 °

pedal turn to the left to return to the initial heading.

4. Land from hover: smoothly reduce collective pitch to land from a station-

ary hover, maintaining runway alignment and position over the ground.

5. Takeoffto hover: smoothly increase collective pitch to bring the aircraft to
a 3-5-foot hover maintaining runway alignment and position over the ground.

The five hovering maneuvers were trained in the order in which they are listed

above. In the hover training program, the simulator initiated stationary hover training by
performing an "autotakeoff," that is, by automatically performing a normal takeoff to a 3-

foot hover. The trainee was advised to follow through on the controls to experience a

demonstration of a normal takeoff. When the simulator reached a skid height of 3-5 feet,

the "autotakeofr' was terminated, and control authority was given to the trainee, who

began learning the sensorimotor coordination required to perform a stationary hover. The
autotakeoff feature was used to initiate training on the first four maneuvers.

The artificial intelligence (AI) logic that created the "autohelp" training func-

tion was described by Krishnakumar et al. (ref. 39). The autohelp function, created by
application of the optimal control model (OCM) with an intemal feedback loop, aug-

mented the trainee's control inputs to damp out overcontrolling responses. All trainees

began at autohelp level 6 (of 12 levels). The goal for the trainee was to quickly reduce the

amount of autohelp provided from level 6 to level 0 (level 0 was the unaugmented UH- 1

aero model) by matching his performance with the OCM "expert" model. Criterion
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performancewasdefinedas2successiveminutesatautohelplevelzero.Itwascommon
fortraineesreachinglevelzerotoreturntolevel1and,occasionally,evenlevel2before
finallymasteringthecontrolmovementsrequiredtomaintainthemodelatlevelzero.

Whenthetraineehadmetthe2-minutecriteriononstationaryhover,hovertaxi,
hoveringturn,andlandfromahover,theAHTinitializedonthegroundandthetrainee
madethefirstunassistedattemptattakeofftoahover.Whenthecriterionwasmetforall
fivemaneuvers,trainingwasconsideredcompleted.Thistrainingtookplaceinapproxi-
mately1-hourtrainingsessionsoverfourconsecutivetrainingdays.Onthefifthday,
eachtraineetooka"check-ride"inthesimulator.

Simulatorcheck-tideswereadministeredbyanArmyratedstandardizationin-
structorpilot(SIP)whowasnotprivytothetrainingdatafortheresearchsubjects.The
SIPgradedthesubjectsonapass/failbasis.Subjectsweregradedasthoughtheywere
beingevaluatedforauthorizationtoperformsoloflight,acheck-ridewhichwas,atthat
time,administeredatapproximatelythe14-hourtraininglevel.Thesewerehighlycon-
servativestandardsinthatthesubjectstrainedintheAHThadreceivedonlyanaverage
of 3.1hoursof trainingatthattime.Totaltrainingtimewaslimitedbytheschedule
imposedontheresearchsubjectsbytheirArmyassignments.

Twocriteriawereusedtodeterminetheeffectivenessoftheautomatedtraining:

1. Wasthetraineeabletoprogressthroughtheautomatedtrainingparadigm
andmeetthecriterionduringthe4-daytrainingperiod?

2. Wasthetraineeabletoachieveapassingscoreonthemaneuverduringthe
check-ride?

Figure14presentsthedatathatanswerthesequestions.Twentyoneofthe24
traineesmetthetrainingcriteriononallfivehoveringmaneuvers;onedidnotsuccess-
fullymeetthecriteriononstationaryhover,hoveringturn,orlandfromahover,andtwo
wereunabletomeetthecriterionontakeofftoahover(themostdifficultmaneuverto
performwithinstandards).Only23oftheexperimentalstudentswereavailabletotake
thein-simulatorcheck-ride.All 23passedthecheck-rideonthestationaryhover,hover
taxi,andhoveringtummaneuvers.Twentytwoofthe23passedthecheck-rideonthe
remainingmaneuvers,thatis,landfromahoverandtakeofftoahover.Therefore,these
quasi-transferresultsareconsideredtohavedemonstratedtheeffectivenessof theAHT
approach.

TRANSFER-OF-TRAINING EXPERIMENTS

The quasi-transfer research was viewed as a process evaluation that revealed the effec-

tiveness of the AHT approach. However, the quasi-transfer results could not predict the

effectiveness of the trainer in the trainee's subsequent performance in the aircraft. What

was needed was a full-fledged TOT evaluation of the AHT to determine whether the
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Figure 14. Trainees meeting criterion for maneuver training

and trainees passing check-ride.

device had a practical application in reducing training costs and increasing training effi-
ciency in the IERW course. Two such evaluative experiments were conducted using

Army flight students in the IERW curriculum as research subjects and using TOT to the

UH-1 aircraft on the flight line as the criterion for the performance of the trainer. Each

experiment employed 10 SPs as research subjects. Since only 10 subjects could be trained

in the simulator per day, the experiment was duplicated in order to increase the number of

subjects and, thereby, to increase the statistical power of the results. Thus, the two ex-
periments have been combined in this review.

Twenty officer trainees, drawn from their training classes at random, learned to

hover in the AHT before beginning training in the UH-1 aircraft. Their progress in the

IERW training program was evaluated to assess TOT to the UH-1 aircraft. A special

evaluation slip was developed to measure trainee progress in hovering skills. On the

evaluation slip, which was completed daily, the Primary Phase instructor pilot (IP) re-
corded the number of times each hovering maneuver was demonstrated, each trainee

attempt at the maneuver, whether the IP touched the controls (either to "save" the aircraft

or for training purposes), and whether the trainee completed the maneuver within Flight
Training Guide (FFG) standards. The evaluation slip, which fitted on the IP's kneeboard,

defined the four outcome categories for each trained maneuver:

1. Demo: IP demonstrates maneuver

,

3.
standards

Assist: SP attempts maneuver, IP takes over controls to assist

Attempt: SP completes maneuver without help, but does not meet

4. Standard: SP completes maneuver, meets standards
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Eachhovermaneuverwasscoredinone of the above categories. Successful completion

of training for each maneuver was operationally defined as three successive maneuver

iterations in the Standard category.

TOT was assessed by comparing the hover training performance of the experi-

mental group with that of their classmates in Primary Phase IERW. Each AHT-trained

student was paired with a classmate who had no prior training and who thus served as a

control. Before the selection of the experimental group, all members of the two classes

that provided subjects for this research were administered an aviation experience ques-
tionnaire. All trainees who had prior flight training were eliminated from consideration,

as either experimental or control subjects. Since each primary phase IERW instructor

pilot trains student pilots in pairs, this pair-wise comparison of "stick buddies" served to

reduce the variance caused by differences in IP training style, aircraft flight characteris-

tics, time of day, or weather conditions during training.

The assumption was made that prior hover training in the simulator should re-

duce the number of maneuver iterations to criterion for a given maneuver when that same

maneuver was performed in the aircraft. Specifically, the experimental group should
meet the criterion of three successive maneuvers to standards in fewer iterations than

their control group counterparts. This was the hypothesis tested in this experiment: the

experimental trainees would require significantly fewer maneuver iterations than their

control group counterparts to meet the training standard for hovering maneuvers.

In flight training, it is customary to quantify flight experience in terms of the
total number of hours the individual has flown. We chose to count maneuver iterations

rather than flight hours because the IERW curriculum includes other maneuvers, in addi-

tion to hovering flight, during the early training hours of the Primary Phase curriculum.

Thus, without a special curriculum developed to train hovering flight before training in
nonhovering maneuvers, it is not possible to know exactly how many training hours were

required to meet the criterion on hovering maneuvers. It was, however, relatively straight-

forward for the IP to complete a scoring sheet each time a hovering maneuver was trained.

Maneuver standards were taken from the published IERW Flight Training Guide.

The criterion for successful learning of each maneuver was three successive maneuver

iterations within standards. The overall measure of trainee performance in training was
the total number of maneuver iterations required to meet the criterion (including the three

that defined the criterion).

The TOT experiment results are presented in figure 15. This figure compares

iterations to criterion for the two groups by maneuver. In each case the experimental SPs

met the criterion in fewer iterations than did the control group. This finding supports the

research hypothesis.

A chi-square test of significance was performed to see if the better training

performance of the experimental trainees exceeded chance variability at the 5% level of
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Figure 15. Mean maneuver iterations to standards for

experimental and control groups.

confidence. The test results of the chi-square hypothesis are presented in table 1. This
table presents the total number of maneuver iterations, by maneuver, observed for the

two groups and the expected number of iterations under the chi-square model of no sig-
nificant differences between the groups. The calculated chi-square values and associated

probabilities show that the observed differences all met the criterion for statistical signifi-
cance.

Table 1. Chi-square Test of Significance for
Student Pilot Maneuver Iteration Data

T/O to

hover
Stationary Hovering

hover turn

Experimental group
Observed a 245 228

Expectedb 276.2 271.6

Control group
Observeda 601 604

Expectedb 569.8 560.4

%2 value 524 10.41

Significance (d.f = 1) p < .05 p < .01

281

326.8

720

674.2

9.54

p < .01

Hover Landing
taxi from hove_

226 234

278.8 262.8

628

575.2

14.86

p< .001

571

542.4

4.69

p < .05

a Total number of observed iterations.

b Number of iterations expected under the chi-square model of significant difference between
groups.



122 JACK DOHME

Table 2 summarizes the results across the five training maneuvers. The experi-

mental group trainees met the criterion with an average of 15.2 iterations per maneuver
and a total of 75.9 iterations to meet the criteria for all five maneuvers. The control group

required an average of 18.9 iterations per maneuver with a total of 94.7 iterations for all
five maneuvers. This difference reflects a savings of 19.9% of the control group's ma-

neuver iterations on the flight line.

Table 2. Transfer of Training: Automated Hover Trainer to Aircraft

AHT training time per student pilot to learn
five hover maneuvers a prior to

aircraft training

Iterations required per student pilot to meet
criterion in aircraft: five hover maneuvers a

Control group (no AHT time)

Experimental group (prior AHT time)

Iterations saved by prior AHT time

2.9 hr

94.7

75.9

18.8 (19.9%)

a Stationary hover, hover taxi, hovering turn, land from hover, takeoff to hover.

The research summarized above demonstrates (using Army trainees as research

subjects) that the AHT approach is feasible and that the UH-1TRS is a practical training

device capable of producing positive TOT in the IERW curriculum. These evaluations

were performed within the context of the existing IERW training curriculum. Since the

IERW curriculum was not developed to optimize the training effect of simulator-based

training, it is assumed that the degree of TOT observed is a conservative estimate of the
potential for low-cost simulation. Specifically, the "lock-step" IERW flight curriculum

has a fixed training agenda that introduces hover training only on the third flight training

day. Hover training is then integrated with other training objectives such as flight from

the heliport to the stage field, traffic pattern flight, radio procedures, cockpit procedures,

and simulated emergency procedures.

It would be informative to develop a training curriculum specifically tailored to

the use of simulation and automated training. Criterion-based hovering performance was

achieved in about 3 hours in the AHT and in about 10-14 hours in the aircraft. Thus, it

appears that automated simulator-based training is highly efficient. However, the ulti-

mate efficiency of this training medium remains to be proved in an experimental curricu-

lum developed to optimize the application of low-cost training technology to primary

rotary-wing training.

The ongoing direction in this research effort is toward an amplification of the

AHT approach producing a full-fledged intelligent flight trainer (IFT). The IFT, which is

being developed by ARIARDA and Charles River Analytics, capitalizes on the success of

the AHT by applying advanced AI concepts to ab initio rotary-wing training. The IFT

will adapt intelligent tutoring systems (ITS) technology (ref. 40) to adaptive training
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techniquesto synthesizeanadaptiveautomatedtrainermodulethatcanbeinterfaced
withawiderangeofsimulators.Itsfirstapplicationwillbetoanabinitiorotary-wing
trainer,suchastheUH-1TRS.Anattemptwillbemadetoautomatetrainingoftheentire
IERWPrimaryPhasecurriculum.

AIRCREW COORDINATION TRAINING

In the 5-year period FY84-89, Army aviation accidents cost 147 lives and $292,000,000.

The overall fatality rate remains relatively low given the hazardous conditions under

which many missions are conducted (e.g., actual combat, NOE flight, and flight using
night-vision devices), and the number of hours flown by Army aviation. (Army rotary-

wing aircraft fly about 1.4 million hours per year for a fatality rate of about I death per
50,000 rotary-wing flight hours.) Nevertheless, these data show that there is still consid-

erable room for improvement in Army flight safety.

According to Leedom, human error is identified as a causal factor in 70%-80%

of all aviation accidents (ref. 41). A follow-up analysis by Simon of rotary-wing accident

data revealed that an element in the causal chain in many accidents is a failure of the
aircrew to appropriately allocate the mission tasks and functions, that is, failure of air-

crew coordination (ref. 42). A similar analysis by Orlady and Foushee of U.S. Air Force

accidents led to much the same conclusion and to the development of training in what is

commonly termed cockpit resource management (ref. 43).

The unique environment in which Army rotary-wing missions are conducted,

for example, at NOE altitudes at night using night-vision devices, required a fresh ap-
proach to aircrew coordination training. The exigencies created by a cockpit emergency
under these conditions are often less tolerant of crew coordination errors than those oc-

curring at 30,000 ft. In 1989, ARIARDA began a cooperative research effort with the

U.S. Army Aviation Center (USAAVNC) and Dynamics Research Corporation (DRC) to
evaluate Army rotary-wing accidents, to develop a research-based approach to crew co-

ordination training, and to develop a method for evaluating the success of the training.

This cooperative research approach to aircrew coordination training focused on

the evaluation of training outcome as the area with the greatest need for additional work.
Aviation accidents are rare events when viewed as an accident rate. And rare events are

notoriously difficult to predict by using stochastic models. Prior research in crew coordi-

nation, for example, in the commercial aviation industry, used measures of attitude change
to assess training effectiveness rather than the more desirable direct measures of aircrew

performance such as cockpit behaviors, accident rates, and mission effectiveness. The

approach developed by Grubb et al. identified three levels of aircrew effectiveness: atti-

tude, crew behavior, and crew performance (ref. 44).

Attitude was measured by using the Army Aviation Crewmember Questionnaire,

which was adapted and enhanced from the military version of the Cockpit Management
Attitudes Questionnaire (CMAQ) (refs. 45, 46). However, the attitude measure was found
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tohavelittlepredictivevaluebeyondthepredictionofpost-trainingattitudesfrompre-
trainingattitudes.

BehaviorwasmeasuredbyusingaversionoftheLOFT(LineOrientedFlight
Training)WorksheetdevelopedforNASAandmilitaryapplications(ref.46).TheLOFT
approachwasmodifiedtobetterencompasstheArmy'screwcoordinationobjectivesand
wastermedtheAircrewCoordinationEvaluation(ACE)Checklist(ref.44).

Aircrewperformancewasmeasuredinaccordancewiththerevised1992Army
AircrewTrainingManual(ATM)programofstandards.TherevisedATMsexplicitly
identifiedaircrewcoordinationtasksandprescribedcrewmemberduties.Whereasthe
ATMsprovidespecificobjectiverequirementsformissionstandards,forexample,hover
ataskidheightof 3+1feet,thestandardsforcrewcoordinationaresubjective.The
ATMsdirectevaluatorstousefivecriteria:(1)leadershipandteamclimate,(2)mission
planningandrehearsal,(3) informationexchange,(4)workloadmanagement,and(5)
crossmonitoring.

Grubbetal.evaluatedanditerativelydevelopedthesecrew-coordinationmea-
suresbyworkingwithexistingUH-60(Blackhawk)aircrewsintheUH-60flightsimula-
tor(ref.44). Tacticalscenariosweredevelopedto meetthefollowingguidelines
(ref.44):

1. Focus on the unit's Mission Essential Task List (METL).

2. Be consistent with the published standards in the ATM and in the Aircrew

Training Program Commander's Guide (TC 1-210).

3. Utilize battle-rostered crews.

4. Emphasize crew tasks.

Sixteen UH-60 aircrews from Fort Campbell, Kentucky, served as research sub-

jects for this development effort. After each mission scenario was flown in the simulator,

videotapes were reviewed, and each crew member participated in a structured exit inter-
view. The lessons learned from these interviews and from the attitudinal, behavioral, and

performance measures collected before the mission flights were used to evaluate the ef-
fectiveness of the crew-coordination measures and to develop an exportable evaluation

package for use in the field. Specifically, a comparison of the pre- and post-training

performance of these aircrews revealed that the training resulted in the following:

1. Better mission planning with a shortened planning and rehearsal cycle

2. Improved communication patterns within the cockpit

3. More efficient management of critical flight tasks, using the entire crew

More important, the simulator flights demonstrated that these behavioral im-

provements led to a reduction in the crew-error patterns that are frequently found in avia-
tion accidents.
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Flight task Reduction in crew error, %

Detection of system malfunction
Terrain and obstacle clearance

Transition to instrument flight

Instrument approach and landing

100
43

100

83

The end product of this research is the Crew Coordination Exportable Evalua-

tion Package for Army Aviation (ref. 44). Beginning in FY93, this training package was
approved for Army-wide implementation (including Army Reserve and National Guard

aviators). Another result of this effort is the installation of video cameras in all Army
training simulators to support the after-action review of crew coordination behaviors.

CONCLUDING REMARKS

This chapter began by identifying the military objectives of rotary-wing training, that is,

to develop training that is increasingly effective, efficient, and responsive. The challenge

of meeting these objectives is especially demanding in these times of force downsizing
and budget reductions. In 1993, the Army Chief of Staff wrote that "Declining military

resources and increasing military missions will require fundamental changes in the way

we achieve decisive victory in the 21st century .... Training remains the glue that binds
the Army into a force capable of decisive victory." (ref. 47)

Aviation is one of the most expensive combat arms, especially with regard to

training costs. Thus, the gauntlet has been thrown and the challenge must be answered by

the training development community. The human factors research programs provided as

examples in this chapter demonstrate that the military rotary-wing training community is

being responsive to these ever-changing training requirements. Training ideas and train-

ing hardware are being developed and empirically evaluated in order to meet the criteria

of effectiveness and efficiency in rotary-wing training. New techniques and models are

being applied to both the development and evaluation of training paradigms.

Recently, the DOD has been exhorted to develop "dual-use" training programs,

that is, training approaches and hardware that are also applicable to civilian training goals.

An example of this redirection is the call for proposals under the Technology Reinvest-

ment Project (TRP) published by the Advanced Research Projects Agency (ARPA). This

focus on dual-use training technology has the potential to benefit both military and civil-

ian training by providing a vehicle for the joint development and sharing of training

technologies.

Another example of cooperative funding and sponsoring of training research is

the joint development of the STRATA research simulator at Fort Rucker. Approximately
half the development and fabrication costs were borne by ARIARDA and the other half

by the Canadian government in support of CAE, the developer/manufacturer of the de-

vice. Similarly, ongoing research projects in the STRATA simulator are being jointly
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fundedbyARIARDAandother agencies (DOD and civilian) for whom the research is

being conducted.

The challenge to military rotary-wing training is substantial. The aircraft are

becoming more complex and the missions more demanding; the result is changes in the

kinds of demands being made on military aviators. Increasingly, aviators are called upon

to be system managers rather than seat-of-the-pants pilots. Current rotary-wing aircraft

commonly have some form of stability augmentation systems that aid the aviator in the
control of the flight path. An example is the hover-hold feature in the AH-64 Apache

aircraft. The hover-hold function can be selected by the pilot-in-command (PIC) to re-

duce aircraft control workload and thereby to free some of the PIC's attention to tasks

other than basic helicopter control. (Hover-hold is something of a misnomer in the AH-

64 since the function actually holds the aircraft attitude-- in flight as well as in hover --
but does not maintain a constant AGL altitude. Thus, the PIC is still fully responsible for

visually maintaining aircraft clearance during hovering flight.)

At the same time, the suite of systems that must be managed when the aircraft is

deployed in battle is burgeoning. To provide an example, the OH-58D Aeroscout and
AH-64 Attack helicopters share the Airborne Target Handoff System (ATHS), a digital

radio-based function to rapidly transmit target information between the scout aircraft and

attack aircraft. The multifunction display (MFD) that operates the ATHS has approxi-

mately 180 pages of display information, all of which must be learned and mastered by

the ATHS operator in order to make optimal use of the system in battle.

These 180 MFD pages devoted to the ATHS do not include the pages involved

with controlling the weapons system, the horizontal situation display, the vertical situa-

tion display, the mast-mounted sight, the communications capabilities, initialization pages,

or the aircraft survivability equipment. In all, the MFD makes about 300 pages of infor-

mation available to the operator. To survive on the modern battlefield, the trainee must

learn to effectively operate the MFD and other aircraft systems, despite sizable cuts in

training budgets and in-flight training hours. And this includes the "high school to flight

school" trainees who enter flight training with no college education and no prior flight or

military experience.

The challenge to the military training community, brought about by the increased

complexity of aircraft, systems, and missions, and by reduced training budgets, is pro-

found. The challenge can be met by "training smarter," that is, by increasing the effec-

tiveness and particularly the efficiency of rotary-wing training. Increased use of higher-

efficiency training devices, for example, desktop and part-task trainers, low-cost simula-

tors, and intelligent training devices, is one solution. Improved means of selecting train-

ees who have the greatest promise of success and better matching of trainee aptitudes to

mission requirements is another. However, it is likely that the best "training-effective-

ness multipliers" are still in the training research laboratories. It is to be hoped that they

will be developed and fielded in time to meet the challenge.
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ALTERNATIVE TRAINING SYSTEMS
David A. Lombardo*

SUMMARY

Emerging computer-based training methods are discussed as low-cost alternatives to cur-

rent flight simulators. The history of flight simulation and of other flight-training devices

is presented as a means of understanding how the industry evolved, especially with re-

spect to the requirements pertaining to simulator fidelity-- a primary cost driver. Prac-

tical applications of popular flight-simulator software developed for personal computers

are described and a training system that integrates computer-assisted instruction, com-

puter-based flight simulation, and state-of-the-art flight-training devices is proposed. A

means of organizing all rotary-wing operators into a common training-related group for
the purpose of maximizing their capability is suggested, and insights into the future of

simulation, with emphasis on the emerging field of virtual reality, are offered.

INTRODUCTION

It is unlikely that anyone but the most provincial of flight instructors fails to appreciate
the value of simulation in flight training. Even a glance at the accident statistics will
support the contention that additional training and proficiency are necessary. With main-
tenance-related accidents almost nonexistent, it can be argued that what remains is, for
the most part, accidents caused by pilot error, which is fertile ground for on-going train-
ing. It is also the case that some necessary maneuvers that should be performed in rotary-
wing flight training carry unusually high risks if performed in the aircraft, yet another
reason for the use of simulation.

From a business perspective there are several reasons why simulation makes
sense for the helicopter operator. No facet of general aviation is so abundantly endowed
with money that expense is not a concern, but for various reasons rotary-wing operators
have some of the tightest budgets. The extremely high cost of operating a helicopter is
reason enough to shift training from the aircraft into a lower cost-per-hour simulator.
Unfortunately, the great advances in the level of simulator fidelity that have been made
over the past decade have been accompanied by similarly large increases in the initial
acquisition and hourly operating costs of simulators. Today, flight simulators are
unaffordable for the overwhelming majority of rotary-wing (and fixed-wing aircraft) op-
erators. Unfortunately, because of Federal Aviation Administration (FAA) mandates, it
appears they will remain so for some time.

* Lombardo & Associates, Shorewood, Illinois.
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THE PAST OF FLIGHT TRAINING DEVICES

To understand the problem, and its possible solutions, it is necessary to understand how

we arrived at this point in simulator flight training. The story goes all the way back to
1929 when Ed Link designed the first such training device, one he called the Pilot Maker.

The Pilot Maker, which pilots quickly dubbed "the Blue Box" because of its construc-

tion, resembled a miniature airplane; it had wings and a tail, and offered movement in

pitch, yaw, and roll. A somewhat more advanced but still crude version assisted in the
successful training of thousands of World War II pilots. Eventually, the Link Simulator

Company was purchased by the Singer Company, of sewing machine fame. For decades

after, Singer-Link dominated the development and growth of flight simulation.

Singer-Link's growth, as well as the ever-increasing fidelity of its simulators,
was spurred on by a post-World War II economy that made commercial aviation practi-

cal. The airlines wanted their pilots to receive training credit for simulator time so they
could reduce the number of hours that their aircraft were tied up for training. The airlines

had learned early on that in-flight training could result in accidents, that it was expensive
in terms of direct operating costs, and, even worse, that it took a revenue-generating

aircraft out of operation. Unfortunately, during this evolutionary period of simulation,

the principal designers of the simulators were engineers, not educators. The FAA was

staffed with former military pilots who had, for the most part, engineering backgrounds.
As a result, it should be no surprise that their design axiom became "If it looks like a bird,

walks like a bird, and flies like a bird, then it must be a bird."

The FAA became adamant that a simulator had to be as close a duplicate of the

actual aircraft as possible if it were to qualify for training credit. The result was a box

whose interior was almost indistinguishable from that of the aircraft being simulated,

perched precariously atop legs and arms that heaved, pitched, yawed, and otherwise trans-
lated conlxol inputs into motion amid leaking hydraulic fluid and whirring motors.

The major problem with this pseudomotion was clear: it simply did not accu-

rately duplicate the motion cues a pilot would experience in the aircraft. Moreover, it
could not do so as long as the simulator was attached to the ground. But it made the

engineers and the FAA proud because it was complicated, expensive, and looked very

authentic. Unfortunately, the simulator cost curve began to accelerate upward toward an

intersection with the aircraft cost curve. It was not long before only a privileged few

could actually afford to use a simulator, let alone own one. Those privileged few in-

cluded the military, which passed on the costs to the taxpayer, and the airlines, which

essentially followed suit.

In the 1950s, Rudy Frasca designed and built a generic simulator. He recog-

nized early on the fallacy of the never-ending spiral toward total simulator fidelity. He

also recognized the folly of mechanically induced pseudomotion. As a result, he was

able to predict the inevitable overpricing of simulator training, and he set out to build an
altemative based on the simple principle that form follows function. First, thought Frasca,

decide what kind of training you want to do, then design the training device to accom-
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plishthattraining.ThebigsimulatorcompanyengineersmadefunofFrasca'ssimulator,
andtheFAArefusedtoletit evenbecalledasimulator.Manyinthemilitarycalledit a
toy,andU.S.airlinesrefusedtoevenconsiderit. Foramanwithlessvision,thebroad
negativeresponsetohisearlyeffortswouldhavebeenoverwhelming,butFrascasimply
keptmakingandsellinghislittlesimulator.Universitiesandotherpilot-trainingopera-
torsknewwhattheseindustrygiantsdidnot:Frasca'ssimulatorworked,anditdiditsjob
inexpensively.

Inthe1960sand1970sothermanufacturersbeganproducingdevicesthatwere
similartoFrasca's,andthebusinessof genericflightsimulatorsgrewsignificantlyas
flighttrainingprogramsallovertheworldbegantoincludethislow-costformof flight
simulation.Beforelong,foreignmilitaryandairlineoperatorsbeganbuyingthesede-
vicesforuseintheirtrainingprograms.Theyboughtthembecausethesimulatorsworked
andbecausetheywereunfetteredbyoverlyrestricted,engineering-orientedFAArequire-
ments.

In themid-1980s,somethinghappenedthatwouldforeverchangethe"low-
cost,genericflightsimulator":theadventofthelow-costmicroprocessor.Nowmostof
thecomplexgearsandleversofthoseearlysimulatorscouldbereplacedwithcomputer
softwareanddigitallydriveninstrumentsandequipment.Suddenly,therewasadramatic
upturninthefidelitywithwhichthesesimulatorsperformedbecausetheirperformance
becameamatterofsoftwareprogrammingratherthanmechanicalengineering.Butnow
theendusers,nolongercontentwithwhateverthemanufacturersoffered,begantodic-
tatewhattheywantedinthisnewbreedofflight-trainingdevices(FTDs).

Softwareprogrammersbecamethemodemheroesof simulation,andeachnew
programmingtriumphwasmetwithademandtogoontothenextstep.Inthebeginning,
softwareprogrammerswereoftenuniversitycomputersciencestudentsearningtheirway
throughgraduateschool.Theyproducedremarkableresultsandbroughtlow-costsimu-
lationtoheightsofrealismthatbegantoapproachthatofmultimilliondollarsimulators.

Buttheever-increasingconsumerdemandforhigherfidelity,awiderarrayof
sophisticatedoptions,andtheabilitytosimulatemultipleaircraftwithasingletraining
deviceplacedaheavydemandonthesoftwareprogrammer.Thisspawnedtheprofes-
sionalsoftwareengineerwhobegantospendmoreandmoretimerefiningperformance
andhandlingcharacteristicssimplybecauseit wasnowpossibletodoso. Butthese
individualscommandedever-increasingsalaries,andslowlythecostof low-costflight
trainingdevicesbegantocreepupward.Theindustryhadcomefull circle.Theseflight
trainingdeviceswerestillsignificantlylessexpensivethantheirsimulatorcounterparts,
buttheywerenowtooexpensiveformostflighttrainingoperators.

Onceagaintheindustryisfacedwiththesameoldproblem:thosewhomost
needsimulatortrainingareusuallytheoneswhoareleastlikelytobeabletoaffordit.
TheFAA,foritspart,issuedAdvisoryCircularAC120-45A,FlightTrainingDevices,
whichsetsforthasystemthatcategorizesflighttraining devices into seven levels. This
new advisory circular primarily affords some financial relief to the air carriers who have

been forced to rely heavily on full-motion simulators, the cost of which can, in some
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instances,exceedthatoftheactualaircraft.Thesenewdeviceswillpresumablybeau-
thorizedaspart-tasktrainersin anefforttoeliminatesomeof therequired,andmore
expensive,simulatortime.AccordingtoDornheim,thenewadvisorycircularhas"sparked
developmentandsalesof flight I_aining devices" (ref. 1). But AC 120-45A treats these

new flight training devices in a manner similar to the way it treats simulators; that is, it

calls for training devices to have high levels of fidelity, in terms of matching the perfor-

mance and handling characteristics of the aircraft, even for genetic devices.

The FAA now requires the manufacturer of a generic flight-training device to

first make up a complete set of engineering data for the performance and handling char-

acteristics of the proposed genetic aircraft. (Note that the genetic aircraft does not exist.)
Then, for initial device certification, and on an annual basis thereafter, it must be proved

that the training device continues to conform to those make-believe, generic specifica-
tions. The FAA is, therefore, requiring the faithful reproduction of something that does

not exist! The expense of being able to design and build a device that meets these FAA

specifications, and one that can also provide a means for doing routine engineering justi-

fication, will put the cost of the device out of the reach of most flight-training operations.
And to these costs must be added those of the FAA in conducting these annual inspec-

tions.

Unfortunately, in the process of developing their advisory circular, the FAA

chose to ignore the almost 30 years of successful pilot training that was done in generic

flight-training devices. With a stroke of the pen the FAA essentially rendered all pre-

existing flight-training devices unusable (after a brief transition period). Thousands of
devices at hundreds of universities, fixed-based operators, and other flight schools will

suddenly become useless. Instead of looking forward, capitalizing on what we know to

be true through actual pilot training experience and research conducted by credible uni-

versities, we are moving backward toward the engineering approach. Rather than the

simple axiom "form follows function," we are forced to make form the goal regardless of

its training value.

PRESENT ISSUES

The question at the heart of the simulator fidelity issue is how much fidelity is necessary?

Must the ab initio student be trained in a high-fidelity simulator in order to learn basic

aircraft control? Is it necessary for simulator systems to be exact duplicates of the aircraft

in order for the student to learn systems management? Caro pointed out that it is "un-

likely" that the effectiveness of the training conducted in a simulator is attributable to any

single factor; more likely it is a function of the hardware, program, personnel, and other,

even unknown, factors (ref. 2). It is important to bear in mind that training programs

utilizing low-cost flight-training devices are not attempting to type-rate pilots. These

programs utilize flight-training devices as a program enhancement and to make their

actual flight training more efficient. Therefore, it is only necessary that the appropriate

cause and effect relationships exist between control inputs, handling characteristics, in-

strument displays, and performance. This philosophy was supported by Smode and Hall
who wrote:
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Trainingdevicesshouldbeconcernedwithtransferof training,rather
thantheengineeringapproachtosimulationwhichbelievesphysical
correspondencewiththeactualaircraftisnecessary.It ismoreappro-
priatethatthelevelof fidelityrequiredshouldbedeterminedbythat
whichisnecessarytofacilitatelearning.[Ref.3]

Thishasbeensupportedbynumerouspriorandsubsequentstudies,including
thoseofPovenmireandRoscoe(ref.4),Valverde(ref.5),andSwezey(ref.6). Thereis
alsoampleresearchtoindicatethatsystemsmanagementtrainingdoesnotrequirehigh
subsystemfunctionalandcontrol/displayfidelity.In fact,FiskandJones,whostudied
globalversuslocalconsistency,cautionedaboutthepotentialproblemof lower-level
consistenciesinterferingwithhigher-levelperformance(ref.7). It ispossibleforthe
studenttobecomesofocusedonanirrelevant,minoraspectofthetaskthattraininginthe
taskitselfmaysuffer;thisastrongargumentforsimplepart-tasktrainers.

Theideaofpart-tasktrainershasbeenaddressedinnumerousstudies.Schneider
cautionedagainsttrainingforthetotalskill(ref.8). Heidentifiedsixcommontraining
fallaciesincluding"targettasktraining,"whichcontendsthatthetrainingenvironment
mustbeascloseaspossibletotheconditionsof therealworld.Thisispreciselythe
currentFAAorientation.It assumesthatthereal-worldpresentationisthebestenviron-
mentforlearning.Ironically,though,formanytrainingtasks,thereal-worldenviron-
mentisnotonlylessthanideal,it isundesirable.Forinstance,Hennessyetal.compared
variousflightsimulatorvisualdisplaysintrainingnaivestudentstofly straightandlevel
(ref.9). It wasdeterminedthatcertainunconventionalandinexpensivevisualdisplays
weremoreeffectivethanthemoreelaboratedisplaysforteachingsomebasicflightskills.
Hennessyetal.alsoconcludedthatthey(inexpensivevisualdisplays)could"provetobe
superiortoconventionaldisplaysonatime-to-trainaswellasonacostbasis."Once
again,wehavesupportforthenonengineeringorientationof"formfollowsfunction."

Thelogicalextensionofthephilosophyofformfollowsfunctionistheneedfor
atraining-task/devicematrix.Asanindustry,weneedtoputthearchaicideaof "the
moreit lookslikeanaircraftthebetterit is"behindus.Amatrixshouldbedevelopedthat
wouldconsiderthespecifictasktobelearned,thelevelofproficiencytowhichit mustbe
learned,andthedevicefunctionandfidelitylevelnecessarytoaccomplishit.

MULTIPLE PERFORMANCE CONSTANTS

Instead of using the power of the microprocessor to chase after expensive, excess simula-

tor fidelity, that power could be better used in resolving more training-related concerns
such as low-cost training devices capable of simulating multiple aircraft. Kolcum re-

ported that one of the lessons learned during the Gulf War was the need for field-deployable,
flexible-mission rehearsal simulators (ref. 10). Several companies either currently have,
or are in the process of developing, devices that can simulate two or more different air-

craft. One such company is developing a mission-rehearsal simulator that duplicates a C-

130 cockpit and that can be reconfigured into a helicopter cockpit in about 30 minutes.
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FrascaInternationalhas,foranumberof years,offeredtrainingdeviceswith
genericcockpitsthathaveuptoninedifferentaircraftperformancetemplates;thetem-
platescanbetailoredtorepresentanyaircraftthecustomerchooses.Thesoftwarechanges
areinstantaneouslyavailablethroughtheoperator'sconsole,andconversionfromsingle-
enginetomultiengineaircraftrequiresahardwarechangethattakesfewerthan3minutes
tocomplete.Theunitcanbeprogrammedwithperformanceandhandlingcharacteristics
thatarehighlyrepresentativeof aspecificaircraft.Thedirectoperatingcostsof these
devicesis negligible;unfortunately,theacquisitioncostis not. Thesedevicesare
unaffordabletoallbutarelativelyfewusers;moreover,onlylimitedefforthasbeenmade
toaccommodatehelicopteroperators.Thepicturemaynotbeasdismalasit appears,
however,becausethereisanemergingfieldofsimulationthatholdstremendousprom-
ise.

COMPUTER-BASEDFLIGHT SIMULATION

One day in 1988 1happened to be talking with Stu Moment, an old friend from college

and coauthor of a popular software package marketed by Microsoft and called Flight

Simulator. At that time the software simulated the cockpit environment of several differ-

ent general aviation reciprocating- and jet-engine aircraft including the instrument panels

and outside visual displays. During the conversation we talked about the potential train-

ing value of Flight Simulator. I became convinced that it did have potential and subse-
quently applied for, and received, a modest grant from Bowling Green State University

(BGSU) to fund an internal research project (ref. 11).

In the project, the performances of students learning fundamental aircraft con-

trol by using Microsoft Flight Simulator and a well-established flight-training device

known as the Link GAT I were compared. The results indicated that definite training

value was derived from the computer-based flight simulation (CBFS). This is remark-

able because the cost of the software, which can be run on an ordinary personal computer

(PC), is only a small fraction of the cost of a flight-training device. The study results

showed that flight simulation could potentially be available to anyone with a PC!

The project caught the attention of one of my graduate students at BGSU, Brian

Spitznagel. As a result, he made the use of the same software, in aiding private-pilot

student understanding of electronic navigation equipment, the subject of his thesis (ref.

12). He hypothesized that the three-dimensional form of the software's display would be

effective in helping students grasp the concepts. The results of his research were posi-
tive.

At approximately the same time, I began discussing these projects with Steve
Hampton of Embry-Riddle Aeronautical University (BunneU, Fla.). Flight simulator games

had been a long-time interest of his, and as a result he conducted a project that favorably

compared another popular flight simulator software package called Novel Twist with
GAT I and Frasca 141 flight-training devices. The comparisons were made in terms of

basic attitude-instrument and radio-navigation training for private pilot certificate instruc-
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tion(ref.13).Hamptoncontinuestoconductresearchin theareaof computer-based
flightsimulationtransferoftraining.

Anothercolleague,GustavoOrtizof AndrewsUniversity(BerrienSprings,
Mich.),alsobecameinterestedinmyprojectandsubsequentlyconductedoneofhisown
inwhichhemeasuredtransferofgainingfromanotherpopularsoftwarepackagecalled
Elitetoanactualaircraft.Hetoofoundthattheinexpensivecomputer-basedflightsimu-
lationsystemdemonstratedpositivetransferof gainingtotheaircraft(ref.14).

Currently,thereareseveralresearchersinvestigatingdifferentaspectsofcom-
puter-basedflightsimulationandtransfer-of-trainingissues.Thequestionisnolonger
whethersuchasystemhastrainingvalue;it isnowaquestionofwhichareasof flight
trainingarebestsuitedtocomputer-basedflightsimulationandoftheextenttowhichit
canbeused.Whatevertaskscomputer-basedflightsimulationprovesbestsuitedtoper-
form,I recommendaflight-gainingdeliverysystemthatintegratescomputer-assisted
instruction,computer-basedflightsimulation,flight-trainingdevices,andactualaircraft
flight instruction.

COMPUTER-ASSISTED INSTRUCTION

During the early 1970s there were individuals who thought computer-assisted insguction

(CAI) would replace classrooms and lecturers. Most teaching professionals, however,

recognized it for what it really was: an outstanding instructional aid. The primary advan-

tage of computer-assisted instruction is its interactive capability. It can present a large

volume of standardized material including the written word, animated graphics, photo-
graphic and videographic images, and recorded sound depending on the hardware con-

figuration. After the student reviews the material, it is possible for the computer to evalu-

ate his understanding of the material in terms of predetermined learning criteria and, if

required, direct the student to a remedial lesson to correct any deficiencies. Another
primary advantage is that CAI can be used anywhere that the student has access to a

personal computer and monitor. For these and numerous other reasons, computer-as-

sisted instruction has been used by training professionals for many years.

If this appears to be rehashing old ground consider that computer-assisted in-

sguction, computer-based flight simulation, and flight-gaining devices all have one thing

in common: the computer. Computer-basedflight simulation is fundamentally nothing

more than a CAI system with a set of input/output devices configured to resemble aircraft

flight controls. Aflight-training device is essentially the same but with more specialized
hardware to make it appear like an aircraft. The essential ingredient of all these devices

is that they are software-driven. It is well within the capability of software engineers to
develop the software necessary to link them all together.

Since approximately 1987 1 have been advocating the development of an intel-

ligent, interactive flight-gaining system composed of a computer-based flight simulation

and a flight-training device. This system could meet a wide range of training require-

ments including ab initio, recurrent, transition, and proficiency training. Depending on
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theintendedapplication,it couldrepresentagenericaircraft,aspecificaircraft,orsev-
eralaircraftwithinterchangeableFTDinstrumentpanelmodules.Considerthestudent
whoisabouttobeintroducedtothetask of hovering in a helicopter.

In a comfortable, quiet, well-lighted room the student sits in front of a personal

computer that includes a set of helicopter flight controls. The student inserts a floppy

disk containing the lesson on hover into the computer's disk drive, then types the appro-

priate password. The program loads into the computer, after which the student removes

the learning unit disk and replaces it with a personal training disk. This training disk
maintains a history of all the student's training. With the administrative tasks completed,

a drawing of the actual helicopter flies slowly across the screen, hovers over a designated

spot for a moment, and lands-- a perfect demonstration of hover as seen from outside the
aircraft.

After the brief visual demonstration of the maneuver to be learned there follows

a comprehensive explanation, which includes graphics and animation. Main- and tail-
rotor aerodynamics are illustrated because even airflow is depicted to show the student

exactly what is happening. As the lesson progresses, the program evaluates the student's

understanding of key issues by means of on-screen questions -- multiple choice or short-

answer -- that the student answers. Incorrect answers cause the program to branch to a
remedial lesson complete with appropriate graphics until the student can demonstrate an

acceptable understanding of the material. At the end of the cognitive portion of the les-

son, the student is given a comprehensive, on-screen evaluation of all the material, again

with necessary remedial branching. Unlike the old flight instructor joke that says if the

student doesn't understand something just repeat it louder, the remedial lessons would

present the material in a new way, perhaps with different text, simpler analogies, and
more detailed graphic representations.

After the student successfully completes the evaluation the computer then dem-

onstrates the hover maneuver. The lower portion of the monitor displays the aircraft's

instruments and the upper portion displays (for example) an outside, forward view, or

perhaps a view of the aircraft as if the student were watching it from behind. A more
sophisticated version might even include visual displays for side or chin windows.

As the computer demonstrates the maneuver, a very brief description of what is

happening appears on the monitor or is heard over a simple sound system. The student

then attempts the maneuver with the computer coaching, much the way an instructor

would in the actual aircraft. Initially, it would be a perfect environment devoid of wind or
obstructions.

As the student's performance improves, the computer decreases the acceptable
tolerances and reduces the coaching to short prompts. When the student's proficiency

reaches the optimum criteria, the program begins to complicate the maneuver by includ-

ing additional variables such as wind and hovering in an enclosed area.

Once the student reaches a predetermined level of competency through practice,
the program gives the student a practical evaluation. If the student does not meet the
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criteria,remedialinstructionandpracticeareprovidedasnecessary;otherwise,thestu-
dentisinstructedtogototheflight-trainingdevice.

ThestudentnowinsertsthesamecomputerdisksintotheFTD computer which

then gives a brief review of the principles of the maneuver by using the visual system to
display text and graphics, and a sound system for narration. The review includes a stan-

dardized portion for all students and an individualized portion that reviews the areas of

weakness that the student demonstrated during CBFS training. The flight-training device
then demonstrates the maneuver, operating all the instruments, controls, and visual dis-

plays in real time with simultaneous audio explanation. In the next step, the student

practices with audio coaching, then practices to build skill, and finally is evaluated with
remedial instruction provided as necessary. Upon successful completion of the lesson the

student is instructed to meet with the flight instructor. The instructor is able to review the

student's training history on that or any other previous learning modules, before they take
off for an in-flight lesson.

There are significant advantages to such a system. The interactive and individu-

alized training allows students to learn at their own rate and with remedial help always

available. The low-cost of the computer-based flight simulation allows the student to

study at home, and the learning units provide for highly standardized instruction, assur-
ing that all students learn precisely the same material and to the same standards. The

system also provides a standardized, unbiased cognitive and skill evaluation. And it

would be a simple matter to expand the training to include a vast army of subject matter
such as turbine-engine operating principles, sling-load operations, or weather radar.

Moreover, the system provides a comprehensive training record for each stu-

dent, one that can be treated like a pilot logbook, in that it can travel with the pilot. With

such a system a pilot who received initial training at a flight school in Shorewood, Illi-

nois, could make a seamless transition to training in Portland, Oregon. Professional pi-
lots would be able to present their training history to a new employer in a form that would

detail not only the subjects in which they have been trained, but how long it has been
since they last reviewed those subjects.

When I originally presented this idea at the Fourth International Symposium on
Aviation Psychology it was not generally well received (ref. 15). Members of the FAA

said there would never be any training credit given for anything that included a computer

game. Manufacturers of flight-training devices said their systems were proprietary and

intimated they would never expose their software to potential competitors. Interestingly,

only the developers of the computer-based flight simulator software were actually enthu-

siastic about both the benefit to the student and about the possibility of embarking on a
cooperative effort with other manufacturers. Perhaps the most short-sighted of all were

the comments from some of the flight instructors present. They accused me of trying to

eliminate the flight instructor from flight training. I was astounded, because as a flight

instructor I viewed this as the ultimate teaching tool that could help make my job easier.

My feelings were best summed up in a recent comment by Captain Ernest L. Lewis,
Commanding Officer of the Naval Training Systems Center, and noted in reference 16.

He said the new technologies were helping to redefine the role of the instructor from

stand-up lecturer to coach.
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FouryearslaterattheComputerPilot'sAssociationof AmericaConference
heldatCornellUniversity,I againpresentedtheidea,thistimetoagroupofcomputer-
basedflightsimulationusersandsoftwareprogrammers;theygaveittheiroverwhelming
support.LaterthatsameyearI againpresentedtheideaattheAerospaceTechnology
ConferenceandExpositionoftheSocietyofAutomotiveEngineers(ref.17).Thecollec-
tiveresponsefromtheeducatorsandresearcherspresentwasverypositive.Thenext
yearBentonetal.(ref.18)releasedareportaboutthebasicflightinstructiontutoring
system(BFITS)whichfinallybroughttoactualitymuchoftheideaIhadbeenpromoting
forover5years.Byallreports,BFITSlivesuptomybestexpectations.

VIRTUAL REALITY: ONE STEP AHEAD

Everything discussed thus far is well within the capability of today's technology. All the

pieces currently exist and in at least one instance they have been integrated into a system.
If all of this sounds far-fetched then I caution you to prepare yourself for what follows; it

may read like science fiction, but it is not fiction. Not only is it within our technological

capability, but it already exists, at least in its separate components.

Suppose for years you have day-dreamed about your ideal home. You know

every inch of it by memory: the kitchen with the huge center work island, the sunken

living room with bay windows looking out over acres of woodland and lake, and that
fantasy master bath with separate shower, sauna, tons of storage space and beautiful whirl-

pool bath with a small window providing fresh air and natural light right above it. The

only thing missing has been the land and the financing. Then one day the perfect piece of

property becomes available and the financing can be worked out. The dream is so vivid

you can almost touch it, but fantasy is a far cry from reality. You probably haven't thought
about the glare from the midday sun shining through those living room windows, or how

inconvenient it would be to have to reach over the whirlpool to actually open the little

window, or how much room you really need between your kitchen island and the cabinets

on the wall behind it. Enter virtual reality (VR) and a very progressive architect.

The two of you spend hours going over every detail of your dream home. The

difference is that instead of putting all this down in the traditional paper format, your
architect does all the planning on a computer workstation. When everything is pro-

grammed, you are invited back to the architect's office to view the results. But instead of

sitting down and poring over blueprints you are invited to put on a helmet-like device

with a small visual display for each eye and a pair of gloves.

After donning the gear, which is connected to the workstation by an umbilical

cord, the architect activates the system. Suddenly you are standing in your dream living

room, looking at the sun streaming through those huge bay windows; perhaps a southern

exposure wasn't the best idea after all. A bit of keyboard sleight of hand and you are in

the kitchen. You reach down and open a cabinet door only to discover that it nearly

touches the center-island work station; you definitely need more floor space in the kitchen.
The architect increases the distance by making keyboard entries and suddenly there is

plenty of room between the two, as the computer subdy rearranges the entire house floor
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plantoaccommodatethenewlyenlargedkitchen.It isnotdifficulttoimaginethepossi-
bilitiesofsuchasystem,andit isonlyinitsinfancytoday;thepotentialfortomorrowis
beyondimagination.

Thehelmetandglovesaresimplycomputerinput/outputdevices.Thehelmetis
aminiaturevisualsystemthatalsorelatesheadmovementtotheappropriateviewwithin
thevirtualenvironment.Eachgloveisessentiallyaverysophisticatedmousewhichalso
relateshandandfingermovementstothevirtualenvironment.Already,researchershave
producedhelmetswithsophisticatedsoundandvisualsystemsthatcanveryprecisely
inputrelativeheadmotionto thecomputertoupdatethevirtual-environmentpointof
view.Infact,thehelmetandglovesaresocommonthatlesssophisticatedversionshave
alreadybecomecommonplacein theworldofvideogames.

Therearealsoprototypebodysuitsandadvancedglovesthatnotonlyserveas
inputdevicestothecomputerbutalsoactasoutputdevicestothewearer.Asystemso
equippedallowsthewearertomovefreelywithinthevirtualenvironment,openingand
closingdoorsandwindows,turninglightsonandoff,hearingrepresentativesounds,and
feelingrepresentativepressuresagainstthehandandbody.If, forinstance,thewearer
reachesoutandturnsadoorknob,notonlywill thedooropenbuttheglovewillprovide
appropriatefeedbackandthewearerwill"feel"thedoorknobasasolidobject.Tosome-
oneobservingthisfromtherealworldit wouldappearasif thepersonissimplywalking
abouttheroom,reachingoutintospace,andturninghishand.

Whatdoesallthishavetodowithrotary-wingflighttraining?Everything.It
hasthemostprofoundtrainingimplicationsinhistory.Firstandforemost,becauseallthe
hardwareinvolvedinaVRsystemisstandardized,it reducesallsimulationtoamatterof
softwaredevelopment.Thatsimplefactalonewillpermitadramaticreductionin the
costoftraining.It willultimatelyallowthedevelopmentof highlycustomizedtraining
environmentsthatwillduplicateaspecificaircraftbyserialnumber,andthatwillallow
trainingtotakeplaceanywherethereiselectricity.

A virtual-realityflightsimulationcouldincludeall ofthetrainingelementsof
theintegratedcomputer-basedflightsimulationandflight-trainingdevicesystembutina
farmoresophisticatedform. It is importanttonotethataVRsimulationstillwillnot
replacetheflightinstructor;it wouldsimplybeaverysophisticatedtrainingdevice.But
whatatrainingdevice!

Imaginethisscenario.Thechiefexecutiveofficerhasplanstopickuphiscon-
gressmanatNewYork'sLaGuardiasotheycanbothattendanimportantmeetingatthe
WorldTradeCenter.HewantstousehisnewcorporatehelicopterbasedontheEast
Coastandhaveit flownbyhistwofavoritepilots.Unfortunately,neitherpilothasever
landedattheWorldTradeCenterheliport.Onehasneverflownotherthanin theLos
Angelesbasin;theotherisstationedwiththeaircraftinBostonandhasnevermethis
copilotforthetrip. Abitcontrived,butforthesakeofargumentlet'slookathowaVR
systemcouldhelpthepilotsprepareforthetrip.
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ThepilotsgototheirrespectiveflightoperationsofficesinLosAngelesand
BostonataprearrangedtimeanddontheirVRtrainingsuits.Connectedbymodemtoa
commoncomputer,theyselectthecorrectaircraftoption,chooseleftorrightpilotposi-
tionasappropriate,theNewYorkenvironmentdatabase,andthelatitudeandlongitude
coordinatesfortheareaatLaGuardiatoandfromwhichtheywill operate.Thepilots
thenfindthemselvessittingside-by-sideinwhat,forall intentsandpurposes,appearsto
betheaircraftwithLaGuardiaairportvisibleoutsidethewindshield.Theycantalkto
eachother,gothroughthechecklistandenginestart,andworktheflightasif theywere
reallythere.Evenair-trafficcontrol(ATC)simulatorsarebeingdevelopedthatcouldone
dayproviderealisticair-trafficconflictsandreports.Thepilotscouldpolishtheircrew
coordination,workundervaryingmeteorologicalconditions,andbecamefamiliarwith
bothterminalenvironments.

Soundstoofantastic?Watchtelevisionsomeevening.Whenyoufindyourself
askinghowtheadvertiserperformedsomefeatofapparentmagic,likeaballoontrans-
formingintoacarthatdrivesaway,answercomputergraphics.Someonecreatedthe
entiresequencewithacomputerandtherenderingissoperfectthatyoucannottellthe
differencewiththehumaneye.It iscreatedwithsoftwarein thesamewayasvirtual
reality;infact,it isvirtualreality.It onlyrequiresacomputerworkstation,somestan-
dardizedVRinput/outdevices,a lotofdedication,andtime.

Yousee,nowthatwehavereducedallofthistosoftwaredevelopment,it only
takesonepersonobsessedwiththeideaofdevelopingtheperfectBell412simulationto
makeit happen.Perhapsitwillbeasoftwareengineerworkingforaprogressivesimula-
tormanufacturer,orperhapsjusta412pilotwhohappenstobeacomputerjunkie.And
whenthatoneisdone,someoneelsewillrisetothechallengeandcreatetheperfectS-76,
andsoon.Onewayortheother,itwillhappen,simplybecausethemeanstoaccomplish
it exist.It willevolvejustassurelyasdidcomputergames,computer-basedflightsimu-
lation,andotherhightechnologymiracles.Unfortunately,itsevolutionwill certainlybe
hamperedbymanymanufacturersand,nodoubt,bytheFAAitself,asself-proclaimed
simulationexpertsstandbyslack-jawed,unwillingtoacceptthefuture.Sadly,it ishu-
mannaturetoclingtowhatweknow,thatinwhichweperceivethesafetyoffamiliarity.

In1899,CharlesH.Duell,CommissioneroftheU.S.PatentOffice,recommended
toPresidentMcKinleythatthePatentOfficebeclosedbecauseeverythingpossibleto
inventhadalreadybeeninvented.Hefailedtoseethatwhen men are free there will

always be a few farsighted and creative individuals who are willing to take risks and to

take the best of the past and forge it into a better future.

CONCLUSIONS

Unquestionably, the designers and manufacturers of flight simulators have devoted far

more of their attention to fixed-wing aircraft than to rotary-wing aircraft. The reason is a

matter of supply and demand. If rotary-wing operators demanded, and could afford,

more simulation, the manufacturers would happily oblige, and the FAA would issue a

flurry of advisory circulars, regulations, and other paperwork. Unfortunately, most ro-
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tary-wingoperatorsaretoosmalltobeabletoaffordtheexpenseofcontractsimulator
trainingletalonebuytheirownsimulators.Ifevertherewasafieldripefororganization,
thisis it.

I believeaconsortiumof rotary-wingmanufacturers,insurers,relatedspecial
interestgroups,andoperatorsshouldbeorganizedtorepresentthetraininginterestsofall
rotary-wingoperators.Theconsortiumwouldsurveyalloperatorsandestablishpriori-
tiesthatwouldaddressthetrainingneedsofeveryone.A system such as I have proposed
could be developed for the most common aircraft to begin with, but with the goal to

develop units that could be quickly reconfigured to represent different types of rotary-

wing aircraft. Participating operators would be able to purchase the computer-based

flight simulation software for their local operation, and compatible flight-training de-

vices could be set up in regional training centers. These centers would be subsidized by

the consortium so that the hourly training costs would be kept to a minimum for consor-

tium members. As an alternative to the training center, flight-training devices could be

installed in trailers and moved to scheduled locations throughout a given region. The

operators would have the option of scheduling training to coincide with the flight-train-

ing device's arrival in their area or arranging for their pilots to receive training at other
scheduled sites.

The consortium would also be the appropriate group to spearhead the effort to

develop appropriate emerging technology, whatever form it takes, for the purpose of making

better and more cost-effective training alternatives available to all rotary-wing operators.

Historically, helicopter operators have received short shrift. It is true that some changes

are under way, but they can be expanded, expedited, and implemented only if the opera-

tors of rotary-wing aircraft stand together in their demands to the simulator industry and
to the regulatory agencies.
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TRAINING DEVICE MANUFACTURING

John Carlton* and Stephen Francis*

SUMMARY

The role of the manufacturers of flight training equipment in the field of rotary-wing

aircraft flight-crew training is described. It draws upon the experiences gained in both

rotary- and fixed-wing simulation in which the aim has traditionally been to duplicate the

flight deck and its functions and to provide the best compromise in motion-cue and vi-

sual-scene presentation. This enables a trainee to practice both normal and abnormal

procedures in a highly realistic environment under the supervision of an experienced
instructor. Unlike the actual aircraft, however, this simulated environment is tolerant of

pilot errors, enabling flight envelope limits to be safely approached and experienced.

Moreover, maneuvers can be practiced in a simulator that are either unacceptably danger-

ous in the aircraft or that require flying conditions that do not prevail at the time of train-

ing. More recently, systematic training analysis and performance validation have demon-

strated that valuable training and checking can be effectively carried out in a training
device that is considerably simpler than the traditional high-fidelity simulator. As a re-

suit, the manufacturers of training devices have become more closely involved in under-

standing the training activity for which their devices are intended, thus ensuring that the

equipment is not only comparable to the aircraft but is also appropriate to the training

requirement. Because the manufacturers of flight training equipment must ultimately

report to their shareholders, this chapter also considers some of the economic factors that

contribute to the decision to develop, market, and manufacture training products to meet

the needs of specific market sectors.

INTRODUCTION

The history of the rotary-wing aircraft flight simulator, the ways in which it has recently

developed, and its future potential are presented from a manufacturer's perspective. It

should be clearly understood that the simulator manufacturer is seldom the operator of

the equipment and that his view of the subject is often constrained by his perception of
the realities of the situation. These realities include the design, manufacture, and delivery

of a device meeting a schedule and a customer's expectations. It has become obvious that

* Training Device Manufacturing, Hughes Rediffusion Simulation (now Thomson

Training & Simulation), Crawley, Sussex, United Kingdom.
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themanufacturershouldtakeabroaderinterestintheentiretrainingprocessand,inpar-
ticular,inhowthedevicemaybeusedinrealtraining.Inthisway,thedesignmaybe
betteroptimizedforitspurpose,whichwill inevitablyexpandthroughoutitslifecycle.

Fromacommercialperspective,themanufacturerhastobeabletomakearea-
sonableprofitinordertojustifythedevelopmentofrotary-wingtrainingdevices.This
issueisworthyof somediscussionbecauseit placesmanypracticalconstraintsonboth
devicecapabilityandthetrainingthatcanbeeconomicallyprovidedtopotentialpilots.It
canbearguedthattheentirecharacterofhelicoptertrainingphilosophiesandprograms
canbeinfluencedbytheabilityoftrainingequipmentmanufacturerstoprovideappropri-
ateequipment.

Weshalldescribehowexistingandfutureoperationalprocesseshaveakeyrole
incontrollingthedesignandoperationalcharacterofthetrainingequipment.It isvery
importanttobeawarethatalthoughfidelityofenvironmentandthescienceofsimulation
arefascinatingsubjectsandchallengesin theirownright,thereisalsoanothersetof
challengesassociatedwithbuildingacommercialproduct:acommercialproducthasto
meetcustomerneedsandmustbeavailableattherightpriceattherightplaceattheright
time.

Thedemandsthatacustomer-focusedcultureplacesonengineeringpracticeto
provideacommercialproductareparticularlyrelevanttohelicoptersimulation.The
commercialenvironmentin whichhelicoptersareusedisnotonlyuniquebutit also
variesenormously.Thisenvironmentisradicallydifferentfromthatofthelargecom-
mercialairlinesandairforcesoftheworld.Thelatterenvironmentsarefamiliartothe
primesimulatormanufacturers,whoseorganizationalcharactershaveevolvedfromthe
airlinesandtheairforcestheyserve.Helicopteroperationsaredifferent:perhapsthe
mostforcefulexamplesofthesedifferencesarehighlightedbythefactsthatcommercial
helicoptersaveragefewerthan2hoursflyingperday,andthattheaveragepurchaseprice
isabout$430,000perunit.Commercialairlinespayagreatdealmoreperunit,whichis
themainreasontheyworktohavethatassetflying(usually)wellinexcessof 10hours
perday.Asaconsequence,it isreasonabletosaythattheuniquehelicopteroperational
environmentisnotveryfamiliartotheprimefixed-wingsimulatormanufacturers.This
environmentcouldberegardedaspresentingadifferentchallengetothosemanufactur-
ers;certainly,it isadifferentmarketwithitsownsetofspecialcustomerneeds.

BUSINESS PERSPECTIVE: MARKET POTENTIAL
FOR TRAINING DEVICES

How does a manufacturer go about assessing market potential for rotary-wing training
simulators? There are two starting points for the analysis.
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Thefirststepinthemarket-potentialanalysisistoconductanassessmentofthe
predictedvolumeandvalueofrotary-wingaircraftsales,basedonforecastspublishedby
thehelicoptermanufacturers,industryanalysts,andmarketresearchorganizations.This
helpsthemanufacturertofocusonaircrafttypesthatarepredictedto havelargesales
volumesorlongperiodsofproductionorboth.Thesearethetypesthatmaybeofmost
interestfromatraining-equipmentmanufacturingpointofview,fortheymayneedtobe
supportedbyasignificantnumberof unitsoftrainingequipment.Inaddition,thishelps
thetraining-equipmentmanufacturertoplanproductiontimescalestocorrespondtolikely
equipmentdemandpeaks.Thisincludespreparationneededtodesigntrainingdevices
forrotary-wingaircrafttypesthatarenotyetinproduction.

Thesecondstepis toconductanassessmentoftrainingandcheckingrequire-
mentsmandatedbytheregulators,includingproposedregulationsandchanges.This
informationenablesthemanufacturertodecideontrainingequipmentfidelity,data,and
equipmentcapabilitycriteriathatmaybeapplicabletothetrainingprogramsofallopera-
torssubjecttosuchregulations.Thisassessmentisparticularlyimportantinthecaseofa
neworrapidlydevelopingmarket,wherechangesinrequirementswilloccurwithtime.

Historically,themanufacturershavebeeninvolvedinthedevelopmentofregu-
lationsconcerningthetechnicalperformanceof commercialaircraftsimulators.This
enablestheirperspectivetobetakenintoaccount,andgivesthemanufacturerreasonable
leadtimeinwhichtoprepareforanyimpendingchangein regulationsthatmayconcern
hisproducts.Thefocusofactivityhasbeenonthefidelityofsimulatedaircrafthandling
andvisualcues.Thegoalhasbeentheabsoluteengineeringduplicationoftheaircraft,
withextensiveusebeingmadeofaircraftpartsanddata.

Letmenotethatwhatfollowsinthisparagraphcannotbeoveremphasized.It is
ofextremeimportancetomanyoftheissuesaddressedwithinthischapterandthrough-
outthisvolume.Untilrecently,themanufacturershavenotbeencloselyinvolvedin the
developmentofregulationsconcerningtrainingtasksandtheassessmentofthecompe-
tenceoftrainees.This activity is essential to us, because it enables us to develop training

devices that are engineered for the training application, rather than engineered as copies

of the flight deck. This is particularly relevant for rotary-wing aircraft, whose initial and

life-cycle costs are dramatically lower than their fixed-wing equivalents. These differ-

ences in purchase cost and operational cost immediately prejudice the opportunity for

purchase of a simulator designed, built, and priced to the standards associated with fixed-
wing equipment. However, the training requirement may mandate the use of simulation

technology that is extremely advanced but that is simply unavailable at low cost.

The challenge will be to produce training equipment with standards of fidelity

that can be proved to be appropriate to the training requirements for which it was de-
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signed,therebyremovingasignificantpartof thecoststraditionallyassociatedwitha
fullyfunctionalfixed-wingsimulator.Alternatively,analysisoftherequirementwill in-
evitablyshowthatmanytrainingandcheckingactivitiescanbedoneatlocationsre-
movedfromthehigh-fidelitysimulator,thusreducingtheneedfortrainingtimeonthe
mostexpensiveequipment.Bothoftheabovesituationshaveoccurredinmilitarytrain-
ingprogramsformanyyears.Themilitarytrainingoptimizationprocessiscurrently
beingadaptedandappliedtocommercialfixed-wingapplicationsthroughthedevelop-
mentoftheAdvancedQualificationProgram(AQP)byU.S.operatorsandbytheFederal
AviationAdministration(FAA).Recentexperienceinthisareahasshownthattheuseof
high-costsimulationequipmentcanbereducedbycarefulstudyofthetrainingrequire-
ments.

In addition,analysesof flyingincidentshaveshownthatabout70%ofthem
werecausedbyhumanerror,ratherthanbyinadequacyinthetraditionalflyingskills.On
thisbasis,theAQPprocessischangingthefocusofskilldevelopmenttoensurethatcrew
behavioralissuesareaddressed.Theemergenceofcrewresourcemanagement(CRM)
trainingandassessmentinline-orientedflighttraining(LOFT)andline-orientedevalua-
tion(LOE)ischangingthecharacteroftrainingrequirements.Thisishavinganeffecton
thespecificationoftrainingequipment,whichtodatehasbeenusedonlyforthedevelop-
mentandassessmentofthetraditionalflyingskills.Thisnewparadigmcanbeexpected
tobeadoptedbytherotary-wingtrainingcommunity.

Thedefinitionofthetrainingandcheckingthathavetobecarriedoutasapre-
requisitetopilotcertificationiscriticaltoensurethatthemanufacturerhasgaugedthe
marketadequately.Thispointisbestunderstoodbylookingatthesituationthatexistsfor
largejet transports:currentregulationscombinedwithoperationalcostsmaketraining
andcheckingusingasimulatorandassociatedequipmentthemostcost-effectiveoption
foranoperator.Thesalesvolumeoftrainingdevicesisnotsimplyaresultofthenumber
ofoperationalaircraft.It relatesalsototheamountof timethatthetrainingequipmentis
usedbyeachcrewmember.If largenumbersoftrainingandcheckinghoursarerequired,
theoperatormayhavereasontopurchaseequipmentratherthanhiretimeonsomebody
else'sequipment.Forexample,amatureB-737-300fleetof 35aircraftmaygeneratea
demandfortraditionalrecurrenttrainingandcheckingin full-flightsimulatorsof be-
tween3,000and3,800hoursperyear,whichwouldrequiretwotothreetrainingslotsof
4 hoursperday;theoperatormightfindthatthisdemandvolumewouldjustifythepur-
chaseofasimulator.Thisexamplehighlightstheneedtounderstandhowmuchtraining
demandthereis,howheavilyutilizedtheequipmentmaybe,and,consequently,how
manypurchasesarelikelytobemadebyanoperator.

Asindicatedabove,akeyissueindeterminingfull-flightsimulatormarketvol-
umeistheextentandfrequencyofrecurrenttrainingandchecks.If regulationsdonot
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forceoperatorstotrainandcheckto comparablestandardstoensureadequatesafety
margins,thereislittleincentivetoconsiderthepurchaseofasimulator,especiallyif fleet
sizesaresmall.Forlargejettransports,thealternativeapproachoftrainingandchecking
intheaircraftitselfisnotcost-effective.Thisisnotsoforverysmallaircraft,whichare
frequentlyusedfortraining.However,theextentandthoroughnessof theregulatory
systemcoveringthelargeaircraftextendstotrainingmaneuversthatsimplycannotbe
practicedin theaircraftitself- windshearbeingthebestexample,withotheradverse
environmentalconditionsbeinggenerallyunavailablewhenneededforatrainingflight.

Whenregulationshavenotbeendevelopedtoensurethehigheststandardsof
flightsafety,it isdifficultforthemanufacturertoestimatethepotentialdemandfortrain-
ingdevices.It ishighlylikelythatoperatorsofrotary-wingaircraftwill carryoutmost
trainingbyusingtheaircraft,andthatonlythelargestcentralizedorganizationswillcon-
sidersynthetictrainingaidsasbeingworthyofconsideration,especiallyif thoseaidsare
pricedatlevelsmoreappropriatetoamulti-engined,wide-bodyfull-flightsimulator.This
is theenvironmentof the"oneoff" trainingdevice,forwhichthemanufacturerhasa
relativelypooropportunitytoamortizehisone-timecostsoverasignificantrunofrepeat
orders,whichwouldenablehimtogetcostsdownandstillreturnanacceptableprofitto
theshareholders.

Withmilitaryapplications,theperceptionoftheroleoftrainingisdifferentfrom
thatheldin mostcommercialoperations.Inparticular,themilitaryrequirementsthat
maneuversbecarriedoutatthelimitsoftheflightenvelopeandclosetotheground,and
thatfull-capabilitymilitarymissionsbeconductedwithhighlysophisticatedweaponand
electronicsystems,imposearigorousdesignapproachonthemanufacturer,onethat
pushessimulationengineeringtoitstechnicallimits.Althoughthiskindof approach
inevitablyincludesagreatdealofone-timeengineering,it isclearthatasignificantpro-
portionofthedesignworkcanbeapplicabletootherprojects.

Onthebasisof theabove,themanufacturerwill decidehowtoapproachthe
market,makingkeydecisionsconcerningproductspecifications,appropriatepriceranges,
andsegmentationissuessuchashigh-andlow-endproductsandregionaldistributionof
sales.

At thisstageit isconceivablethatthedesiredproductisunattainableforthe
estimatedpricethatthemarketwillbear.It isalsopossiblethatthepredictednumberof
equipmentunitsales,whentakingestimatesofmarketshareintoaccount,willbeinsuffi-
cienttocovertheone-timeinvestmentindesign,development,andtoolingnecessaryto
producetheequipment.

Costbreakdownsfortheproposedproductwilldisclosecriticalissuesconcern-
ingfixedmaterialcosts(especiallyaircraftparts),andbreak-evenvolumesrequiredfor
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makingorbuyingcomponentsorservices.Integration of the time required to order and

produce components, subassemblies, and the complete product will also disclose impor-
tant issues. The above activities simply give a flavor for the complex processes that take
place during the early stages of design; some of these will be covered in more detail later

in the chapter.

It is important to realize that the "go/no go" decision for a product may be re-

assessed at many stages of the above activities. It will also be assessed during the life

cycle of the product, especially as costs change owing to external factors (e.g., exchange
rates and inflation) beyond the control of the manufacturer.

Changes required to keep the product's specifications current with aircraft up-
dates may be significant, especially during the early life of an aircraft type. This affects

the experience curve, and as a result, truly optimized repeat products may never be achieved.

On top of all of the above points, there is the issue of competing with other
manufacturers. Free market competition practically ensures that the customer gets the

best deal. However, competition between manufacturers specializing in full-flight simu-

lators is so fierce that profitability is being eroded. There is little incentive in such an
environment to enhance technology further to provide extra levels of realism unless it can

be explicitly demonstrated that the manufacturer will financially benefit, either through

increased market share or through reduced manufacturing costs. The only other way to
justify product enhancement is through an explicit demonstration that use of the device
enhances training value, in the eyes of the customer. This situation has come about at a

time when the levels of simulation have exceeded regulated minima, and when the high

levels of the fidelity and sophistication required for effective training (particularly during

the early stages) have been questioned. In short, the market and supply industry have
matured.

This is the world of the manufacturer (and of all businesses): unless it can be

done profitably, it will not be done. The market defines the acceptable price.

We shall now consider at a top level the business prospects for rotary-wing simu-
lation for training and checking through to the next century.

Analysts expect new helicopter deliveries to average about 500/year between

now and early next century with growth from the present level of about 400/year to about
550/year in the next century (excluding piston-engine types). At no point are sales levels

expected to approach those of the early 1980's, when deliveries exceeded 800 units per
year for four consecutive years, with a peak of more than 1200 in 1981.
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Piston-enginetypesarefrequentlyexcludedfrommarketanalysesprimarily
becauseoftheirdiversityandlowvalue.However,certainpistontypeshavebeenre-
markablysuccessful,suchastheRobinsonR.22;however,byearlyin thenextcentury
theproportionofpiston-enginehelicoptersinservicewillhavebeenreducedbyabout
half.Marketsegmentationbytypeisgenerallyonthefollowingbasis(from1991data):

Percent
Percent excluding

Type Number oftotal lightpiston

Lightpiston 503 46 -

Lightsingleturbine 353 32 60

Lighttwinturbine 85 8 14

Intermediate 135 12 23

Medium/heavy 6 1 1

It isworthlookingalittlemorecloselyatthesepotentialsales.Takingnon-
pistontypes,337unitsweredeliveredintheUnitedStatesin1992;theyhadavalueof
$146million.Thisequatestoanaverageunitpurchasevalueofabout$430,000,exclud-
ingthecostoflogisticalsupport.Themoreexpensivehelicoptersarevaluedwellabove
this;forexample,theSuperPumacostsbetween$5millionand$6million.Fromthese
figuresit isclearthatasimulatormanufacturermustgearthepricingof histraining
equipmentaccordingly:currentpricesforafixed-wingaircraftcorrespondingtoaBoeing
B737-300areoftheorderof$30millionto$35million,andasimulatorforthataircraft
wouldcostabout$10million.Theapproachtakenaboveiswellunderstoodbytheprime
trainingequipmentmanufacturers,butcomparisonwithturbopropsisperhapsmoreap-
propriate:aDash8for$12million,aBrasilafor$7.5million.

TakingtheU.S.figuresalittlefurther,during1992it wasestimatedthat6,300
helicopterswereoperationalin theUnitedStates,includingpiston-enginedtypes.To-
gethertheyflewapproximately2.8millionhours,whichequatestoabout440hoursper
helicopter,foranaverageofabout1.2hoursflyingperday.However,about3,800,or
60%ofthehelicoptersareturbine-engined,andtheseflew2.2millionhours,or79%of
thetotal,averagingaround1.6hoursflyingperday,morethandoubletheworkloadof
thepiston-enginedflyingtimeof0.7hoursperday.Evenso,theseutilizationfiguresdo
notcomparewellwiththoseoftheaveragelargejettransport,whichmaybeflyingwell
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inexcessof10hoursperday,whenaircraftavailabilityowingtoweather,downtime,and
crewavailabilityisconsidered.Animportantpointcanbemadehereconsideringthe
potentialvolumeandvalueoftrainingequipment:whereasthevalueperunit(ofasimu-
lator)is lowcomparedtothatofafixed-wingaircraft,it is relativelyhighcomparedto
thatof arotary-wingaircraft.Consequently,it maybeeasiertojustifythecostof a
simulatorforahigh-cost,fullyutilizedfixed-wingaircraftthanforarelativelylow-cost,
onlypartiallyutilizedrotary-wingaircraft.Thesignificanceof thisis thatthecostof
trainingin thefixed-wingaircraftmightbeprohibitive,buttrainingintheunder-utilized
rotary-wingaircraftit mightbecost-effective.

Animplicationhereisthattheconventionalapproachtosimulatinglargecom-
mercialandmilitaryaircraftisnotappropriatetothecommercialrotary-wingtraining
market.Thisstatementcanbemadepurelyonthegroundsofcostandutilization.Mar-
ketdevelopmentmusttakethesefactorsintoaccount,requiringaradicalrealignmentof
approachbythesimulatormanufacturerstodevelopasuccessfulproduct.Thisisnot-
withstandingthefactthatthesophisticationof helicoptersimulationisconsiderable,as
theremainderof thischapterwillbearout.Therecurrentlyexistsagapinexpectation,
andit isunlikelythatachangein regulationsimposedonoperatorsin theinterestsof
safetywilleliminatethatgap.

Thereisclearlyanopportunitytodevelopalternativeapproachestothespecifi-
cation,manufacture,location,anduseoftrainingequipmentassociatedwiththepublica-
tionof theFAA(AdvisoryCircular)AC120-63.Undoubtedly,theuseofsophisticated
computerbasedtraining(CBT)andpart-tasktrainersmaybemoreappropriatethana
high-fidelity,full-flightsimulator.Thehelicopteritselfmaycontinuetobetheultimate
checkingenvironment,togetherwithbeingusedforsometrainingthatcannotbecovered
onapart-tasktrainerfittedwithsimplevisualandmotionsystems.The manufacturer has

to consider these approaches rather than simply assume the need for high fidelity. The

nature of the helicopter transportation business and its costs make the low-cost approach
inevitable.

A cursory examination of the requirement for high-fidelity simulation with fixed-

wing aircraft reveals an important paradox relating to the use of synthetic training equip-

ment for rotary-wing aircraft. The fixed-wing, high-fidelity requirement relates prima-

rily to takeoff, approach, and landing, maneuvers that require both psychomotor and cog-
nitive skills. Most commercial full-flight simulators for fixed-wing airline operations

have been used primarily to train these maneuvers, for which high-fidelity cues are criti-

cal because the aircraft is close to the ground.

Lower-cost, lower-fidelity training equipment has been used principally to train
for procedures and to practice maneuvers that do not take place close to the surface, other

than when the aircraft is stationary. Many of these procedures do not require a fully
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integratedhigh-fidelityflightdeck.Thisisparticularlythecasein theearlystagesof
training,whenemphasisisonapplicationsof systemknowledgeintheinitialphaseof
skillsdevelopment.Further,manyaspectsof modernaircraftoperationsrequirecogni-
tiveskilldevelopmentrelatedtointeractingwithandinterpretingelectronic-flight-infor-
mation-system(EFIS),autoflight,andflight-management-system(FMS)data,allofwhich
canbetrainedeffectivelyinpart-tasktrainers.

Affective,or"soft,"skilldevelopmentbeginswhencrewmembersarepairedin
training;consequently,CRMtrainingcanalsobeconductedinapart-tasktrainerandin
theclassroom.Also,despiteLOFTandLOErequiringhighlevelsofpsychologicalfidel-
ity,particularlyfortheexternalenvironment(i.e.,air-trafficcontrol),thereisvirtuallyno
requirementformotionorvisualcuesotherthanatthebeginningandendofaflightleg
scenario.Rotary-wingoperations,ontheotherhand,areconducted,forthemostpart,
closetothegroundwithanemphasisonpsychomotorskills;asaresult,thephysical
fidelityrequirementisconsiderable.

Hereistheparadox:flyingconditionsindicatethatasophisticatedtrainingde-
viceortherotary-wingaircraftitselfmaybeneededforalargeproportionof traditional
rotary-wingtrainingandcheckingtime,butthehelicopterbusinessissuchthataconven-
tionalhigh-fidelitytrainingdeviceisgenerallynoteconomicallyfeasible.Low-costequip-
mentsuchasCBTanddesktopsimulationsystemscanprovidecost-effectivetraining
solutionswhenusedappropriatelyinarotary-wingtrainingregime.Inaddition,aradical
reappraisalof theutilizationandlocationof high-fidelitysimulatorsinparticularmay
providealternativeopportunitieswithinthemarketplace.Theclassicexampleconcerns
locatinghigh-fidelitydevicesattheaircraftmanufacturer'ssite,whichactsasafocal
pointforinitial-typetraining.

Manufacturersofrotary-wingaircraftseelimitedgrowthprospectsforthecom-
mercialmarket.Theyarein anextremelycompetitiveenvironmentcharacterizedby
excessproductioncapacityandasaturatedmarketinmanysegments;thiswillprobably
leadtoarationalizationofmanufacturers.Thisgloomyoutlookiscompoundedbythe
prospectsof Russianexportof itsmilitaryandformermilitaryrotary-wingcapability.
Currently,thesesuppliersareenthusiasticallypromotingtheirlow-costequipmentwith
increasinglevelsofprofessionalism.TheendoftheColdWarhasaffectedgrowthpros-
pectsformilitaryrotary-wingaircraft,withmanyexpectedordersbeingcancelledor
down-scaled.Further,manymilitaryrotary-wingaircraftarebeingretiredandfinding
theirwayontothecommercialmarket;it isanticipatedthatthiswill furthersqueezethe
salesofexistingsuppliers.

Consideringregionalsegmentationin1993,wehavethefollowingbreakdown
bygeographicalareas.
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Numberof Percent
Region helicopters of total

N.America 11,200 54

Australia 1,200 6

MiddleEast 200 1

FarEast 2,000 10

Africa 650 3

S.America 950 5

Europe 4,200 20

CentralAmerica 200 1

ThemainareasofgrowthhavebeenidentifiedasSoutheastAsia,theMiddleEast,and
SouthAmerica.Theseregionswillprovidethegreatestopportunityfortrainingequip-
mentsales.Inthemorematuremarketareas,changesinregulationsandoperatingcosts
will berequiredbeforetherecanbeanincreaseinsalesoftrainingdevices.

Themilitarysegmentof thehelicopterpopulationisnotconsideredherein
detail;note,however,thatofthe11,200helicoptersflyinginNorthAmerica,about55%
areincommercialuse.

Tofinishthisconsiderationofthepotentialmarketforhelicoptertraining,a
briefcoverageof helicopterlife-cyclecostsisuseful.Tojustifytheprocurementof
expensivetrainingequipment,anoperatorhastobeabletoworkouthisoperatingcosts
andtheeffectthattrainingandtraining-equipmentprocurementwillhaveonthemover
time.TheFAAhasexpressedconcernthatU.S.helicopteroperatorsdonothaveahighly
detailedunderstandingoftheircosts,andiscarryingoutworkwiththeindustrytoad-
dressthispoint.Atsomestageinthefuture,thefeasibilityoftrainingbyusingsynthetic
equipmentmaybereappraised,buttheequationwill requiremoreattractiveofferings
fromthemanufacturers,andofferingspackagedmorecreativelythantheyareatpresent.

TECHNOLOGYPERSPECTIVE:

CREATING THE TRAINING DEVICE

There are major issues involved in rotary-wing simulation and training that are different

from those associated with fixed-wing aircraft. They have to do with the normal operat-
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ingenvironmentsofrotary-wingaircraft,thecomplexityoftherotorsimulation,andcost
constraints.Thefollowingdiscussionfocusesprimarilyonhigh-fidelitysimulationtech-
niques,forthisgivesanimportantinsightintothecomplexissuesinvolvedincreatinga
sophisticatedtrainingdevice,onethatclearlyprovidestheidealenvironmentinwhichto
checkdemandingmaneuversclosetotheground.

Rotary-wingflightgenerallyimpliesfrequentoperationsclosetoground.This
impliesthatthesimulatorshouldconveyappropriaterealismin itspresentationof the
out-of-windowscenes,providingcoverageof thetotalfieldof viewthataffectsvisual
cues.It alsomeansthatthemotioncuesarisingfromairframeaccelerationsandatti-
tudes,aswellasthevitalvibrationcues,mustbesimulatedtoahighstandardofauthen-
ticitytoensurethateffectivetrainingcanbeprovided.

Thechallengefacedbythesimulatormanufacturerinprovidingappropriatepi-
lotcuesthroughrealisticsimulationof therotordynamicsiswellknown,andvarious
techniquesareavailableforapproximatingthecomplexbehavioroftherotor.It isimpor-
tantthatsimulationfidelitybemaximized,inordertoprecludeanyundesirable"negative
training"effectsthatpoorsimulationcaninduce.Thisdefinesalowerlevelofacceptable
fidelity:artifactsareunacceptable.Asaresult,thesimulatormanufacturermustusea
blendofscience,mathematics,andartinordertoachievethedesiredgoalof totalillu-
sion.

TRAINING DEVICE DEVELOPMENT:

FROM YESTERDAY TILL TOMORROW

Rotary-wing training in simulators is still in its infancy compared with the maturity of its

fixed-wing counterpart. This is incongruous when one considers both the number of

rotary-wing aircraft in service and the amount of flying that takes place close to the ground
with important visual, control, vibration, and motion cues. The simulator manufacturer

might argue that these provide the very reasons why rotary-wing training in simulators is

so important. Where better to practice for normal and emergency situations in complete

safety with all environmental conditions under control?

Yesterday

For perhaps 20 years, the flight simulator paradigm has been a facsimile flight deck

mounted upon a hydraulically actuated motion system with a synthetic out-of-the-win-

dow view. The trainee pilot was expected to use the flight-deck equipment and controls

in the same way as in the "real" aircraft; hence, the simulator provided a means to prac-
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ticeflighttechniquesin complete safety under the watchful eye of the training instructor.
This paradigm has implicitly assumed that a faithfully duplicated flight deck and envi-

ronment constitutes the best place in which to train. However, this assumption has been

comprehensively invalidated, primarily through military training research. The ultimate

training-related activity has become the proficiency check covering critical maneuvers

carried out under abnormal operating conditions in a zero flight time (ZFT) environment.

This now-routine operation can result in the certification of aircrews transitioning from

one aircraft type to another without carrying out critical training and certification activi-

ties in the aircraft. In this context, the conventional flight simulator paradigm is appropri-

ate, representing a match with the aircraft to agreed upon and certifiable standards. How-

ever, it should be noted that in many cases only 25% - 50% of transitional training is

carried out in the simulator. The remainder of the training involves the classroom, com-

puter-based training, and the part-task trainer (flight-training device (FTD) or fixed-base
simulator).

In practice, the standards of simulation have always been driven and limited by

the available technology. Simulation itself has helped to define and shape the technology

in many areas including electronics, computing, servos, image generation, and optics.

The regulators of aviation training have wisely been instrumental in setting flexible, prag-
matic goals in terms of the required technical performance of the training devices. It is

not, however, the equipment that trains; it is the instructor plus the equipment. Training-

device manufacturers sometimes need to be reminded that the devices they strive to pro-

duce are worthless unless they are used effectively and carefully as part of an integrated

training program. It is relevant to observe that experienced line pilots do not regard

simulators as technical achievements; rather, they behave as though the environment is
real -- the smell of fear and sweat on the flight deck of a simulator is real.

The first commercial and military rotary-wing flight simulators were developed

by applying existing techniques used for fixed-wing devices and then adding features
representing rotor-dynamics and other rotary-wing-specific aspects. The core of the simu-

lation was a real-time model of the aircraft and its systems that was reiteratively com-

puted in response to an ever-changing set of input commands from the flight-deck con-
trois and equipment. The outputs from the simulation models were used to drive motion

and visual systems and instrument displays providing the appropriate responses to the
crew's inputs.

This technique has been developed to provide a high degree of realism in many
aspects of rotary-wing simulation. As cost-effective computing power increased, simula-

tion fidelity burgeoned. At the same time, the sophistication of digital control system
technology fitted to the aircraft has increased enormously. The continual advance of the

control technology has, until now, prevented significant utilization of more cost-effective

computing power. Many would say that in some respects simulation techniques and
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fidelityevenbegantoapproachreality;however,certainareasof thesimulationwere
alwayssomewhatdeficient.

Simulationfidelityhasalwaysdependedonthecompletenessandaccuracyof
thesimulationmodels.Thesereal-timemodelsareintendedtobean"analog"of the
actualaircraftandsubsystembehavior.Inpractice,commercialpressureshaveresulted
inmodelsbeingdevelopedandusedthatarenotsimplybesteffortsinanabsolutesense,
butthatareconstrainedbytheneedtomeetabudgetandschedule.Thesemodelsrelyon
theirmathematicalstructureandthenumericalaccuracyof theircoefficientsinorderto
representallthesalientperformanceandoperationalfeaturesthatareperceptibletothe
flightcrew."Simulatordata"providedbytheairframemanufacturerandengineand
equipmentsuppliersenablethesimulatormanufacturertodevelopthesereal-timemodels
andtopopulatetheequationswithappropriatecoefficients.Thereiterativesolutionof
theseequationsprovidestheresponseandperformanceofthesimulatortothetrainees'
inputs.Thedatahavesometimesbeendifficulttoobtain,andpoorsimulatorperfor-
mancecansometimesbetracedtotheirlack.Despitetheselimitations,it isimportantto
notethatmanysimulatorsareindailyusethatweredesignedandbuiltaslongagoas20
years.Statisticsonincidentsthatinvolvedhandlingskilldeficienciesareevidencethat
thecapabilitiesoftheseolder,lowerperformancesimulatorshavebeenadequatetomeet
thetrainingneeds.

Theperformanceofrotary-wingaircrafthashistoricallybeenratherdifficultto
model,theverynatureofrotaryaerodynamicsbeingsomewhatdifficulttodescribe.This
haschallengedthesimulatormanufacturersanddataprovidersformanyyears.Theonset
oflocalizedbladestall,thetransitionfrompoweredtoautorotativeflight,theonsetofthe
vortexringcondition,andtherotorin-ground-effectbeingfoursituationsinwhichmath-
ematicalmodelsmaybeinsufficientlycompletetofullydescribethereal-lifeevents.
Thesearekeyareaswhererealismin controlfeelandgeneralhandlingqualitiescan
providetraineepilotswiththeexperienceof importantoperationalcues.Similarly,the
modelingof thegrounddynamicsof themachinehasalsostretchedthesimulator
manufacturer'sabilities.It maybeperceivedthattherehasneverbeenacompletely
satisfactorymodelfordescribingon-groundbehaviorwherethegaintermsduetogear
stiffnessaremuchhigherthanwheninflight.

Theoverallimpressionmightbethatyesterday'srotary-wingflightsimulators
onlypartiallydidthejob.Theyprovidedalevelofsimulationoftheaircraftsystemsthat
seemedtomeetthetrainingneedsoftheday;however,theirabilitytoduplicaterealistic
flyingperformanceinanysituationotherthansteadystates,awayfromtheextremesof
theflightenvelope,waslimited.Forthisreason,theirmainrolehasbeento provide
trainingforinstrumentflightrules(IFR)conditionsandgeneralsystemsmanagement.
Thissituationmayhavebeenacceptablein thepast,butoperationalrequirementsfor
bettertrainingdevicesnowexistandarebeingmet.
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Intheeventthatanexistingsimulatorfailstomeetexpectations,theoperator
couldspecifyanupdatingoftheperformanceof thedevice.Thiscouldincludeanyone
of anumberof simulatoraspectsthattimehasleftbehind.Forexample,themotion,
visual,orcontrolssubsystemsmayrequireupgradingtoprovidemorerealisticcuesby
usingnewer,moresophisticatedtechnology.Alternatively,theremaybeadesiretoen-
hancethehandlingcharacteristicsbyimplementingamoreadvancedrotormodel.This
mayin itselfnecessitatea neworextendedcomputersystemto providetherequired
computingpower.Anothercandidateforpossibleupgradingmightbetheinstructor's
operatingstation,wheretechnicaladvancescanbeusedtohelpreducetheinstructor's
workloadbyprovidingamoreeffectiveinterface.Changesovertheyearsin themore
sophisticatedrotary-wingaircraftmayhavebeensoextensiveastorenderthesimulator
functionallyobsolete,orpartlyso,requiringthatthesimulatorbeupgradedaccordingly.

Today

For today's flight simulators the main aim is to radically minimize their acquisition and

life-cycle costs while continuing to provide appropriate fidelity. This will help to guaran-

tee the acceptability of training devices to cost-conscious operators while fulfilling the
manufacturer's aim, which is to contribute toward better training effectiveness and to

increased safety in real-life operations while maintaining an acceptable profit margin. As
mentioned earlier, this point is crucial to the manufacture of rotary-wing simulators.

Life-cycle costs can show up in many areas of simulator operations. In addition

to initial procurement and money costs they may also include the ongoing running costs
of power, the operating costs of staff and buildings, the cost of supporting a spares inven-

tory, and the loss of training time when things go wrong. More important, they may also
include the hidden costs of undertrained personnel and the costs of using a real aircraft

for training when a simulator could be more appropriate. This is particularly important

when it concerns the operation of more expensive rotary-wing aircraft carrying signifi-
cant numbers of passengers. Frequently, the operational environment is so hazardous as

to cause a reappraisal of the economics of simulators; for example, offshore operations in
severe weather.

To be practical, a trainee must be able to place his trust in the simulator when he

practices all kinds of normal and emergency procedures before flying the actual aircraft.
There must be total confidence in the authenticity of the simulation. This in turn leads to

the fundamental importance of integrating complete and accurate simulation design data
into the product to ensure that no negative or false training cues are introduced.

Design data provide the simulator manufacturer's design staff with the under-

standing of how the aircraft and its subsystems function so that adequate provision can be
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madeforsimulatingnormalandabnormalaircraftoperationsandrealisticintegratedre-
sponsestoinstructor-initiatedmalfunctions.

Theessentialdatataketheformof aircraft wiring diagrams and schematics, loft

drawings, maintenance manuals, operations manuals, system descriptions, avionics sys-

tem descriptions, and interface control documents plus documents produced by the air-

frame and equipment suppliers specifically for the simulator manufacturers. The sum

total of this information, together with the aircraft operator's knowledge and the simula-

tor manufacturer's experience is what makes it possible to create the basic device in the

first place. Typically, steady-state situations are adequately described; it is the transient

and dynamic conditions, which are necessary in order to allow type-specific handling

skills to be acquired, that are much more difficult to capture in a usable form.

In order to provide a realistic environment, specific information is required on
sound and vibration characteristics, including the events that give rise to changes in the

characteristics of each component. The audio frequency data are ideally provided in

digitally recorded form for analysis and use by the simulator manufacturer. From these

data, sound and vibration characteristics are synthesized in real-time, using digital com-

puting techniques.

Analysis of the recorded sound data yields the most significant components of

the sounds that are linked to the parameters responsible for their existence and variation.

For example, the major engine compressor and turbine whines are identified and then

synthesized using digital wave-form generators. The frequencies of the whines are con-
trolled by functions of shaft speed from the power plant simulation model. The ampli-

tudes of the whines are computed as functions of engine power output, so that both the

frequency and amplitude vary realistically, dependent on how the engine is performing.

The sounds for each engine, if appropriate, are computed separately. Similar techniques

are employed to create gearbox, transmission, and rotor-drive sounds. Their levels are

modulated by functions of the power being transmitted.

The rotor-blade sounds are created and "chopped" to coincide with blade-pass-

ing frequency. The levels of rotor-blade sounds must be modified by the maneuver and

crosswind conditions that occur as the simulated flight progresses. Other sounds are also
created to provide any aircraft-specific system sounds such as air blowers and rotor brakes.

Audible sounds associated with touchdown, originating from the landing gear, are cre-

ated at the appropriate moment, with the amplitude being some function of touchdown

rate or severity.
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TheauralcharacteristicsarerecreatedbyusingNwerfulamplificationandloud-
speakersthatprovideasoundlevelattheflightdeckthatisbroadly equivalent to real life.

The loudspeakers are spatially arranged about the flight deck to provide the correct direc-

tionality characteristics. Each sound channel has the appropriate sounds mixed to give

realistic content and spread. As with many subjective aspects of simulation, it is some-
times necessary to fine-tune the effects with the help of aircrew who are familiar with the

type. The instructor can reduce or mute the sound levels as necessary to facilitate training
dialogue.

Simulation of the vibration characteristics is crucial for the training role, and

various innovative techniques may be used to create them. The vibrations are closely

related to the rotor sounds, but have components at rotor speed, blade-passing speed, and
tail-rotor speed plus the possibility of significant harmonics at any of them. The vibration

levels vary with pilot control inputs, maneuvers, and aerodynamic conditions; these dy-

namic characteristics must be identified and used to control the vibration amplitudes.

Since the amplitude and frequency of the vibrations in a rotary-wing aircraft are

often of greater magnitude and significance than they are in fixed-wing aircraft, the simu-

lator manufacturer often takes special measures to create them. Simulating these vibra-
tions may take the form of a motion system and a supplementary vibration system. This

can be particularly important, for the supplementary system has a higher resonant fre-

quency than the entire simulator platform, enabling it to provide cue information at im-

portant frequencies that lie above the main platform resonant frequency. Even with fixed-
wing simulators, the motion platform resonant frequency is low enough to prevent the

provision of some high-frequency cues.

The simulated flight deck rests on the supplementary vibration system that is

itself supported on elastomeric mountings on the main simulator motion system. One or

more hydraulic actuators are driven in frequency and amplitude such that the flight-deck
floor receives the necessary vibrations while the remainder of the simulator acts as a

"ground" and is not vibrated. This provides a more comfortable environment for the

instructor, who is located to the aft of the system, and a more satisfactory situation for the

visual system and the simulator electronics. The axis of vibration is principally vertical;

however, other components can be introduced by the use of separate actuators. The main

motion system provides the usual attitude and acceleration cues that complement
the vibration cues; the vibration cues may still be used with the main motion system
selected off.

The "normal" six-axis synergistic motion system can provide a realistic simula-

tion of many of the attitude and acceleration cues experienced during conventional flight.

The major limitation is that any sustained real-world acceleration can only be initiated in

the simulator, then "washed-out" to allow the motion system to return to a "neutral"
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positionsothatitcanrespondwithadequatedisplacementinanydirectionthatthepilot's
nextinputmaytakeit. Thesustainedattitudecharacteristicsassociatedwithrotary-wing
flightcaneasilybeachieved.

Themotion-actuatordrivepositionsarecomputedathighfrequencybyatrans-
formationofdesiredplatformattitudeandpositionthatisitselfcomputedfromsimulated
aircraftattitudeandaccelerations.Theservocontrolassuresthattheactuatorsachieve
theircommandedpositionsandthencethemotionplatform.Themotionsystemactivity
providesavitalinputtothetraineewhomustusethecuesas"manintheloop,"justashe
doesinreallife.

Dependingontheintendedtrainingrole,thesimulatorwillprobablyrequirea
visualsystemtoprovideout-of-the-windowscenes.Thedatarequiredforsuchasystem
arerelatedtowherethetrainingmissionsareintendedtotakeplace.Thecomputer-
generatedscenerequiresthatadatabaseof visualobjectsbecreatedfrommapsand
photographs,andfromdecisionsonwhatisconsideredimportantin thevisualscene.
Theout-of-the-windowfieldofviewandcross-cockpitviewingthatneedtobeprovided
bythevisualdisplayareuniquelychallenging.Fromthepilot'seyepoint,theflight-deck
windowsofmosthelicoptersprovideawideanddeepfieldofviewincludingasubstan-
tial down-lookingcapability;thiscanonlybeproperlysimulatedbyalarge-mirror
multiprojectorvisualsystem.Itmayevennecessitateadomeprojectionvisualsystem.
Thiscanhaveknock-oneffectsintothesizeandperformanceofthemotionsystemsup-
portingthewholesimulator.

A majorconsiderationwiththevisualsystemistheextentofthefieldofview
thatisconsideredacceptablefortraining.Thishasadirecteffectonthecostandtechni-
calcomplexityof thevisualsystemandmaypreventtheadoptionof anoff-the-shelf
displaysystemderivedfrommoretraditionalfixed-wingsimulators.

Theaccuracyandimplementationofthedatadescribingthestaticanddynamic
"feel"forcesoftheflyingcontrolsiscriticaltothesuccessofthesimulator.Becauseof
thetactilenatureofthecontrols,greatcaremustbetakeninsynthesizingthefullrangeof
feelcharacteristics.Thefeelsynthesissystem,oftenreferredtoas"controlloading,"
utilizesastiffmechanicalsystemfromtheaircraftcontrolstickwithitsmechanicallink-
agetoanirreversibleactuator(oftenhydraulicallypowered).Inserieswiththemechani-
callinkageisa loadcellthatdetectstheforcethatthepilotappliestothestick.By
samplingtheappliedforceandcomputingtheexpecteddeflectionof thestickfroma
computermodeloftheflight-controlsystem,andbythendrivingtheactuatortomovethe
stick,it ispossibletore-createtheappropriatefeelcharacteristics.Thepilotperceives
thatheismovingthestickagainsttheaircraftfeelsystem;infact,theactuatorismoving
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thestickforhiminresponsetotheforcesheisapplyingtotheflightcontrolsmodel.In
thiswayit ispossibletosynthesizeallcomponentsoftheaircraftcontrolfeelunderfull
computercontrol.

Datadescribingthefunctionandperformanceoftheaircraftsystemsandavion-
icsarerequiredandmustbefurnishedbytheairframemanufacturerandequipmentsup-
plier.Onemethodbywhichthecostof thesimulatorcanbereducedistosimulateas
muchoftheavionicsasispossible,ratherthanuseexpensive,flight-worthyequipment.
Forexample,thesimulatormanufacturercanoftenchoosebetweensimulatingtheauto-
pilotcomputersandinstallingrealones.However,thedecisionastowhichoptionto
adoptisnotalwaysstraightforward.It isnecessarytotakeintoaccountsomeorallofthe
followingissues:

1. Whatisthecostoftheactualdevicesrelativetothecostsofunder-
standingthecomplexityofandmodelingofthefunctionsoftheautopilotcom-
puter?

2. Arethereadequatedatatoauthenticallydescribetheequipment
performanceinalloperatingconditionsandaretheyavailableatreasonablecost?

3. Wouldtheactualdevicesperformsatisfactorilyin thesimulation
environmentwheretheinstructorcanselectfreezesandinjectstepchangesin
speed,altitude,andgeographicallocation?

4. Caninstructor-controlled"faults"beinjectedtogiverealisticmal-
functionscenarios?

5. Cantheactualequipmentinterfacerequirementsbesatisfied;that
is,power,space,cooling,electricalsignals(databuses)?

6. Arethemaintenancefeaturesadequatelydescribed?

7. Istheequipmentmature,orif it issimulated,willaseriesofcostly
updatesberequiredinordertokeepupwithin-servicedevelopmentoftheequip-
ment?

Recently,theavionicsvendorsstartedtoreappraisethepossibilityofproviding
theirsoftwaretosimulatormanufacturerswithouttheaircraftblack-boxpackaging.This
couldprovideafurtheralternative,if it provestobecost-effective.Thissituationhas
comeaboutbecauseaveryhighpercentageofthecostofasimulatorisduetotheuseof
aircraftcomputersandelectronicinstrumentation.Thismeansthatahighpercentageof
themanufacturingcostsarefixedandoutofthecontrolof themanufacturer.Froma
businessperspectivethisreducesthecontrolovercosts,andisveryundesirable.
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Havingreviewedtheanswerstotheabove(andpossiblyother)questions,the
manufacturercanmakeadecisionregardingthemethodto beadopted:"traditional"
simulation or stimulation of "real" aircraft computing equipment. When deciding whether

to simulate or stimulate real avionics for fixed-wing devices, it is often necessary to know

whether that particular item has been designed to meet the requirements of the ARINC

610 specification. That specification was written to alert the avionics vendors of the need
to consider training simulators in their avionics designs. The intention is for the avionics

equipment to "know" that it is installed in a simulator and that it is to tolerate certain
events that would be considered as sensor failures of one sort or another in a real aircraft.

For example, when an instructor selects "Flight freeze" in the simulator, the attitudes and

velocities are held constant, but the geographical and altitude integrals are not allowed to

accumulate, thereby freezing the aircraft in space. The same must apply to the avionics.

They must tolerate this "unreal" situation and be able to fly on when the flight freeze is
de-selected. There are a number of other functions covered by the ARINC 610 specifica-

tion including gross weight change, fuel weight change, and the replay of a previous
scenario.

There is clearly a need to develop close and effective working relationships with

all the data providers in order to maximize the opportunities for cost-effective simulation

that is of appropriate fidelity. For example, experience with fixed-wing training devices
has shown that supplementary data may be required at an advanced stage of design or

manufacturing in order to address differences in handling qualities perceived by pilots

who have significant experience in flying the actual aircraft.

In order for the simulation of the simulated rotary-wing aircraft to navigate and

communicate properly, it is necessary to provide a model of its electromagnetic environ-

ment with an adequate representation of all applicable radio stations. To achieve this, a

regular monthly supply of current data specifying the latitude, longitude, altitude, fre-

quency, and call-sign of each transmitting radio station or beacon is required. Often

referred to as ground station data, this information needs to be available on the simulator

in its up-to-date form in order to provide a realistic navigational operating environment.

The design method generally used is to adopt a "top-down" approach that ana-

lyzes both the operator's stated requirements and the available aircraft data. A picture of

the necessary top-level simulator architecture is then developed, which includes all major

structural, electronic, motion, visual, simulation, computing, and instructor station com-

ponents and interfaces.

The simulator m,'mufacturer determines which features already exist in design

library form and which will require detailed analysis and design because they are essen-

tially new.
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Manyoftherequiredsimulatorfeaturesareindependentofrotary-wing(orair-
craft)type,andthesearedevelopedbythemanufacturertosuittherequiredpurpose.For
example,manysimulatorsrequireamotionsysteminordertoimpartimportantpitch,
roll,yaw,heave,surge,andswaycuestotheflightcrewinresponsetomaneuversiniti-
atedbythepilotorbysimulatedweatherconditions.Onarotary-wingsimulator,the
motionsystemwillalsobeusedtoprovidethevitalrotorvibrationcuestothecrew,cues
thataresoindicativeof performance,maneuvers,androtorconditions.Themotion-
systemmechanicswillprobablynotneedtobedevelopedspecificallyforthesimulator
underconsideration,sincethemanufacturerwillbeabletousea"standard"devicewhose
performanceisalreadyestablishedandwhichcanbemanufacturedwithlittleornomodi-
ficationtoexistingdesigns.Thesamecriteriawillapplytocomponentssuchasthesimu-
latorfloorframe,thecabinstructure,and,tosomeextent,theelectronicsthatareusedto
sampleflight-deckinputs.Similarly,themainsimulatorcomputerandcertainsoftware
subsystemssuchasoperatingsystems,atmosphereandweathermodels,andbasicequa-
tionsofmotionmaybeconsideredas"standard"elements.Thisdesignreusehelpsto
minimizethecostsofdevelopingasimulatorandreducestheriskthatwouldbeinvolved
instartingfromacompletelycleansheeteachtime.

All novelaspectsofthedesignarecapturedandimplementedbyusingstandard
techniqueswhereverpossible.Muchofthisdesignmayinvolvethesoftwaresimulation
of rotary-wingflightperformancetogetherwithengine,transmission,andrelatedsub-
systems.

Thedesignoftheperformanceaspectsrelatingspecificallytorotary-wingsimu-
lationinvolvesatleastthefollowingcriteria:

1. Airframe mass and inertia modeling as a function of both inherent

and instructor-controlled features such as fuel, payload, and center of gravity

2. Geometric modeling of fuselage, landing gear, skids, and empen-

nage to enable the generation of accurate body forces and moments caused by
aerodynamic forces and ground-contact

3. Crash-worthiness criteria such as rotor-to-ground strike conditions,
gear collapse forces, rotor overspeed

4. Aerodynamic force and moment characteristics in all axes with all

relative wind components including main- and tail-rotor-induced effects

5. Main- and tail-rotor geometry, characteristics, and control features
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6. Rotor performance model using either the blade-element or disk

method, including all effects of the relative wind, enabling powered flight or
autorotation

7. Rotor torque model for all conditions including normal powered

flight, plus the effects of maneuvers, autorotation, and rotor inertial effects which

provide a torque balance with the simulated engine and transmission system

8. Pitot static system characteristics as a function of all relative wind

components including rotor-induced effects

The designer of rotary-wing simulators has long been faced with a dilemma

regarding the choice of rotor modeling technique. Historically, the rotor-disk model has

held sway for reasons mainly having to do with the cost of computing. The rotor-disk
model is based on an analysis of rotor behavior that considers segments of the blade as

finite elements, but then goes on to solve the equations generally as a disk. The disk

represents the blade tip-path plane, and the disk pitch and roll angles are the fundamental

parameters. It is comparatively economical in its use of computing power and provides
an acceptable level of simulation, provided that the boundaries of the flight envelope are
not encountered.

If the training mission approaches the flight envelope boundaries and if suffi-

cient real-time computing power is available, then the blade-element model will provide

a more authentic flight simulation. The blade-element method is also superior in terms
of its dynamic response to pilot inputs. The blade-element model treats each of the

blades as having a number of spanwise components (representing equal swept area) and

solves the equations of motion of each one in real time at a number of azimuth positions

using a relatively high iteration rate. The forces and moments acting on each blade are

summed and used to compute an equation of motion for each blade. The resulting flap-

ping- and lagging-blade motion leads to forces and moments that undergo axis transfor-

marion before being transmitted into the airframe equations of motion. The process is
repeated for each blade. One of the major benefits of this method is its ability to provide

a consistent algorithm for predicting rotor vibration and noise.

The blade-element modeling technique has been available for some years now
and was thought by some to be a panacea. In reality, it is an improvement over the earlier

rotor-disk model, but it does not exhibit absolute authenticity. Some amount of subjec-

tive tuning of a range of parameters is still necessary to create the best combination of

steady-state and dynamic behaviors.

Irrespective of the method chosen, the modeling of the rotating lifting surfaces

associated with rotary-wing vehicles remains a complex process. The aerodynamic forces
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inoperationarefunctionsofvehicleairspeedandattitude,rotorspeed,andbladeangles
ofattack.All oftheseparametersvarywithcollectiveandcycliccontrolinputs,blade
azimuthposition,andbladeradialposition.Theresultantnon-uniformvelocitydistribu-
tionoverthediskisjustonesourceofmodelingcomplexity.Furthercontributionsin-
cludetheeffectsofbladeflapandlag,introducedeitherbyhingesorthroughintentional
elasticityatthehub.Furthermore,thebladesarethemselveselastic,andtheybendand
twistinreactiontotheloadsthatareimposeduponthem.Innormalflight,theinflowof
airisgenerallydownthroughtherotor.Thereare,however,areasofreversedflowasso-
ciatedwiththe"retreatingblades."Thenthereisautorotationduringwhichtheinflowis
upthroughtherotor.Addtothistheeffectsofground-planeproximityandtheeffectof
windsthatcancomefromanydirectionandit isclearthatrotary-wingaerodynamicscan
neverbesimple.

Theeffectoftheautomaticstabilitydevicesinstalledonmanyrotary-wingair-
craftis tomasktherealrotorandairframebehavior.Theabilitytodeselect,orfail,the
autostabilizerisofprimeimportanceinasimulator.Anaccurateportrayalof theraw
flyingcharacteristicswiththeautostabilizeroffmustthereforebethedesignaim.The
potentiallyunstablecharacteristicsofthissituationaddtothesimulationengineer'sdiffi-
culties.

Thecomplexityoftherotoraerodynamicshasadirectbearingontheairframe
aerodynamics,particularlywhencombinedwiththeeffectsofcrosswindsandbuilding
wakes.Theinterferenceeffectsarenotoriouslydifficulttopredictand,becauseoftheir
nature,areunlikelytobebackedupwithfirmdata.Thesimulationofthetailrotor(when
appropriate),usuallybymeansofadiskmodel,providesanotherchallengetothede-
signerofthelateralanddirectionalsimulation.Sufficeittosaythatcarefullyconsidered
inputsfromexperiencedtestpilotscanprovidevaluableinformationforusein thesub-
jectivetuningprocess.

Inadditiontodesigndatadescribing"whatit is,"thereisalsoanothertypeof
datathatisrequiredinordertovalidatetheperformanceof thesimulator:how-it-per-

forms data. These data are generally referred to as checkout or performance data. They

are usually provided by the airframe manufacturer as a set of time-histories representing

significant aircraft parameters that have been recorded during the execution of an agreed
upon set of specific maneuvers during aircraft flight tests. Ideally, the airframe manufac-

turer will also provide "proof of match" data that show actual aircraft performance data

with his own simulation-model performance overplotted. This gives a clear indication of

how close the simulator manufacturer can expect to get to real life performance. The

sheet quantity of the data often dictates that they be provided on magnetic media. This

enables the simulator manufacturer to process the data digitally, without any likelihood
of corruption and with a minimum of effort. Such activity has been common in the fixed-

wing simulator arena for many years.
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It isthesimulatormanufacturer'sresponsibilitytoprovideatrainingdevicethat
matchestheperformanceoftherotorcraftinspecificconditionsandmaneuversthatwere
recordedduringflighttests.Theuseofjudgmentininterpretingthematchisoftenneces-
sary.Theremustbeanagreeduponlistofappropriatetolerancesonthevalueofeachof
theflight-testparameterssothatarealisticcomparisoncanbemade.Theprevailing
meteorologicalconditionsandafulldefinitionoftheinitialconditionsforeachtestmust
beincludedwithintheflight-testdataparametersthatarerecorded,sincetheycanstrongly
influenceresults.

Checkoutdataaregenerallyusedbythesimulatormanufacturerfortwopur-
poses.First,theyareameansofunambiguouslyconfirmingthesimulatedperformance
tothesimulatoroperator.Second,theymaybeusedinbothinitialandrecurrentteststo
confirmtoregulatoryagenciesthattheperformanceofthedeviceissimilarandtraceable
to flight-testresultsandthatthedeviceis thereforesuitablefor itstrainingpurposes.
Whenusedinconjunctionwithanapprovedtrainingplan,thedevicemaythereforebe
usedinsteadofanaircraftforobtainingflightcrewtrainingcredits.

Certaincriteriahavebeenestablishedforthemeasurementofsimulationeffec-
tiveness.Forinstance,thesimulationindustryhasdevelopedtheterm"throughput"to
describeanydelaysassociatedwiththesimulation,overandabovethecorresponding
delaysthatoccurin theaircraft.Throughputisanimportantdiscriminator,enablinga
pragmatic,quantifiablemeasurementofsimulatoracceptabilitytobeaccomplishedfor
manyparameters.Throughputisclearlybasedontheideathatifa pilotmakesan"input"
ofsomesortwhenflyingtherealaircraft-- perhapsastepinputofpitchcyclicstick--
thentheresultantmaneuvercanbemeasuredasatime-historyshowing,typically,pitch
cyclicstickpositionandbodypitchaccelerationagainsttime.If thesameconditionsare
thensetuponthesimulatorandif thesamestepinputinjected,thesimulatorperformsits
versionof themaneuveranditstime-historycanbeobtained.Bychoosingidentical
scalesforbothaircraftandsimulatortime-histories,thetwocanbedirectlycompared,
andanydelaysinherentinthesimulatorcanbemeasureddirectly.Providedthesedelays
areonlyoftheorderof,say,0.1second,thesimulatorthroughputisbelievedtobeaccept-
able.

It isnotonlythesimulatedaircraftpitchaccelerationthatmustcomeunder
scrutiny,butalsotheresponsesofthemotionsystem,visualsystem,andinstrumentation,
togetherwiththeirintegration,if synchronizedcueelementsaretobeprovidedto the
pilot'ssenses.Thesetestsalsoneedtobeconductedinbothrollandyawaxestoconfirm
overallacceptability.

Theimportanceof theflightcrewtraining-instructor/assessorcannotbeover-
emphasized.Withouttheinstructor,thetrainingdevicehaslittleornointrinsictraining
value.Withouttheassessor,pilotscannotbecertified.Inadditiontopreparingforeach
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trainingsession,theinstructors'functionsincludecontrollingandmonitoringthetrain-
ingscenarioplustimelyandeffectiveprovisionoftraining,orguidance,tothetrainees,
aspartofthedeliveryofastructuredcurriculum.To enable the instructor to perform in
his roles efficiently, the simulator manufacturer provides an instructor station, either on

board the simulator, close to the trainees, or in some convenient off-board position. The

ergonomics of the instructor station and the facilities provided are generally the subject of

specific agreements made with the future operators during the design phase of each simu-
lator.

The instructor station typically includes two or more touch-screen and hard-

button-controlled visual display units with an instructor-designed interface to the features

required to control the training mission. The"look and feel" of the suite of control "pages"
is often defined, or influenced, by the users, and may vary in levels of sophistication and

automation to suit the envisaged training and checking. Being largely software-con-

trolled, the potential for adaptation is often limited only by one's imagination and the

time and cost of specifying and implementing the desired approach. It is at the design

stage, however, that functionality is agreed upon, and this is often best achieved by in-
volving future users in demonstrations of previously developed and proved features.

At the beginning of each training activity or check event, the instructor or asses-

sor can select the geographical starting position, knowing that the full set of local naviga-
tion and communication radio facilities will be available for the flight. The condition of

the pad can also be selected. Initial aircraft conditions, such as fuel load, payload, and

center of gravity, can be set up either by using presets or by inserting demanded values.

The simulated environmental conditions can be set to suit the planned training/checking

activity. Typically, this will include such basic features as temperature, pressure, and

lapse rate, all of which can affect vehicle performance. More important, the weather can
be selected to produce winds that are either constant or variable. More advanced effects,

including precipitation, storms, and even wind shears can be invoked if required.

It is usual for the instructor/assessor to act as air-traffic controller for the pur-

poses of the training session. Although this adds to his workload, it does enable a means

of close interaction which would otherwise be missing. Several systems have been devel-

oped that provide partial automation of ATC instructions and background chatter. By

adapting partial solutions and relying on the instructor to augment the sytems, low-cost,

credible instructor support can be provided; however, full automation of ATC during sce-
narios may never be cost-effective.

Certain facilities are often available to the instructor during training. These

include (1)flight-freeze, which quite literally allows the instructor to stop the training,

perhaps to offer advice, then resume it from where it stopped; (2) reposition, which en-
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ablestheinstructortosimplyselectaspecifictrimmedconditionsuchasshortfinalsfrom
whichthepilotmayfly on;and(3)replay, which enables the instructor to automatically

go back over a point of interest or concern from the recen t past.

These facilities are of considerable importance during the early phases of flight

training, because the instructor can, for example, reset, reposition, and freeze the device
to assist the trainee, correct his actions, and reinforce key points. At this stage of training
the instructor's role is to be involved in instruction, and these facilities are crucial to

enable him to coach the crew. Many of these activities, easily done in the simulator,

cannot be accomplished during in-flight training with a rotary-wing aircraft, such as dur-

ing landing on an oil platform with a high crosswind and low visibility owing to

precipitation.

It is at the design stage that the operator chooses the range of the malfunctions
that are required to support the planned training; many of these may be related to man-

dated training and checking events and are referenced to relevant regulatory and airline

standards. These malfunctions, which are initiated by the instructor/assessor, can pro-

vide realistic effects involving indications, sounds, vibrations, or even smoke in response

to a simulated fire. Typically, they are invoked as part of abnormal-procedures training;

they can also be used during certification checks as a means of determining the compe-

tence of the pilot, generally under flight-critical conditions (such as turbine failure soon
after takeoff). Malfunctions may be of a discrete type (such as a generator failure), or of

a variable type (such as an oil leak) for which the instructor may choose the rate at which

the effect occurs. Malfunctions are an area of the simulation where the provision of
reliable, accurate data from which to build the models is crucial, if the introduction of

negative training is to be avoided.

It is important that everything possible be done to minimize instructor workload

so he can concentrate on the actual training task at hand. For example, lesson plans are

often utilized; they are a means of automating the training mission by executing a pre-

pared series of events from preflight initialization through postflight debriefing, includ-

ing the automatic triggering of malfunctions. In addition, lesson plans are frequently

used simply as a means of setting specific flying conditions in order to enable an instruc-

tor to rapidly change the status of the simulator in preparation for the next training point.
This technique also has the advantage of allowing different instructors to provide a stan-

dardized form of training across a range of trainees.

In many ways, the standard of simulation has been governed by the availability
of cost-effective technical solutions to simulation problems, the most obvious of these

being computing power. Ever since the emergence of digital computers, their computa-

tional capabilities have been extended to the utmost in flight simulator applications. The

real-time computing demands of flight simulators have always stretched what was avail-
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ableatreasonablecost,sincethecomputationalfrequencyofthemodelscontributessig-
nificantlytotheiraccuracyandthroughput,asdiscussedabove.

Therehavebeenmanyphasesincomputerdevelopmentrelevanttosimulation,
butit wasarguablytheadoptionof reducedinstructionsetcomputing(RISC)andthe
UNIXoperatingsystemthathasenabledthegreateststrides.Asimultaneousincreasein
powerandareductionincosthaveproducedadoublingoftheiterationratefrom30Hzto
60Hzinkeysimulationareas.Theavailabilityofopen-systemscomputingarchitectures
andoperatingsystemshasprovidedplatformsthatfacilitatethedevelopmentofimproved
softwarequalitythroughtheavailabilityofavarietyofcompetitive,maturedevelopment
tools. Inaddition,themanufacturerisnowabletochoosefromtheopenmarketthe
computingplatformbestsuitedtothetask,ratherthanbelockedintoasole-sourcesup-
plier.Thistranslatesintoimprovedsimulationmodelsand,hence,betterstandardsof
equipment.

Today'sflightsimulatorsembodyarangeofsoftwarelanguagesincludingFOR-
TRAN,C,andAda.Thechoiceoflanguageissometimesdictatedtothemanufacturer,
butmoreoftenit isbasedonengineeringdecisionsoflanguagesuitabilityandcost-effec-
tiveness.Perhapsthemostimportantconsiderationisthattheoperatorshouldbeableto
usethedeliveredcomputersystem,withouttrepidation,onthoseoccasionswhenit is
necessarytomakesoftwaremodifications.Thismeansthatthefacilitiesprovidedmust
besimpleandsafetousebyasimulatormaintenancetechnician.Menu-drivensystems
andsoftwareconfigurationcontrolaregenerallyprovidedforthisreason.

Extensiveeffortsaremadetosupportthesimulatormaintenancetechnician,whose
roleiscriticalinoperationalsupportoftheequipmentonceit isinstalled.Thesimulator
isacomplexsupersysteminvolvingcomputer-controlledelectrical,electronic,hydraulic,
andmechanicalsystems.Withoutthediligentsupportof themaintenancetechnician,
operationalperformanceoftheequipmentmaydegradeovertime,andpreventivemain-
tenanceisessential.Thetaskofmaintenancerequiresskillsinalloftheusuallymutually
exclusivedomainsof thesystemsjustmentioned,andrequiresextensive_ainingand
supportbythemanufacturer.

Thismaintenancerequirementmanifestsitselfinthedesignoftheequipment:it
ismadetoallowmaintenancetaskstobecarriedoutasconvenientlyaspossible,espe-
ciallybearinginmindthattheexpectedlifeofthedevicemaybeaslongas20years.
Duringthatperiodmanyofitssystemswillbecomepartlyorcompletelyobsolete,and
significantupdatesmaytakeplace.Whichistosaythatwhenasimulatorisinstalled,the
manufacturerisenteringintoa lifelongsupportcommitment,whichhasverysignificant
logisticalimplicationsforthemanufacturer.Forinstance,acustomer-supportoperation
hastobeavailableandmustbeabletorespondrapidlytodiverseareasoftheworldin
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ordertoattendtoequipmentbuiltupto20yearsago.In addition,thecostburdenofa
sparesinventoryandstoragespace,bothcentralizedandatoutstations,hastobeconsid-
ered.

At theconclusionofthemanufacturingphaseof thetrainingdeviceanimpor-
tantmilestonemustbeachieved:simulatoracceptanceandapproval.It isthepointat
whichthesimulatorisofferedtothebuyerfortestingpurposesinordertoconfirmthatit
meetsitsspecificationsandthatit issuitableforuseasatrainingdevice;clearlythisisan
importantcontractualcommitment.Thisisgenerallyinterpretedasmeaningthatthe
simulatorbehavesliketheaircraftit simulates,andthatit meetstheinstructor'sneedfor
controlof thetrainingmission.

Duringthefirstphase-- simulatoracceptance-- thesimulatorissubjectedtoa
largenumberof teststhatprovidedocumentaryevidencethatthesimulatorandall its
subsystemsmeettheirdesigncriteria.Theactualtestsarewrittenbythesimulatormanu-
facturerandapprovedbythebuyermanyweeksbeforethefinalacceptancephase.The
testsdemonstratethatforagivensetofinitialconditions,flight-deckinputswillproduce
specificoutputs.Satisfyingthetestsmeansthatthesimulatoranditssubsystemsperform
asexpectedaccordingtothedesigndata.Insomeinstances,thisconformancewithde-
signdatamaynotmeetwiththeuser'sexpectations.In suchcircumstances,andby
mutualagreement,theperformanceandthetestcriteriamaybeadjustedawayfromthe
originaldesignstandard.Theremaybesomeinstanceswhentherearenoobjectivestan-
dards,inwhichcasetheuserisrequestedtoassistthemanufacturerinmeetingexpecta-
tionsbysubjectivelytuningtheperformanceuntilanagreementisachieved.Motioncues
areanareainwhichthismaybesuccessfullyachieved.

Thesecondphaseisthatofregulatorybodyapproval.Eachcountryhasitsown
aviationsimulationequipmentregulators.FortheUnitedStates,theFAAhasbeendili-
gentinworkingwiththeaviationindustrytosecureanefficientandeffectivestandards
planforfixed-wingdevicesthathasbeenemulatedworldwide.Astandardforusein the
rotary-wingworldisnowinthefinalstagesofpreparationforissueanduse:FAAAdvi-
soryCircular120-63.It providesameanswherebyanoperatormaysubmitatraining
deviceforapprovalataparticularlevelundertheFAA'sAdvancedSimulationPlan.During
theapproval,theregulatorybodyrepresentativewillwitnessthetestsandverifywhether
thesimulatormeetsthenecessarystandard.Eachofthe"flying"testswillberunmanu-
ally,aswellasinanautomaticmode,toensurethatthenecessaryconsistencyexists.It is
importanttorealizethatthesetestsconcernequipmentfunctionsandstandardsofperfor-
mance.They do not imply that flight crews will be able to perform adequately in their

workplaces -- this outcome is dependent on the application of training regulations and

standards as embodied in a curriculum and facilitated by expert instructors, using the
simulator as a training tool.
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The tests will have been set up by the simulator manufacturer to verify that the
simulator performance matches that of the aircraft under similar conditions. The tests are

documented in an Approval Test Guide (ATG). The results are compared with flight-test

data from the aircraft by using overplotted time-histories. Appropriate tests are conducted

on each of the flying controls to establish the authenticity of static forces and dynamic
responses. Throughput tests are conducted on the instrumentation and on the motion and

visual systems to determine if throughput is acceptable. Objective tests of the sound and

vibration systems are undertaken, and an analysis conducted to demonstrate compliance

with flight-test data. If the initial evaluation is successful, the simulator is awarded the

appropriate level of approval. Recurrent evaluations using the original ATG are necessary

each year for the lifetime of the equipment to ensure that the performance of the simulator
remains consistent with the same standard demonstrated in the initial evaluation.

Tomorrow

In the field of rotary-wing training, it will be helpful if the simulator manufacturer can be

more responsive to the operator's circumstances and needs. In many cases, operators do

not need the capability of a large and expensive flight simulator, either because of opera-
tional constraints or because their fleet of aircraft is small or diverse. Such situations

might encourage the development of portable simulators that could be hired by operators

for relatively short periods to perform a particular training task and then returned to some
central pool.

Presently, equipment is designed to be permanently sited, a logical outcome of

the combination of acceleration requirements and the mass of the platform. Portability
requires either (1) that the dynamics of the environment be modified to allow the mount-

ing of the motion system (whatever that may need to become) on a platform such as an

articulated trailer capable of being moved on the highways, or (2) a significant develop-
ment in the design of the various simulator "modules" to enable rapid top-level assembly

and dismantling, with minimal testing and adjustment subsequently required to enable

simple and rapid re-certification before being used for training. Advances in computing

and input/output linkage will enable these areas to be adequately "miniaturized" and "rug-

gedized." It is clear from the above that portability requires that major philosophical and

pragmatic issues be overcome; consequently, it will require not only significant invest-
ment to provide, but also a cultural shift in the entire vendor structure, from the sales

process through to design, manufacture, and installation.

As an alternative, locating equipment at the "point of demand" is a well-wied

technique, particularly in the case of smaller, lower-cost, fixed-wing aircraft in a training

center kind of environment where training time, wet or dry, is sold to operators. As men-
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tionedearlier,themainglobalregionsexpectedtosustainrotary-wingmarketgrowthare
in theThirdWorld,andtheeconomicanddemographiccharacterof theseregionsis
changingrapidly.Locatingtrainingcentersintheseregionsequatestoboththeopportu-
nityforsignificantbusinessandhighrisk.Thisisespeciallylikely,fortheeffectofAC
120-63willberelativelydelayedin theseregionsbecauseof theirdevelopmentandthe
extremelyhighrateof economicgrowththatwill berequiredtosustainexpectedpur-
chases.

Anotherpossibilitymightbetoprovideamassivelyre-configurabletraining
devicethatcouldbeadapted,withinashorttime,tomeetaparticularoperator'svarious
needs;theenormousrange of available helicopter variants would encourage this approach.

Such a device would be expensive to build, requiring very high availability and utilization

in order to cover its depreciation costs alone-- depreciation costs associated with highly

specified fixed-wing simulators are presently of enormous concern to their owners and

operators.

It is in the above areas that the radical reappraisal of approach to the design,

manufacture, and support of rotary-wing trainers is most likely to bear fruit.

In order to provide better training devices in the future, it will be necessary for

the airframe and simulator manufacturers to work together to come up with better models

for describing rotor performance. These models, which will inevitably require more com-

puting power, may have to include effects describing rotor-blade elasticity, which are

currently ignored or simplified. The use of a simplified blade-element model for the tail
rotor may be necessary to enhance the lateral and directional handling characteristics. It

may also be possible for data-gathering investigations to be planned, involving flight-test

pilots and experienced rotary-wing aerodynamicists, that could either provide more real-

istic models than are currently available or that could advance our knowledge of the terms

that are best tuned subjectively. Ideally, this activity should concentrate on the

autostabilizer-off characteristics, which are easily enhanced by the autostabilization simu-

lation. Inevitably, these investigations will initially have to be type-specific and presum-

ably aimed at specific simulator contracts. They would, however, contribute to an ex-

panded, general level of understanding that would benefit all parties in the long term.

Because of the near-ground operations that characterize many rotary-wing mis-

sions, a better appreciation must be obtained of the rotor interference effects that are

caused both by the ground and by crosswinds. This should directly translate into better

training for takeoff, hover in ground effect, and landings, maneuvers that occur so fre-

quently.

With the advent of Advisory Circular AC 120-63, the airframe manufacturers

will need to provide data at least to the same standards and extents they do for fixed-wing
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aircraftgainingequipment.Thusfartheyhavenotneededtodothisforapprovalpur-
poses.

Thereare,orcourse,severalconfigurationsotherthanthatoftheclassicheli-
coptertoconsider.Relativelyfewsimulatorshavebeenbuiltinthepastfortandemrotor,
coaxiaUycounterrotating,orevenno-tail-rotoraircraft.The simulation of flit-wing and

tilt-rotor aircraft, which are likely candidates for mass production in the future, will be

complicated because of their reconfigurability. The propulsion and transmission systems

in these aircraft will require careful analysis and modeling in order to provide realistic
training.

Quite understandably, the developers of tomorrow's flight training equipment

will, wherever appropriate, attempt to achieve fidelity that is better than that available in

today's devices, purely as a part of the competitive battle to provide discriminators that

improve the likelihood of purchase. However, as the emphasis shifts toward more tech-

nologically developed flight decks, the training equipment will have to reflect the re-

quirements of the changing role of the flight crew, and their necessary training. Since this

discussion is focused on the manufacturing of training devices, it has not seemed appro-

priate to consider the fundamental changes in training that have to occur, and that indeed

have started to occur, in the aviation industry in response to the training needs for modem
aircraft.

However, as has recently been strongly recommended following accidents in-

volving high-technology fixed-wing aircraft, the changing role of the flight crew is not

simply an issue for improved human factors training -- it is an issue for the entire ap-

proach to the business of selecting, conditioning, and maintaining crew proficiency. The

"stick and rudder" legacy flight crew members who have transitioned to a second-genera-
tion glass environment require training that is significantly different from that they have

become accustomed to. The authors strongly believe that the manufacturers of training

equipment have a responsibility to tackle the new training problems in a proactive fash-

ion, rather than wait for human factors initiatives from trainers and industry consultants
to become mandated (perhaps in not the best way) and then react to them. As such, we

maintain a close involvement in discussions contributing to the proposed revisions of the

LOFT and cockpit resource management (CRM) Advisory Circulars, and are actively
involved in the AQP process that is developing at several North American operators --

changing our equipment in response to changes in training needs.

In practice, as a manufacturer the situation is far from ideal, because of the

momentum associated with conventional simulation equipment standards. However, it is

clear that changes in fixed-wing cockpit technologies and the character of the demands

that they place on flight crews will also occur with rotary-wing aircraft.
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Oneoutcomeoftrainingprocessesassociatedwithadvancedaircraftis thein-
creasinguseof part-taskandclassroomtrainers.Thefixed-baseorvibration-baseap-
proachmakesit possibletoreducethecostof thesimulatorbyprovidingasimulator
withoutamotionplatformorevenanout-of-the-windowVisualscene.Thistypeofde-
vicefacilitatesproceduraltrainingandsystemsfamiliarization,including"free-play,"to
enablethetraineetofullyunderstandtheoperationofeachparticularsystemand,more
important,theinteractionsbetweensystems.Therewouldalsobethecapabilitytopro-
videlimitedrotor-inducedvibrationcues(atlowercostthanusingafullmotionsystem)
byintroducingavibrationgeneratorintothefloorframeorseatmountings.

Theuseofsimulationoffshootsintheclassroommayalsobeconsideredadvan-
tageoustotheoveralltrainingscheme.Computer-basedtrainingforhelicoptershases-
tablishedaninitialfootinginthisarea,withvarioustrainingmodulesbeingavailableon
apersonalcomputer,thusenablingself-pacedor instructor-ledtraining.Thiskindof
approachhasbecomeubiquitousamongcommercialandmilitaryfixed-wingoperators
duringthelast6years.Computerpowerhasalsoincreasedtosuchapointthatit isnow
routinetopresent,forexample,"virtual"instrumentsonthecomputerscreensourced
fromthemainsimulatorcomputer.Here,inahighlygraphicalenvironment,it ispossible
fortrainingsubjectmattertobeintroducedto agroupof trainees,andthenforeach
traineetoproceedtoexploitthetrainingfeaturesathisownrateandtowhateverextent
necessaryinastructuralway.The_'aineewillhavethebenefitofsystemoperationinreal
timewiththesameresponsesasthosehewouldexperiencein thesimulator,withthe
samesoftwareversionofhelicopterconfiguration.Again,graphicalrepresentationsare
oftenconsiderablylessexpensivethan"therealthing,"hence,trainingcostscanbemini-
mized.Thiskindof technologyisnowbecomingindependentof themainsimulation
computationengine,withhighlyrealistic,fullyindependentsystemsandaircraftmodels
becomingavailableatlowcostaspersonalcomputers.

A trainingpackagemustbefocusedonthekindsoftrainingtobeperformed--
initial,recurrent,transitiontonewaircrafttype,upgradetopilot,oranyotherformof
training.

Simulatortrainingmayalsoberequiredforairframeandavionicsmaintenance
personnelwhowill increasinglygainaccesstoBITE(built-intestequipment)dataviathe
flight-deckequipment.Here,theparticularstrengthofthesimulatorcomesintoitsown.
It ispossibletointroducearangeof"faults"thatrequiresystematicinterrogationofon-
boardequipmentthatwouldneverbepracticaltosetuporachieveonalineaircraft.The
traineeswillbeabletofault-findandpracticethereplacementofapparentlyfailedLRUs
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(linereplaceableunits)withoutanyriskofdamagingthesimulatorhardware,themselves,
oranyoneelse.Aninstructorcanalwaysbeon-handtoprovidetraininginputs,tooffer
advice,andtohelpthetraineestofindthesolutionthemselves.Thiskindoftrainingcan
haveadirecteffectoninventoryandtime-to-repair,whichareespeciallyimportantin
operationswhenarapidturnaroundof theaircraftis requiredandwhendelayscause
revenuelossesandevenflightcancellations.

CONCLUSIONS

In flight training, the manufacturers of the training devices are often playing a game of

catch-up with the airframe and avionics manufacturers. Aviation technology will never

stand still; therefore, the need to train and retrain operators will never go away so long as
technology is insufficiendy advanced and customer confidence is insufficient to lead to a

replacement of the "man in the loop." As regulatory bodies around the world agree on
procedures for the use of rotary-wing flight training equipment, the importance of these
devices is likely to be maintained.

It is almost certain that a wide range of training devices will be necessary to

meet the many and varied needs of the operators. On the basis of their success with fixed-

wing training devices, the simulator manufacturers are well placed to meet these needs,

but they must adapt to the fact that the operational environment and business conditions

of rotary-wing operations are rather different from those of the commercial fixed-wing
operators.

The need for high-fidelity training equipment relates in particular to maneuvers

performed close to the ground. Improvements can be made in this urea, however, only
through a necessary and measurable increase in the quality and accuracy of the data avail-

able for the simulation design process in order to take advantage of increases in the com-

putation power that is becoming available at lower and lower cost. Improvements will

undoubtedly be partly facilitated by a closer and more harmonious working relationship

to be established between the four main parties -- the training equipment user, the equip-

ment manufacturer, the airframe manufacturer, and the regulator -- to ensure that the
training equipment design closely matches customer needs.

The result will be seen as training systems that are more adaptable and accept-
able than any we have today. Following the recent publication of AC 120-63, the role of

the FAA's Advanced Simulation Plan in the rotary-wing arena may potentially have as

strong an effect on the training aspirations of the operators as it did for the fixed-wing

community. We all hope that it leads to increased safety and profitability in the complex
but highly stimulating world of vertical flight.



8 SIMULATOR AERO MODEL
IMPLEMENTATION

Thomas S. Alderete*

SUMMARY

A general discussion of the type of mathematical model used in a real-time flight
simulation is presented. It is recommended that the approach to the development of a
mathematical model include modularity and standardization, for modification and
maintenance of the model will be much more efficient with this approach. The
general equations of motion for an aircraft are developed in a form best suited to real-
time simulation. Models for a few helicopter subsystems are discussed in terms of
general approaches that are commonly taken in today's simulations.

INTRODUCTION

The purpose of this chapter is to provide the reader with an understanding of the type
of mathematical model used in a real-time flight simulation. A flight simulation
system is studied in order to gain a better understanding of the real (or planned)
aircraft. The understanding or knowledge to be gained can relate to a wide variety of
subjects, including engineering studies, handling qualities, or pilot training. To
properly perform a simulation we need a total system, including a mathematical
model, simulator hardware, a visual system, and a motion system, whose behavior is
sufficiently similar to that of the aircraft in the subject areas under investigation. The
mathematical model is a key part of this total simulation system.

Before delving into some of the technical aspects, it is important to examine
what is meant by the phrase "mathematical model," or more simply, "math model."
Is it the equations and data that describe the aircraft's behavior? Is it the computer
program and all the associated data used to compute where the aircraft is and what it
is doing? Does it include "fudge factors" used to "tune-up" the simulation's
performance? What about all the integration algorithms and numerical "tricks" used
to improve the solution; are they part of the math model? Naturally, there are
different opinions as to what the math model includes; the following provides a
definition useful to the present discussion:

The mathematical model is the description and specification of the
aircraft's dynamic behavior. This behavior comprises the various
motions of the airframe and the states and performances of the
various subsystems, such as the engine, landing gear, and avionics.
The math model considers all the external and internal influences
on the aircraft and defines the resultant states of the aircraft and its

subsystems.

*NASA Ames Research Center, Moffett Field, California.
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The modelis bestpresentedby mathematicalequations,schematic
diagrams,logic diagrams,tables,andgraphsof data includinggeometry,
aerodynamiccoefficients,andgainschedules.Theseengineeringequations,
diagrams,anddatacomprisethemathematicalmodel.

Thedigital computer program, and its associated data, constitutes an
implementation of the mathematical model. It is not the model itself, but rather a
method (non-unique) of computing the model. The answers obtained by means of
these calculations are used to validate the mathematical model. The basic idea of

validation (covered in Chapter 9) is twofold: (1) to verify whether the program
accurately solves the equations of the model, and (2) to validate that the model
accurately describes (predicts) the behavior of the aircraft.

This discussion of simulation mathematical modeling will describe the
general elements of a model. The complete model can be thought of in two parts, the
general equations of motion and the specific aircraft subsystems. The general
equations of motion for a rigid body will be derived; however, because these
equations and their derivation are well known, not all details will be given here.
Emphasis will be on a particular form of the general equations that is best suited to
real-time simulation. Modeling methods for various subsystems such as the
aerodynamics, engine, control systems, and so forth will be discussed in much less

detail, without derivation or specific model examples. The subsystems are, of course,
specific to a given aircraft design and configuration. Some general approaches used
in today's simulations are also discussed. A list of symbols appears at the end of the
chapter.

MODEL STRUCTURE

The common and highly recommended approach to the development of mathematical
models is to employ the principles of modularity and standardization. Later, when
the computer program implementation of the math model is designed, these
principles will provide a significant pay-off in efficiency and maintainability. A
modular approach requires that the model be broken down into smaller parts that
share information and interact in clear and meaningful ways. The modules usually
follow along lines that correspond to the physical components of the aircraft (the
program design may not). Standardization of axis systems, nomenclature, and
various mathematical and engineering conventions also provides significant benefits
both in the programming implementation and in communicating the meaning of the
model to others. These principles have great economic benefit if more than one type
or model of aircraft is to be simulated. Modules can be updated or replaced without
rewriting the complete program. Also, standardization allows modules to be shared
between different simulations.

With a modular approach to math modeling, it becomes necessary to define
information interfaces. What does each module need for input? What does it provide
as output to other modules? In some cases, an output requirement is defined by some
other module. For instance, the rotor module might not actually need to compute
"horsepower required" in order to model all the rotor states, but a transmission

module might require it. Some modules will require inputs from or will provide
outputs to the "outside world," that is, external to any modeling. Pilot conlxols are an
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exampleofanexternalinput,andpilotstationaccelerationsmightbeanexampleof
anoutputneededforamotion-generationsystem,butnotbythemodelitself.

A typicalmodelorganizationisdepictedin figure1. Eachbubbleindicates
aparticularmoduleandthelinesandarrowsindicateinformationflow. Certainly
therewillbenumerousothermodulesandotherinformationpathsasdictatedbythe
actualaircraft'ssubsystems.Also,it wouldbecommonfornearlyallthemodulesto
haveaccesstotheenvironmentalparametersandtotheaircraft'sstatevariables.

Themodularbreakdownof themathmodelshownin figure1suggestsa
majordesignapproachandsomeguidelinesforstandardization.Themodulestothe
leftof thecentralsummationbubbleall arespecificto aparticularaircraft.The
summation,equationsofmotion,andenvironmentmodulesaregeneraltoallaircraft
andcanformthestandard,or "core,"modulesfor anysimulation.Thespecific
descriptionofaparticularaircraftshouldincludetheaerodynamic,propulsion,and
landinggearforcesandmomentsactingon theaircraftcenterof gravity. The
standardmodulessumthereactionsandproduceaircraftstatevariables(aswellas
numerousancillarycomputations).

External
inputs

Environment )

Figure 1. Typical model organization.

The mathematical model will be examined in two steps. First, the general
equations of motion that form the core of the simulation will be developed. All the
equations necessary to predict the aircraft's state when the external forces and
moments are known will be derived. A standard text on dynamics should provide
any details omitted in this treatment (cf. refs. 1, 2). Next, some of the typical aircraft-
specific modules will be examined. The equations for these modules will not be
derived or presented in any detail; a general discussion will suffice to give the reader
some idea of what might be included in an actual model.

GENERAL EQUATIONS OF MOTION

An aircraft in flight has six degrees of freedom, three translational and three
rotational. If the equations of motion are written relative to the aircraft's center of
mass, the translational and rotational sets of equations are independent of each other
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and can be derived separately. For this derivation, a nonrotating Earth will be
assumed, which simplifies the understanding of the equations. If required, the effects
of Earth's rotation can be added to the general equations at a later time without much
difficulty. Neither are wind and turbulence considered in the derivation that follows.

Guidance on how air disturbances may be added is given later on.

Axis Systems

Before beginning the derivation, the various axis systems that are commonly used in
flight simulation will be discussed. The body-, local-, and inertial-axis systems are
germane to the equations of motion; they are discussed below. Other axis systems
will be mentioned when some of the aircraft subsystems are discussed.

The equations of motion are written with respect to the body-axis system.
Referring to figure 2, the body axis has its origin at the aircraft center of gravity, c.g.
The x-axis is pointed forward out the nose; the y-axis is pointed out the right side of
the aircraft, and the z-axis is directed down through the underside of the aircraft. The
body axis is fixed to the aircraft and moves along with it. It forms a right-handed
triad.

y-axis

x-axis

z-axis

Figure 2. Body-axis system.

The local axis system also has its origin at the aircraft's c.g., but has a fixed

orientation. The XL-axis always points north, the YL-axis points east, and the Z L-
axis points down. The local frame is depicted in figure 3.

For purposes of this discussion, an inertial frame (XE, YE, ZE) is taken as
one that has its origin fixed at some point on Earth's surface. (For a rotating Earth,
placing the origin at Earth's center would be a better choice.) Its fixed orientation is

the same as the local frame and is also depicted in figure 3.
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Turningattentiononce again to the body-axis system, some other definitions
and relationships can be developed. Whenever the x, y, or z axes are referred to
without any subscripts, the body axis is implied. The six body-axis velocities are
shown in figure 3. The terms u, v, and w are the body-axis translational velocities in
the x, y, and z directions, respectively. The terms p, q, and r are the body-axis
rotational velocities about the x, y, and z axes, respectively.

The aircraft orientation is described by an ordered set of three Euler angles,
V, 0, and _, that relate the orientation of the body axis relative to the local axis
system. In figure 4, the axis system designated by X 1, Y1, and Z 1 is the initial
reference orientation (in this work, it corresponds to the local frame). First, the

aircraft is given a rotation _t about the Z 1 axis in the sense shown in the figure. This
aligns the body axis with the system labeled X 2, Y2, and Z 2. Next, the aircraft is
rotated by 0 about the Y2 axis. The result is now the X 3, Y3, and Z 3 frame. Finally,
the aircraft is rotated by _ about the X 3 axis, yielding the X, Y, Z frame, the final
orientation of the body-axis system.

x B

YL
V

XL YB

Noah
q

Flightpath

ZB w

,L

zE

Figure 3. Inertial (E), local (L), and body (B) axes.
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x

x 1

Y

o Zl' z2

Figure 4. Aircraft orientation using Euler angles.

A pair of useful transformation matrices are those that rotate a vector from
the local- to the body-axis system and from the body- to the local-axis system.
Referring again to figure 4, the following three equations can be written.

The first rotation _ results in

Ex2]icos sin olEX,]Y2 = -sin_ cos_ 0 Y1

Z 2 0 0 1 Z 1

Next, the rotation 0 results in

Ex,]Ecos00-Sin0Y,o 0lEx21Y2
Z 3 sin0 0 cosO Z 2

And finally, the rotation _ yields

E E'o 0j[,,1= 0 cos_ sing Y3

0 -sind_ cosO Z 3
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Combiningthethreematrixmultiplicationsintoone,resultsin

E!IEcos,co0= -sin_cosO+cos_sin0sin¢
sin_sinO+cosvsin0cos_

sin_cosO
cos_cos ¢+sin_sinOsin¢

-cos_sinC+sin_sinOcos¢
-sinOcosOsin¢ Y1

cosOcos¢ Z 1

This transformation matrix will be referred to as [LtoB] (read "local to body"); the
above equation can then be written as

[x,] 1YB = [LtoB] YL

ZB ZL

Also, since the transformation matrix is orthogonal, the inverse matrix can be
obtained by a simple transpose. Therefore,

[BtoL] = [LtoB] -1 = [LtoB] T

and

YL = [BtoL] YB

ZL LZBJ

Translational Equations

The equations of motion are developed in the body-axis system because the external
forces are most easily defined in a coordinate system fixed in the aircraft. IfF is the
total external force acting on the aircraft,_ is the absolute velocity of the center of
mass, and if m is the aircraft mass, then the following can be written:

_= mv

The F and _ vectors may be written in terms of their x, y, and z components:

= Fx_ + Fy3 + Fz_
A

_= u_ +vj +w_

A A A

where i, j, and k are an orthogonal triad of unit vectors aligned with the x, y, and z
body axes, respectively. If the aircraft (and the body-axis frame) is rotating with
angular velocity _, then the absolute acceleration can be found as follows:
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v=(V)r+O)×v

where (v) r is the acceleration as viewed from the body-axis system and the '5<"
symbol signifies a vector cross-product. This expression for the rate of change of a
vector in a rotating system will be used repeatedly in the following derivations. The
relative acceleration can be expanded as

• /h ./_

(v) r = u_ + vj + _v_

Also, the rotational velocity vector can be written as

r_c_= p_+qj +

Now the cross-product can be evaluated and written as follows:

A A A

_ x _ -- (wq - vr) i + (ar - wp)j + (vp - uq)k

Gathering terms and writing the vector equation in terms of three scalar relationships,
we have

F x = m(_+ wq - vr)

Fy = m('v+ ur- wp)

F z = m(_v + vp - uc0

Note that in some formulations the gravitational force terms are explicitly
written at this juncture. They are not included here for reasons to be made clear later.
However, for illustration, the three force components could be written as follows:

Fx = Fx Applied - mg sin0

Fy = Fy Applied +mg cos0 sin_

Fz = Fz Applied +mg cos0 cos_

Rotational Equations

If _I is the total external moment acting at the center of mass and H is the angular
momentum, then the following can be stated:

M=H
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The applied moment IVIcan be written as

A A A

IVI= Li +Mj +Nk

The first task is to write an expression for the angular momentum, and then
to find its rate of change with respect to time. The angular momentum of a rigid
body about it center of mass is given by

= E l_i × miRi

i

where R is the position vector of a particle mi. Assuming that the position of each
particle is fixed in the body, then the velocity of each particle is simply

Ri = K)x Ri

where _ is the absolute angular velocity of the body. Further assuming that the body
has a continuous mass distribution, the particle mass can be represented by its density
times an elemental volume, pdV (P is mass density). Substituting the expressions for
velocity and elemental volume, the summation can be replaced by an integral:

lq = j'vPI_ x (_ x i_)dV

_ A
Let R = x, + yj + _ for a given elemental volume and, as previously _ =p'_ + q_ + rk.

The vector cross-products can be written as

x (_ x 1_)= [(y2 + z2)p _ xyq - xzr] _"

+[-yxp + (x2 + za)q- yzr]_

+ [-zxp - zyq + (x 2 + y2)r] _
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Now, the moments and products of inertia can be defined as

Ix x = _p(y2 + z2)dV
V

Iyy= _p(x2+ z2)dV
V

Izz = J'p(x 2 + y2)dV
V

Ixy = Iy z = SpxydV
Y

Ixz = Izx = SpxzdV
V

Iy z = Izy = _pyzdV

Substituting these definitions, plus the cross-product terms, gives the angular
momentum as

A

= (Ixx p - Ixy q - Ixzr)i
A

+(-IyxP + Iyyq - Iyzr)j
A

+(-IzxP - Izy q + Izzr)k

For the typical aircraft case of symmetry with respect to the xz-plane,

Ixy -- Iyx = Iyz = Izy = 0

Simplifying the expression for angular momentum, we have

= (ixx p _ ixzr)_ ^ A+ (Iyyq)j + (-- Ixzp + Izzr)k

Now, turning attention back to the rotational equation of motion, the time
rate of change of angular momentum can be written as

I9I=H

= (H)r+ _ xH
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where(_1)r is therateofchangeofangularmomentumobservedfromthebody-axis
system(rotatingsystem).Expandingtermsgives

(I_I)r= (IxxP-Ixzi')'_+ IyyCl_+ (- Ixzl5+Izzi')_

and

_xH= -- _ 4_HzP) S +(Hzq - Hyr) l + (Hxr - (Hyp - Hxq)_

= [(-Ixz p + Izzr)q -(Iyyq)r] '_

+ [(Ixx p - ,xzr)r - (-IxzP + lzzr)p] _'

+  yyq)p- - Ixzr)q] 

Collecting terms and writing in terms of three scalar equations:

L = Ixxi_ - Ixzi'- Ixzpq + (Izz- Iyy) qr

M = IyyCl + (Ixx - Izz)Pr + Ixz (p2 _ r 2)

N = Izzf - Ixzl5 + (Iyy - Ixx)pq + Ixzr q

The above three equations, plus the three translational equations comprise the
equations of motion for the rigid-body aircraft. However, a number of problems arise
if these equations are used to compute the aircraft's dynamic state for simulation

purposes.

One problem with the translational equations is that the body axis is moving
along the flight path and so the position of the aircraft relative to some fixed point
(like a runway) is not easily specified. Another problem or "undesirable" feature is
the presence of the various products involving rotational velocity terms, such as (wq)
and (vr). These terms could cause problems with numerical accuracy when rotational
velocities have large magnitude or frequency content. This situation is remedied by a
transformation to an inertial frame, located on Earth's surface.

For the rotational equations, there is the problem of the equations being
coupled via 15,el, and i', which can lead to complications during numerical integration.
To resolve this problem, the three equations can easily be decoupled by algebraic
manipulation. Another issue concerns the aircraft orientation, which cannot be found
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Transformation of Translational Equations to an Inertial Frame

For the flat, nonrotating Earth considered here, any fixed frame of reference can be
employed as an inertial frame. The three forces acting on the aircraft center of
gravity in the body-axis system are rotated back through the Euler angles to the local
frame and translated back to some convenient origin.

Again, the rotation from body axes to the local frame is given by

nFE = [BtoL] Fy
F LFzJ

where once again the subscripts N, E, and D designate the north-, east-, and down-
pointing directions. The accelerations are then

_ZN1 IFN/ml

VDJ LFD/mJ

A note can be made here about computer program implementation. If the
body-axis forces are taken so as to not include the gravitational terms, then the
aircraft's weight can be added into the above equation as follows:

/ FE,m[X'E

_/D L.(F D + weight)/m_l

This implementation avoids the necessity of rotating the gravitational terms twice.
That is, instead of projecting the aircraft weight into the body-axis frame and then
rotating the summed forces into the inertial frame, the above suggestion allows the
weight to be summed directly into the "down" force component in the inertial frame.

The accelerations can then be integrated to get velocities in the local frame
and can be integrated again for displacements. The displacements can be referenced
to any convenient location such as a runway threshold, navigation waypoint, or
whatever is most useful to a simulation. The set of translational equations previously
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defined in the body-axis system will prove useful for computing body-axis
accelerations at a later time.

Modifications to the Rotational Equations

The equations for L, M, and N are manipulated to yield p, cl, and i"on the left-hand
side:

i_ = _._ L _ _-._ N + [(Ixx- ID+ Izz)Ixzl pq + [(Iw - Iz_DlZZ- I2xzl rq

(Izz-Ixx) Ixz 21 M + _p2)
_1= l--_ _ Pr +Iyy (r

i-=- _z L + _-_ N + I(Ixx- Iyv)Ixx + I2xzlpq + [(IYv- IXD- Izz) IxzlrqD

where D is defined as

2
D = IxvI_zA,.- I xz

These uncoupled equations can now be integrated with respect to time to
obtain p, q, and r. The resultant rotational velocities cannot be integrated to get
angular displacements; that is, one cannot find a set of three parameters that define
the aircraft's orientation and that have p, q, and r as their time-derivatives. In some
formulations, direction cosines are used to describe the angular orientation; this
involves nine direction cosines and six equations of constraint. One can also use
various four-parameter systems, so called quaterions. Quaterions have the advantage
of not having singularities (gimbal lock), of having one half the frequency content,
and of involving one equation of constraint. Aircraft orientation can also be specified
by the use of Euler angles. Remember that Euler angles are an ordered set of three

parameters and that there will be a singularity when the aircraft is pointed straight up
or down.

What is needed is a relationship between time rates of change of the Euler

angles and the body-axis rotational rates. Assume thatq_, 0 and _ are the angular

velocity vectors associated with rates of change in the corresponding Euler angles.

Then the total rotational rate vector can be written as
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Note that _, 0 and _ are not a mutually orthogonal vector triad, but are nonorthogonal

components of _. Referringtofigure.5, relationships can be written between the

body-axis.rotational rates andS, 0, and CV by summing the orthogonal projections of
(_,0, and C_ onto the x, y, and z axes:

p=_)- _sin0

q = 0cosO + _i/cos0sind_

r = _cos0cos¢ - 0sin_

or conversely,

_t = (qsin¢ + rcos0)sec0

0 = qcos_- rsinO

= p + (qsinO + rcos¢)tan 0

X

xI

Y

z _
B z1

Figure 5. Euler angle rates.

Now with this last transformation we can change from the body-axis
rotational rates to Euler angle rates. The Euler angle rates can be integrated with
respect to time to yield the Euler angles, thus specifying the aircraft's orientation.
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Keep in mind that the relationships are undefined at 0 + (n/2). Though not presented
here, there are methods of treating this singularity, if required.

Other Relationships

There are a number of other important relationships between the various state
variables. Once the translational accelerations in the local frame are formed, they can

be integrated once to obtain velocities and again for displacements. Thus,

and

=f E dt

L_DJ

v]= V E dt

V

The velocities can be transformed to the body-axis system to yield u, v, and w:

= [LtoB] V E
V

Using the Iranslational equations of motion that were written in the body-axis system,
the body-axis accelerations can be solved for as follows:

ul Fvr-wqqFFx/m]
_/:/wp-urI+/Fy/m/
fw i uq -vp-a LFz/ml

k.__
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Luq-vpd VD

The body-axis velocities can be used to obtain the aircraft angles of attack and
sideslip:

O_= tan "1 (w/u)

13= tan -1 [v/(u 2 + w2) 1/2]

Equation Summary

Given that the forces and moments acting on the aircraft's c.g. have been summed,
the translation dynamics are described by the following equations (where the primes
indicate body-axis forces without gravitational terms):

F E = [BtoL]

FD LFzA

FN/m 1

_/E =

_/D (F D + weight)/m..I

[vN]VE = S dt

VD
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N]= _'E dt

D

= VE dt

V

rvrwql:/wp-url_,o_
t..uq -vp .J

VN

= VE[LtoB]
V

The rotational dynamics are defined by the following equations:

= L D D xzt[_ __ + __ N +[(Ixx- Iyy + Izz)Ixzl pq + [ (Iyy - Izz)Izz- I2 rq

/1= 1___M + (Izz- Ixx) Ixzpr + (r2 _ p2)
lyy lyy

,_x_,,xx ,_z1 E -_-_z,,xz]Ixz" + -D- N + L - Iyy)Ixx + (Iyyi'=--D--L D Pq+ D rq

D = Ixxlzz- I2xz
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IPI'I Iq = dt

r

= (q sinq_ + r cos¢) sec0

_1= q cos_ - r sine

= p + (q sine + r cos¢) tan0

Thus the aircraft's acceleration, velocity, location, and orientation are completely
specified.

AIRCRAFT SUBSYSTEM MODULES

As was shown in figure 1, the various aircraft subsystems-for example, aero,
landing gear, and engine-feed information into the general equations of motion.
These subsystems are what distinguish a particular aircraft simulation from another
and as such cannot really be generalized to any degree. A few of the subsystems will

be discussed in terms of general approaches that are commonly taken in today's
simulations.

The control system is an example of a subsystem for which it is difficult to
generalize an approach. It usually has a primary, or direct, pilot input path and an

augmenting or stabilizing path. The control laws may be implemented by either
digital or analog circuits or both. The model might include a representation of

actuator dynamics. In any case, the control system should be specified by system
diagrams, logic statements, data values, gain schedules, etc. In the computer-

program implementation of the control-system model there is a need to have a good
transfer function solver that clearly handles the transition of state. Special care must
be taken to assure that the temporal indices of variables within the control-system
program are properly matched.

The engine system has become increasingly important to real-time
simulations. The engine and the dynamics of the engine control system can interact
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withtherotordynamicsviatherpmdegreeoffreedom.Traditionally,enginemodels
wereverysimple,usuallyrepresentingonly thetorquedynamics.However,
contemporarysimulationsareutilizingincreasinglysophisticatedenginemodels,
modelsthatincorporateinternalenginestatesin orderto moreaccuratelysimulate
interactionswiththerotorsystem(ref.3).

Aerodynamic Model

To simulate the aircraft in all flight regimes, a fairly comprehensive, total-force
aerodynamic model is usually required. The model should separate the various
airframe components, such as fuselage, wings, empennage, and any other
attachments. This separation allows the inclusion of local effects of the airstream
such as rotor wake, wing downwash, air turbulence, and other disturbances. The
most common approach to modeling the aerodynamic forces and moments is through
the use of tables of aerodynamic coefficients.

The data are normally produced from wind-tunnel tests where lift, drag, and
pitch moments are measured over a range of angles of attack and sideslip, and, if
appropriate, Mach number. These basic data, in a variety of combinations and for
various airframe components, make up the "aero data" for the simulation model.

The aero data are usually in dimensionless-coefficient form in the wind-axis

system. These coefficients are computed by taking the force (lift or drag) and

dividing by the term pv2A/2, where p is the air density, v is the velocity relative to

the air mass, and A is a reference area (such as wing area). The moments are divided

by pv2Al where 1 is a reference length (such as wing cord). The wind axis differs

from the body axis by rotations through the angles of attack and sideslip. It must be
noted that there are many variations of the definitions of the coefficients and of the

wind axis. A specific model must define the conventions being used.

The typical scheme for modeling the aero data is to define the local

velocities, Mach number, and angles of attack and sideslip. If the horizontal

stabilizer is taken as an example, the local velocity would be the velocity at the

aircraft c.g., modified by body rotational rates and wake effects from the wing,

fuselage, or rotor system or all three. The local angles of attack and sideslip are

defined with respect to the local velocity components. Aerodynamic coefficients are

found (interpolated) in the database using, for instance, the angle of attack and

elevator deflection. The forces are found by multiplying the coefficients by the

nondimensionalizing factors. The forces and moments are transformed through the
angles of attack and sideslip to the body axis. In some cases, the equations for wind-

axis forces and moments can become quite complicated as various influences are

modeled. Sideslip, rate of change of downwash, and airstream blockages are

examples. By modeling each airframe component separately, these special

considerations can easily be included. Once all the aerodynamic forces and moments

for each subsystem are modeled, they can be summed at the aircraft c.g.
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Helicopter Main-Rotor Model

The rotor system model is usually the most complicated module of the entire
simulation mathematical model. Historically, the rotor model was severely limited in
complexity because of the computational difficulties involved in running the model
in real time. With today's low-cost, high-speed computing systems, however,
modelers are continually adding detail and new complexities to the main-rotor
models. The rotor modeling methods are too involved to examine in any detail here,
but their general aspects will be discussed.

Two modeling approaches are used extensively in simulations: the blade-
element method, which is dominant in contemporary simulations, and the tip-path-
plane method, which has a considerably reduced computational requirement (refs. 4-
6). For the blade-element approach, the rotor-blade dynamics are represented by
degrees of freedom in a rotating coordinate system that spins with the rotor itself.
The forces and moments are defined in this rotating frame and summed at the hub.
The tip-path-plane approach makes use of a Fourier transformation to represent the
rotor dynamics in a nonrotating coordinate system. Essentially, the rotor is treated as

a tilting disk, and forces and moments are described in this nonrotating frame. The
discussion that follows will describe the general approach for the blade-element
modeling method.

The rotor model can be divided into several submodules: the rotor-induced

velocity, or inflow; blade dynamics; rotor forces and moments; and various
coordinate transformations. The inflow model is the least exact submodule of the

rotor model. The simple models in use today typically have a uniformly distributed
component that is derived from momentum theory plus harmonically distributed
components based on the periodic moments acting on the rotor disk. It is also
common to impose a "dynamic" behavior to the inflow by using empirically derived
time-lags.

The blade motions are represented by complex dynamic equations that are
nonlinear and that have periodic coefficients. The blades move as rigid bodies about
a specific hinge or bearing arrangement. Various elastic modes of blade motion can
also be represented. From these equations, the blade velocities and displacements are
known. Combining the blade state with the local velocities (airframe, rotor, and
inflow), the blade loads can be described. In the blade-element model, the blade
aerodynamic forces and moments are defined in a manner similar to those used in

other areas of the helicopter aerodynamic model (described above). The blade is
divided into a number of radially distributed segments (elements). For each segment,
the local velocity and angle of attack are found. Tabulated values of section lift,
drag, and pitch moment are interpolated to find the aero forces and moments at each
segment. The forces and moments are summed along each blade and for all blades of
the rotor.

There are a number of additional coordinate systems that can come into play
with the rotor model. The axis system conventions differ depending on the physical
arrangements of a particular rotor design. Typically there is an axis system that is a
body axis aligned with the rotor shaft. There are various rotating-axis systems that

progress from the hub, across the blade-hinge points, and out to the blade segments.
Finally, there is a wind-axis system at each blade segment where the aerodynamic
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forcesandmomentsaredefined.Asonewouldimagine,it isabsolutelynecessaryto
carefullydefineeachaxissystemandthetransformationsfromonetoanotherin the
model.

Withtheavailabilityofhigh-speed,parallelcomputersystems,newareasof
rotor-systemmodelingforsimulationpurposeshavebecomepossible.Modelersare
addingelasticmodestothebladedynamicsanddynamicwakemodelstoachievea
muchhigherfidelityrepresentationof rotorinflow(refs.7, 8). Combined,these
advancementsmakepossibleareal-time,aeroelasticrotormodel.

Tail-Rotor Model

The mathematical model of the helicopter tail rotor is usually much simpler than that
of the main rotor. Again, modern high-speed computer systems allow tail-rotor
models of greater complexity, but the benefits are not significant for most purposes.
In most instances, it is sufficient to model the thrust and the required torque of the tail
rotor.

A common method for representing the tail rotor in a simple fashion is
through the use of the Bailey theory (ref. 9). This is a closed-form approach that uses
parameters that only depend on blade pitch and the inflow ratio. A set of "t"
coefficients is computed that are in turn used to calculate the thrust and torque
required. After the thrust is resolved into body-axis forces and moments, torque can
then be made available to a drive-train model.

Environmental Model

The simulation requires certain characteristics about the air mass. The aero and
engine models require air density, pressure, and temperature. The aero model
requires air-mass velocities including steady or variable winds and gusts, wind
shears, and air turbulence. The first items are fairly standard and can be referred to
as the atmospheric model. Simulations can use the standard atmospheric databases,
"hot day" databases, or any collection of special ones (refs. 10, 11). The databases
are usually interpolated with aircraft altitude to yield density, pressure, and
temperature.

The velocity variations of the air mass are best modeled in two parts: the
lower-frequency deterministic gusts, shears, and steady winds, and the higher-
frequency random turbulence. The deterministic velocities are defined in the fixed
(inertial) frame of reference and can be modeled as functions of time and spatial
coordinates. A reasonable method of implementing these winds is to add them to the
inertial velocities and to then rotate them to the body axis. These new definitions for
the body-axis translational velocities, u, v, and w, make them "relative velocities,"
that is, relative to the wind. They are the velocities upon which aero forces and
moments are based.

Air turbulence is usually represented by statistical models (ref. 2). These
models typically assume the velocity variation to be random, isotropic, and with
negligible cross-correlation between components. These models also assume

L
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Taylor's hypothesis, or the frozen-field concept, which states that a patch of
turbulence is constant or "frozen in time." Grossly stated, each component of
turbulence is modeled by running a normally distributed noise signal through a
shaping filter or correlation function. The Dryden and von Karman models are
examples. These models use a characteristic scale length which can be taken as a
wing span or a rotor radius. The turbulence models have been commonly used for
fixed-wing aircraft and have been "forced" into rotary-wing models. Because of the
rotating blades, however, these models are not really appropriate for rotary-wing
applications. Recent work has attempted to improve the modeling for the case of
rotational sampling of the turbulent field (ref. 12).

CONCLUDING REMARKS

This chapter has presented a discussion in general terms of the type of mathematical
model used in a real-time flight simulation. The model used in simulations describes
and specifies the dynamical behavior of the simulated aircraft. In turn, the dynamical
behavior of an aircraft was shown to comprise all the various motions of the airframe
and the states and performance of the various aircraft subsystems - for example, the
engine. The model is best presented by, and is composed of, mathematical equations,
schematic diagrams, logic diagrams, and tables and graphs of data including
geometry, aerodynamic coefficients, and gain schedules.

The discussion of mathematical modeling for simulation covered the general
equations of motion and the specific aircraft subsystems. The general equations of
motion, which constitute the core of the simulation, were developed along with the
equations that are necessary for predicting the aircraft's state when the external
forces and moments are known. Some of the typical aircraft-specific modules were
also examined in an effort to provide a general idea of what might be included in
contemporary flight simulation models.

Modularity and standardization were recommended as being a proper
approach to the development of simulation mathematical models. Standard

conventions should be defined and adhered to in the design of all the modules, and
the information interfaces among modules must be defined, as well as any interfaces
to the "outside world." If this approach to modeling is practiced, subsequent
maintenance of and modifications to the model can be accomplished efficiently.



200 THOMAS S.ALDERETE

SYMBOLS

DN,DE,DD

Fx,Fy,Fz

FN,FE, FD

g

Ixx, Iyy, Izz

Ixy, Ixz, Iyz

aircraft position in the local-axis system, ft

total external force acting on the aircraft, lb

components of the total external force acting on the

aircraft in the x, y, and z directions, respectively, lb

components of the total external force acting on the

aircraft in the local-axis system, lb

acceleration due to gravity, ft/sec 2

the angular momentum, ft.lb.sec

moments and products of inertia, lb.sec2.ft

L,M,N

m

lqI

p, q, r

U, V, W

V N, V E, V D

x, y, z

orthogonal triad of unit vectors aligned with the x, y, and z
body axes, respectively

components of total moment about the x, y, and z
directions, ft.lb

the aircraft mass, slugs (lb.sec2/ft)

total external moment acting at the center of mass, ft.lb

the body-axis rotational velocities about the x, y, and z
axes, respectively, rad/sec

the body-axis translational velocities in the x, y, and z
directions, respectively, ft/sec

the absolute velocity of the center of mass, ft/sec

aircraft velocities in the local-axis system, ft/sec

the body axes; origin at the aircraft CG, the x-axis is
pointed forward out the nose; the y-axis is pointed out the
right side of the aircraft, and the z-axis is directed down
through the underside of the aircraft
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XL,YL,ZL

XE,YE,ZE

_,0,_

thelocalaxes;originattheaircraft'sc.g.withafixed
orientation;theXL-axisalwayspointsnorth,theYL-axis
pointseast,andtheZL-axispointsdown

theinertialaxes;originfixedatsomepointonEarth's
surface;XE-axisalwayspointsnorth,theYE-axispoints
east,andtheZE-axispointsdown.

aircraftangleofattack,rad

aircraftsideslipangle,rad

Euleranglesdescribingtheaircraft'sorientation;_ isthe
rollangle,0is thepitchangle,and_ istheyawangle,rad

theaircraft'stotalangularvelocity,rad/sec
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9 SIMULATION VALIDATION IN THE

FREQUENCY DOMAIN

Jeff A. Schroeder,* Mark B. Tischler,t
Douglas C. Watson,* and Michelle M. Eshowt

SUMMARY

Frequency-domain parameter-identification techniques were used to develop a hover
mathematical model of the AH-64 Apache helicopter from flight data. The unstable
AH-64 flight characteristics were parameterized in conventional stability derivative
form. To improve the model's vertical response, a simple dynamic inflow
approximation was added. Additional vehicle subcomponents, such as the engine
and stick dynamics, were also modeled. The model was then evaluated by AH-64
pilots in a moving-base simulation. Pilot opinion was that the simulation was a
satisfactory representation of the aircraft for the tasks of interest.

INTRODUCTION

Validation of fixed-wing simulation models in civil transport training simulators is
accomplished by comparing mathematical model time-responses with flight-test
time-responses. The FAA specifies tolerances for the allowable differences in these
time-domain comparisons, and, to date, these tolerances have served their intended
validation function.

The same general method of validation, that is, using time-domain
validation, has been proposed for helicopters. Although this approach appears logical
based on experience with fixed-wing aircraft, there may be difficulties in its
application. Four of those potential difficulties are mentioned briefly here. The first
such difficulty is related to stability. At low speeds, unaugmented helicopters are
inherently unstable, and it can be quite challenging to credibly compare flight with
simulation. Initial conditions must closely match, and the inevitable flight-test
instrumentation biases create further complications.

A second difficulty is the multi-input/multi-output nature of the problem.
Some helicopters, such as the Bk-117 with its hingeless rotor, have considerable
coupling. A unit longitudinal input produces as much vehicle roll-rate response as it
produces pitch response. As a result, for a pilot to control the vehicle about the
nominal operating point, simultaneous inputs occur in all axes.

*NASA Ames Research Center, Moffett Field, California.
t U. S. Army Aeroflightdynamics Directorate, Moffett Field, California.
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A thirddifficultyis thatthetime-domainvalidationproceduredoesnot
typicallyaddresstherootcauseofpoormodelfidelity.Afterthepilothasstabilized
ahelicopterwithhiscontrolinputs,theresultingstabilitymarginsmaynotbelarge.
Pilotsareverysensitivetofurtherdegradationsin thesestabilitymargins,whichare
calculatedinspecificregionsof thefrequencydomain.Thecorrespondingregionsin
thetimedomainusuallycorrespondtodifferencesin theinitialresponse(suchasthe
initialdelayin responsefollowingastepinput;manyinconsistentmethodsexistin
thetimedomainfor measuringsuchdelays).Soin thetimedomain,thesesmall
differencesmaybecriticaltothepilot,butmightnotbeacompellingmismatchfrom
thetime-historytraces.

A fourthdifficultyhastodowithtime-responsemismatches.Inthatevent,
themodelermaybeleftwithlittleinsightintowhattomodifyinordertoimprovethe
comparison.Sincethetimeresponsetoastepinputisasumofthevehicleresponse
atall frequencies,modalseparationis notself-evident,andit canbedifficultto
attributethecausesofpoorfidelity.

A listofsymbolsandthetablesandfiguresappearattheendofthischapter.

BACKGROUND

Theaboveproblems are mitigated by moving from the time domain to the

frequency domain. Unstable systems may be compared, multi-input/multi-output

problems are elegantly handled, vehicle fidelity is measured in the region of pilot
interest, and root causes of model mismatches are more easily identified. However,

to date, the problem with using frequency-domain-based validation has been the lack

of a complete set of tolerances that can be confidently applied in the comparisons.

What follows, although considerably revised and selectively extracted, is in
essence a reproduction of reference 1, and is reprinted here by permission of the
AIAA. Reference 1 is a paper that the authors originally presented at an AIAA
Atmospheric Flight Conference in 1991.

In reference 1, the authors described the development of a hover model for
the AH-64 Apache helicopter. The model was developed by combining an analysis
of the pertinent physics with an empirical accumulation of acquired flight data. It is

presented here because it serves as a valuable first step toward making valid
frequency-domain comparisons. The discussion does not suggest generic frequency-
domain boundaries that can be applied to any helicopter simulation, but it does
illustrate the technique, as well as provide one data point for frequency-domain
differences that were deemed acceptable in piloted simulation.

The hover model was developed to support the design of hover-display
dynamics for the Apache. Accurate vehicle-response models are used in two ways
for current methods in hover-display design. First, they are used to provide
predictive velocity information on the pilot's display, thus greatly improving the
display's utility to the pilot. Second, the availability of an accurate model allows a
credible analytical evaluation of the pilot-vehicle-display closed-loop dynamics
during display design trade-offs prior to the piloted evaluation (refs. 2, 3).
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Differentlevelsofmodelcomplexityareavailabletoaccomplishthedesign
andevaluation.A full-envelope,rotor-mapmathematicalmodeloftheAH-64exists
andhasbeencomparedwithflightdata(ref.4). Thiscomplexmodelhasthedifficult
goalof matchingthevehiclecharacteristicsoverthefullflightenvelope.It isshown
in reference4thatwhereasthemodelisadequateinpitchandyawforprimaryaxis
inputs,it isdeficientincertainrespectswhenusedtopredicttheprimaryroll and
verticalresponses,aswellaspitch/rollcross-coupling.

Insteadof usingthecomplexfull-flight-envelopemodelfor thestudy
describedherein,theauthorsdecidedtodevelopa simplermodelthatmoreclosely
matchedtheon-axisandoff-axisflightcharacteristicsin therestrictedhover/near-
hoverflightregimeofinterestforthedisplayresearch.Themodeldevelopedwasan
extendedsix-degree-of-freedom(DOF)stability-derivativecharacterizationextracted
fromanextensiveflightdatabaseusingsystem-identificationtechniques.

Therewerefourreasonsfortakingthisapproach.First,AmesResearch
Centerhasdevelopedandappliedproceduresforeasilyidentifyingmulti-input/multi-
outputmodelsusingfrequency-domaintechniques(refs.5-8).Thesetechniquesare
nowassembledinapackagecalledComprehensiveIdentificationfromFrequency
Responses(CIFER_).Second,a parametric,linearmodel(suchasa low-order
transferfunction)easesthedisplaydesign.Otherwise,it wouldhavebeennecessary
toderivethisextractedmodelfromthecomplexnonlinearmodelbyusingmethods
similartothosedescribedhereinfortheflight-testdata.Third,previousattemptsto
developbare-airframe-unstable-helicoptermodelsathoverhavebeengenerally
unsuccessfulbecauseof poordataor becauseof difficultiesin applyingthe
identificationmethod.Theavailabilityofanewlyacquiredandcomprehensivedata
basefor theAH-64andtherecentlycompletedCIFER® systempresentedan
opportunitytoadvancethestateoftheartinhelicoptersystemidentification.Fourth,
oncea modelis developedwith theApache'sDigitalAutomaticStabilization
Equipment(DASE)off,thatis,aDASE-offmodel,theDASEcanbeeasilyaddedby
wrappingtheknowncontrollawsaroundtheDASE-offmodel.

As partof avehicledevelopmentprocess,manysimulationmodelsare
developedbeforethefirst flight. Thesemodelstypicallyfollowanevolutionary
processandareupdatedandexpandedasflightdataaregenerated.Theavailability
ofacompleteAH-64flight-testdatabaseallowedanalternativeapproachthatuses
system-identificationtechniquesandknowledgeof theAH-64principalflight
dynamicstoextractanewsimulationmodelbasedentirelyonflightdata.

IDENTIFICATION METHOD

The frequency-domain system-identification method described in reference
7 and shown in figure 1 was applied here. The identification process comprises three
major steps: (1) the identification of the correct output/input nonparametric
frequency responses, (2) the development of a parametric state-space stability-
derivative model that best matches the frequency responses, and (3) the verification
of the resulting stability-derivative model with flight-data responses not used in the
identification process.
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Thefirstof these steps is accomplished by having the pilot generate

a progressive low-to-high-frequency stick input over the frequency range to be
modeled (ref. 6). For the Apache data taken, this range encompasses 0.1-30 rad/sec.
The input is such that the vehicle starts and ends in trim. A fast-Fourier transform,
using chirp z-transforms (ref. 9), is calculated from these data for each input/output
combination. The matrix of frequency responses between the input "x" and the
output "y" is determined by multiplying the inverse of the input spectral-density
matrix by the cross-spectral-density matrix,

H(¢o) = [Gxx(CO)]-lGxy(¢0) (1)

This matrix calculation yields the correct single-input/single-output
frequency responses when multiple control inputs are present and partially correlated
in the test data, which is usually the case for helicopter tests. For single-input tests,
equation (1) reduces to the more familiar scalar relationship. After these frequency
responses are calculated, the second step is to hypothesize a state-space stability-
derivative model based on a physical understanding of the vehicle's primary flight
dynamics. An optimization scheme employing a secant search then minimizes the
error in both magnitude and phase between the free model parameters and the
frequency responses. Confidence analyses are performed on each converged result
by using the following theoretical accuracy metrics: Cramer-Rao bounds,
insensitivities, and correlations between free model parameters. Insensitive
parameters and selected parameters in those sets that are highly correlated are
eliminated, and the optimization scheme is repeated (ref. 7).

The third and final step, after a satisfactory model has been determined, is to
drive the model with flight-test doublet inputs (which are not used in the
identification process) for comparison with flight-test responses. This final step is a
verification of both the model structure and its values.

AIRCRAFT IDENTIFICATION

Vehicle

Figure 2 (from ref. 10) shows the principal dimensions of the AH-64 Apache. It is a
single-main-rotor, twin-engine, tandem-seat, aerial-weapons platform. The flight
data were collected at the U. S. Army's Airworthiness Qualification Test Directorate
in 1990. The aircraft gross weight at takeoff was 16,100 lb with the c.g. at 204.4 in.
Ambient temperature and pressure were 58" F and 30.06 in.Hg, respectively. The
vehicle was configured with eight Hellfire missiles inboard and two 19-shot pods
outboard. Data were taken out of ground effect with the DASE on and off.

Frequency-Domain Data

Frequency sweeps were input in each axis separately while data were
recorded for four inputs and eight outputs. An example of the flight data used to
generate frequency responses for the model determination is shown in figure 3. The
aircraft-vertical-body accelerometer signal is shown as one of the eight outputs, with
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the cockpit-collective lever as the input. Here the mean and slope are removed from
the data for the spectral calculations.

The identified az (jco)/6col(JC0)frequency response of the aircraft is shown in
figure 4. Here the effects of the az response owing to the other three cockpit control
inputs have been removed by equation (1). The bottom plot in figure 4 is the partial
coherence function, which is a measure of the linearity between the input and the
output; it shows that a good frequency-response identification was achieved in the
frequency range of 0.15-25 rad/sec for this input/output pair (ref. 7).

Important dynamic information may be obtained from the frequency-
response plot shown in figure 4. Over a broad frequency range (0.2 - 3 rad/sec) the
magnitude response is flat (14 dB) and the phase curve is -180". These
characteristics show that positive (up) collective stick inputs produce a constant
upward (negative Z-axis) acceleration of az/Sco 1= -5.3 ft/sec2/in. At high frequency,
the significant peaking in the magnitude response reflects the effect of the rotor's
coupled flap/inflow dynamics (a discussion of dynamics may be found in ref. 11),
whereas at low frequency, the magnitude attenuation (and phase increase) reflects the
quasi-steady vehicle heave damping. Thirty-two such AH-64 hover frequency
responses for eight outputs from four inputs were identified. The eight outputs are u,
v, p, q, r, ax ay, and az. The four inputs are _lon, Slat, Sped, and _5co1.

Of these 32 responses, 18 were selected for the stability-derivative
identification using the coherence function as the primary indicator of the response's
relevance for the model. For example, no pitch-rate coupling results from pedal
input, so this response pair has very poor coherence (no input-to-output transfer).
Thus, q/_ipe d Was not used in the model determination. The responses that were used
in the model development are shown in the table below. Although, in many
instances, the flight data had spectral content out to 30 rad/sec, the identification
range for this 7-DOF (six rigid-body degrees of freedom and one for dynamic inflow)
model typically extended only to 10 rad/sec (except for the vertical axis, which is
discussed later). This maximum frequency is usually acceptable for flight-simulation
handling-qualities investigations.

Lon. Lat. Ped. Col.

u v'

v v' v'

p v' i,/

q V' v'
r v' V

ax ¢' v'

ay V' _/

az

V

i/

v'
v'

i,,'
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The stability derivatives that best match the set of 18 DASE-off frequency

responses generated from the flight data are given in tables 1 and 2. Table 1 is a list
of the system derivatives, and table 2 is a list of the control derivatives. Also listed
are identified time-delays for each axis that approximate the unmodeled high-
frequency modes, such as the swashplate actuators and the main-rotor dynamics.
Table 3 summarizes the resulting 9th-order model. The identified delays for each

input are shown at the bottom of the table. The lead/lag filter on the collective term
into the vertical axis is an approximation of the dynamic inflow to be discussed later.

Example comparisons of the flight and model frequency responses are
shown in figure 5. The best and worst fits in the frequency domain, as well as two
principal on-axis-angular responses, are shown. The av/5_e d response is the best fit,
and the q/Sla t response is the worst fit. The quality oT all the remaining 16 fits lies
between these two bounds.

Time-Domain Data

Figures 6-9 compare the time-responses predicted by the flight-identified model
(referred to as "flight linear") with both flight-test data and with a linearized six-
degree-of-freedom model extracted from the full-flight-envelope model of reference
4 (referred to as "complex linear"). The complex-linear model was extracted from
the nonlinear complex model by using a forward difference method. Each figure in
succession depicts responses to longitudinal (fig. 6), lateral (fig. 7), directional (fig.
8), and vertical (fig. 9) doublets. These flight data were not used in the flight-linear
identification; as a result, they are a good indication of the flight-linear model's
fidelity. For the longitudinal input in figure 6, both the on-axis (q/_lon) and the off-
axis (P/_lon) angular responses of the flight-linear model match the flight data well.
The longitudinal-acceleration response of the flight-linear model is almost identical
to the flight-test response. Though the on-axis responses of the complex-linear
model match the flight data well, the off-axis response is out of phase with the flight-
test input.

Figure 7 shows the responses to lateral-cyclic inputs. The roll angles for
both linear models have a mismatch at the start, but both roll-rate responses match
well. Again, the complex-linear model off-axis responses are out of phase, and the
flight-linear model matches well. The complex-linear model underpredicts the
lateral-acceleration response, but its roll-angle response is slightly better than that of

the flight-linear model. The flight-linear correlation is good even for the q/81a t
response, which had the poorest relative fit in the frequency domain. For this lateral
doublet, the spectrum of this input has its predominant power in the frequency-range
of 1.6 rad/sec and higher; the frequency-response fit is good in this range. This time-
domain matching would most likely be worse if a lower-frequency doublet was used,
since for this case the model errors increase at low frequencies (less than 1 rad/sec).

The flight-linear model response to directional inputs (fig. 8) captures the
on-axis yaw rate (r/5oed) with an excellent match. The flight-linear roll-rate response
also matches well; tfiis response is primarily caused by the vertical displacement of
the tail rotor from the roll axis. The complex-linear model again matches the roll-
attitude response better than the flight-linear model, but it does not match as well in

p, r, and ay.
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Theflight-linearvertical-axis-accelerationresponsein figure9 matchesthe
overshootsin theflightdataalmostperfectly;theovershootsareduetoadynamic
infloweffect.Notethattheflight-linearmodelhasalowvalueof Zw(-0.122sec-1
in table3). Thevertical-accelerationresponseisconsistentwiththislowvalue,for
theaccelerationdoesnotdecayoverthe2secofdoubletinput,aswouldbeexpected
withaZw=- 0.3sec-1thatistypicallydeterminedfrommomentumtheory.Other
identificationeffortshavenotedthisreductioninidentifiedZwwhencomparedwith
momentumtheory(ref.12).Theomissionof theeffectofvaryingrotorspeedf_on
thrustmightcontributetothisdiscrepancy.Forthismodeling,anassumptionof
constantf_wasused.Thecomplex-linearmodelcapturesthepeakmagnitudein the
azresponse,butit doesnotmatchtherestof thedynamics;thisisbecauseanother
stateisrequired,aswill bedescribedlater.Theangularresponsesof thecomplex-
linearmodeltocollectivedonotmatchaswellasthoseoftheflight-linearmodel.

Noticethatwhiletheon-axisresponsesof thecomplex-linearmodelshown
herearesatisfactory(exceptforvertical),theprincipaldeficienciesareintheoff-axis
responses.Thesetrendsareconsistentwith thosenotedabove,whichadds
confidencein thelinearcharacterizationof thenonlinearmodelfor comparison
purposes.Thetime-responsesshowthatforthisrestrictedflightregime,theflight-
linearmodelisabetterrepresentationof theprincipalflightdynamicsthanis the
complex-linearmodelextractedfromthecomplex-nonlinearmodel. This is
important,becausethetrendinvehiclemodelingis towardusingthemostcomplex
modelavailable,whereasattimesasimplemodelmaybemoreaccurateoverthe
frequencyrangeofinterest.

Dynamic Inflow Addition

The modeling of the effect of dynamic inflow in the vertical response was initially
neglected. Dynamic inflow accounts for the fact that the induced velocity change at
the rotor does not occur instantaneously (ref. 13). The dynamic lag associated with
the acceleration of a large air mass results in an angle-of-attack change at the rotor
blade. For a collective input, the angle-of-attack perturbation is initially caused by
the immediate collective pitch change; this initial angle of attack is reduced by the
change in inflow during the climb, which in turn results in more initial thrust than

steady-state thrust. This increase in initial thrust is reflected in the high-frequency
peaking of the az/Sco 1 magnitude plot of figure 4. Dynamic inflow has previously
been approximated with an equivalent system model that adds a lead term (a zero)
and a pure delay in the W/Sco 1 response (ref. 12). The same method was applied here,
except that the addition of a zero was accompanied by a pole instead of a pure delay.
Over the frequency range of interest (less than 25 rad/sec), this approximation was
deemed acceptable.

The nonstandard extra terms Map.z, Zwa , Ztht, and Ztz I in tables 1 and 2 were
added to the parametric structure to model the dynamic inflow effect. Table 4 shows
how the transfer function of the combined quasi-steady heave damping with a pole-
zero addition maps into the variables defined in tables 1 and 2. The identified result

was converted back into a lead/lag filter on the collective input to the vertical
equation and an effective heave damping. The conversion was made in order to
prevent an unreasonable disturbance-rejection response to perturbations in heave
velocity.
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Theeffectof the addition of the lead/lag filter in the vertical axis is shown in

figure 10 in the "before" and "after" plots. The values in the collective lead/lag filter
are given at the bottom of table 3. The "before" dynamic-inflow plot was developed
using an az/Sco 1 frequency-response fit range up to 10 rad/sec. As shown, the sharp
initial overshoot is not captured with the 8th-order model without the dynamic-inflow

approximation. Pilots will often note in moving-base simulations that they do not
feel a "kick in the pants" on the initial collective input. In the "after" dynamic inflow

plot, the az/Sco 1 fit range was extended to 25 rad/sec, and the lead/lag filter is
included in the parameterization of the model. Note that this simple approximation
captures the initial overshoot almost perfectly, whereas the fit is slightly sacrificed
after the overshoot. The effect of this lead/lag filter in the vertical axis is stabilizing
for height control here, since the pilot-in-the-loop phase margin is improved. This
improvement was noticed immediately during the initial development using fixed-
base evaluations.

Control System Addition

It should be emphasized that this stability-derivative model is for the hover environs
only and is valid to less than about 15 knots. For this near-hover flight regime, the
AH-64 DASE control system was closed around the 8th-order stability-derivative
model with the dynamic-inflow approximation. The diagrams of the pitch, roll, and
yaw DASE are given in reference 14. This control system, in its primary mode, uses
a shaped combination of high-passed pilot stick-and-pedal positions and angular-rate
feedbacks. The DASE is a limited-authority (approximately 10% of the actuator
authority in each axis) series system. Time-history comparisons between flight test
with the DASE-on and the model with the DASE-on are shown for each axis in

figures 11-14. Doublets of the type shown in figures 6-9 were the inputs in these
comparisons.

As shown in figures 11-14, the on-axis responses match well for all axes,
especially for the directional and vertical axes. One side of the model pitch-rate
response to a longitudinal doublet is underpredicted; however, the model matches
well on the other side of the doublet. One side of the model roll-rate response to a
lateral doublet is more sensitive than in flight, but the character of the response is
similar.

Comparisons of the off-axis responses with DASE-on are generally good.
The roll-rate-to-pedal input has the most striking similarity to that of the aircraft. The
roll rate due to pitch input has the correct sign and magnitude, but the model leads the
aircraft throughout the response. The DASE suppresses most of the pitch rate to
lateral inputs.

SUBCOMPONENT IDENTIFICATION

Engine

To add realism to the later described simulation, a torque and rotor-rpm model was
identified from the flight data. First, a simple physical model was formulated
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(fig. 15). Three elements were used for the model: the engine, the rotor shaft, and
the blades. The engine produces a torque on the shaft, which acts through the lightly
damped lead/lag spring and damper between the shaft's hub and the in-plane
deflection of the rotor blades. Feedback of the power-turbine speed, which is

physically measured at the engine output shaft, is sent to the engine for regulation.
For conditions when the rotor is being driven by the power turbine, instead of
windmilling, rotor speed and power turbine speed are directly related by the gearing
ratio between them. Thus, a feedback of rotor speed, instead of power-turbine speed,
is shown. Collective displacement causes a drag perturbation on the blades, and an
anticipation signal from the collective is sent to the engine for mitigation of rotor-
speed loss from the increased drag. Only collective was used to induce torque and
rpm variations for this hover simulation. Furthermore, the model was decoupled
from the airframe dynamics; thus the effects of rpm on thrust and of yaw rates on

rpm were not modeled. The purpose of the model was to drive gauges in the
simulator cockpit and on the display in a realistic manner.

The simple block diagram at the top of figure 15 is expanded into the
physical-variable form at the bottom of the figure. The engine-torque response was
modeled as a first-order actuator. Integral action in the engine controller, although
typically present, was not necessary for the modeling. This parametric structure was
used to match the flight data.

The resulting model is given in table 5; frequency and time-response
comparisons between flight and the model are shown in figures 16 and 17. It can be
seen that the principal characteristics are well captured by the somewhat simple
physical model. The identification reveals the dominant coupled rotor-lead-lag/shaft-
and-transmission mode of the system that causes closed-loop engine control in
helicopters to be of low bandwidth. This lightly damped mode was identified at 2.7
Hz. This frequency is the same as that documented in reference 15 for the UH-60
and requires special attention for engine/rpm control.

Stick Dynamics

An element of simulation that typically receives little attention is the stick dynamics.
Most simulations try to match static force/deflection characteristics, damping ratio,
and free play, but few simulations try to match the inertia of the stick and its

associated linkages. Inertia can be matched if a simulator's stick force-feel system
uses force feedback. Stick inertia for helicopters has been shown to have an

important effect on pilot opinion (ref. 16), and the resulting stick-displacement-to-
force bandwidth is a topic of interest in the contemporary helicopter-handling-
qualities community (ref. 17).

For this experiment, static and dynamic data from the AH-64 were used to
derive the static and dynamic stick characteristics. The nonlinear equation for stick
force as a function of stick position is shown in table 6 along with the identified
physical parameters. The gradient, preload, and friction were identified from plots of
static force and position. The amount of free play was based on measurements and
pilot comments. The dynamic data, consisting of stick free-releases from half-of-full
deflection, were used to identify I s and B s by matching time-histories.
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Theactualsimulatedcyclicstickfrictionandinertiadifferedslightlyfrom
theidentifiedparameters.Becausethestickdataweremeasuredwiththerotors
stopped,theresultingfrictionwasarelativelyhigh0.3lb. In flight,rotor-system
vibrationaddsdithertothelinkages,effectivelyreducingstaticfriction.Estimatesof
flightfrictionlevelsof0.1lbwereusedin thesimulation.Pilotcommentsindicated
thiswasreasonable.Theabilityof thesimulator'sforce-feelsystemto match
effectiveinertiaby increasinggainwaslimitedbyhydraulic-systemstability.The
achievablesimulatorinertiasarelistedintable6aswell.

Dynamiccomparisonsforlongitudinal,lateral,anddirectionalfreereleases
areshownin figure18.Theaircraftreleasesareplottedagainstboththeidentified
responses(AH-64fit) usingtheparametersin table6 andtheachievedresponses
(VerticalMotionSimulator)in thesimulation.Notethatthelongitudinalstickis
underdamped,andthatbecauseof inertiadifferencestheachievedsimulation
responsehasalowernaturalfrequencythanthatof theaircraft.Thesimulatedlateral
anddirectionalresponsescloselymatchthoseoftheaircraft.

MODEL EVALUATION

Simulation Setup

The Vertical Motion Simulator (VMS) at Ames Research Center was used for
subjective model evaluation. This large-amplitude motion system has linear
displacements of +30 ft, +20 ft, and +4 ft in the vertical, lateral, and longitudinal
degrees of freedom, respectively. The pitch, roll, and yaw angular displacements are
+18 ° , +18 °, and +24 °, respectively.

The simulation environment is shown in figure 19. From left to right, the

pilot puts a force into the stick, which displaces according to the identified-stick-
model characteristics. Cockpit-stick displacements then drive the 7-DOF model.
The collective also drives the torque/rpm displays through the identified model.

Model outputs are fed back through the DASE control laws, and are then washed out
(high passed) before being sent to the motion system. These high-pass filters will be
discussed later. Aircraft states are also sent to the Singer-Link DIG 1 four-channel

visual system which sends three channels to the three cockpit windows and one to a
helmet-mounted display (HMD). The aircraft states are processed to drive
superimposed symbols on the HMD. The delay in the visual channel is 103 msec;
visual-scene-time-delay compensation was not available for this simulation, a result
of the use of the head-tracked forward-looking-infrared (FLIR) image presentation on
the helmet-mounted display. From these simulation elements, the pilot receives four
principal cues: (1) vehicle-motion cues, (2) visual-scene cues, (3) display-symbol
cues, and (4) stick-position and force cues. Also present was simulated AH-64

cockpit sounds, which were produced with a digital synthesizer driven by torque and
rpm data.

Since motion of the simulator cab is restricted by the limits noted
previously, digital-high-pass filters attenuate model accelerations before they are sent
to drive the motion system. The principal motion washout filters for the angular and
linear axes are shown in figure 20 (other motion logic such as roll/sway coordination
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willnotbediscussed).Thefiltersaresecond-orderwithadampingratioof0.7.For
thisexperiment,thehigh-frequencygainwassetto1.0forallfilters.

Thus,atfrequenciesbeyondthefilternaturalfrequency,thepilotwill feel
thefull accelerationsthatthemathematicalmodeliscalculating.Forlow-frequency
longitudinalandlateralaccelerationsfromthemodel,themotionsystemslowlytilts
to usegravitycomponentstosimulatetheappliedforces.Fortheremainingfour
axes,atfrequenciesbelowthenaturalfrequency,thepilotfeelslessaccelerationwith
anaccompanyingphasedistortion.Whenassessingthefidelityof themodel,these
filter valuesarequiteimportant.Theircharacteristicsmaybesuperimposedon
frequencyresponsessuchasthoseshownin figure5to assesswhichpartof the
vehiclespectrathepilotfeels.Belowthewashoutnaturalfrequency,thepilotmust
determinethefidelityofthemathematicalmodelsbyusingvisualcues.

Afterthehigh-passed-motioncommandsaredetermined,theyaresenttothe
motionhardware.Themotionsystemis a largeactuationsystemwith its
concomitantlags.Thelagsof themotionsystemin thepilot'sfourcontrolaxes
(pitch,roll, yaw,andvertical)weremodeledaseffectivetime-delays,andvalues
wereidentifiedfromsimulatordata. Ratherthanaddthetimedelaysof the
mathematicalmodelidentifiedintable3totheunavoidablemotiontime-delays,the
motion-delaycompensationmethodoffigure21wasused.Here,themathematical-
modeldelaywassplitintoforward-andfeedback-loopcomponents.Thesumofthe
twocomponentsequaledtheidentified-aircrafttime-delaytoallowtheDASEcontrol
loopsto operateontheflight-identifiedamountof delay(thedelaythattheDASE
approximatelyseesintheaircraft).

To minimizethetime-delaybetweenpilotinput andmotionsystem
response,asmuchof themotiondelayaspossiblewasplacedin themathematical-
modelfeedbackloop. Thebottomof figure21showsthedelaysforeachblock.
Notethatthemotion-systemdelayin theyawandverticalaxesexceededthe
identifiedmathematical-modeldelay.Thus,for thesetwoaxes,theforward-loop
delaywaszero,andalloftheidentifieddelaywasplacedin thefeedbackloop.For
theverticalaxis,thiseffectresultedin anextra83msecof delaybeingpresent
relativetotheflightdata.Thisredistributionalsopartiallycompensatedfor the
visualdelayin theforwardcontrolpath,sincethevisualsystemreceivesitsinput
fromthesameplace(fig.21)asthemotionsystem.

Thesimulationwasflownby11pilots,fourofwhomwerequalifiedinthe
AH-64.Of thefourAH-64-qualifiedpilots,threewerefromtheU.S.Armyandone
wasfromMcDonnellDouglas.Thepilotsperformedseveralmaneuvers,including
precisionhover,pedalturns,bob-ups,andside-steps.Ideally,onewouldliketo
evaluatethemodelagainstanactualvehicleinaback-to-backsimulationandflight
testfor a preciselydefinedtask.Then,pilot-vehicleperformancecomparisons
betweensimulationandflightplussubjectivepilotopinionratingscouldbegathered.
Here,theevaluationof themodelwassecondaryto thesimulation'sprimary
objectiveofdisplaydesignandevaluation.Also,anAH-64wasnotavailableforuse
inback-to-backtesting.Thus,pilotcommentsbasedonrecollectionofthevehicle's
flyingcharacteristicsarethebasisforassessingthemodel'sfidelity.However,one
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pilotwasableto fly thesimulator,thenexaminesomeparticularitemslaterin an
aircraftflight,andthenreturntothesimulatorforanothersession.

Pilot Comments

The interested reader is referred to reference 1 for complete coverage of pilot
comments about the fidelity of this simulation of the AH-64. What follows here is
only the briefest summary of those comments and is intended to do no more than set
the tone of pilot opinion of the simulation.

All the comments listed in reference 1 are from the four pilots who were

qualified in the AH-64, and relate to their flying near-hover maneuvers at speeds up
to 15 knots. In most instances, the pilots were presented with the FLIR image and
symbols superimposed on the HMD.

In general, the pilots thought the simulation was a realistic representation of

the AH-64, both in model behavior and workload. In pitch, there were comments

about a tendency to pilot-induced oscillations (PIOs) with the DASE off, and a less
sensitive attitude response with the DASE on. Regarding roll, the pilots reported no
PIO tendency with the DASE off, although the aircraft does have such a tendency,
and with the DASE on the simulation was thought to be more damped than the

aircraft. In yaw, the comments were generally favorable, with the simulation
reported as being like the airplane, in that the airplane "seems to wrap up in yaw for a

control input and build to a point where you have to recover." The vertical response
to collective was considered good, but the vertical rates were seen to be excessive in
the simulation relative to those in the aircraft, and the workload to be greater in the
simulator.

Although there were some negative comments (e.g., about responses in the
vertical axis), the overall impression of the model was favorable. As expected, the
pilots had difficulty in attributing deficiencies to specific locations within the
simulation, which results from their indirect observation of what the mathematical

model is actually doing. Their contact with the model, relative to what they sense in
the aircraft, is through imperfect visual and motion cues.

For the visual cues, the simulation visual scene was devoid of texture and

had a 103-msec time-delay. For motion cues, the motion system can only represent
motion fidelity above the natural frequencies of the washout filter. In addition, as
mentioned earlier, the directional and vertical axes suffer from hardware delays that
are in excess of those identified for the mathematical model. These visual and

motion effects are mentioned not to lay blame for simulation deficiencies elsewhere
than on the mathematical model, but to point up the fact that these other system
deficiencies will have an effect on the performance of even a perfect model.
Quantification of some of these degrading effects has been examined in previous
experiments (ref. 18).

The material that follows is presented in reply to and in way of explanation
of some of the more pertinent pilot comments about the simulation. The discussion
is presented in terms of specific comments that are not necessarily those mentioned in
the brief summary above.
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Asageneralcomment,apilotremarkedthatthesimulationwasdifficultto
smooth,andthatit felt likea "rockyrowboat."Thismaybearesultof imperfect
phasingbetweentheangularandlinearmotions.Thesimulationcenterofrotationis
belowthepilot,solinearmotionhastocanceltheresultingangular-inducedlinear
motion.Althoughcompensationinsoftwareisdesignedto matchtheresponses,
somejerkinessispresent.Therewasanothercommentthat"Outsideapproximately
6knots,themodelcomesapart."Thatboundaryonthemodelmayhavebeenchosen
bythepilot,becausethedisplayevaluationtasksweredesignedtokeepadisplayed
velocitysymbolwithinitslimitsonthedisplay,whichwas6knots.

ThePIOtendencyin pitchwith theDASEoff doesnotappear,upon
examination,tobearesultof adeficiencyin themathematicalmodel.Wecansee
fromfigure5thatthemodel-phaseresponseisevenslightlybetterthanthatof the
aircraft.With theDASEon,figure11revealslessq/_lonsensitivity,whichis
consistentwiththepilotcomments.Thetrimattitudesinpitchandrollweretaken
directlyfromstablehoverflightdata.Thetrimattitudesusedwere6.5° of pitch and
- 2.5 ° roll. These trims did vary in the flight data as winds and weight changed;
there may also be instrument biases.

No conclusion can be drawn from differences in the p/51a t responses of
figure 5 that would explain differences in PIO tendencies. One might attribute the
increased PIO tendency in pitch to a simulation artifact, but that conclusion would be
inconsistent with a decreased PIO tendency in simulation for roll. The pilot
recognized some motion-system effects, such as those discussed earlier, regarding
roll.

Good comments on the yaw sensitivity are consistent with both the DASE-
off and DASE-on plots (figs. 8, 13). The coupling from collective in figure 14
appears in the yaw-axis regulation. For a long period, relative to the aircraft yaw-rate
trace being around zero, the simulation trace does not remain around zero. Pilots

noticed and disliked this characteristic in the simulation, and, although it would seem
to be a DASE-simulation problem, no errors were found during verification of the
DASE. A positive comment on DASE-off coupling from collective is consistent
with data shown in figure 9, except the model leads the aircraft because of

unmodeled dynamics that couple between the rotor rpm and the yaw axis.

The vertical acceleration response sensitivity is consistent with the
responses shown in figures 10 and 14. Other comments in this regard refer to the
perceived (and actual) poor vertical damping of the mathematical model. A
consistent comment concerned pilot inability to set a torque that would stabilize
altitude. This comment appears to indicate that the pilot is trying to fly when out of
ground effect with in-ground-effect techniques. Ground effect was not included in
the simulation, because the tasks and evaluations were performed at a height of one
rotor diameter from the ground, a height at which ground effect is minimal. When
out of ground effect, the torque reading is effectively an acceleration command.
Even with a vertical damping typically predicted from momentum

theory (-0.3 sec-1), pilots would not be able to maintain tight altitude control
out of ground effect by setting torque. So some of the negative comments on the
vertical axes may have been technique-related, since hovering operations are
typically conducted at heights at which there is some help from ground effect in
height stabilization. This explanation may not of itself be adequate, however, since
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achieving acceptable simulated height dynamics that also match flight data has been

a persistent problem.

CONCLUSIONS

A seven-degree-of-freedom rigid-body hover model of the AH-64 Apache helicopter
was developed using frequency-domain system identification techniques on flight
data. The model is applicable to any handling-qualities hover simulation.

Additional vehicle subcomponents, such as engine and stick dynamics, were
identified. The model was evaluated by four AH-64 qualified pilots. Overall
impressions of the model were favorable, with the most consistent negative comment
relating to difficulty in maintaining height control. The mathematical model should
be useful to future control and display designers as one that satisfactorily represents a
current-generation helicopter in hover.
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SYMBOLS

ax,ay,az

Bs

del

Fs

Is

J

Ks

L,M,N

Ion,lat,ped,col

Mapz

p,q,r

torque

U, V, W

X,Y,Z

x1

x 2

x 3

x4

x5

Lx,x

Ztht

longitudinal, lateral, vertical applied specific force, ft/sec 2

stick damping, lb.sec/in 2

delayed

stick force, lb

stick effective inertia, slugs

complex variable,

stick spring gradient, lb/ft

roll, pitch, yaw applied specific moments, rad/sec 2

longitudinal, lateral, directional, vertical cockpit inputs, in.

internal system derivative for dynamic inflow

identification, 1/sec

roll, pitch, yaw angular rate perturbation, rad/sec

torque referenced at main rotor, ft.lb

longitudinal, lateral, vertical airspeed perturbations, ft/sec

longitudinal, lateral, vertical applied specific force
perturbations, ft/sec 2

rotor-blade velocity perturbation, rad/sec

rotor-blade position perturbation, rad

rotor-shaft and hub velocity perturbations, rad/sec

rotor-shaft and hub position perturbations, rad

main-rotor torque perturbations, ft/lb

stick acceleration, ft/sec2; velocity, ft/sec; position, ft

internal control derivative inflow identification, ft/sec2/in
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Ztzl

Zwa

o,o

,g

f_

internal control derivative inflow identification, ft/sec3/in

internal systems derivative for dynamic inflow

identification, 1/sec 2

control input, in.

pitch angle, rad; rate perturbations, rad/sec

time delay, sec

roll angle, rad; rate perturbations, rad/sec

main-rotor angular speed, rad/sec

frequency, rad/sec
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Table 1. System Stability Derivatives

Derivative Param. value CR bound C.R., % Insens. %

X u -0.02000 a ......

X w 0.000 b ......

Xq 0.000 b ......
X v 0.000 b ......

0.6849 0.05632 8.224 3.489

XPr 0"000b ......

Z u 0.000 b ......
0.000 b ......

O.O00b ......

zZ_r 0"000b ......0.000 b ......

Map z - 13.00 3.933 30.26 2.055
M u 8.443E-04 1.904E-04 22.55 7.416

M w -5.142E-03 5.666E-04 11.02 4.047

Mq -0.4192 0.03970 9.469 3.459
M v 7.103E-03 5.803E-04 8.170 2.635

Mp --0.2272 0.02165 9.531 3.112
M r q).090000 ......

Yu 0"000b ......

Yw 0"000b ......

Yq 0.000 b ......

Yv -0.2788 0.01587 5.691 2.309

Yp -1.560 0.1304 8.356 3.356
Yr 0"000b ......

L u 0.000 b ......

L w 0.000 b ......

Lq 1.040 a ......

L v -4.247E -03 4.216E-04 9.927 3.906

Lp - 1.828 0.07974 4.361 1.1 04
L r 0.000 b ......

N u 0.000 b ......

N w 0.000 b ......

Nq 0.000 b ......

N v 3.008E-03 4.179E-04 13.89 4.724

N -0.3085 0.02508 8.131 2.536

_r -0.2702 0.02309 8.544 3.373

Zwa -1.571 0.5730 36.48 6.225

a Fixed value in model.

b Eliminated during model structure determination.
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Table 2. System Control Stability Derivatives

Derivative Param. value CR bound C.R., % Insens. %

Xlo n -1.483 0.04423 2.982 1.339

Xla t -0.1939 9.549E-03 4.926 2.271

Xpe d 0.000 ......
Xco 1 0.8355 0.02896 3.466 1.643

Zlo n 0.000 a ......

Zla t 0.000 a ......

Zpe d 0.000 a ......

Zth t -14.62 2.090 14.29 3.432

Mlo n 0.2353 7.660E-03 3.255 1.356

Mla t 0.05917 6.236E-03 10.54 3.876

Mpe d 0.000 a ......

Mco 1 0.000 a ......

Ylon 0"000a ......

Ylat 0.4958 0.02096 4.228 1.529

Yped -2.791 0.07222 2.588 1.235
Ycol -0.8557 0.04 175 4.880 2.436

Llon -0.1042 b ......

Llat 0.8341 0.02816 3.377 0.8260

Lpe d -0.4008 0.01407 3.510 1.542
Lco 1 0.000 a ......

Nlo n 0.000 a ......

Nla t 0.1 04 1 6.218E-03 5.975 2.205

Npe d 0.4943 0.02237 4.525 1.941
Nco 1 0.2662 0.01150 4.321 2.026

Ztz 1 -70.40 23.05 32.74 2.140

"Clon 0.08830 6.499E-03 7.361 3.650

Xla t 0.1206 6.560E-03 5.437 2.190

gped 0.07951 4.843E-03 6.091 2.991
%ol 0.06107 5.222E-03 8.551 3.357

a Eliminated during model structure determination.
b Fixed value in model.
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Table3. AH-64HoverMathematicalModel

u --0.020

v 0.0

w 0.0

p 0.0

q 0.000844

r 0.0

q 0.0

f 0.0

-1.48

0.0

0.0

..-0.104

0.235

0.0

0.0

0.0

m m

_lOnde 1

_la_e 1

_pedde 1

_COlde 1

_ _C°ldellead/lag_

where

0.0 0.0 0.0 0.0 0.0

-0.279 0.0 -1.56 0.0 0.0

0.0 -0.122 0.0 0.0 0.0

-0.00425 0.0 -1.83 1.04 0.0

0.00710 -0.00514 -0.227 -0.419 -0.090

-0.00301 0.0 -0.309 0.0 -0.270

0.0 0.0 0.0 1.0 0.0

0.0 0.0 1.0 0.0 0.0

-0.194 0.0 0.835 0.0

0.496 -2.79 -0.856 0.0

0.0 0.0 0.0 -14.6

0.834 -0.401 0.0 0.0

0.0592 0.0 0.0 0.0

0.104 0.494 0.266 0.0

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0

CSlOndel(S) = exp (-0.088s)51on(S)

51atdel(S) = exp (-0.121 s)51at(S)

_Speddel(S) = exp (-0.079S)6ped(S)

_SCOldel(S) = exp (-0.061S)Scol(S)

5COldellead/lag (s) - s + 4.8s + 12.9 6COldel (s)

-32.2

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

32.2

0.0

0.0

0.0

0.0

0.0

0.0

I1

V

W

P

q

1"

q

f
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Table 4. Parametric Model of Dynamic Inflow Effect

w Z_c(S - ZL)

6c = (s + a)(s - Z w) )

_F-a+Zw F Z_c ]

L-zsozld

where in tables 1 and 2, these parameters are

1
_J Lzw_ zt ajS_

Zw, a, Z L, and Z_c may be solved simultaneously

Table 5. Engine Mathematical Model

x 1

x 2

x 3

x4

x 5

--6.268

1

= -4.672

0

0

-50.38 6.339 50.38

0 0 0

198.2 4.672 - 198.2

0 1 0

0 -29400 0

o 00100][ o,que][000

0

0

0.00219

0

-2.288

x2

x3

x 4

x5

x 1

x 2

x 3

x 4

x5

-3.673

0

+ 0

0

10620

_col
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Table 6. Identified Apache Stick Dynamics

K s FpL B s Ff I s XFp

gradient, preload, damping, friction, inertia, free play,

lb/in lb lb.sec/in lb lb m in

Longitudinal cyclic

Lateral cyclic
Pedals

Collective

1.1 1.4 0.03 0.3(0.1 a) 3.1(4.5 b) 0.0625

0.53 1.0 0.2 0.3(0.1 a) 3.7(4.5 b) 0.0625
0.7 3.0 0.3 1.0 26.0 0

(Friction adjusted by pilot; inertia not measured)

'-?+. q
-s t. PL x Bsx +Ff :x -

x" XFp
2

XP=0

X" XFp
=X+--

2

XFp
X>--

2

XFp XFp
---- <X<--

2 2

XFp
X<----

2

a Estimate of friction in flight.

b Minimum inertia achievable in simulator.
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Figure 1. Identification process.
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10 COCKPIT MOTION IN

HELICOPTER SIMULATION

Richard S. Bray*

SUMMARY

The currently proposed requirements for cockpit motion in helicopter training simula-

tors, levels B through D, are obviously holdovers from those specified for transport air-

craft simulators. Within the aviation community, conlxoversy continues regarding the

value of the motion systems that are required to meet those specifications. The intention

to establish another set of specifications for helicopter simulators presents the opportu-

nity, and the obligation, to consider the true value of such motion systems in the context

of civil helicopter operations. This chapter is an attempt to put simulator cockpit motion

in a realistic perspective. The limitations inherent in efforts to reproduce cockpit motions

and their effects on pilot performance are described, and means of dealing with a lack of

motion cues in the simulator are suggested.

INTRODUCTION

The average pilot, especially during his early exposure to the training simulator, is strong

in his opinion that "Simulators don't fly like airplanes." Perhaps we could modify the

above complaint to read, "Simulators don't move like airplanes." There are no hard limits

to the levels of fidelity that can be attained in the dynamic modeling of the aircraft, or in

reproductions of the cockpit controls, displays, and sound environment. With modern

computer graphics, representations of the outside scenes can be effected with detail and

with fields of view that are reasonably faithful to the in-flight task.

The remaining mode of information feedback to the pilot in his conduct of the

real flight task is cockpit motion. But only a very limited portion of the flight spectrum of

cockpit motions can be reproduced with a motion system of a size practical for a ground-
based trainer. The following paragraphs include discussions regarding the nature of these

limitations and the effects they have on pilot performance and on perceived fidelity of the

simulation. Ways to improve simulator motion cost-effectiveness, and to counter the

inevitable effects of motion-cue deprivation, are suggested in the concluding paragraphs.

Most of what follows is derived from my long association with National Aero-

nautics and Space Administration (NASA) simulators, both in their development and in

their use in flying-qualities research for conventional and rotary-wing aircraft.

* Sverdrup Technology, Inc., Moffett Field, California.
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MOTIONCUES IN FLIGHT

Before addressing cockpit motion in the simulator context, it is appropriate to review, in

an elementary way, the contributions of cockpit motion to the pilot's control of an air-
craft.

Response to control: The sensory paths involved in the pilot's appreciation of
the motion of his aircraft are complex. The proprioceptive cues, the pressures induced on

the body by linear or angular movement of the cockpit, are primary, but closely associ-
ated with these force cues are the visual cues of cockpit structure motion relative to his

head, which acts as a loosely constrained seismic mass; then, as the head moves, the

vestibular organs add their contributions. As motion rates grow, visual appreciation of

the aircraft's motion predominates. In his earliest experience with an aircraft, the pilot

builds a subconscious mental model of responses to control inputs, and these motion

feedbacks are basic to this model-building process. His trained control of the vehicle

then consists in large part of precognitive inputs, that is, inputs made in predictive knowl-
edge of the ensuing response. This action is followed by a response-feedback mode of

control to adjust responses to the desired precision. It can be reasoned that in both learn-

ing and trained control, motion cues are most important when they are poorly supported

by visually perceived or inferred rates, and when the control mode is characterized by

high control sensitivity and tends to be oscillatory.

A signal of disturbance: Cockpit motion is the earliest annunciation to the pilot

of forces applied to the aircraft that are not initiated by his control inputs. The obvious

example is the aircraft's attitude and path response to atmospheric turbulence. Motion
cues are the motivation for the pilot's initial control response to stabilize the aircraft

against the disturbances. Attitude-rate and attitude changes induced by turbulence are

strongly indicated visually, either in the outside view or on cockpit instruments; however,

path perturbations are not nearly as obvious. Path stabilization in the short term relies

very much on the pilot's trained ability to null the linear acceleration disturbance. An
example is seen in his response to an encounter with a large up-gust early in the landing

approach. The aircraft tends to heave upward and pitch down. Instinctively, the pilot of

the conventional aircraft delays restoring pitch to its initial condition; in fact, he might

even push the nose down farther to minimize the path disturbance. His total response is

shaped by the sensed vertical acceleration, for he is not likely to have immediate visual

cues of the flight-path disturbance. Only later might he sense whether his response was

sufficient. If there were no vertical acceleration accompanying the downward pitch, his

normal reaction would be to pull the nose back up. Other examples in this category of

disturbances might be those arising from engine or control-system malfunctions.

Beyond the attitude and path disturbances that turbulence induces, it can, in its

more violent forms, produce a motion environment in the cockpit, a severe jostle, that can

interfere with flight management by making the reading and the setting of instruments
difficult.

Annunciation of aircraft state: Another category of cockpit motion confirms

specific events or annunciates aircraft configurations or states. In simulations of conven-
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tionalaircraft,examplesarethejoltsof main-gearandnose-geartouchdown,ortheair-
framevibrationsresultingfromstalloroverspeedintoMachbuffet.Flap,spoiler,and
reverserdeploymentsareallsourcesofdistinctivevibrationssensedin thecockpit.The
helicopterpilotexperiencesauniquesetofcockpitvibrationcues-- thoserelatedtothe
speedof therotor,theloadontherotor,andhistranslationalvelocity-- thatprovide
reinforcementofhisvisualcuesregardingthestatusofhisaircraft.

MOTION CUES IN THE SIMULATOR

Many flight-simulation experiments have confirmed that motion cueing usually contrib-
utes to the ease and precision of control. These results offer some indication of the level

of motion fidelity (simulator motion relative to flight motion) that is required to allow the

pilot to easily transfer his flight skills to the simulator. Following are discussions of the

limited motion fidelity that can be attained with a conventional training-simulator motion

system, and considerations of the consequences of the limitations.

The current "high-end" motion system: For the past two decades, the simulator

motion system of choice has been the six-actuator "synergistic" system originally created

by the Franklin Institute. In this efficient system, the actuators are the only structural

elements between the base and the cab, and they can produce perturbations in all six
degrees of motion freedom. Very real technical reasons, as well as housing volume, limit

the extension of the actuators to about 6 feet; thus, the linear excursion envelope of the

simulator is roughly described as a sphere 6 feet in diameter. Pitch and roll excursions

approaching those of normal transport-aircraft flight maneuvers can be generated. The

dynamic response and smoothness of the newer systems are very good; lag/delay times

less than 100 msec are demonstrated, and vibration frequencies to 10 Hz or higher can be
achieved.

Simulator motion algorithms: Constraining the computed accelerations of the

simulated aircraft in order to keep simulator cockpit excursions within the envelope de-

scribed above can involve sophisticated algorithms, but a consideration of some of the

simpler processes can be helpful in describing what motion cues the device can provide.

Linear accelerations or angular rates must be high-pass filtered (washed out) to limit the

corresponding excursion, and direct gain attenuation of the acceleration/rate can be ap-
plied. Pitch and roll of the cab in emulation of corresponding aircraft motion must be

constrained in order that the resulting "tilt" not present unacceptably large and inappro-

priate sensations of longitudinal or lateral acceleration to the pilot. Roll and pitch can be

dealt with by attenuation only, since these excursions are limited in the flight case, but the

necessary attenuation values must be of the order of 0.25. In flight, yaw is not con-

strained, so washout as well as some attenuation must be applied.

The three linear modes have individual characteristics that must be considered

separately. Vertical acceleration is a predominating linear motion cue in flight. The 3 to

5 feet of vertical motion capability in the simulator is inadequate for the presentation of

the maneuvering vertical-acceleration spectrum, which extends from 0.5 to 5.0 rad/sec.

Even with the computed acceleration attenuated to one-half, the simulator cannot present
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reasonablyphased representations below about 5 rad/sec. Experiments in the Ames Ver-
tical Motion Simulator (VMS) facility, which has very large vertical and lateral excursion

capability, have shown that phase accuracy (lead less than 30 ° ) at or below 1 rad/sec is

required to enable flight-like precision of longitudinal path, or height-rate, control. Even
for the modest vertical maneuvering of landing approach, a simulator vertical envelope

of 20 to 30 feet is required to provide this fidelity of motion.

Lateral accelerations sensed by the pilot in flight are more amenable to repro-

duction: they are, in general, small, with a normal mean of zero. Since the cockpit is

usually well forward of the yaw axis, there is a stxong in-phase lateral acceleration com-

ponent associated with yawing acceleration; this lateral component is important to direc-
tional stabilization in conjunction with visual cues of heading-rate. Recent experiments

at Ames have confirmed that this linear-motion component is more important to yaw

control in hover than is the rotational-motion cue. If, in the aircraft simulated, the pilot is

not close to the roll axis, there is yet another component in the total lateral acceleration.

Again at Ames, experiments have shown the importance of correctly representing the

position of the roll axis. In most helicopters, the pilot is close to the roll axis, but the issue
is made more important by the fact that high roll accelerations are characteristic of heli-

copter flight. Sensed steady-state or low-frequency lateral forces on the pilot, typically

produced by sideslip, can be reproduced by tilting the cab, but great care must be taken to

avoid sensory confusion that might result from any false roll motion involved in achiev-

ing the tilt.

Longitudinal accelerations sensed by the pilot in flight are seldom part of a high-
frequency control loop. In the conventional aircraft, they are characterized by step changes

associated with thrust or braking. In this mode, our simulator can illustrate the situation

with pitch; again, however, false angular rates must be considered. In general, when this

"tilt" method of providing linear acceleration cues is used, a considerable lag must be

introduced in order to keep the induced angular rates low. In the helicopter, sensed longi-

tudinal acceleration is primarily associated with drag, and is not subject to step or high-
frequency changes. The main concern in the helicopter simulator is the production of

false longitudinal acceleration cues; these false cues occur if large cockpit attitude changes

are introduced in the simulation of the large pitch-attitude changes that are associated

with quick-start, quick-stop maneuvers.

Although attenuation may be useful in constraining the linear modes at maneu-

vering frequencies, it is not appropriate for the accelerations produced by turbulence,

touchdown, or airframe vibrations. To be "environmentally" useful, the high-frequency

components caused by turbulence and by the other disturbances should and can be pre-

sented at near full gain.

The helicopter as a special case: The above discussion is appropriate for the

large fixed-wing aircraft and helicopters; however, since helicopter simulator motion re-

quirements are being considered from the perspective of years of fixed-wing trainer ex-

perience, perhaps a few more words about the significant differences are in order. The

helicopter simulator is emulating a smaller, more agile aircraft with higher control sensi-

tivities, lower stability levels, and control coupling across stability axes. Because the
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vehicle,inasense,hangsfromitsrotor,relativelylowlevelsof body-axes longitudinal

and lateral accelerations are generated. At low speeds and at hover, height-rate control is

even more dependent on motion feedback because, unlike the conventional aircraft, it is

independent of pitch attitude, and is characterized by low rate damping. A slightly wider

range of helpful motion cues might be provided in the helicopter simulator simply be-

cause the maneuvering frequencies, and thus short-term accelerations, are higher in heli-

copter maneuvering, resulting in more cockpit motion above the pilot's sensory
threshold.

In summarizing the motion system's capability to reproduce the sensations of

flight, it can be said that it fails to produce many of the cues that the pilot normally uses

in his "short period" control of the aircraft. It can, however, produce useful reproductions
of cockpit vibratory modes and low-frequency/steady-state longitudinal and lateral ac-
celeration.

EFFECTS OF MOTION-CUE DEPRIVATION

The roles that motion cueing play in the pilot's conlrol of his aircraft have been reviewed,

and it has been noted that severe attenuation of important cues must be accepted, even

with a large expensive motion system. What effect does this have on the pilot's perfor-
mance and on his sense of simulator fidelity? And to what extent do these limitations
interfere with the intended use of the simulator?

Effects on basic flight control: The pilot's initial level of control and his percep-

tion of simulator fidelity will be most influenced by perceived responses to control in-

puts, that is, to cues in the maneuvering spectrum. The popular trainer motion system can

reproduce a fraction of the angular accelerations and related linear accelerations of flight,

enough, at least, to provide some relative motion between the cab and the pilot's head.
This relative motion will be missing entirely in the fixed-base cockpit. The discussion

here will concentrate primarily on height or flight-path control, the mode in which the

acceleration cue is most severely limited, and, both in flight and in the simulator, most
poorly supported by visual information.

The first efforts of even the experienced helicopter pilot to control height in the

simulator entail a very high workload. Lift-off is likely to be followed by a collective
overcontrolling and residual oscillatory tendencies. Translational velocity control is com-

promised to some extent by the workload demands of the unrealistically difficult height-

control task in the simulator. If he has flown the aircraft being simulated, his expecta-

tions are particularly abused, and he will have an immediate negative view of the fidelity
of the simulation. The pilot has brought his flight mode of control to the simulator, and

the lack of meaningful vertical-motion cues violates his mental response model. He is

part of a servo system in which the innermost stabilizing loop has been removed. Very
rarely will this pilot relate his problems to diminished cockpit motion cues, for the use of

these cues is a subconscious process. He is inclined to explain his difficulties as being a

result of visual cue deficiencies and poor modeling of the vertical damping in the simu-

lated aircraft. As far as the pilot is concerned, he is left with the task of"learning to fly
the simulator."
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Givensomehourstopractice,hewill learntofly thesimulator.Actually,he
reestablishesanewmentalmodel,andanewsetof gainsin theremainingfeedbacks,
whicharevisualcuesandcollectiveposition.Unfortunately,thisnewmodelconstruct
mustbeaccomplishedin theabsenceof meaningfulmotioncues,andthusbecomesa
lengthenedprocess.Thepilotmustbediscouragedfromseekingcompensatinginforma-
tionfromcockpitinstruments,forthisprocedurewillonlydelayhiseffectiveuseofthe
simulatedoutsidescene.Hissimulatorperformancelevelwillseldomreachthatof his
flightperformance,butit willbeadequateforthepurposesof thetrainingorchecking
exercise.Whatis importantis thathe,andtheinstructorpilot,judgehisperformance
adequate,andthattheworkloadapproachaflight-likelevel.Ashisperformanceand
comfortlevelsimprove,sodoeshisopinionof thesimulation.Amongpilots,thereis
significantvariationinthetimerequiredforthissimulatoradaptation,andaminorityare
leftwithacontinuinglevelof frustrationandcomplaint.

Transfer of skills to and from flight: Perhaps the quickest way to put the effects

of motion-cue deprivation in perspective is to cite the following observations: The pilot's
initial reaction to a simulation of an aircraft with which he is familiar is usually negative,

and his early performance in the simulator will be poor. On the other hand, the pilot who
is well familiarized with the simulation, but who has no flight time in the aircraft, is likely

to find his first flight experience very comfortable, and he will consider the simulation to

be a good representation of the aircraft. In the first case, the pilot finds familiar feedbacks
missing, which seriously reduces the stability of his control loop. In the second, feed-

backs have been added that can be integrated to improve an already satisfactory level of

performance.

The above scenarios would be appropriate for the case of a fixed-cockpit simu-

lator, as well as one equipped with a conventional motion system. It is probable that

motion-system cueing accelerates the adaptation process by offering at least some sup-

port in attitude control.

Effects on disturbance cueing: As mentioned earlier, the present trainer motion

system is quite capable of presenting high-frequency motions very effectively. It can

reproduce the jostle of severe turbulence, but not the lower frequencies of the disturbance

that in flight inspire the initial maneuvering responses. All turbulence models become
"cobblestone" turbulence. In the absence of vertical motion at maneuvering frequencies,

recognition of flight-path disturbances is severely delayed. In a fixed-cockpit simulator,

the same turbulence model presents even a greater, more unrealistic task to the pilot. As

indicated earlier, jolts and vibrations indicative of aircraft states can be reproduced by

motion systems of very modest envelope.

CAN WE CHALLENGE THE SIX-DEGREE-OF-FREEDOM

MOTION REQUIREMENTS?

Considering the operating costs of a large jet transport aircraft, the losses incurred if it is

taken out of revenue-producing service for training purposes, and the potential efficiency

of utilizing its simulator, it is not difficult to rationalize the expenditure of $6 million to
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$12millionforasinglelevelCorD simulatorinstallation.In the case of helicopter

operations, such expenditures are much harder to rationalize, and it becomes obvious that

all of the technology factors influencing cost-effectiveness should be examined. Cockpit

controls and displays, as well as systems and aircraft performance, can and should be

accurately reproduced, and the costs involved in these elements will be subject to rela-

tively small and systematic reductions as computer costs decline. Significant cost reduc-

tions should be sought in the areas of visual and motion cueing, and regulatory standards
should reflect only those simulator capabilities that have been shown to be necessary.

The following paragraphs express my views regarding actions that might be taken to
(1) reduce the costs of providing cockpit motion in the simulator and (2) increase the

efficiency of the helicopter training simulator.

The benefits of motion: In light of the earlier discussions, what can we say

regarding the value of six-degree-of-freedom (DOF) motion in the helicopter training

simulator? In terms of helpful motion cueing, it might offer a bit more in the helicopter
simulator than it does in the transport aircraft simulator, because control sensitivities are

higher and stability levels are lower in helicopters. Attempts have been made to obtain

objective measures of the contribution that cockpit motion can make to the effective use

of both transport and helicopter simulators. These are very difficult experiments, and, in

general, the results have shown little measurable contribution in terms of pilot perfor-

mance and learning. However, on a psychological level, cockpit motion provided by the

newer motion systems is well accepted, and expected, by trainees and instructors, and

probably increases their respect for the simulator. It makes it easier for them to accept the
simulation as a moving vehicle. Perhaps the motion does a little to ease the adaptation

process psychologically, as well as physically.

The costs of motion: But if the benefits of 6-DOF cockpit motion are vague, its

cost is not. The actuator system itself is expensive, initially and in operation. Simulator

housing volume and the floor design required with the motion system add significant
costs. The visual presentation system must move with the cab, and thus must survive its

vibrational environment, thereby increasing its initial and maintenance costs. I cannot

quote a true motion cost fraction for a level C or D simulator, but I am sure it is consider-

ably greater than that of the motion system itself.

A less costly motion system for levels C and D: Considering the cost and ill-

defined benefits of the 6-DOF motion system, what are the regulatory agency's justifica-

tions for its requirements? The proposed requirements specify no excursion envelope,

and no motion-fidelity criteria other than a maximum response delay. Motion cueing of
a number of airframe disturbances is specified, but all are high-frequency in nature, re-

quiring very modest excursions of the simulator cab. A system with a motion envelope

considerably smaller than those now in use should meet these requirements.

Considering that body-axis longitudinal accelerations are not important cues in

helicopter flight, a longitudinal degree of motion freedom seems unnecessary. Earlier, in

consideration of the significant cues that might be reproduced in the simulator, it was

noted that the most valuable linear acceleration cues might be those associated with air-

craft angular accelerations around axes removed from the pilot's location. This leads me
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tosuggestathree-actuator,5-DOFmotionsystemthatmovesthecabinlimitedyawand
pitchrotationaboutafixeduniversalcoupling6-10feetaftofthepilots'station,andthat
alsorollsthecab.Obviously,rollwouldbetheonlyuncoupledmotion,butthecoupling
oflateralaccelerationwithyawandthecouplingofverticalaccelerationwithpitchis
naturalinflight,andshouldbeacceptableinthehelicoptersimulator.Certainly,allofthe
high-frequencydisturbancecuescouldbeadequatelyrepresented.However,greatcost
savingscannotbeclaimedforsuchasystem.Theactuatorcostsmightbehalved,but
housingcostswouldbeonlymodestlyreduced,andthemotionenvironmentofthevisual
presentationsystemwouldnotbeappreciablyattenuated.

Does levelB need cab motion?: It is my opinion that level B training simulators

should not be burdened with a cockpit-motion requirement. Airframe vibrations and

landing shocks can be represented with current "seat-shaker" technology. With the lib-

eration of the visual presentation system from the cockpit structure, relatively inexpen-

sive projection configurations, with wide fields of view, can be considered.

COMPENSATION FOR MOTION-CUE DEPRIVATION

The severe reduction of maneuvering motion cues in the training simulator places a very

real limit on the objective fidelity of the simulation. We know exactly what the pilot is

missing, but the significance of this deprivation can be assessed only by his subjective

impressions and his performance. Perhaps we should use his performance, especially his

early performance, compared with that in flight, as the true measure of simulator fidelity.
If the pilot can, from the start, operate as he does in the aircraft and produce similar levels

of performance, his subjective impressions of the fidelity of the simulator will be high,

and certainly his ability to use it in the attainment of training objectives will be maxi-

mized. In the absence of important motion cues, is there any way to achieve this han-

dling-qualifies parity between simulator and flight?

In analysis and experiment, direct efforts to define the role of motion cues in

pilot control have met with only moderate success. If we had a high-fidelity model of this

process, we might augment the pilot's control inputs in compensation for the missing

cues. It has been observed in helicopter simulations that a higher vehicle stabilization

level is required in the simulator to elicit the same handling-qualities ratings given in
flight. For example, an attitude-command control system in the simulator might receive

the same rating as a rate-command system in flight. This suggests that the subjective

fidelity of the training simulator can and should be enhanced by altering some aspects of

the dynamic response of the aircraft model in order to promote a more stabilized control

loop. Perhaps, to some small degree, such a process does take place in the acceptance

tests of a new simulator. Since the acceptance pilot's opinion of the simulator is directly

related to his perception of his performance, he will urge or demand changes (tweaks) in

the model (supposedly within data uncertainties) until a combination of the changes he

recommends and his accommodation to the simulator allow him to perform to his expec-

tations. It is likely that this tweaking is not always a model-correction process but often
a cue-deficiency-inspired one.
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SystemsTechnologiesInc.hasattemptedtoverifysimulatorfidelitybymatch-
ingclosed-loopperformances.Thiseffortmightbecarriedontothedevelopmentofan
analyticalprocedurethatwoulddefineanalteredmodelprovidingflight-likesubjective
sensitivityandstabilityin thesimulator,if notacompletereproductionof thecontrol
bandwidth.Hovering-heightcontrolwouldbetheobviousfirsttargetinanattemptto
matcheaseofcontrol,sincethetaskissomuchmoredifficultinthesimulatorthaninthe
aircraft.Judiciousmodificationstoheavedamping,controlpower,and,perhaps,the
ground-effectsmodelmightbringtheworkloaddowntoappropriatelevelsandthereby
actuallyincreasethevalidityof thesimulation.Moresophisticatedapproacheswould
probablyinvolve"shaping"ofthepilot'scontrolinput.

A CONCLUSION AND A RECOMMENDATION

It is concluded that no hard measure of cost-effectiveness exists for the motion systems
currently mandated for helicopter simulators. To burden helicopter simulators with ex-

pensive motion systems simply because the air-transport community agrees to their re-

quirement is bureaucracy at its worst. For the helicopter, the simulator application is

different, and the operational economics are different. The regulatory agency should

promote investigations that define the value of various levels of cockpit motion in the

training mission, and should support exploration of means by which the inevitably miss-

ing cues can be compensated. Perhaps within our down-sized military, a modem helicop-

ter simulator could be put to use exploring these questions.



11 VISUAL SPACE PERCEPTION IN FLIGHT
SIMULATORS

Robert J. Randle, Jr. * and John Sinacorit

Absolute realism is, and will forever remain, unattainable through simulation.

- Gullen et al., The Computer Image Generation Applications Study

SUMMARY

The outside visual scenes in flight simulators have become more and more
sophisticated over the years, but the sophistication refers to advances in optical and
computer characteristics, that is, to form rather than function, in providing a synthetic
visual environment. It is our contention that the visual perceptual requirements have
never been completely thought through, probably because the projected images of the
world that have been presented have an inordinately strong face validity, which is to

say, a superficial validity. This has been referred to as apparent realism. Our purpose
herein is to discuss the visual requirements at a fairly fundamental level, because it
appears that a need exists for a more veridical, or at least more functional,
representation of the vertical flight environment. This is a circumstance peculiar to
rotary-wing aircraft because of their unique maneuvering and operational repertoires.
Some of the possible sources of visual perceptual error in the use of collimated displays
are discussed, and, with perhaps a touch of analytic temerity, an analysis of the
dynamic visual cues that underlie low-level flight over unfamiliar terrain is presented.
Our treatment is not exhaustive, of course; it is meant, rather, to free the thinking of

simulator designers from the lure of precedent as the overarching design guide and to
convince them to take a fresh look at the fresh problem facing us in the coming world

of vertical flight.

INTRODUCTION

There are obvious differences between the maneuvering envelopes of rotary-wing and
fixed-wing aircraft. In fixed-wing aircraft, flight -- and pilot vision -- is primarily
forward-oriented and more or less horizontal with respect to Earth's surface. In rotary-

wing aircraft, flight -- and pilot vision -- is both forward and downward-oriented.
Rotary-wing aircraft can and do fly forward, sideward, and backward, and they can
change altitude while not doing any of these or while doing all of them. This extended
versatility with its added degrees of freedom leads one to question the use of fixed-
wing visual-scene generation techniques for rotary-wing training simulators.

* Sverdrup Technology, Inc., Moffett Field, California.
t Montallegro Applied Sciences, Inc., Pebble Beach, California.
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Computer-generatedscenesarepresentedinperspectiveviewandoptically
localizedat infinity (orat leastat a greatandconstantdistance)ona vertically
projectedsurfacein a two-dimensionaldepictionof three-dimensionalspace;this
providesavisualenvironmentthatisatbestillusory.Roscoehasreferredtoit as"The
apparentrealismof theillusionscreated"(ref.1). Thisdeceptionhasnotbeentoo
disruptivefor thegreatwealthof trainingthathasbeenandis beingaccomplishedin
fixed-wingsimulators,butit maywellbeasourceofproblemsinrotary-wingtraining,
particularlysincetheneedforthesepilotstomakeaccuratesize,distance,andrate
judgmentsis socrucialto theirmaneuveringversatilityandsafeflight. Frequently
mentionedcomplaintswithsimulatorsof rotary-wingaircraftarethelackof fieldof
viewandinadequatetexturalcues.It is tobenotedthatthesecomplaintsmayreally
maskmorefundamentalinadequaciescausedby thewaywecurrentlypresent
extracockpitscenes.

In 1980,Gullenetal.madethefollowingandstillpertinentobservation:

Absoluterealismis, andwill foreverremain,unattainablethrough
simulation.Simulationis theexact,or notsoexact,antithesisof
realism.A simulatedobjectisnot,norcaniteverbe,theobject.A
photographisconsideredtobetheepitomeofpictorialrealism,yeta
photographofareal-worldsceneisanabstractionofthatscene,justas
anyCIG[computerimagegeneration]imageisanabstractionofthe
realworldit ismeanttorepresent.Withthisfactin mind,it must
becomeapparentthatnoCIGscenemayeverbecometherealworld.
Consequently,adecisionmustbemadeastowhatisadequatescene
detailandwhatisrequiredscenedetail,sinceunderallconditionsthe
sceneportrayedwillbeanabstraction.Rephrasingthisconcept:All
CIG is abstract.A decisionmustbemadeasto whatdegreeof
abstractionis reasonable and adequate. There is no single answer to
this question. What is reasonable and what is adequate changes with
mission task and desked goal. [ref. 2]

In this chapter we review some of the basic, functional characteristics required
of a visual environment in order to support human visual perception. This will be done
by reference to naturalistic space perception. A later section includes an analysis of the
perceptual geometry of dynamic rate, size, and distance judgments in nap-of-the-Earth
and terrain-following flight even over unfamiliar terrain. It will be seen that that

behavior is only secondarily dependent on the well-known "static" visual depth cues. It
goes well beyond these and, through motion perception (optic flow and streaming), is
able to perceive not only relative but absolute (egocentric) depth. It is hoped that this
discussion will provide some insight into the functional requirements for vertical-flight
simulators and that it will point out some of the differences of those requirements from
those of conventional horizontal-flight simulator visual scenes.

Several terms are used to describe simulation fidelity: equipment fidelity,
engineering fidelity, dynamic fidelity, and perceptual fidelity to name a few. A more
useful designation is that of functional, or training, fidelity which refers to the
correspondence between the behaviors required for skilled performance in the aircraft

and those behaviors developed by practice in the simulator. This kind of fidelity differs
from the other aforementioned fidelities: it refers to the ability of the simulator to

provide training that will transfer to the aircraft. The other fidelities may be important,
but they, alone, do not assure a high degree of training transfer. They can, at least
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theoretically,beobjectivelymeasured.Buttheextenttowhichfunctionalfidelityor
trainingtransfercanbemeasured-- andtheextenttowhichit is measured in civil
simulators is practically nil -- is the extent to which one measures the capability of the
simulator in terms of its primary function and ultimate criterion. By default, in the
absence of these tests of functional fidelity, we insist on high physical fidelities,
assuming that high functional, or training, fidelity must follow. In practice it is easy
and more economical to forego training studies and the assessment of functional
fidelity and to take the risk of assuming a one-to-one correspondence between training
efficacy and the physical fidelity of the simulator.

PERCEPTUAL FIDELITY

There are some aspects of visual simulation in which the perceptualfidelity, measured
in terms of that most important human sensory system, vision, is not adequate. But that
inadequacy has nonetheless been pretty much inconsequential in terms of functional
fidelity for training in fixed-wing aircraft. However, this same inadequacy needs to be
re-evaluated in the case of rotary-wing aircraft because of the different perceptual
requirements they impose on their pilots and because of their crucial maneuvering
differences.

The inadequacy derives from the use of collimated visual scenes. It has not
meant much in the fixed-wing case, perhaps because the missing cues may not be that
necessary for the training being given or because the trainees simply live with the
situation and do not consider it that troublesome. A great deal of that kind of
dissimulation goes on in simulations; it is part of the willingness to play the game and
maximize the personal benefits of the training, which is undoubtedly a strong trainee
characteristic in successful training systems.

Outside visual scenes in most current flight simulators are collimated images
of a flat surface on which a computer-generated image of a three-dimensional world is
represented in two-dimensional drawings. Where the ancients who instituted

perspective drawing used strings stretched between points on an object and an eye-
point represented by a single nail driven into a wall, we now do it with computers and
then transform the "object coordinate system" to the "eye coordinate system" to
produce the "pyramid of vision." Unfortunately, perceptual fidelity in terms of visual
volume is lost in this world of "flat-landers."

The fiat, two-dimensional surface is placed at or near the focal plane of a
collimating optical system with the pilot's eye placed at or near the opposite focal
plane. The resulting illusion created by the virtual image of the flat picture is one of
infinite or great distance for all scene elements. The crucial phrase is "all scene
elements." The optical message is that all distances are equal and far away. However,
the conflicting message from scene perspective, motion, and other monocular cues is
that distances are varying. There is no optical depth, that is, relative distances are
depicted perceptively but not optically. Depth must be inferred from perspective and
other monocular cues such as overlay and texture gradients. As one helicopter pilot

reported in a recent magazine article, "Although the simulator is depicting a landed
helicopter, the presentation leads you to think you are in a low hover." His perception
was that he was too high, and this was partly a consequence of his distance above the
ground being the same optical distance as the horizon. He did not see himself as being
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quitethatfarawaybecausethemonocularandcontextualcuesandhislowcredulity
reducedtheillusion-- butnotcompletely.

In thesecollimatedscenestheloophasbeenopenedforbinocularcuesand
depth-- stereopsis,vergenceoftheeyes,andaccommodation(visualfocus)areopen-
loopbecausetheopticallymediatedsceneis atgreatoptical,butnotreal,distance.
Thereisnoretinaldisparityforstereopsisandnodifferingobjectdistancestostimulate
vergenceandaccommodation.However,theillusionisverycompellingin termsofthe
perceptionofflyingaroundinavastandalmostunrestrictedarea-- andthatmaybeits
majorstrength.Thisdramaticopticalillusionhasprobablyhadmuchto dowiththe
increasingacceptanceofsimulatorsasbonafidedevicesinwhichtopracticeflying.It
alsoundoubtedlyhasmuchto dowith theirapparentfunctionalfidelityandour
overlookingofthefactthatsomeperceptualfidelityislostbecauseofthenullification
ofthesethreebasicvisualfunctions:stereopsis,vergence,andaccommodation.

Whenweareinasimulatorit is easyto dissimulateandtopretendweare
flyingthesimulatedaircraft.If thetrainingisintense,andif wearebeingevaluatedfor
ourabilitytohandleseveralunpracticedemergencysituations,wesoonforgetthatit is
asimulator.If wedowell,weapplaudthesimulatorforitsabilitytoprepareusforthe
aircraft;if we do poorly,we saythe simulatoris nothinglike the aircraft.
Dissimulationisanimportantcomponentofasuccessfultrainingprogram.

CONSEQUENCES OF IMPERFECT FIDELITY

An observer in a helicopter research simulator found it to be dramatically obvious that
the apparent size of two generic pylons placed on the ground plane for hovering
maneuvers was changing. As the helicopter approached the pylons they, of course,
grew in angular size, but they also changed in phenomenal or perceived size. There
was no way to know their real size at a distance so their size was indeterminate when
he got close, except that they were smaller and bigger, respectively. This is a second
kind of response to the indeterminacy in spatial extent in collimated scenes. The

helicopter pilot quoted above experienced and reported a distance anomaly ("... leads
you to think you are in a low hover"); this observer experienced a size anomaly. These
are simply two aspects of a basic, inseparable function -- the perception of spatial
extent, size, and distance. The distortion of spatial extent is very obvious when
viewing collimated runway markings while parked at the threshold -- they are huge,
sprawling, and totally unrealistic in their extent.

There are practical consequences of this spatial indeterminacy. This has not
been a problem in civil fixed-wing simulators because there is little or no need to
precisely estimate near-distances. Also, it may not have been a problem because of the
large redundancy in the cues in our visual world and the human ability to continue to
successfully form veridical percepts when these cues are reduced in number and
quality. There is thus little effect on functional fidelity or training effectiveness of
fixed-wing training devices. That may not be true in rotary-wing training.

Size-Constancy

But why the growth in size at close distances? We may not be able to make accurate
size and distance judgments because of the weakening of the size-constancy



260 ROBERTJ.RANDLE, JR.AND JOHNSINACORI

phenomenonthatis normallysupportedby thethreemissingvisualfunctions:
stereopsis,vergence,andaccommodation.Thisnullingofanaturalvisualprocessis
abettedbythefactthatit is thesizesanddistancesofpictures of objects that are being
estimated rather than the objects themselves. Size constancy is one of those "built-in"
behavioral mechanisms that we depend on every day but that we seldom notice. When
familiar objects approach or recede from us, their visual angles change drastically but
their perceived sizes do not. A 6-foot person at 20 feet subtends an angle of 17°; at a

distance of 5 feet the angle is 50 °, so the retinal image has increased threefold, but the

person's perceived size has not changed and normally is not seen as growing larger as
distance is decreased.

Fifty years ago, Holway and Boring did a study of visual size perception that
has since become a classic (ref. 3). They found that size constancy broke down as
certain visual cues were removed from the viewing situation. When binocular cues

were removed, size constancy was weakened. When accommodation was also
removed, it was further weakened; and when perspective or contextual cues to distance
were also removed, the perception was almost entirely a function of the visual angle of
the stimulus. That meant that as an object approached, it got phenomenally bigger and
lost its cue value as having a familiar and invariant size. We have a similar situation in
our simulator scenes except that we have not removed the perspective cues. The net
effect is that size constancy is weakened and that approaching objects in the visual

scene are perceived as constantly increasing in visual angle and phenomenal size and
thus have little operational utility. The perceptual "reflex" of size constancy has been
rendered useless in the shift to the law of the visual angle.

The Familiar-Size Cue

Size and distance go together inseparably and are two aspects of a more fundamental,
unitary perceptual activity: the appreciation of spatial extent. The strong relationship
between size and distance judgments causes errors in size perception to lead to errors in
distance perceptions and vice versa. In simulations of fixed-wing aircraft this has not
become a problem because of the lack of maneuvers requiring continuous precise size
and distance judgments.

Size constancy does not work unless we have some knowledge of the objects

being perceived, some knowledge and expectations about their usual, familiar size, and
some knowledge about their distance from us. For instance, a large, unfamiliar
spherical object viewed on a runway from 5,000 feet can easily be localized in distance
so that its size can be known. However, if the same unfamiliar sphere is seen at some

distance in a clear blue sky, neither its size nor its distance can be known. If both size
and distance are unknown, then it is easy for illusions and perceptual errors to occur,
since one cannot prevent oneself from forming a percept and a judgment, even though
erroneous, about the size and distance of the unfamiliar object.

The perceptions referred to are not about naming size and distance in terms of
a metric like feet or meters. People are very poor at that task. It is about operational

action judgments like, "Can I land in that distance? .... Can I clear that obstacle? .... How
long will it take me to get there?" Trained people are usually very good at making
these kinds of judgments. A vivid illustration of the interdependency of size and
distance is provided by Emmert's law for after-images. An after-image subtends a
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constantretinalsizeandusuallyisofunfamiliarsize.Whenthegazeisshiftedoutward
andtheafter-imageis localizedonincreasinglydistantsurfacesit is perceivedas
growinglargerasa functionof distance.Itssizeis thuscompletelydeterminedby
distancewhenitsretinalimagesizeisconstant.

If insteadofanebuloussphereit isaCessna172thatisseenatadistanceina
featurelesssky,thereisnoprobleminestimatingitsdistanceasafunctionofitsknown
size,not at leastto an accuracysufficientfor makingoperationaldecisions.
Unfortunately,thecomputer-generateddepictionsof objectsthatarefamiliarin
aviationoperationsfrequentlydonothavethecompellingrealnessofactualobjects,so
donothavefamiliarsizevalue.Thislackis madeevenworseby thefactthat,as
discussedabove,theabstractobjectsgrowwithoutperceptualrestraintasthey
"approach"theviewer.

Texture

There is a stable relationship between familiar-size and the functional utility of ground
texture in visual scenes. Texture provides several kinds of information: it provides a
ground plane and defines a surface when it is used for, say, tire marks on runways; it
provides cues to horizontal extent as its gradient tightens with distance; and it provides
cues to vertical distance as its elements are seen to separate and individuate as the

ground plane is approached. The first two of these, surface texture and gradient,
provide cues that need no intermediation; they communicate directly. The third,
individuation of texture elements, provides information about the direction of altitude
change but very little about the precise extent unless the elements are well-known,
familiar objects, for example, sheep, a field of cabbages, a crowd of people. In the real
world, as discussed, the perceived sizes of such objects are good cues to their distance
from an observer. In simulators, the difficulties mentioned above with size distortion

mitigate their value, for they do not retain size constancy. They become size-
indeterminate at close ranges. And again, with computer-generated objects, there is
frequently no information relating to familiar size. The objects are not of phenomenal
size but are geometrical caricatures of real objects; as a result, they cannot be used as
precision cues because they do not contain that inherent information.

An observer in a military helicopter simulator noticed that one large part of
the gaming ground-plane was devoted to repeated, computer-generated images of
abstract objects, each of which appeared to be a system of spirals or swirls of
interwoven leaves. From one distance they could easily be taken to be a field of

cabbages. They seemed to have the first two characteristics of texture -- ground-plane
localization and gradient. However, as altitude decreased, the textural effect began to
be lost and they became individuated, separated objects. They became more
meaningless and grew not only in visual angle as they should, but also in perceived
size, a result of the breakdown of size constancy in these visual scenes. So the third
characteristic of texture, that is, perceived distance, as derived from the familiar size of
texture elements, was not effective.

BUT THE EAGLE AND HUMMINGBIRD ARE DIFFERENT

As mentioned, these departures from strict optical-visual fidelity have not been
significant factors in the use of fixed-wing aircraft simulators. The sweeping validation
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of fixed-wing simulators, as substitutes for aircraft in training, as covered under the
three phases of the Federal Aviation Administration's (FAA's) Advanced Simulation
Plan (Title 14, Part 121, Appendix H), seems to have been well-advised. It has been in
effect for more than a decade in spite of the lack of visual fidelity in the simulated
visual scene. At least in the fixed-wing simulators, even though the desideratum of
perceptualfidelity is violated, their functional fidelity seems to be adequate to the task
of training and qualifying large numbers of professional pilots in a much more
efficient, safe, and economical way than can be accomplished in the aircraft.

But there are differences between the maneuvers conducted in fixed-wing and

rotary-wing aircraft, differences that are analogous to the differences between the flight
repertoires of the eagle and the hummingbird. As has been mentioned, the flight of the
eagle must be, like the fixed-wing aircraft, forward-oriented. For fixed-wing aircraft,
with their ever-forward velocity vector, the only times that a ground-plane orientation
is critical is on takeoff and in the flare and landing. Even then, however, in both the
aircraft and simulator, visual attention is directed forward, not downward. One's

orientation to the ground and departure and return to it are determined from the
orientation of one's ego-center, the ground plane, and its extension to the horizon.

Not so the hummingbird and rotary-wing aircraft. They are omni-translatable.
Like rotorcraft, the hummingbird creates lift locally and routinely does bob-ups, bob-

downs, sidesteps, pirouettes, and dolphins, and can translate sideward, forward,
backward, up, and down, and can do combinations of these. So it is that the rotary-
wing pilot, who also does these maneuvers while surrounded by several tons of
technology, has an intense interest in his vertical orientation with respect to a ground
plane. Also, he has more than just a passing interest in being able to judge vertical
distances and rates, and to be continuously able to gauge within a few feet the distance

of his ego-center from the firm plane beneath his aircraft. Unlike the fixed-wing pilot
trainee, he needs a simulated ground plane that is located downward not forward, as
well as valid visual cues with respect to it. None of these is adequately represented in
current simulator visual scenes. It is always necessary to imagine the ground plane by
extrapolating from the forward-oriented, two-dimensional representation of three-
dimensional space; the third coordinate axis is imaginary and its absence constitutes a
gaping inadequacy in perceptual fidelity.

Current simulator visual-scene technology has some serious limitations when
applied to the training of rotary-wing pilots in the many near-the-ground operational
maneuvers they routinely perform in the national airspace system. The visual scene
does not fully support the training and therefore has dubious functional fidelity. As has
been discussed, there are two general weaknesses in visual-scene technology when
applied to vertical flight simulators, neither of which causes significant problems in
fixed-wing simulators, at least not for civil fixed-wing training, which is our current
concern. These were seen to be (1) the nullification of three major visual functions in
collimated systems: stereopsis, vergence, and accommodation, together with their
perceptual consequences; and (2) the attempt to adapt the forward-oriented visual
scenes of fixed-wing simulators to the downward-oriented world of rotary-wing
operations.

There are ways to counter these two anomalies, but they involve departures
from strict physical fidelity in the interest of optimizing training fidelity. They will be
resisted by proponents of maximum fidelity and, thereby, maximum cost. The first
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involvestheuseof anuncollimatedprojectiontechniquethat movescloserto
perceptualfidelityandobviatesperceptualirrealism.Thesecondinvolvestheuseofa
localground-planeprojectionsothatextrapolationfromaforward-orientedground
planetotheego-centeredgroundplaneisnottheonlywaytodealwithmaneuversin
thelocalvertical.Thislatterwouldresultinasimulatorcabconfigurationthatwould
departfromstrictphysicalfidelity.Butif itsuseresultsin theobviationofcomplaints
abouttheinabilityin thesimulatortoestimatevisualextentsandratesin low-speed,
low-altitudeflight,thenthetrainingcouldwellbemorerealisticandefficient,even
thoughsomefidelityhasbeencompromised.Theindustryis invitedtoinvestigatethe
transferof trainingresultingfromsuchstrategiesbeforehardeningsubsequent
simulatorconfigurations.

THEDYNAMIC CUE: MOTION PERSPECTIVE

To this point we have referred to several of the visual depth-perception processes and
cues that are well known to behavioral and visual scientists. However, these
disciplines have very little to say about the mechanisms and operation of vision in
three-dimensional, dynamically changing, real-world tasks like those occurring in high-
performance aircraft in low-level flight over unfamiliar terrain. The visual localization
of one's self (vehicle) in such contexts and the perception of the rate and direction of
change of that locus may only be secondarily dependent on the operation of the
conventionally accepted cues discussed above. It is possible that these visual
perceptions result from a very complex process involving the integration of the
apparent relative motion of many proximal terrain and cultural features.

Analysis

The first thorough description of motion-perspective cues to distance was provided by
Helmholtz (ref. 4), as cited by Harker and Jones (ref. 5). Although the subject has been
extensively studied by Gibson et al. (ref. 6), and by others, it has remained an odd sort
of mechanism thought to provide some cues to relative depth. The mechanism has
been associated with other terms, for example, optic flow, streaming, monocular
movement parallax, and shear and motion parallax. All relate to the basic idea that any
visual field contains movement patterns dictated by the relative motion between an
observer and the outside world.

Briefly stated, if relative motion can be characterized by two quantities, that
is, by translational and rotational motion vectors that are defined relative to coordinates
in the outside world, then the appearance of the outside world during such movements
takes on definite patterns. For pure translational movement toward an impact point, all
objects in the visual field will stream outward from that point. For a pure rotation,
however, the pattern is circular, arching around the point corresponding to the axis of
rotation. As we move through the fixed outside world, the vector combination of these
two patterns is impressed on the retinas of our eyes.

It is suspected that these patterns are learned and used by the human infant
following its first attempts at hand, head, and eye coordination, and that the reflex is

further refined by the time the infant is crawling and walking. It is probably very well
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developedin theyoungchild,permittingit tomovegracefullyandperformamazing
featsofbalanceandlocomotion.

Forpersonswhodriveautomobilesandfly aircraft,thesubliminalintegration
of themovementpatternsofmanyobjectsin thevisualfieldintothevisualcuesof
angularandtranslationalvelocityisprobablyhighlydeveloped.

Theintegrationofthesepatternsdoesnotappeartodependonthegaze-point
relativetothedirectionofmovementorrotation;however,it couldbeexpectedthatthe
streamingpatternscorrespondingto translationalmovementareprobablymost
accuratelyinterpretedbythevisualsensewhenthegaze-pointisnear(within90° of)
theimpactpointordirectionoftranslation.

Themathematicalexpressionfortheabsoluteangularvelocityof anyobjectin
thevisualfieldisgivenbelow:

Angularmovement:

top=-f_sinP (1)

Translationalmovement:

or1-=(Vsin0)/R (2)

where

O_p-- apparentangularvelocityof anobjectin thevisualfielddueto
observerrotation,rad/sec

= observerangularvelocity,rad/sec

P = anglebetweenthedirectionofrotationandthedirectiontotheobject

or -- apparentangularvelocityof anobjectin thevisualfielddueto
observertranslation,rad/sec

V -- observertranslationalvelocity,ft/sec

0 -- anglebetweendirectionof translationalmovementanddirectionto
theobject

R = distancefromobservertoobject,ft

Theideaofmotionperspectiveis thatmanyobjectsin thevisualfieldwillbe
sampledandthattheimpressionswill beintegratedintotheperceptionof observer
angularvelocityanddistancetotheobject.Theobserverangularvelocityperception
processisstraightforward,andisdemonstratedbyrewritingequation(1)thus:

= - rZp/sin P (3)
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Theobserver'sangularvelocityissimplytheapparentangularvelocityof an
objectdividedby thesineof theanglebetweenthedirectionof rotationandthe
directiontotheobject.TheperceptionoftheanglePrequiresthesamplingof several
objectsthatarenotneartheaxisof rotation,sothattheangleP of eachmaybe
determined.

Thecorrespondingsituationfor translationalmovementrequiressome
interpretation.Inthiscase,asimilarrewritingofequation(2)resultsin thefollowing:

R/V=sin0/for (4)

ThefirstinterpretationcanbeseenbydividingRandV byD,acharacteristic
dimensionof therotary-wingaircraftsuchasthediameterof therotor. Thenew
equationwouldbe

R/D=(V/D)sin0/0._T (5)

The formula implies that if the rotorcraft's velocity were known in terms of
rotor diameters per second (V/D), then the distance to the object could be inferred (in
terms of rotor diameters) if the angular velocity of the object was observed and a
sufficient number of object angular velocities were sampled in order to perceive the
angle 0 to each. Several objects must be sampled in order to determine the observer's
aim point, so that the angle 0 may be determined from this point to each object.

The second interpretation requires no knowledge of flight speed in terms of a
characteristic dimension D, but rather yields a direct perception of distance to the
object in terms of time to impact (assuming the observer was traveling straight toward
it). This may be seen by considering the left side of equation (4) to be the time-to-
impact, namely R/V directly. This means that a depth map may be directly perceived
in terms of the time-to-impact of each object in the visual field by sampling the angular
velocity of each object and the pattern of movement for several objects in order to
perceive the angle 0 to each.

The mathematics suggest that a minimum number of objects must be
simultaneously seen in the visual field for the mechanism to work. Zacharias provided
a vigorous mathematical treatment of the general equations in vector form, and has
concluded that a minimum of three objects is required in order to make the number of

equations equal to the number of unknowns, thereby yielding a solution for the impact
time-depth map for those three objects, considering translation only (ref. 7).

To illustrate the use of the motion perspective mechanism in a perceptual
process, the following example is offered. Consider a rotary-wing pilot as he
approaches a hill. For the sake of simplicity, let us make the hill a two-dimensional
one, similar to one cycle in a corrugated roof. Let us assume that two points will be
placed on the surface, one above the impact point, and one below it as shown in
figure 1.
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Hill coT =V sinOnlRn
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Figure 1. Motion perspective parameter for the approach to an inclined plane.

equation:

where

The apparent angular velocity of each point is given by the following

(_00 / sin On sin (8 --On)°>rn = sin8 (6)

On -- elevation angle of the point n

8 = slope angle of the plane containing points 1 and 2

V = rotorcraft velocity, ft/sec

R 0 -- horizontal distance to slope, ft

Rewriting equation (6) for the time-to-impact TI gives the following:

R 0 sin01 sin (8-01) sin02sin (8-02)
TI = - = (7)

V O)rlsin 8 0_r2sin 8

Equation (7) is the key to the interpretation of the time-to-impact depth map,
since if TI can be determined for the impact point, the time-to-impact for any other
point can be computed by the relation:

Rn sin 8

R 0 - sin (8-- On)
(8)

The solution of equation (7) is straightforward. First, two points are required,
as a minimum, so that an equation for the slope angle can be formed from the two right
components of equation (7), namely,
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sin (_-01) C°T1 sin 02

sin (&02) - o_2 sin 01
(9)

Equation (9) is solved for _ following the observation of the angular velocities

_T1 and O_T2, and the angles 01 and 02; the result is then used in equation (7) to
compute the impact time T.

If a third point is used, it will be obvious that it should be possible to define
the time-to-impact depth map for a plane formed by those three points. Hence the
conclusion that mathematically speaking, only three points are required to effect the
perception of observer orientation relative to the plane and time-to-impact to the three
points, and, for that matter, to any point in the plane, including the actual impact point.

Some preliminary calculations were performed to determine the accuracy of

the time-to-impact and slope-angle estimates, assuming errors in the perception of the

angular velocities o r 1 and to.ix, and their corresponding elevation angles 0 t and 02
(relative to the impact point). A true slope of 32 ° and a time-to-impact of 4 sec were

chosen for the calculations. The corresponding true angular velocities for two points,

one at 01 = - 10° and the second at 02 = - 40 °, were also calculated.

The assumption was then made that the perceived angles (absolute value)
were too high by 5%, and that the perceived angular velocities (absolute values) were
too low by 10%, yielding a worst-case based on the minimum number of points and
reasonable threshold errors. The results showed a perceived slope angle of 31.5 °, and a

perceived time-to-impact of 4.73 sec, approximately in error by -1.6% and 18.3%,
respectively.

It would be logical to expect that the use of more points could only improve
the accuracy in a way similar to the improvement in a celestial navigational fix when
more sightings are taken. In the motion perspective case, the perceptual thresholds
would be distributed about a mean of zero, thereby making the distribution of impact
times also cluster about the true value. The use of many points, therefore, simply
averages out the error! Consider that the human eye has thousands of receptors to
apply to the sampling of perhaps hundreds, even thousands of objects in the visual
field. Perhaps one of the functions of the many photoreceptors in the parafovea of the
eye is the sampling of object stimuli in order to allow the accurate perception of
movement by using averaged perceptions based on the motion perspective mechanism.

Further thoughts on the subject of motion perspective have been developed
based on observations of scenes produced by computer-image generators at the U.S.
Air Force Aerospace Medical Research and Human Resources Laboratories and at the

Evans and Sutherland Computer Corp., and by personal communications with Dr. Greg
L. Zacharias of Charles River Analytics, Inc.
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Thesethoughtsarepartlytheresultof researchfundedbytheAirForceinan
efforttomodelvisual-andmotion-cueeffectsonpilotperformance.Sincethedetailed
findingsof thateffortwill includearigorousanalysisof motionperspective,onlythe
findingsimportanttothepresentworkwillbehighlighted.

First,ontheanalyticalside,Zachariashasanalyzedthemotion-perspective
mechanismappliedtoarandomlydistributedtexturefieldonaflatsurface,andhas
foundthatthetheoreticalminimumnumberof textureelementsrequiredfor the
perceptionof self-motionis threefor translationalmotiononly,andfive for a
combinationof translationalandrotationalmotion.Hisanalysisincludedimperfect
(noisy)perceptionsof theangularvelocityof textureelements,andconsequently
demonstratedthattheerrorin theperceptionofaimpoint(impactpoint)decreasedwith
anincreasingnumberof textureelements.Fromtheconvergencepropertiesof the
computersolution,healsoinfersthatthenumberof pointsmustbegreaterthanthe
theoreticalminimuminordertoobtainasolutionfortheestimatedaimpoint,atypical
valuebeing20ormoretextureelements.

Secondly,ontheexperimentalside,insightsintothequestionof howmany
textureelementsarerequiredweregainedby observingelectronicallygenerated
picturesof surfacescontainingarraysof textureelementsorpoints.Theeyepoint
correspondingtothesepictureswasmovedthroughoroverthetexturefieldinorderto
seeif theshapeoftheunderlyingsupportingsurfacecouldbeperceived.Thesurface
shapesmorecommonlyinvestigatedwereflat andwereinclinedin thedirectionof
translationalmovementorweresectionsof two-dimensionalsinusoidssimilarto a
pieceof corrugatedroof.Theconclusionis that,foragivendensityofrandomtexture,
acertainamountof timewasrequiredtoperceivesurfaceshape.Zachariasstatedit
anotherwaybysaying,"It is likesolvingthesamplingtheoremin threedimensions."
Althoughthenatureof thecomplexinteractionsbetweenestimatedsurfaceshapeand
observervelocity,timeallottedforperception,surfaceshape,andsurfacedecoration
(texturedensity)isthesubjectoftheAirForcework,apreliminarybestestimatebased
on theobservationsis a meantexturespacingof oneeye-heightfor a randomly
distributedarrayonanearlyflatsurface.

Onemorepointshouldbemadeabouttheperceptionofatranslationalflow
fieldunderconditionsof high-raterotations.Thestreamingtranslationalflowfield
seemedtodisappearduringhigh-raterolls,suggestingthatarelativelystableretinal
imageisrequiredtoperceivetheimpacttime-depthmapandaim-pointinformation
containedin a translational visual field.

In summary, the following conclusions may be stated:

1. Natural terrain contains few, if any, stimuli that could be integrated into
visual cues of absolute size. Those that are present require specialized knowledge of
the distribution of size, shape, and appearance of vegetation, or of the dynamic nature
of falling water, vegetation, smoke, or fire.

2. Because pilots are able to fly rotary-wing and fixed-wing aircraft at low
altitudes over natural terrain devoid of cultural features, it is concluded that upon first

encounter, the primary perceptual strategy in such areas is the use of motion
perspective.
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With repeatedexposureto the area,theappearanceof consistently
encounteredobjectssuchastreesandshrubsis"calibrated"bythepilotsothatfaster,
moreaccuratejudgmentsofdistance,basedontheapparent/familiar-sizemechanism,
maybemadetosupplementthemotion-perspectivecues.If available,thestimulifor
othermechanisms,suchasaerialperspectiveandshading,maybeused.

Perceptual Strategy

For low-level flight operations over natural terrain devoid of cultural features, the
primary initial perceptual mechanism used is motion perspective. This is supplemented
by other relative-size mechanisms, such as aerial and linear perspective, absolute size,
and, apparent/familiar-size, through a "calibration" process akin to acquiring "air
sense" knowledge of the specific terrain.

The motion perspective mechanism used may be interpreted in two ways. In
the first, the observance of the absolute angular velocity of several objects and their
positions relative to the impact point permits the pilot to perceive a "time-to-impact"
depth map of the visual field. In the second interpretation, the pilot uses the same
observations, but from a knowledge of his velocity in terms of some relevant vehicle
dimension per second; he perceives a depth map in terms of this dimension. For
rotary-wing aircraft, the velocity could be sensed in terms of rotor diameters per
second, and the perception of depth in terms of rotor diameters.

Integration of Perceptual Strategy and Performance Envelope

The pilot constantly reconciles his knowledge of "where he can go" with his
perceptions of "where he is going" and "what is out there" to achieve the desired
clearances and speeds, while allowing himself some margins for safety. This means
that he will superimpose a mental image of the current performance envelope onto his
perception of the terrain shape ahead, and adjust the controls so as to place his future
trajectory in places affording him desired clearances, masking, and adequate safety
margins. The performance envelope must never be completely "filled with terrain," for
this means imminent impact; however, to achieve close clearances, the envelope must
be nearly filled. Since the regions of intense interest are the envelope and impact
regions, the corresponding eye fixations are concentrated in these regions where foveal
vision is used to search for identifiable objects and for optimum places to go, and
where peripheral vision complements foveal vision to mediate the perception of surface
shape and impact times. The corresponding eye-movement activity is concentrated in
the vehicle impact field and surrounding envelope field, which are dictated by a
knowledge of the performance capabilities of the pilot and vehicle.

The relationships among workload, clearances, and speed should be affected
by the nature of the terrain being flown over. Generally, there is a direct relation
between clearances and speed, a lower speed being associated with smaller clearances.

The associated workload, however, may vary with both speed and clearances. It should
also depend on the complexity of the terrain, a hilly terrain being more difficult to fly
over than a flat one. The nature and number of the features that lie on the surface also

should cause the workload to vary. Areas with sparse, low vegetation seen under low,

diffuse illumination should demand high visual workload, possibly even staring. Areas
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withmanytaller,moredifferentiatedfeatures,suchaslooselyspacedtreesunderdirect
illuminationwithshadingeffects,shouldbeeasier,sincesurface-shapeperceptions
shouldbepossiblein shortertimes.Finally,areaswithculturalfeaturesthatcanbe
readilyrecognizedoridentifiedshouldreduceworkloadstillfurther.

IMPLICATIONS FOR IMAGERY DESIGN

Philosophy

Because it is imperative that the visual cues presented to the pilot, as well as his
associated workload in a near-Earth simulator, be similar to those in the real world, the

simulated scenes require that the visual scan pattern (gaze-point distribution and dwell
times) and perceptual strategy also be similar.

A case was made earlier, based on flight dynamic concepts, that the pilot's
gaze-points are distributed mostly in the immediate impact field from 3 to 5 sec ahead,
with nearly all the remaining fixations contained in the surrounding envelope field.
This field is composed of azimuth angles of approximately +60 ° , and elevation angles
of +30 °.

Furthermore, a case was also made, based on a review of perceptual
mechanisms and a survey of some terrain samples, that the only reliable, that is, always
available, mechanism useful to the pilot for perceiving terrain shape and depth is
motion perspective. This is because the terrain most likely to be overflown during
near-Earth flight is natural, that is, it appears as randomly distributed incoherent
patches of light attached to Earth's surface with weak texture gradients. This kind of
terrain, therefore, offers few, if any, means of establishing distances by the observation
of familiar objects, and only sporadic opportunities to use other mechanisms such as
aerial and linear perspective, shading, and interposition.

A Case for Texture

If imagery for near-Earth flight simulation were composed only of texture elements

randomly distributed on the terrain surface, the necessary perceptions of terrain shape
and depth would be made using motion perspective. This will work even if the
distribution of texture-element size on the surface is so great that no obvious texture
gradients are visible during static viewing. There are areas of Earth's surface that have
this appearance; for example, highly eroded canyons containing mostly bare rock
formations and individual rocks of many sizes and shapes. Each rock is visible,
depending on distance and illumination, but because they vary so widely in size, shape,
and color, they are unidentifiable and called "trash" by some pilots. Distances to
unidentifiable features are extremely difficult to judge under static conditions, but
while moving, the observer can ascertain the underlying terrain shape and distance to
each feature using motion perspective, as long as enough of them are visible. The
question of "how much is enough" is, of course, the main question here.

A limited number of "observational tests" performed using various computer-
generated scenes has revealed a rough rule of thumb. This rule states that in order for
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terrainshapeanddepthtobeperceivable in a few seconds or less, the mean spacing of
texture elements decorating the terrain should be one eye-height or less (the distance
between the pilot's eye and a point on the terrain surface or feature directly below).
This value of texture density has been found to be adequate in facilitating the
perception of terrain shape under dynamic conditions. The reader is cautioned that this

estimate is preliminary. The problem is complex, for the elements include the dynamic
perception of terrain shape given a density of texture decoration, the surface itself, and
the observer's motion. There is considerable room for improvement of this estimate,
and some suggestions of how to do this are described below.

Suggested Imagery Details

In areas to be overflown, a texture decoration with a mean texture element spacing of
one eye-height is deemed a minimum texture level needed to reveal surface shape using
motion perspective. This means that a spacing of 5 feet is adequate for areas where
hovering operations, including landing, are to take place. Over other areas where
higher-speed nap-of-the-Earth (NOE) flight is conducted, a spacing of 15-20 feet
should be adequate. The texture may be composed of irregularly shaped polygons in
the surface of the terrain. The array size should appear random, as does natural texture
in the real world. This may be accomplished by using five different sizes of polygons
where the ratio of the largest to the smallest is about 10 to 1. (The size of a polygon is
defined as the diameter of a circle having the same area.) Such an array of texture
elements should begin to show texture gradients for distances greater than 10 eye-
heights.

The surfaces decorated as suggested above should be the most difficult to fly
over at altitudes above ground level (AGL) of one mean texture element spacing or
less. This is because considerable attention must be paid to the streaming texture
pattern in order to perceive the surface shape ahead. The gaze can be expected to be
drawn to objects near the impact point or aim point, and dwell times may be long, that
is, 0.5 - 2 sec. An amount of texture less than that suggested above should result in
increasing the workload and reducing height-holding performance to such an extent
that an impact is certain.

To make the areas easier to fly over, one would think that more texture
elements are needed. This is probably false, however, and the addition of more texture

elements should not significantly reduce workload or improve height-holding
performance. What should reduce workload or improve performance or both is the

addition of coherent objects that more easily facilitate a static perception of terrain
surface shape and observer position relative to that surface.

The addition of vertical objects should also reduce workload or improve
height-holding performance or both. Vertical objects such as poles or renditions of
trees (tetrahedrons, triangles, etc.) permit a static perception of height relative to the
object height and orientation under the assumption that the object is vertical. The
perceptual mechanism was pointed out by Harker and Jones (ref. 5). The observer's
eye-height relative to the height of the vertical object is simply the ratio of the vertical

angle formed by the horizon and the bottom of the object to the angle subtended by the
object itself (valid only for a flat Earth). In order to fly just at tree-top level, one only
has to fly so as to maintain the tree tops silhouetted against the horizon. The perception
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isrelativelyeasytomake,butbecomesincreasinglyinaccuratewhenthehorizonline
positionisoccludedbynearbyhillsor trees,andconsequentlyhastobeestimatedby
meansotherthandirectviewing.

It shouldberemembered,however,thattreesvaryinheightandshapesothat
thetreerenditionsshouldalsovaryinheightandshape.Thissimplymeansthattheuse
of closelyspacedtreesdistributedinheightwill inducepilotstofly nearthesurface
formedbythetreetops,whichformsaconvenientandsoftEarthreference.When
treesarewidelyspacedsothatarotary-wingaircraftcanpassbetweenthem,theeye-
heightisprobablyperceivedusingtheanglesubtensespreviouslycited,andthespacing
betweentrees,bytheuseofmotionperspective.It isalsoobviousthatactualtreesdo
notoffercuestorelativeazimuth(bearing)owingtotherandomappearanceof their
crowns.Their"transparency,"thatis,thefactthatthecrownisnotasolidmassbut
rathera complexarrayof leavesandbranches,permitsthedetectionof relative
movementwhenviewingtreesalignedindepthagainstabrightbackground.

Theuseof treesandotherverticalobjectsshouldeithereasetheworkload
requiredtoflyclosetothegroundorimproveheight-holdingperformance.Theobjects
neednotshowchangeswithrelativebearing,andshouldbedistributedin sizeand
shapesothatstaticperceptionsofabsolutesizearedifficult.Asanexample,asurvey
ofastandofoaktreescontaining26specimensrevealedvariationsinheightfrom4-80
feetandinmaximumcrownwidthfrom4-56feet.

It istemptingtosuggestthattreesbedistributedsimilarlytotexture,buttrees
arenotuniformlydistributedinnature.Sinceit isdesirable,fromanimage-generation
viewpoint,tousetheminimumnumberoffeatures,thetreesshouldbesparse,asthey
arein semiaridregions.Thismeansthattheyshouldbedistributedmostlyingullies
andvalleyfloorswithafewonridgetopstohelpfacilitateridgecrossings.Also,it is
notnecessarythattheybethree-dimensionalorthattheycanbeseenthrough.

Althoughanestimatewasmadeof themeanspacingof textureelements,at
thistimeit isnotpossibletodetermineanequivalentnumberforverticalobjectssuch
astrees.A suggestedstartingpointfor treedensityisavaluethatresultsin amean
spacingoffrom3-5eye-heightsforverticalobjectswhoseaverageheightsareequalto
aneye-height.

Asa finalnote,althoughhighlycoherenttexture,suchasa checkerboard
pattern,shouldeaseworkloador improveheight-holdingperformanceorboth,theuse
of suchfeaturesisnotrecommended.Theypermittheuseof linearperspectiveand
apparent/familiar-sizemechanismsinperceivingterrainshape-- whichisakintothe
cuesfurnishedby runways,orchards,rowcrops,andvineyards-- andasaresult,
providetoomanycues.

CONCLUSION

We chose to discuss visual-scene requirements in terms of two natural visual processes,
that is, the near-Earth functional requirements in size and distance judgments and
dynamic orientation and progress with respect to its surface. They were selected for
their relevance to the task of maintaining orientation and control in vertical flight and
were meant only to be illustrative of analyzing current simulator visual scene
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technologyforapplicationtorotary-wingtraining.It wasseenthatthereareinherent
inadequaciesin thecurrentopticalrepresentationoftherealvisualworldinfixed-wing
simulators,inadequaciesthatmayheraldproblemsforvertical-flighttraining.An
analysiswaspresentedofthedynamicvisualcuesusedbypilotsinlow-altitudeflight
overunfamiliarterrain,andsomesuggestionsweremadefor thedesignof terrain
texturalelementsthatcouldprovideorenhancethesecues.It ishopedthattheappeal
tofunctionalrequirementsusedhereinwillgeneratefurtheranalysisbytheindustryto
betterdefinethemorefundamentalfidelityrequirementsin visualsimulation.There
areextantseveralcomprehensiveandencyclopedictreatmentsofthevastandcomplex
areaof simulationof thevisualenvironment,butthesearecatalogsofelementsrather
thananalysesof functionalrelationships.It mustbenotedthattherehasbeenno
thoroughgoingexaminationofvisualcuesanddynamics.
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DEFINITIONS OF TERMS AND ABBREVIATIONS

AAFQE Army Air Forces Qualifying Examination
ab initio training beginning, basic flight training
AC Advisory Circular (FAA)
ACB Aircrew Classification Battery
accommodation change in visual focus in living optical systems
ACE Aircrew Coordination Evaluation [checklist]

AC 120-63 FAAAdvisory Circular which will constitute standard for use in rotary-wing
applications

Aria a computer software language
AFAST Alternate Flight Aptitude Selection Test
AFB Air Force Base

AFHRL Air Force Human Factors Resources Laboratory
AGL above ground level
AH-1FWS (AH-1 Cobra) Flight and Weapons Simulator
AHT Automated Hover Trainer (Army)
AI artificial intelligence
AIAA American Institute of Aeronautics and Astronautics

AIT air-intercept trainer -- device used to train fighter pilots in use of stick controls for
weapons and radar

AL Armstrong Laboratory (Air Force)
AO Area of Operations (Army)
AQC Aviator Qualification Course (Army)
AQP Advanced Qualification Program (FAA)
ARI Army Research Institute (U.S.)
ARIARDA Army Research Institute Aviation Research and Development Activity
ARINC Aeronautica Radio, Inc.; U. S. company whose electronic box sizes are

international standards

ARPA Advanced Research Projects Agency
ASVAB Armed Services Vocational Aptitude Battery
ATC air-traffic control

ATG Approval Test Guide -- documentation of simulator manufacturer's verification
that a simulator's performance matches that of the aircraft it simulates, under
similar conditions

ATHS Airborne target handoff system
ATOI Air Transportation Operations Inspector
ATM Aircrew Training Manual (Army)
autorotation rotation of a stalled symmetrical airfoil (as helicopter rotor blades following

engine failure)

BAT Basic Attributes Test (Air Force)

BFITS basic flight instruction tutoring system
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276 TERMS AND ABBREVIATIONS

BGSU Bowling Green State University

BITE built-in test equipment
blade-element model rotor modeling technique in which each blade is treated as having

a number of spanwise components and in which the equations of motion are

solved at each one in real time at a number of azimuth positions using a relatively

high iteration rate

budget constraint line a line representing a combination of inputs that results in a constant

cost (as in training effectiveness evaluations)

C a computer software language
CAA Civil Aeronautics Administration (succeeded by Civil Aeronautics Board, in turn

succeeded by FAA); Civil Aviation Authority (U.K.)

CAI computer-assisted instruction

CBFS computer-based flight simulation
CBT computer-based training

CCAB Complex Cognitive Assessment Battery

CEA cost-effectiveness analysis
CFR Code of Federal Regulations -- codification of the general and permanent rules

published in the Federal Register

e.g. center of gravity
CIFER Comprehensive Identification from Frequency Response -- software package

used with frequency-domain modeling techniques

CIG computer image generation

CMAQ Cockpit Management Attitudes Questionnaire
CRM cockpit-resource management--emphasis on crew's handling of communications,

flight strategy, crew coordination, task sharing, decision making, and small-group

problem solving

CTEA cost- and training-effectiveness analysis
CTER cumulative transfer effectiveness ratio

DA Department of the Army

DARPA Defense Advanced Research Projects Agency
DASE digital automatic stabilization equipment

DCSOPS Deputy Chief of Staff for Operations
DES Directorate of Evaluation and Standardization (Army)

DOD Department of Defense
DOF degree of freedom

DRC Dynamics Research Corporation
dynamic fidelity a measure of the preciseness with which simulator responses to input

changes correspond to those of the simulated equipment when subjected to the
same input changes

EBAT experimental BAT
engineering fidelity the preciseness with which a simulator physically duplicates the

equipment it simulates
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ETL effectivetranslationallift
ETM emergencytouchdownmaneuver

FAAFederalAviationAdministration
FARFederal Aviation Regulation

FAST Flight Aptitude Selection Test

fixed-wing aircraft conventional aircraft on which the wings are stationary; distinguished

from rotary-wing aircraft on which lift is developed by assemblies of rotating
airfoils (blades)

flight freeze simulator capability that allows the instructor to stop the gaining flight and

then resume it at will from that point (as in explaining an important point or

correcting a student's actions)

FLIR forward-looking infrared

FOHMD fiber-optic helmet-mounted display

FO,IT formal on-the-job training

FORTRAN a computer software language

FSI FlightSafety International

FTI) flight-training device

FTG Flight Training Guide

functional fidelity herein the degree of correspondence between the behaviors and skills
practiced and learned in a training device and those required for criterion-

referenced performance in the operational system

f/w fixed wing [aircraft]

glass cockpit cockpit in which conventional flight instruments are replaced by

sophisticated digital electronic displays and interfaces
GT General Technical [test]

guidance and control one of three major human performance domains on the flight

deck; the others are system management and flight management

HA1 Helicopter Association International

Hertz unit of frequency of cyclic function, i.e., cycle per second

HMD helmet-mounted display

Hz Hertz, q.v.

IERW Initial Entry Rotary Wing [flight training course, Ft. Rucker]

IFR instrument flight rules

IFT intelligent flight trainer

IG image generator

IGE in ground effect
IMC instrument meteorological conditions

IP instructor pilot

IPISD Interservice Procedures for Instructional Systems Development

IRR Individual Ready Reserve (Army aviator program)

ISD instructional system development
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ISS installation support school
ITER incremental transfer effectiveness ratio

ITF incremental transfer function

ITR iterations transfer ratio

ITS intelligent tutoring system

JPA job performance aid

JPM job performance measure

LOD level of detail

LOE line-oriented evaluation

LOFT line-oriented flight training

LRU line replaceable unit

mathematical model in simulation, the description and specification of the simulated

aircraft's dynamic behavior, which comprises the various motions of the airframe
and the states and performances of the various subsystems

METL Mission Essential Task List

MFD multifunction display

MILPERCEN Military Personnel Center

MPS Mission Proficiency Scale
MTT multi-task trainer

NAMRL Naval Aerospace Medicine Research Laboratory
NAS Naval Air Station

NASA National Aeronautics and Space Administration

NOE nap-of-the-Earth [flight near the surface]

NTH new training helicopter

OCM optimal control model

PC personal computer

perceptual fidelity herein the degree of correspondence between the trainees' perceptual
experiences in a training device and those experienced in the operational system

PIC pilot in command

PIO pilot-induced oscillation
POI principal operations inspector
product isoquants contours of equal performance across a range of interest for given

training factors, i.e., combinations of training factors that result in equal
performance

PSSTG Pilot Selection Special Topic Group

RFAST Revised Flight Aptitude Selection Test
RISC reduced instruction set computing

rotary-wing aircraft general term used herein to include helicopters and fllt-rotor and
tilt-wing aircraft
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rotor-diskmodelrotormodelingtechniquebasedonananalysisofrotorbehaviorin
whichsegmentsofthebladeareconsideredasfiniteelementsbutthenproceeds
tosolvetheequationsgenerallyasadisk

RSresidentschool(flighttraining)
r/w rotarywing

seat-milecostconventionalcostnumberreflectingthetotalcostofmovingeachseatof
anaircraft1mile

SIC secondincommand
simulatorequipment,usuallycomputer-driven,thatsimulatesagivensystemandthat

respondsaccordinglytoappliedinputchanges
simulatorfidelitySeeengineeringfidelity;dynamicfidelity;functionalfidelity
SIPstandardizationinstructorpilot
sizeconstancythetendencyinhumanvisualperceptionforobjectstoretaintheirfamiliar

sizewhentheirvisualanglechanges
slingloadloadsuspendedfromahelicopter(asininstallingorremovingheavyequipment

fromsitesdifficulttoaccess)
SMEsubjectmatterexpert
SPstudentpilot
SRsubstitutionratio
STEPself-teachingexportablepackage
stereopsisinbinocularvisiontheperceptionof objectsasthreedimensionalresulting

fromtheneuralintegration(fusion)ofthetwodisparateretinalimages
STRATASimulationTrainingResearchAdvancedTest-BedforAviation
systemmanagementoneofthethreemajorhumanperformancedomainsontheflight

deck,theothersbeingguidanceandconlxolandflightmanagement--thesystem
managementandflightmanagementdomainsareconsideredtobethemajor
sourcesofoperationalerrorsandaccidents

TAPSTEM[ArmedServices]TrainingandPersonnelSystemsSciencesandTechnology
EvaluationManagementCommittee

TAWLTaskAnalysis/Workload
TER transfereffectivenessratio
texturedensltytheaveragenumberof elementsof agivensizeperunitareain an

extendedsurface
texturegradienttheapparentincreasein texturedensitywithdistanceof anextended

surface
tilt-rotor averticaltakeoffandlandingaircraftthatreliesonanassemblyof rotating

bladeswhoseplaneofrotationcanbevariedfromhorizontal(asahelicopter)to
vertical(asconventionalpropellers)

tilt-wing averticaltakeoffandlandingaircraftonwhichthewingcanberotatedto
changetheplaneofrotationofanassemblyofrotatingbladesfromthehorizontal
(helicoptermode)tothevertical(conventionalaircraftmode)

TOSSTAWLOperatorSimulationSystem
TOT transferoftraining(e.g.,fromsimulatortoaircraft)
TRADOCTrainingandDoctrineCommand
TRP TechnologyReinvestmentProject(ARPA)
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UNIX computer operating system designed for use with microprocessors and with the C
programming language

USAAVNC U.S. Army Aviation Center (Ft. Rucker)

vergenee the visual/motor process of changing the divergence or convergence of the
eyes in binocular vision

VFR visual flight rules
VMS Vertical Motion Simulator (facility at Ames Research Center, Moffett Field, Calif.)
VR virtual reality

WOC warrant officer candidate (Army trainee)

ZFT zero flight time (as in a proficiency check carried out exclusively in a simulator
without use of the simulated aircraft)
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AAFQE (Army Air Forces Qualifying Examination), in World War II trainee selection, 89

Above ground level. See AGL

ACB (Aircrew Classification Battery)

in predicting success in mission training, 92

in selecting trainees for military aviator training, 89

use of, in WWII, 92

Acceptance testing of simulators, 172

Accommodation, 259

in size-constancy perception, 260

AC 120-63. See Advisory Circular AC 120-63

Ada software language in flight simulators, 171

Advanced Qualification Program. See AQP

Advanced Research Projects Agency. See ARPA

Advisory Circular AC 120-45A

in defining flight training device levels, 133-134

emphasis of, on simulator fidelity, 134

Advisory Circular AC 120-63, 9

alternative approaches to meeting requirements of, 153

Aerodynamic coefficients

in aerodynamic model development, 196

in mathematical models, 179

Aerodynamic force and moment characteristics in rotary-wing simulator design, 165

Aerodynamic model, 196

aerodynamic coefficients in development of, 196

ARMCOP, 115

form of data in, 196

separation of aircraft components in, 196

typical procedure for development of, 196

Uncle, 107

Aerodynamics. See also Airframe aerodynamics; Rotary-wing aerodynamics

Aerodynamics, rotary wing. See Rotary-wing aerodynamics
Aeroscout Mission

algorithm scores, 94

as more demanding than Utility Mission, 94

conclusions from validation of, 95

definition of, 93

discriminant analyses of trainees for, 95

in dual-track training, 93-95

evaluation of graduates of, 94

Aeroscout track in multi-track IERW course, 95

Aerospatiale 336L rotary-wing flight-training simulator, 9

After-images, Emmert's law of, 260-261

AGL (above ground level), visual scene texture elements referenced to, 271

Augusta 109 helicopter, 24

281
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AH-1 Cobra flight and weapons simulator, 104

AH-1 Cobra helicopter, 95, 96, 97

flight and weapons simulator (AH-1FWS), 104

AH-64 Apache helicopter, 96, 126, 204. See also Hover model for AH-64 Apache

complex linear model of, 208-209

characteristics of, 208-209

development of hover model for, 204-205

engine model for, 210-211

elements used in, 211

evaluation of model for, 212-216

flight-linear model of, 208-209
characteristics of, 208-209

flight/model frequency responses for, figure 5 (p. 230)

frequency-domain data for, 206-208
model of, 206-207

frequency response of, figure 4 (p. 229)

full envelope model of, 205

general description of, 206

hover-hold feature of, 126

model evaluation of, 212-216

pilot comments on, 214-216

pilot-induced oscillations in, 214, 215

simulation setup for, 212-214, figure 19 (p. 244)

subcomponent identification in, 210-212

subjects participating in, 213-214

vertical acceleration response sensitivity in, 215-216

yaw sensitivity in, 215

principal dimensions of, figure 2 (p. 227)
simulation model of

addition of dynamic inflow effects to, 209-210

control-system addition to, 210

simulation of, in STRATA, 99

stability derivatives for, 207-208

stick-dynamics modeling of, 211-212

time-domain data for model of, 208-209

AHT (Automated Hover Trainer)

approach in developing IFT (intelligent flight trainer), 122

as feasible approach to flight training, 122

criteria used in measuring effectiveness of, 118

development of, 116

Optimal Control Model in design of, 116

quasi-transfer evaluations of, 117-118

results of evaluative studies of, 118, figure 14 (p. 119)

studies of training effectiveness of, 116-117

TOT experiments with, 118-123. See also TOT experiments 1-4

AI (artificial intelligence) in autohelp training function, 117

Airborne Target Handoff System. See ATHS
Aircraft

degrees of freedom of, 180-181. See also Degrees of freedom

dynamic behavior of, 178

Aircraft orientation, Euler angles in describing, 182, figure 4 (p. 183)
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Aircraft subsystem models, as part of mathematical model, 179
Aircraft subsystem module

aerodynamic, 195. See also Aerodynamic model

control system, 195. See also Control system model

engine, 195. See also Engine model

landing gear, 195.

Aircraft systems, data for simulated performance of, 163

Aircraft training, cost of, versus simulator training, 10

Aircrew Classification Battery. See ACB
Aircrew coordination

Crew Coordination Exportable Evaluation Package for Army Aviation developed from

studies of, 125

failures in, as factor in rotary-wing aircraft accidents, 99

flight tasks analyzed in studies of, 125

measurement of attitude in studies of, 123-124

measurement of crew behavior in studies of, 124

measurements of performance in studies of, 124

METL as guideline in measures of, 124

research-based approach to training in, 123-125

subjects in study of, 124

training, results of, 123-125. See also Army rotary-wing accidents

Aircrew effectiveness, factors in, 123-124

Aircrew instruction, application of learning theory to, 45-51. See also Flight training

Aircrew performance as factor in aircrew effectiveness, 123, 124

Aircrew skills development, learning processes in, 51-55. See also Skill development

Aircrew skills hierarchy, 52

Aircrew training

cockpit resource management as factor in, 56

cognitive training in, 55-56

essential factors in, 56-57

feedback in, 56-57

guidance in, 56-57

situational awareness as factor in, 56

Aircrew Training Manual. See ATMs

Aircrew Training Program Commander's Guide, 124

Air density

in aerodynamic models, 198

in engine models, 198

Air Force Armstrong laboratory. See AL

Airframe aerodynamics, rotor aerodynamic effects on, 167

Airframe manufacturers in furnishing simulator data, 158
Air-mass characteristics. See Environmental model

Air-mass variations, modeling of, 198

Air-mass velocities in aerodynamic models, 198

Airport congestion as a determining factor in future rotary-wing market, 6. See also Airport
delays

Airport delays

alleviation of, by facility expansion, 6-7

as factor in future rotary-wing market, 6

as opportunity for expanding rotary-wing flight services, 6
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Airport delays (continued)
estimated cost of, 6

tilt-rotor aircraft as answer to, 6-7

Airports, cost of expanding capacity of, 6-7

Air pressure

in aerodynamic models, 198

in engine models, 198
Air-traffic control. See ATC

Air-traffic control systems

accommodation of IFR rotary-wing traffic by, 5

inappropriateness of, for rotary-wing aircraft, 5

Air Transportation Operations Inspector's Handbook, 26

Air travel projections. 6

Air turbulence

in aerodynamic models, 198

in engine models, 198

statistical model representation of, 198-199

Taylor hypothesis assumption in. 198-199

AL (Air Force Armstrong Laboratory), 96

relationship with PSSTG, 93

Ames Research Center, VMS at, 212. See also VMS

Analysis

in analyze-phase of IPISD, 34-35

in develop-phase of IPISD, purpose of, 38

Analyze-phase of IPISD. 33-35

Analysis step in, 34-35

definition of, 33

development of job performance measures for. 34

job-tasks defined in, 33

outcomes of, 33-35

task instructional setting for, 35

training tasks defined in, 33-34

criteria for selection of. 34

Andrews University, 137

Angle of attack, body-axis velocities in computation of, 193

Angle of sideslip, body-axis velocities in computation of, 193

Apprenticeship in situated learning model. 48

Approval Test Guide. See ATG

AQC (Aviator Qualification Course), as follow-on to IERW course, 95

AQP (Advanced Qualification Program)

advantages of, 31-32

as proficiency-based program, 31-32

in changing approach to flight simulators, 149

in changing training focus, 149

enhancement of flight safety by. 32

FAA adoption of, for fixed-wing aircraft, 31-32

FAA approval of airline training programs in accordance with, 32

human factors issues addressed by, 32

in switching emphasis to crew behavior, 149

ARI (Army Research Institute). 91
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ARIARDA (Army Research Institute Aviation Research and Development Activity), 98,
122, 125

in analyzing rotary-wing aircraft accidents, 99
relationship with PSSTG, 92-93

research program, 100

research under way at, 99

studies of loss of rotary-wing flying skills over time, 101-102

in study of rotary-wing aircraft accidents, 123-125

ARINC 610 in avionics design, 164

ARMCOM aerodynamic model, 115

Armed Services Vocational Aptitude Battery. See ASVAB

Army Aircrew Training Manuals. See ATMs

Army Air Forces Qualifying Examination. See AAFQE

Army aviation accidents, cost of, 123

Army Aviation Crewmember Questionnaire, in aircrew coordination research, 123-124

Army Research Institute, 91. See also ARI

Army Research Institute Aviation Research and Development Activity. See ARIARDA

Army rotary-wing accidents, 123-125. See also Aircrew coordination

Army rotary-wing aircraft

fatality rate per hour in, 123

flight hours of, 123

human error in accidents of, 123

ARPA (Advanced Research Projects Agency), 125

Articulation in situated learning model, 48

Artificial intelligence. See AI

Assignment algorithm in assessing Aeroscout Mission trainees, 94. See also Selection

algorithm as classification tool

ASVAB (Armed Services Vocational Aptitude Battery) in screening aviator trainee

candidates, 89-90

ATC (air-traffic control) in rotary-wing simulation, 169

A-10 Warthog, 100

ATG (Approval Test Guide) in documenting training-device approval tests, 173

ATHS (Airborne Target Handoff System)

and AH-64 attack helicopter, 126

multifunction display as controller of, 126

and OH-58D Aeroscout, 126

Atmospheric model, 198

ATMs (Aircrew Training Manuals), 124

as mission-requirements documents, 96

criteria of use of, in IRR (Individual Ready Reserve) skill-retention studies, 101-102

in defining mission and aircraft maneuvers, 96
ATM standards

in Army aviator reviews, 96

in defining Army aviation missions, 96

Attack track in multi-track IERW course, 95

Attitude as factor in aircrew effectiveness, 123-124. See also Aircrew coordination

Attitudes in memory organization, 46

Attrition rates in military aviator training, 89

effect of warrant officer candidates on, 89

effects of qualifying examinations on, 89

Autohelp training function in augmenting control inputs, 117-118
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Automated Hover Trainer. See AHT

Automatic stability devices on rotary-wing aircraft, 167

Autorotation landings, regulatory training standards deficient in, 21

Aviator Qualification Course. See AQC

Avionics

ARINC 610 specifications for design of, 164

data for simulated performance of, 163

design of, to accommodate training simulator needs, 164

instructor-controlled faults in simulation, 163

issues involved in deciding to simulate or use actual, 163-164

simulation of, to reduce simulator cost, 163

Avionics vendors in furnishing software to simulator manufacturers, 163

Axis systems. See also Body-axis system; Inertial-axis system; Local-axis system

conventions of, in main-rotor model, 197

in derivation of general equations of motion, 181-184

relevant to flight simulation, 181

standardization of, in model development, 179

transformation matrices in, 183-184

Backward transfer of training, 80

as not reflecting simulator training effectiveness, 104

description of, 104

in evaluating AH-1 Cobra simulator, 104

in simulator evaluations, 104

Basic Attributes Test. See BAT

Basic flight instruction tutoring system. See BFITS

BAT (Basic Attributes Test)

as multi-track measure of performance, 96

installation at Fort Rucker, 93

in selecting Air Force fixed-wing trainees, 93

Behavioral sciences, contribution of, to instructional systems, 30-31

Behavioral theory of learning, 45-46
definition of, 45

Behavior as factor in aircrew effectiveness, 123, 124

Bell 212/412 rotary-wing flight-training simulator, 9

Bell 222 full-motion rotary-wing simulator, 9, 25

BF1TS (basic flight instruction tutoring system), 140

Binocular vision, inability to simulate, 9, 11

Binocular visual cues, 259

BITE (built-in test equipment), simulator training for, 176-177

Bk-117 helicopter, 203

Blackhawk helicopter. See UH-60 Blackhawk helicopter

Blade dynamics
as main-rotor model submodule, 197

elastic modes in, 198

Blade-element approach to rotor modeling, 197-198. See also Main-rotor model

Blade-element model, simplification of, 174

Blade-element modeling

advantages of, 166

as improvement over rotor-disk modeling, 166

description of, 166

superior dynamic response of, 166



INDEX 287

Blade-element rotor models, 11

Blade-passing frequency in synthesized rotor-blade sound, 160

Blade stall, localized, 158

Blue Box, 132

Blue Canoe instrument trainer, 103

Body-axis rotational rates, 190-191

Body-axis system, figure 2 (p. 181)

equations of motion written to, 181

origin of, 181

six body-axis velocities of, figure 3 (.p. 182)

transformation malIices in rotating vectors to local-axis system, 183-184

translational velocities in, figure 3 (p. 182)

translation equations developed in, 184-185

velocities transformed to, 192

Body-axis velocities

in obtaining aircraft angle of attack, 193

in obtaining aircraft angle of sideslip, 193

Boeing Vertol 234 rotary-wing flight-training simulator, 9

Bowling Green State University, 136

Bradley Fighting Vehicle, 100

Brasilia helicopter, cost of, 152

Brown, J. S., 48-49

B-737-300

cost of simulator for, 152

in example of simulator demand, 149

Budget-constraint line

description of, 64

in minimizing training costs, 66-67

relationship of, to product isoquant, 66

training input factors for, 64

Built-in test equipment. See BITE

Business outlook for rotary-wing operations, 3

CAE as developer of STRATA, 125

CAI (computer-assisted instruction)

advantages of, 137

as principal component in computer-based flight simulation, 137

example of use of, in interactive flight-training system, 138-139

in interactive flight training device, discussion of, 137-139

Capital, availability of, for expanding rotary-wing operations, 6

CBFS, 139

CBT as alternative approach to AC 120-63 requirements, 153

CCAB (Complex Cognitive Assessment Battery) as element in multi-track test battery, 96

CEA (cost-effectiveness analysis), 61-64

as system analysis and cost-benefit analysis, 61-62

description of, 61

performance and cost factors role in, 64

proficiency levels in, 62-63

examples of, 63

requirements for, 62

Center of gravity as origin of body-axis system, 181
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Certificated helicopter pilots, training requirements for, 18-20

Charles River Analytics, Inc. and motion perspective, 267-268

Checkout data

in confirming simulator performance

to operator, 168

to regulatory agencies, 168

in simulator design, 167

use of, by simulator manufacturer, 168

CH-47 helicopter, 96

CIG (computer image generation) as abstraction of real world, 257

Classification testing in rotary-wing pilot training, 92-97. See also Rotary-wing pilot training

CMAQ (Cockpit Management Attitudes Questionnaire), 123

in multi-track test battery, 96

Coaching in situated learning model, 48

Coaxially counterrotating helicopters, simulator for, 175

Cobra helicopter. See AH-1 Cobra helicopter

Cockpit Management Attitudes Questionnaire. See CMAQ

Cockpit resource management. See CRM

Cockpit resource management in aircrew training, 56. See also Aircrew training

Cognitive strategies in memory organization, 46

Cognitive theory of learning, 45-46

definition of, 45

Cognitive training

in aircrew training, 55-56. See also Aircrew training

not limited to verbal information, 56-57

Cold War, effect of end of, on rotary-wing aircraft markets, 154

Collaboration in situated learning model, 48
Collimated visual scenes

as cause of inadequate perceptual fidelity, 259

characteristics of, 258-259

distortion of spacial extent in, 259

optical illusion in effectiveness of, 259

shortcomings of, 258-259

spatial extent indeterminacy of, 259

Collins, A., 48-49

Commercial pilot certification requirements, helicopter, 23

Communication sciences, contribution of, to instructional systems, 30-31

Complex Cognitive Assessment Battery. See CCAB

Complex linear model

for AH-64 Apache, 208-209
characteristics of, 208-209

comparisons of responses of, with flight data, figures 6-9 (pp. 231-234)

Computer-assisted instruction as an instructional aid, 137. See also CA]

Computer-based flight simulation, 136-137. See also CBFS

definition of, 137

for helicopters, 175

transfer-of-training issues in, 137

Computer-based training, mediation role in, 55

Computer-generated scenes

as perspective views, 257

illusory nature of, 257
lack of field of view in, 257
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Computer-generated scenes (continued)

limitations of, for rotary-wing simulations, 262-263

overcoming limitations of, 262-263

projection of, 257

for simulator visual systems, 162

Computer image generation. See CIG

Computer power in advancing simulation technology, 171

Continuous convexity. See Product isoquant

Control-phase of IPISD, 42-44

definition of, 42

instructional effectiveness data in, 42

instructional quality-control aspects of, 42

instructional revisions in, 44

job performance data in, 43

outcomes of, 42-44

Control system model, 195

Coordinate transformations as main-rotor model submodule, 197

Cost analysis in simulation cost-effectiveness evaluations, 83

Cost and training effectiveness analysis. See CTEA; CEA

Cost benefit analysis, 61, 62

Cost breakdowns for use of simulators and aircraft in pilot training, 10

Cost effectiveness. See also Simulator cost effectiveness; Simulation cost effectiveness;

Training cost effectiveness

analysis. See CEA

of simulations, 78-83

Coupling problems in rotational equations, 188

Crash-worthlness criteria in rotary-wing simulator design, 165

Crew Coordination Exportable Evaluation Package for Army Aviation, 125

Crew participation, importance of, as training goal, 8

Crew resource management. See CRM

Crew roles, importance of, in training, 8

CRM (cockpit resource management)

Advisory Circulars, training-device manufacturer's interest in, 175

in LOFT, 149

purpose of, 8

training in part-task trainers, 154

Cross-cockpit viewing, 162

C-software language in flight simulators, 171

CTEA (cost and training effectiveness analysis), 61. See also CEA

Cue development in skill development, 52

Cue discrimination in simulator training, 53
Cues

definition of, in skill development, 52

student use of, in transfer of training, 53

Cycle of instruction

in implement-phase of IPISD, 41-42

in ISD process, 41

DA (Department of the Army) in lowering FAST score requirements, 91

Dallas, downtown vertiport in, 7
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DASE (digital automatic stabilization equipment)

as limited-authority system, 210

in AH-64 Apache hover model, 205

DASE-off fIequency responses for AH-64 Apache, 208

Dash 8 helicopter, cost of, 152

Data. See also Checkout data; Performance data in simulator design

how -it-performs, in simulator v alidation, 167

proof-of-match, 167

Data-based system revisions in IPISD, 44

DCSOPS (Deputy Chief of Staff for Operations), 101

Degrees of freedom

rotational, 180-181

translational, 180-181

Delphi technique in reviewing mission and aircraft maneuvers, 96

Density
air

in aerodynamic models, 198

in engine models, 198

Department of the Army (DA) in lowering FAST score requirements, 91

Depth perception processes, 263

Deputy Chief of Staff for Operations, See DCSOPS

DES (Directorate of Evaluation and Standardization), 94

Design data for flight simulators, 159-160

Design-phase of IPISD, 35-37

definition of, 35

learning objectives and analyses for, 35-36
outcome of, 35-37

task sequencing in, 36-37

test items for, development of, 36

trainee entry behavior in analysis of, 36

Develop-phase of IPISD, 37-40

analysis of instruction in, 38

classification of learning objectives in. 37
definition of, 37

development of instructional materials in, 38-39

instructional management plan for, 38

media selection in, 37-38

outcomes of, 37-40

validation of instructional materials in, 39-40

Differential assignment in IERW training, 93

Digital automatic stabilization equipment. See DASE

Digital computer program as an implementation of mathematical model, 179

Diminishing returns in training, 67. See also Product isoquant
Directorate of Evaluation and Standardization. See DES

Discriminant analysis
of Aeroscout Mission trainees, 95

in evaluating pilot trainee screening measures, 90

of Utility Mission trainees, 95

Discrimination in skill development. 52
Dissimulation

as factor in simulations, 258

in simulator training, 259
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Distance cues, motion-perspective, 236-270

Door-to-door scenario, 7

DRC (Dynamics Research Corporation), in study of rotary-wing aircraft accidents, 123-125

Dryden model as example of air turbulence modeling, 199

Dual-track IERW course, 93-95. See also IERW course

Duel-track training

Aeroscout Mission in, 93-95

assessing trainee abilities and aptitudes for, 94

utility Mission training in, 93-95

Duell, Charles H., 141

Duguid, P., 48-49

Dynamic cue. See Motion-perspective cues

Dynamic fidelity, 257

Dynamic inflow

addition of, to AH-64 Apache model, 209-210

effects of, 209

modeling of, 209-210

Dynamics, rotary-wing, modeling difficulties with, 11

Dynamic simulator fidelity, 8

Dynamics Research Corporation. See DRC

EATON Corporation, 96

EBAT (Experimental BAT), 93
Effective translational lift. See ETL

EFIS (electronic flight information system), part-task trainers for skill-development in

use of, 154

Elastic models in blade dynamics, 198

Electromagnetic environment, modeling of, for rotary-wing aircraft, 164

Electronic flight information system. See EFIS

Elite flight simulator software, 137

Embry-Riddle Aeronautical University, 136

Emergency touchdown maneuvers. See ETMs

Emmert's law of after-images, 260-261

Engineering fidelity, 257

Engineering simulator. See Simulator

Engineering simulator fidelity, 8

engine model, 195, 196

for AH-64 Apache, 210-211

elements used in, 211

Environment

as factor in public acceptance of rotary-wing aircraft, 5-6

undesirable effects of rotary-wing aircraft on, 5-6

Environmental model, 198-199

air-mass characteristics in, 198-199

air-mass velocities in, 198

air turbulence in, 198

Environment module, 180

Environment simulator fidelity as fidelity of future interest, 8

Equations of motion, 180-195. See also General equations of motion

aircraft orientation in, 182

equations comprised by, 180, 188
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Equations of motion (continued)

module, 180

subsystem inputs to, figure 1 (p. 180), 195. See also Subsystem modules

written to body-axis system, 181. See also Body-axis system; Local-axis system;

Inertial-axis system

Equipment fidelity, 257

ETL (effective translational lift), evaluation of, in UH-1H helicopter, 115

ETMs (emergency touchdown maneuvers) in measuring simulator training effectiveness, 104

Euler angle rates, figure 5 (p. 191)

in yielding Euler angles, 191

Euler angles, 188, 190

in describing aircraft orientation, 182

Eurocopter as market competitor, 5

Europe as competitor in rotary-wing market, 5
Evaluation of instructional effectiveness in IPISD model, 42-43

Evans and Sutherland Computer Corp. and motion perspective, 267-268

Experimental BAT. See EBAT

Experiments in simulator training, descriptions of, 106-115. See also Simulator training.

Exponential decay model in computing optimal training cost effectiveness, 74

External-load operations, recurrent training requirements for, 22

Eye coordinate system, 258

Eye height, 271

FAA (Federal Aviation Administration), 131,132, 149. See also entries under

FAR Part Nos.; FAR

in addressing flight and training standards for rotary-wing operations, 10

adoption of Advanced Qualification Program for fixed-wing aircraft, 31-32

Advisory Circular AC 120-63, 172, 175

provisions of, for airframe manufacturer's data, 174-175

advisory circular for fixed-wing simulator qualification, 2-3

need of rotary-wing counterpart of, 3

and helicopter operating costs, 155

inequality of regulatory credits granted by, 9

limits on training and checks for rotary-wing pilots, 26-27

Order 8400.10, 19

principal operations inspector, 19

regulations for simulator qualification, marketplace effect of, 10

regulatory standards as factor in limiting use of simulators, 16

requirements for generic simulators, inappropriateness of, 134

role in setting new standards for rotary-wing crewmen, 2

rotary-wing pilot training figures, 88

Title 14, Part 121,262

in training device approvals, 172-173

Training Exemption 5241C, 27

Training Exemption 5324A, 27

Factorial design, fractional, 83
Familiar-size cue

in visual perception, 260-261

interdependency of size and distance in, 260-261

FAR Part 61, 16, 23, 27

in setting requirements for certificates and ratings, 17-18

in specifying instrument experience for rotary-wing pilots, 22
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FAR Part 61.51, 27

FAR Part 61.56, 27

flight review requirements of, for pilot-in-command, 18
FAR Part 61.57

in specifying use of simulators for instrument competency check, 26

stipulations of, 19

FAR Part 61.58, 27

FAR Part 61.65, 27

in authorizing limited simulator time for helicopter instrument rating, 26
FAR Part 61.71, 18

FAR Part 91, 18, 22

operators, 23-24

diversity of flight training among, 23-24

use of sophisticated flight simulators by, 24

in specifying flight reviews and competency checks for rotary-wing pilots, 22

FAR Part 121 in defining simulation training, 2

FAR Part 133 and recurrent training requirements for rotary-wing pilots, 22

FAR Part 135, 16, 18, 19, 27

flight check requirements for pilots operating under, 18-19

operators, 24-25, 26

training program categories specified for, 19-20

training to only minimum standards by, 24

requirements of, for recurrent training of rotary-wing pilots, 22

in specifying competency checks for rotary-wing pilots, 22

FAR Part 135.293, 24, 27

aircraft-type qualification requirements of, 19
FAR Part 135.297, 19, 24

FAR Part 135.299 in setting requirements for pilots in command, 19

FAR Part 136.297, 27
FAR Part 141

in specifying requirements for FAA-approved pilot schools, 23

in specifying rules for flying school graduates, 18

FARs in specifying training requirements for rotary-wing pilots, 16-20

FAST (Flight Aptitude Selection Test)

as predictor of failure in pilot training program, 89

as success predictor for fixed- and rotary-wing pilot training, 89

effects of lowering cut-scores of, 91

in TOT Experiment 1, 107

Fatal accidents in Army rotary-wing aircraft, 123

Federal Aviation Administration. See FAA

Feedback in aircrew skill acquisition, 56-57

Fiber-optic helmet-mounted display. See FOHMD

Fidelity. See also Dynamic fidelity; Engineering fidelity; Functional fidelity; Simulation fidelity

computer power increases in improving, 157-158

effects of imperfect, 259-261
environmental, 8

operational, 8

optical-visual, 259-261

perceptual, 258-259. See also Perceptual fidelity

physical

as assumed measure of functional fidelity, 258

as unimportant in txaining intellectual performance, 8

simulator, in training effectiveness, 50
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Field of view

acceptable for training, 162

as factor in design of rotary-wing simulators, 11-12

pilot's, in rotary-wing aircraft, 162

Field transfer-of-training experiments

as final phase in determining training cost-effectiveness, 81

in evaluating simulation cost-effectiveness, 78, 81

Fixed-base simulator in aircrew certification, 157

Fixed-base trainers in simulator cost reduction, 176

Fixed-wing aircraft, operational differences of, from rotary-wing aircraft, 1

Fixed-wing flight-training simulators, factors in widespread acceptance of, 11

Fixed-wing missions. See Missions, fixed wing

Fixed-wing pilot trainees, BAT devices in selection of, 93

Fixed-wing regulatory practices, application of, inappropriate for rotary-wing operations, 4

Fixed-wing simulators, projection of computer-generated scenes in, 257

Fleishman approach to categorization of flight-task abilities, 96

Flight accidents, human error as major cause of, 149

Flight Aptitude Selection Test. See FAST

Flight check requirements

for certificated helicopter pilots, 18

for pilots operating under FAR Part 135, 18-19

Flight control, effects of simulator motion-cue deprivation on, 251-252

Flight controls, simulated static and dynamic forces of, 162-163

Flight envelope boundaries and rotor-disk modeling technique, 166

Flight freeze

in flight simulators, 164

in rotary-wing simulations, 169-170

Flight-identified model. See Flight-linear model

Flight instructor helicopter experience, regulatory training standards deficient in, 21-22

Flight linear model

for AH-64 Apache, 208-209

general characteristics of, 208-209

comparisons of responses of, with flight data, figures 6-9 (pp. 231-234)

and flight data matches, 208

measure of fidelity of, 208

time responses predicted by, figures 6-9 (pp. 231-234)

Flight management as major source of operational errors, 8

Flight-management flight-deck performance domain, 8

Flight management system. See FMS

Flight reviews and competency checks, regulatory training standards deficient in, 22

Flight Safety International, 25

as operator of only full-motion helicopter flight simulators in U. S., 24

certifiable full-flight simulators at, 12

FAA training exemptions granted to, 27

Flight simulations. See also Axis systems

axis systems relevant to general equations of motion for, 181-184

computer-based. See Computer-based flight simulation

software, 136

software languages in, 171

synthesized sound in, 160-161

vibration characteristics in, 161
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Flight simulators. See also Part-task trainers; Simulators

accident-rate reduction by use of, 24

alternatives to, 131-143

as part of integrated training program, 157

background of 156-159

background of rising costs of, 132

current use of older models of, 158

design data for, 160

designing, to meet training needs, 132-133

design needs for portable, 173

early use of, in IFR training, 158

FAA limits on use of, for training and check credits, 26-27

FAA role in emphasis on physical fidelity of, 132

flight-deck duplication in, 157

flight-freeze capability in, 164

generic, growth market for, 133
historical review of, 156-159

history of, 132-134, 156-157

importance of inducing trainee confidence in, 159-160

issues regarding use of actual avionics in, 163-164

life-cycle cost factors of, 159

life-expectancy effects on maintenance support for, 171-172

line pilot regard for, 157

maintenance requirements of, 171

maintenance support for, 171-172

microprocessor effects on fidelity of, 133

minimization of costs of current models of, 159

motion in early models of, 132

motion systems in, 161-162

review of future of, 173-177

review of status of, 159-173

role of low-cost microprocessor in, 133

software languages for, 171

choice of, 171

sound and vibration characteristics in, 160

standard features of, 165

synthesized sound in, 160-161

for tilt-rotor aircraft, complexities in design of, 175

for tilt-wing aircraft, complexities in design of, 175

top-down approach in design of, 164

unaffordability of, 131

upgrading of, 159

Flight simulator software

Elite, 137

Flight Simulator, 136

training value of, 136

Novel Twist, 136

Flight simulator training centers, advantages of, 25

Flight-test time responses in model evaluation, 203

Flight training, application of learning theory to, 45-51
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Flight training device

det'mition of, 137

Frasca-141,136

Link GAT I, 136

Flight training devices. See also Advisory Circular AC 120-45A; Rotary-wing flight-training
simulators

challenges in meeting market demands for, 147

effect of certification and checking requirements on sales of, 149-150

Flight Training Guide. See b-TG

Flight training simulators. See also Multipurpose simulators; Part-task training devices; Training
devices

advantages of using, 25-26. See also Simulators

arguments against use of, 25-26

as tools in overall pilot training program, 12

determining demand for, 148-150

effect of limited market for, 150

limited commonality of, for fixed- and rotary-wing pilots, 10

regulatory limits on credits for rotary-wing pilots as principal obstacles to greater use of, 26

Flying schools, certification of graduates of, 18

FMS (flight management system), part-task trainers for training in use of, 154

FOHMD (fiber-optic helmet-mounted display)

in STRATA facility, 99
visual-scene content in, 99-100

FOJT (formal on-the-job training) in analyze-phase of IPISD, 35

Formal on-the-job training, See FOJT

FORTRAN in flight simulators, 171

Fort Rucker, 87, 100

installation of BAT devices at, 93

Fourier transformation in main-rotor modeling, 197

Fractional factorial design, 83

Franklin Institute as creator of six-actuator motion system, 249

Frasca International, 136

Frasca 141 flight-trainlng device, 136

Frasca, Rudy, in generic simulator design, 132-133

Frequency-domain data

for AH-64 Apache, 206-208

stability derivative identification from, 207-208

Frequency-domain model validation, 203 -216

advantages of, 204

Frequency-domain system identification, 205-206

major steps in method of, 205-206

Frequency-response data for AH-64 Apache, figure 4 (p. 229)

Frequency sweeps in frequency-domain-data gathering, 206-207

FFD (flight training device), 157

FTG (Flight Training Guide)

criteria in quasi-transfer studies of AHT, 117

simulator training to standards of, 105-115

standards in TOT experiments with AHT, 119

Functional fidelity, 257

as determinant of training transfer, 257-258

assumed provided by simulator physical fidelity, 258
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Functional fidelity (continued)

definition of, 257

in fixed-wing simulations, 262

inadequacy of measurements of, in simulators, 258
visual scene illusions in, 259

Fuselage aerodynamic data, 11

(]agn_, Robert M., 45-46

GagnUs learning hierarchy in developing objectives for flight training, 37

GAT I flight training device, 136

Gear stiffness, 158

General equations of motion, 180-195

as part of mathematical model, 179

assumption of nonrotating Earth in derivation of, 181

axis systems used in derivation of, 181. See also Axis systems

Generalization in skill development, 52-53

General Technical test. See GT test.

Generic flight simulators. See also Flight simulators; Simulator flight training; Simulators

background of, 132-133

inappropriateness of FAA requirements for, 134

Geometry as consideration in mathematical model, 179

Gradient in visual perception, 261

Ground dynamics in rotary-wing simulation, 158

Ground effect, rotor in, 158

Ground-station data, 164

GT test (General Technical) in screening pilot trainee candidates, 89-90

Guidance-and-control flight-deck performance domain, 8

Guidance in aircrew skill acquisition, 56-57

HAI (Helicopter Association International)

operation categories, 3-4

pilot schools listed by, 23

Hampton, Steve, 136, 137

Handling qualities, enhancement of, 159

Hardware-reasons for using simulators, 50. See also Simulators

Height control, 251-252

Helicopter. See also under helicopter designations

Agusta, 24, 109

AH-64 Apache, 204
as ultimate checking environment, 153

Bk-ll7, 203

commercial pilot certification requirements, 23
field of view as factor in simulator design, 11-12

instrument-rating certification, 23

OH-6 Cayuse, 93
OH-50D Aeroscout, 126

OH-58 Kiowa, 93, 95, 96, 97

private pilot certification requirements, 23
production in U. S., 4

Super Puma, 152

TH-55 training, 106
TH-67 training, 97
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Helicopter (continued)

UH-1 Huey, 93, 95, 96, 97, 106, 115
UH-60 Blackhawk, 93, 95, 96, 97

Helicopter Association International. See HAI

Helicopter flight instructors, regulatory requirements for, 21-22

Helicopter operations. See also Rotary-wing operations
characteristics of, 147

comparative costs of, 147

number of employees engaged in, 3

Helicopter pilots, requirements for certification of, 17-18

Helicopter pilot schools, 23

competition among, 23

number of, 23

Helicopters. See also Rotary-wing aircraft

active fleet of, in U. S., 15

AH-64 Apache, 204

Bk-ll7,203

cost and reliability improvements of, 7

cost/use statistical summary of, 152-153

decline in U. S. production of, 3

full-motion civil flight simulators for, 24

number of in U. S., 15

number of used by rotary-wing operators, 3

projected deliveries of, 151-153

by type, 152
time-domain validation of models of, 203-204

turbine-engined, 152

types of, registered in U. S., 15

Helicopter simulation, effects of commercial environment on, 147

Helicopter simulators, cockpit motion in, 247-255

Helipads

breakdown of uses of, 4-5

number of, in U. S., 4

High-fidelity training equipment, need for, 177

Hover-hold in AH-64, 126

Hovering task in interactive flight-training system, 138-139

Hover model for AH-64 Apache, 204-205

and hover display dynamics, 204-205

reasons for development of, 205

six-degree-of-freedom, 205

Hover training, simulator-based automated trainer for, 115-117. See also AHT; Rotary-wing

pilot training

Huey helicopter. See UH-1 Huey helicopter

Human error as factor in aviation accidents, 123

Human factors engineering, development of, in selecting pilot trainees, 89

Human factors research, goal of, in military aviation, 98
Human-performance-domains on modem flight decks, 8

IC (initial condition) in increasing simulator training effectiveness, 106

Identification. See System identification in frequency-domain method; Subcomponent

identification in AH-64 Apache model
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IERW (Initial Entry Rotary-Wing) course, 105. See also AHT; Dual-track IERW course;

Multi-track IERW course

AHT applications to, 119

annual graduates of, 87

AQC as follow-on to, 95

assessing performance abilities in, 96

attrition rates in, 92

BAT devices in testing trainees in, 93

cost of flight training in, 87

at Fort Rucker, 87

hovering maneuvers taught in, 115

MPS in evaluating graduates of, 94
180/20 curriculum of, 100

Primary Phase of, 106

Revision of, 100-101

selection factors in reducing attrition in, 97

simulation versus flight time in ,100-101

simulator-based automated hover trainer for, 115-117

IFR (instrument flight rules)

early simulators in training for, 158

experience specified by FAR Part 61.57, 19

flight
rotary-wing pilot lack of training in, 8
trend toward, in civil aviation, 8

rated fixed-wing pilots, 1

rated rotary-wing pilots, 1

simulators in training rotary-wing pilots, 9

IFT (intelligent flight trainer), AHT approach in development of, 122
IGE (in ground effect) characteristics of ARMCOP model, 115

Imagery

design in simulator scene cues, 270-272

details in rotary-wing simulator visual scenes, 271-272

in simulator visual scenes, 271-272. See also Simulator imagery scenes

Implement-phase of IPISD, 40-42

cycle of instruction in, 41-42
definition of, 40

instructor's role in, 41

manager's role in, 42
outcomes of, 40-42

student resources in, 40-41

training resources in, 40-41

Incremental transfer. See ITER; 1TF

Individual Ready Reserve. See IRR aviator program

Inertial-axis system, figure 3 (p. 182)

point on Earth's surface as origin of, 181

transformation of translational equations to, 189-190
In ground effect. See IGE
Initial condition. See IC

Initial Entry Rotary-Wing course. See IERW course

Initial equipment training requirements for FAR Part 135 operators, 20

Initial new hire training requirements for FAR Part 135 operators, 19
In-simulator transfer-of-training experiments

in evaluating simulation cost effectiveness, 78, 80-81

in preliminary determination of simulation effectiveness, 80-81
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Installation Support School. See ISS

Instructional

reasons for using simulators, 50. See also Simulators

revisions in control-phase of IPISD, 44

internal and external evaluation basis of, 44

setting in analyze-phase of IPISD, 35

Insmactional effectiveness data in control-phase of IPISD, 42-43

Instructional management in develop-phase of IPISD, 37-38

Instructional materials

in develop-phase of IPISD, development of, 38-39

role of, in accomplishing learning objectives, 38-39

validation of, in develop-phase of IPISD, 39-40

Instructional System Development. See ISD

Instruction-cycle in IPISD. See Cycle of instruction

Instructor

as manager of instructional resources, 38
role of, in IPISD model, 41

Instructor pilots. See IPs

Instructors. See also Training instructors

as subject matter experts only, 32

minimizing simulation workload of, 170

operating stations for, 159, 169

role of, in rotary-wing simulation, 168-169

Instrument flight rules. See IFR

Instrument flight training, deficiency of regulatory training standards in, 21

Instrument proficiency check, 19

Instrument rating certification requirements, helicopter, 23

Intellectual skills in memory organization, 46

Intelligent flight trainer. See IFF

Intelligent tutoring systems, See ITSs

Interactive flight-training device, 137-140. See also CAI
Internal evaluation of instructional effectiveness in IPISD, 42-43

Interservice Procedures for Instructional Systems Development. See IPISD

Investment capital, availability of, for expanding rotary-wing operations, 6

IP (instructor pilot), 96

IPISD (Interservice Procedures for Instructional Systems Development), 30.

See also Management information system in IPISD

analyze-phase of, 33-35

as five-phase model, 33

as model for instructional systems development, 32-33

control-phase of, 42-44

design-phase of, 35-37

develop-phase of, 37-40

implement-phase of, 40-42

and management information system, 44-45
model

emphasis on job skills and instructional design in, 47

not performance oriented, 47

phases of, 33-44. See also Analyze-phase of IPISD; Control-phase of IPISD; Design-phase

of IPISD; Development of IPISD; Implement-phase of IPISD

IPs (instructor pilots) serving as SMEs, 96
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Iroquois helicopter. See UH-1 Huey helicopter

IRR (Individual Ready Reserve) aviator program

flight requalification program, 102

in studies of loss of flight skills over time, 101-103

ISD (instructional systems development), 30. See also entries under IPISD

advantages of using, 31

as integral part of Advanced Qualification Program (AQP), 31

as most effective means of solving instruction-related problems, 31

as solution to basic training problems, 30

in defining instructional process, 31

definition of, 30

development of, 30-31

IPISD as model for, 32-33

Isoquant product. See Product isoquant

ISS (Installation Support Schools) in analyze-phase of IPISD, 35

1TER (incremental transfer effectiveness ratio)

as discrete form of substitution ratio SR, 67

in computation of optimal training cost effectiveness, 75

definition of, 67

equation for, 70

general form of, 70

in training cost-effectiveness analysis, 67
Iteration transfer ratio. See ITRs

1TF (incremental transfer function)

function of, 67

in training cost-effectiveness analysis, 67

1TRs (iterations transfer ratios)

definition of, 108

summary of, for TOT Experiments 1-4, figure 13 (p. 114)

for TOT Experiment 1, figure 5 (p. 108)

for TOT Experiment 2, figure 7 (p. 110)

for TOT Experiment 3, figure 9 (p. 111)

for TOT Experiment 4, figure 11 (p. 113)

1TSs (intelligent tutoring systems) in IFT development, 122-123

Job performance, as ultimate measure of training effectiveness, 43

Job-performance aid. See JPA

Job-performance data

in control-phase of IPISD, 43

in IPISD in making external evaluation of instructional effectiveness, 43

Job-performance effectiveness of instruction in IPISD, 43

Job-performance measures in analyze-phase of IPISD, 34

Job-performance model. See JPM
Job tasks

in analyze-phase of IPISD, 33

as resource-intensive in training development, 33

JPA (job-performance aid) in instructional setting of IPISD analyze-phase, 35

JPM (job-performance measure)

for analyze-phase of IPISD, 34

in control-phase of IPISD, 43

definition of, 34
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Kenny, report by, of Three Mile Island accident, 32

Kiowa helicopter. See OH-58 Kiowa helicopter

Language
as prime mediational vehicle in teaching nonverbal perceptual motor skills, 54

in cue discrimination, 54

Lateral acceleration motion cues, 250

Learning. See also Behavioral theory of learning; Cognitive theory of learning;

Memory organization

behavioral theory of, 45-46

cognitive theory of, 45-46

instructional events that accompany, 46-47

internal/external conditions of, 46

memory organization in, 46
outcomes of

depend on mental models, 47
different, 47

and situated learning model, 48

theory of situated knowledge in, 48

work of Robert M. Gagn_ in, 45-46

Learning model, situated, 48-49

Learning models, 47-48

Learning objectives

and analyses in design-phase of IPISD, 35-36

based on job performance, 35

classification of, in develop-phase of IPISD, 37

in controlling intent of instruction, 35

dependency relationships of, 36-37

Learning processes in skill development, 51-55. See also Cue development in skill development;

Discrimination in skill development; Generalization in skill development;
Mediation

Lewis, Ernest L., Capt., 139

Linear model, use of, in relating performance and training factors, 70-73

Line budget constraints, 64. See also Budget constraint line

Line check requirements for pilot in command, 19
Line-oriented evaluation. See LOE

Line-oriented flight training. See LOFT

Line-replaceable units. See LRUs
Link, Ed, 132

in development of Blue Canoe, 103

Link, GAT I flight training device, 136

Link Simulator Company, 132

Local-axis system; figure 3 (p. 182)

origin of, at aircraft center of gravity, 181

transformation matrices in rotating vectors to body-axis system, 183-184
Localized blade stall, 158

LOE (line-oriented evaluation) effect on training requirements, 149

LOFT (line-oriented flight training)

advent of, 8

in measuring behavior as factor in aircrew effectiveness, 124

part-task trainers for, 154

purpose of, 8

training-device manufacturer interest in, 175
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Loft drawings as simulator design data, 160
Logic diagrams in mathematical models, 179

Longitudinal acceleration motion cues, 250
Low-level flight, perceptual mechanisms in, 269

LRUs (line-replaceable units) in simulator training, 176-177

MeLellan, I-I.,48-49
Main-rotor geometry, in rotary-wing simulator design, 165

Main-rotor model, 197-198

blade-element approach to, 197-198

complexity of, 197

computer contributions to accuracy of, 198

elastic modes in blade dynamics of, 198

representations of blade motions in, 197

submodules in, 197

tip-path-plane approach to, 197
Fourier transformation in, 197

wind-axis system in, 197-198

Maintenance, simulator, as long-term obligation, 171-172

Maintenance manuals, as source of simulator design data, 160
Malfunctions

need for accurate data in design of, 170

setting of, in rotary-wing simulations, 170

Management information system in IPISD, 44-45

as different from current data-collection practices, 45

in reducing number of txaining decisions, 45

Management plan

in devdop-phase of IPISD

as internal evaluator, 38

as principal organizational document, 38

organization of, 38

in implement-phase of IPISD, 40

steps in implementation of, 40-41

Management science, contribution of, to instructional systems, 30-31

Maneuvering envelopes, differences in, for rotary-wing and fixed-wing aircraft, 256

Maneuver iterations as performance measure, 120

Man-machine interaction tasks in flying, 51

Manuals as source of simulator design data, 160

Manufacture of rotary-wing flight training devices. See Flight-training devices; Rotary-wing

flight-training simulators

Market factors

affecting rotary-wing simulator sales, 12

potential changes in, 12

in rotary-wing flight training, 2. See also Rotary-wing flight-training simulators

Market outlook for rotary-wing aircraft, 4-5

Marketplace demands on flight training equipment manufacturers, 147

Market-potential analysis

effects of rotary-wing sales on, 148

steps in, 148

Mashman, J., 20

Mathematical equations in mathematical models, 179
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Mathematical model

of aerodynamics, 196. See also Aerodynamic model

as describing simulated aircraft's dynamic behavior, 178

as key factor in total simulation system, 178

constituents of, 179

definition of, 178

of environment, 198-199. See also Environmental model

of helicopter main rotor, 197-198. See also Main-rotor model

of helicopter tail rotor, 198. See also Tail-rotor model

modularity and standardization in development of, 179-180

rotational equations in, 185-188. See also Rotational equations

time responses of, in model evaluations, 203

translational equations in, 184-185. See also Translational equations

Mathematical models

inadequacy of, for describing some aspects of rotary-wing aircraft, 158

typical organization of, figure 1 (p. 180)

Media selection in develop-phase of IPISD, 37-38

Media selection systems

computer-based, 37-38

simulators specified for, 37-38

Mediation

as underlying all skills, 53

importance of, in simulator training, 54

roll of, in computer-based training, 55

in skill development, 53-55

description of, 53

verbal, 54

Memory organization

attitudes in, 46

cognitive strategies in, 46

intellectual skills in, 46

motor skills in, 46

verbal information in, 46

Mental models

importance of learning environment to development of, 47-48

in learning, 47-48

METL (Mission Essential Task List) as guideline in crew coordination measures, 124

MFD (multifunction display) in operating ATHS, 126

Microprocessor, role of, in simulator development, 133

Microsoft, Flight Simulator software package developed by, 136

Military

as sourse of rotary-wing pilot training, 7-8

cutbacks, effects of, on supply of rotary-wing pilots, 8

Military aviator, typical career of, 97-98

Military aviator training

Aircrew Classification Battery in selecting candidates for, 89

Army Air Forces Qualifying Examination in selecting candidates for, 89

as life-cycle management system, 97-98

attrition rates in, 89

development of human factors engineering for, 89

Flight Aptitude Selection Test
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Military aviator training (continued)

in screening candidates for, 89

in selection of trainees for, 89

Revised Flight Aptitude Selection Test in screening candidates for, 89-90

screening candidates for, 89-92

viewed as life-cycle management system, 97-100

inWW II, 89

Military Personnel Center, See MILPERCEN

MILPERCEN (Military Personnel Center), 91

Mission assignment in rotary-wing pilot training, 92-97
Mission Essential Task List. See METL

Mission Proficiency Scale. See MPS
Missions

fixed-wing, characteristics of, 1

rotary-wing

characteristics of, 1

descriptions of, 2
Model. See also Mathematical model

control, 195. See also Control system model

rotor performance, 166

rotor torque, 166

typical organization of, figure 1 (p. 180)

Model evaluation for AH-64 Apache simulation, 212-216. See also AH-64 Apache helicopter

Modeling

of airframe mass and inertia, 165

complexity of, rotating lifting surfaces, 166-167

geometric, of fuselage components, 165

problems with rotary-wing dynamics, 11

Model modules, interactions between, 179

Models. See also Simulation models

prediction

limitations of, 78

in modeling relationship between training and transfer factors, 77-78

real-time, in flight simulators, 157

rotor performance, 174-175
simulation

in driving instrument displays, 157

in driving visual and motion systems, 157

Modularity

of model components, advantages of, 179-180. See also Modules

in model development, 179-180

Modules

common to all aircraft, 180

input requirements of model, 179-180

specific to given aircraft, 180

Moment, Stu, 136

M1A1, 100

Monocular movement parallax, 263

Montague, W. E., 47-48
Motion

contributions of, to pilot control, 248-249
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Motion (continued)

in early flight simulators, 132

inadequacy of, 132

in helicopter simulators, 247-255. See also Simulator motion

sensory paths in pilot's perception of, 248

Motion cues in flight, 248-249

as annunciators of aircraft states, 248-249

as disturbance signals, 248

as pilot's motivation for corrective responses, 248

effects of attenuation of, on helicopter flight control, 25 1-252

importance of, 248

and pilot performance, 268

in rotary-wing simulators, 11, 156

vertical acceleration disturbances as, 248

Motion cues in simulators, 249-251. See also Motion systems

effects of, on transfer of piloting skills, 249

role definition of, 254

Motion parallax, 263

Motion perception, 257

Motion perspective, 263-270

and aircraft performance envelope, 269-270

analysis of, 263-269

as only mechanism for perceiving terrain shape and depth, 276

as primary perceptual mechanism in low-level flight, 269

example of, in perceptual process, 265-267

integration of movement patterns in, 264-265

mechanism

analysis of, 268

texture elements required for, 268

multiple-object requirement for, 265

observer's angular velocity in, 265

Motion-perspective cues

analysis of, 263-270

rotational motion vectors in, 263

translational motion vectors in_ 263

Motion system as component of simulation system, 178

Motion systems

computation of motion actuator drive positions in, 162

hydraulic actuators in, 161-162

in imparting aircraft attitude cues to flight crew, 165

major limitation of, 161

recommendations for rotary-wing applications of, 255

six-axis synergistic, 161-162

Motor skills in memory organization, 46

MPS (Mission Proficiency Scale) in evaluating Aeroscout Mission graduates, 94

Multifactor design in evaluating simulation cost effectiveness, 81-82

Multifunction display. See MFD

Multiple practice in situated learning model, 48

Multipurpose simulators, 135-136
Multi-track IERW course, 95-97

administration of test battery for, 96-97
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Multi-track IERW course (continued)
Aeroscout track in, 95

Attack track in, 95

components of test battery for, 96

development of tests for predicting trainee performance in, 95-97
goal of, 95

test battery effectiveness in assigning students, 97

Utility track in, 95

Multi-Track Test Battery and Classification Functions, 97. See also Multi-track IERW course

NAMRL (Naval Aerospace Medicine Research Laboratory)

multi-tasking battery, 96

relationship with PSSTG, 93

Nap-of-the-Earth flight. See NOE

NASA role in developing training standards for rotary-wing crewmen, 2

National Aeronautics and Space Administration. See NASA

Naval Aerospace Medicine Research Laboratory. See NAMRL

Negative training effects, 156

New Training Helicopter. See NTH

NOE flight

effects of visual-scene content on, 99-100

texture-element spacing in simulator scenes for, 271

Nonrotating Earth, assumption of, in derivation of general equations of motion, 181

No-tail-rotor helicopters, simulators for, 175

Novel Twist flight simulator software, 136

NTH (New Training Helicopter), 97

Object coordinate system, 258

OCM (optimal control model), application of, to autohelp training function, 117-118

OH-6 Cayuse helicopter, 93

OH-58 Kiowa helicopter, 93, 95, 96, 97

OH-58D Aeroscout helicopter, ATHS in, 126

175/40 dual-track training program, 93. See also Dual-track training

officer trainees in, 93

WOC trainees in, 93

175/40 IERW curriculum, 100. See also IERW course

180/20 IERW curriculum, 100. See also IERW course

Operational simulator fidelity as fidelity of future interest, 8

Operation manuals as source of simulator design data, 160

Operator assessment of requirements and risk as factor in rotary-wing training, 17

Operator financial considerations as factor in rotary-wing training, 17

Operator perceptions of training effectiveness as factor in rotary-wing training, 17

Operators

FAR Part 91. See FAR Part 91 operators

FAR Part 135. See FAR Part 135 operators

Optical-visual fidelity, requirement peculiarities of, for rotary-wing aircraft, 261-263. See also

Fidelity; Visual perception

Optic flow, 263

Optimal control model. See also OCM

in design of AHT, 116

functioning of, 116
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Optimal training cost effectiveness
computation of, 73-78

example of computation of, 75-77

Ortiz, Gustavo, 137

Part-task trainers, 134, 157

fallacies related to, 135

increasing use of, 176

Part-task training devices

as alternative approach to requirements of AC 120-63, 153

as alternatives to full-flight simulators, 153

for CRM training, 154

in LOFT, 154

in use of EFIS, 154

Perceived size, 259

Percent transfer

equation for, 68

in measuring training effectiveness, 68-69

Perception

absolute depth, 257

motion, 257

visual, 257

Perceptual fidelity, 257, 258-259

collimated visual scenes and inadequacy of, 258

in fixed-wing simulations, 262

and visual volume, 258

Performance as factor in aircrew effectiveness, 123, 124

Performance data in simulator design, 167
Performance domains

effects of, on design and training, 8

flight deck, 8

Performance experiments

in backward transfer studies, 80

economic advantages of, over transfer-of-training experiments, 80

in evaluating simulation cost-effectiveness, 78, 80

principal assumption of, 80

Personal computer in running Flight Simulator software, 136

Petroleum industry as predominant factor in rotary-wing marketplace, 5

Phenomenal size, 259

Physical simulator fidelity, 8

importance of, in training skills for rotary-wing operations, 154

PIC (pilot in command), selection of hover-hold function by, 126

Pilot certification requirements, effects of, on training-device manufacturers, 149

Pilot competency check, eligibility requirements of, 19

Pilot control, cockpit motion cues in, 248

Pilot flight checks, objectives of, 18-19

Pilot in command, 27. See also PIC

instrument proficiency check requirements for, 19

line check requirements for, 19

Pilot-induced oscillations

in AH-64 Apache
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Pilot-induced oscillations (continued)

model evaluation, 215

simulation, 214, 215

Pilot instrument proficiency check, eligibility requirements of, 19

Pilot line check, eligibility requirements of, 19

Pilot Maker

as f'trst simulator, 132

in training WW II pilots, 132

Pilot proficiency check, 18

Pilot recurrent training, eligibility requirements of, 19

Pilots, active helicopter, in U. S., 15

Pilot schools

certified under FAR Part 141, 23

examining authority of, 23

minimization of risks by, 23

Pilot Selection Special Topic Group. See PSSTG

Pilot training. See also Military aviator training; Rotary-wing pilot training

military as source of, 7-8

for ratings, 17

rotary-wing FAA-specified requirements for, 16-20

Pilot type checks, 19

Pilot vision

in fixed-wing aircraft, 256

in rotary-wing aircraft, 256

Pitot static system, characteristics of, in rotary-wing simulator design, 166

POI (Principal Operations Inspector) in line check qualification, 19

Practical Test Requirements for rotary-wing airline transport pilot certificate, 21
Prediction models

in establishing relationships between training and transfer factors, 77-78

limitations of, 78

Pressure, air

in aerodynamics model, 198

in engine models, 198

Principal Operations Inspector. See POI

Private pilot certification requirements, helicopter, 23

Production of rotary-wing aircraft, 4. See also Rotary-wing aircraft

Product isoquant

as combination of training factors, 65

continuous convexity

characteristic of, 65-66

definition of, 67

definition of, 65

diminishing returns as characteristic of, 65
and minimization of training costs, 66-67

relationship of budget constraint line to, 66

Product-moment correlation, 94

Proficiency in task performance, 61

Projection

of computer-generated scenes, 257

uncollimated, in achieving perceptual fidelity, 263

Proof-of-match data, 167

from airframe manufacturers, 167
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Proprioceptive cues in pilot control, 248

PSSTG (Pilot Selection Special Topic Group)

and BAT testing devices, 93
in installation of BAT testing devices, 93. See also BAT

membership of, 92-93

responsibilities of, 93

Pyramid of vision, 258

Quasi-transfer experiments
in AHT studies, 117-118

autohelp training function in, 117-118

Quarterions in describing angular orientation, 190

Recent flight experience requirements, regulatory training standards deficient in, 22

Reconfigurable training devices, 174

Recurrency training, emphasis of crew coordination in, 100

Recurrent training, 19

minimum standards for, 24

requirements for FAR Part 135 operators, 20

Recurrent training requirements, regulatory training standards deficient in, 22

Reduced instruction set computing. See RISC

REFAST (Revised Flight Aptitude Selection Test) in selecting military aviator trainees, 89

Reflection in situated learning model, 48

Regulatory agency approvals of flight simulators, 26-27

Regulatory credit limits as principal barrier to greater use of flight simulators, 26

Regulatory credits for simulator training as favoring fixed-wing training, 9

Regulatory exemptions, 16, 27

Regulatory practices

as factor in rotary-wing training programs, 17

as ill-suited to rotary-wing operations, 4

Regulatory requirements

as factors in manufacturer market analyses, 148

effect of, on training-device demand, 150

for rotary-wing pilots, 21-22

training-device manufacturer participation in development of, 148

Regulatory rotary-wing training standards, 21. See also Training standards, 21

Regulatory upgrading, lack of, in training rotary-wing pilots, 2

Replay in rotary-wing simulations, 170

Reposition in rotary-wing simulations, 170

Requalification training requirements for FAR Part 135 operators, 20
Resident School. See RS

Resources, training, allocation of, 64. See also Training programs

Revised Flight Aptitude Selection Test. See RFAST

RISC (reduced instruction set computing), contributions of, to simulation, 171

Robinson, R.22 helicopter, 152

Rotary-wing aerodynamics

as difficult to describe, 158

complexity of, 167

difficulty of modeling, 166-167

effect of, on airframe aerodynamics, 167

factors in modeling of, 167
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Rotary-wing aircraft. See also Army aviation accidents; Army rotary-wing aircraft

accident rate of, in Army aviation, 123

aerodynamics of, 166-167

Army types of, 96

automatic stability devices on, 167

changes in missions of, 21

cost/use, statistical summary of, 152-153

cutbacks in production of, 4

difficulty in modeling tail rotors of, 167

effect of cold war end on market for, 154

effects of

on environment, 5-6

operational versatility of, on visual scene simulation, 256-257

projected Russian export of, 154

increased complexity of, 21

limited growth in commercial market for, 154

maneuverability effects of, on simulations, 262-263

modeling electromagnetic environment of, for simulation, 164

need to improve reliability of, 6

number of, by geographic area, 154-155

operational differences of, 1

operator-conducted training in, 16

pilot's field of view from, 162

principal market growth areas for, 155

projected

deliveries of, 151-153

by type, 152

sales of, 5

by aircraft class, 5

by geographic area, 5

seat-mile costs of, versus fixed-wing, 6

trend toward digital displays of flight information in, 8

unfavorable public image of, 5-6

U.S. production of, 4

Rotary-wing business outlook, 3

Rotary-wing certification through FAR Part 141 pilot schools, 23

Rotary-wing dynamics, difficulties in modeling of, 9

Rotary-wing flight

cost factor analysis of, 7

expansion of facilities for, 7

potential of, for door-to-door transportation, 7

Rotary-wing flight simulation

commercial training market for, versus military approach, 153

differences in fixed-wing and, 155-156

flight-freeze feature in, 169-170

issues in, versus fixed-wing, 155-156

minimization of instructor workload in, 170

modeling actual electromagnetic environment for use in, 164

replay feature in, 170

reposition feature in, 170

training malfunctions in, 170



312 INDEX

Rotary-wing flight-training simulator
Aerospatiale 332L, 9
Bell 212/412, 9

Bell 222, 9

Boeing Vertol 234, 9

Sikorsky S-6A, 9
Sikorsky S-61N, 9

Sikorsky S-76B/A, 9

Rotary-wing flight-training simulators. See also Flight simulators; Motion systems; Simulators;
Training devices; Visual systems

achieving appropriate illusions in, 156
AC 120-63 in setting qualification requirements for, 9

advantages of training in, 2, 10

adverse economics of, for various training aspects, 154

assessing market potential for, 147-155

as significantly different from fixed-wing, 250-251

as technical follow-ons to fixed-wing devices, 157

barriers to widespread use of, 15-16

blade-element modeling method in design of, 166-167. See also Blade-element modeling

choosing avionics for, 163-164

constraints on manufacturers of, 146-147

cost aspects of, 12. 150-151

cost of training in, 10

data for avionics performance in. 163

data for systems performance in, 163

design needs for portable, 173-174

design of performance aspects of, 165-166

determining fidelity appropriate in. 153-154

early models of, 157

engineering of, to meet training needs, 148-149

essentialness of low-cost approach to, 153-154

estimated market for, by class, 10

FAA-limited credits for training in, 16

factors in cost analysis of, 152-153

field of view as factor in design of. 11-12

fixed-base approach in reducing cost of, 176

high-fidelity cues in. training tasks requiring, 153-154

historical review of, 156-159

hydraulic actuators in, 161-162. See also Motion systems

importance of visual and motion cues in, 156

inability to simulate binocular vision in, 11

issues in simulating versus using actual avionics in, 163-164

lack of field of view in computer-generated scenes for, 257

limited number of types of, 16

made obsolete by aircraft advances, 159

market projections for, 12, 151-153

in matching aircraft performance, 168
motion cues in, 11-12

motion systems in, 161-162

for providing rotor vibration cues, 165

need for appropriate realism in, 156

need for FAA advisory circular for, 3

need for improving models for, 174-175
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Rotary-wing flight-training simulators (continued)

off-site locating of high-fidelity, 154

point-of-demand siting of, 173-174

portable, 173

potential problems with computer-generated scenes for, 257

reproduction of aircraft vibration characteristics in, 161
review of future of, 173-177

review of status of, 159-173

rotor-disk model for, 166-167

siting of, 173-174
standard features of, 165

static and dynamic "feel" forces in, 162-163

steps in market-potential analysis for, 148

synthesized sound in, 160-161

Third World siting of, 174

in training emergency procedures, 10

visual systems for, 162. See also Visual systems

Rotary-wing industry, diversity of, 15

Rotary-wing market, 3-7

factors portending upswing in, 7

Rotary-wing missions. See Missions, rotary-wing

Rotary-wing operations

as unique environment, 147

by FAR parts under which they operate, 3-4

categories of, 3

characteristics of, 147, 156

effects of, on training-device manufacturers, 147

comparative costs of, 147

future opportunities for, 6-7

geographic distribution of, 4

passenger market potential of, 6

profit constraints on, 159

projected competition for, 6

Rotary-wing operators

absence of large companies among, as training and marketing factor, 4
characteristics of, 4

functions of, 3

listed in World Aviation Directory, 3

number of, 3

number of employees of, 3

number of helicopters used by, 3

proposed organization of, in meeting common training needs, 143

training needs of, 4

training program categories for, specified by FAR Part 135, 19-20

Rotary-wing pilots

characteristics of, 2

characteristics of missions of, 1

current surplus of, 3, 8

demand for, as function of new aircraft sales, 4

IFR ratings of, 1

IFR skills of, 8

lack of IFR training of, 8

military as source of training for, 7-8
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Rotary-wing pilots (continued)

missions of, in requiring special training, 7
number of civilian, trained annually, 88

number of military, trained annually, 87-88

status of simulation training of, in relation to FAR Part 121 definitions, 2

training of, 7-9

Rotary-wing piloting skills
deterioration of, over time, 101-102

retraining of, 101-102
Rotary-wing pilot training. See also AHT; Training standards

and autorotative landings, 21
of certificated pilots, 17, 18-20
for certificates and ratings, 17-18

challenges of, 126
classification testing in, 92-97
cost factors in, 21

devices used in, 9

diversity of, 15
factors affecting future demand for, 5

FAR-designated applications of simulators to, 26
FAR Part 141 pilot school requirements for, 23

at Fort Rucker, Ala., 87-88

increasing aircraft and mission complexities as challenge in, 126

and instrument flight instruction, 21

integrated control-task training in, 116

lack of FAA regulatory credits for, in aircraft-alternative devices, 9

mission assignment in, 92-97

requirements for, specified by FARs, 16-20

results of regulatory minimums for, 21

simulator-based automated hover trainer for, 115-117

uniqueness of, determined by aircraft and missions flown, 10

value of screening tests in selecting students for, 91

Rotary-wing pilot training program, basic requirements of, 88

Rotary-wing sales, effect of, on market-potential analysis, 148

Rotary-wing simulation

ATC in, 169

functional requirements of, 257

instructor's role in, 168-169

optical-visual fidelity requirements for, 261-263

principal factors in designing performance factors for, 165-166

selection of initial conditions for, 169

Rotary-wing training

FAA role in setting new standards for, 2

flight simulation as training efficiency multiplier, 103. See also Simulation training

NASA's role in developing new standards for, 2

program evaluation research in, 101

Rotary-wing training devices

as requiring different environment from fixed-wing commercial market, 147

need for better rotor performance models for, 174-175

reappraisal of approach to, 174

Rotary-wing training facilities, 15
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Rotating-axis systems in main-rotor model, 197

Rotational dynamics, equations describing, 194-195

Rotational equations

coupling problems with, 188

modifications to, 190-192

Rotational motion vectors in motion cue analysis, 263

Rotational rates, body-axis, 190-191

Rotational velocity terms in translational equations, 188

Rotor-blade dynamics, 197

Rotor-disk modeling technique

advantages of, 166

description of, 166

and flight envelop boundaries, 166

in rotary-wing simulator design, 166-167

Rotor dynamics

as modeling problem, 11

in providing realistic pilot cues, 156

in simulation, 156

Rotor forces and moments as main-rotor model submodule, 197

Rotor-induced velocity as main-rotor model submodule, 197

Rotor in-ground-effect, 158

Rotor interference effects, 174

Rotor model. See Main-rotor model; Tail-rotor model

Rotor modeling methods, 197-198. See also Main-rotor model

Rotor modeling techniques, 166-167

Rotor performance models, need for improvement of, 174-175

Rotor vibration cues in rotary-wing simulators, 165

RS (Resident School) in analyze-phase of IPISD, 35

Safety
improvements in helicopters, 7

of rotary-wing aircraft, public perceptions of, 5-6

Screening of flight training candidates, general purpose of, 92

Screening test not a proficiency test, 90

Screening tests for military aviator training, 89-92
Seat-mile costs

comparisons of, for rotary- and fixed-wing aircraft, 6

improvements in helicopter, 7

Selection algorithm as classification tool, 95

Self-teaching exportable packages. See STEPS

Shear parallax, 263

Sikorsky S-6A rotary-wing flight-training simulator, 9

Sikorsky S-61N rotary-wing flight-training simulator, 9

Sikorsky S-76 full-motion simulator, 25

Sikorsky S-76B/A rotary-wing flight-training simulator, 9
Simulation

cost-effective, definition of, 79

distinguished from simulator, 49

engineering, purpose of, 49

hours versus flight hours in IERW course, 100-101

at locations removed from high-fidelity simulator, 149
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Simulation (continued)

and mental learning models, 47-48

realism unattainable in, 257

software programmers in development of, 133

technology driven, 157

total system of, 178

training, purpose of, 49

Simulation of aircraft computing equipment, 164
Simulation cost-effectiveness, 78-83

cost analysis in, 83

economic multifactor design in evaluation of, 81-82

evaluation of, 78-83

method examples in evaluation of, 82-83

performance experiments in determination of, 79-80. See also Performance experiments
phases in determination of, 79

in-simulator transfer-of-training experiments in determination of, 79, 80-81. See also In-

simulator transfer-of-training experiments

transfer-of-training experiments in, 79, 81. See also Field transfer-of-training experiments
Simulation effectiveness

criteria for measurement of, 168

throughput as measure of, 168

Simulation fidelity

computer-power influences on, 157-158

dependence of, on simulation models, 158

descriptive terms for, 157. See also Dynamic fidelity; Engineering fidelity; Equipment

fidelity; Perceptual fidelity

effect of motion-cue deprivation on, 254

Simulation models. See also Mathematical models; Motion systems; Visual systems

as analogs of aircraft, 158

coefficient accuracy in, 158

development process of, 205

economic constraints on, 158

fixed-wing, evaluation of, 203

frequency-domain validation of, advantages of, 204

stick-dynamics element in, 211-212

time-domain, evaluation of, 203

Simulation standards, importance of cost-effective technical solutions to establishment

of, 170-171

Simulation system, similarity of behavior of, to simulated aircraft, 178

Simulation training

minimizing costs of, 66-67

objective of, 47-48

optimal cost-effectiveness of, 66-67

Simulation Training Research Advanced Test-Bed for Aviation. See STRATA

Simulator

AH-1FWS Cobra flight and weapons, 104

definition of, 49

distinguished from simulation, 49

generic, 132-133

motion-base Sikorsky S-76, 25

training

effectiveness of, 49-50
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Simulator (continued)

special teaching capabilities of, 50

UH-1TRS, 105
Simulator acceptance and approval requirements, 172

Simulator complexity as factor in mission-training efficacy, 99

Simulator cost-effectiveness, factors affecting, 79

Simulator fidelity. See also Physical simulator fidelity

as appropriate to training needs, 148-149

dynamic, 8

effect of microprocessors on, 133

engineering, 8

engineering duplication of aircraft in achievement of, 148

establishing importance of, 134-135

evaluating need for degree of, 153

extent of, as cost driver, 149

problems associated with, for rotary-wing aircraft, 11

rising costs of achieving, 133

Simulator flight training

benefits of, 131

early airline interests in, 132

generic simulators in reducing cost of, 132-133

history of, 132-134

potential advantages of virtual reality in, 141-142

unavailability of, to rotary-wing operators, 131

virtual reality in future of, 140-141

Simulator hardware as component of simulation system, 178

Simulator imagery scenes
texture elements in, 271

vertical objects in, 271-272
Simulator manufacturers

responsibilities of, 168

use of checkout data by, 168

Simulator motion, 247-255. See also Motion; Motion cues in flight

algorithms, 249-250

as unnecessary in level B simulators, 254

capabilities, 249-250

costs of, 253

justified for fixed-wing transports, 252-253

limits of, in flight simulators, 247

reducing cost of, 253-254

six-degree-of-freedom, benefits of, 253

Simulator motion systems

effects of limited cues from, 251-252. See also Motion cues in flight

failure of, to reproduce various pilot cues, 251

lateral accelerations in, 250

longitudinal accelerations in, 250

pilot responses to, 251

six-actuator synergistic, 249

vertical accelerations in, 249-250

Simulators, 9-12. See also Flight simulators; Motion systems; Rotary-wing flight simulators;

Visual systems

advantages of using, 25-26

for coaxially counterrotating helicopters, 175
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Simulators (continued)

computer-generated scenes for, characteristics of, 257. See also Computer-generated scenes

cost and training value of, 50

cost-effective use of, 73-78

cost/use factors in buy-decisions for, 152-153

customer acceptance tests for, 172

defining characteristics of, 49

dynamic fidelity in, 257

effects of changing roles of flight crews on design of, 175

engineering fidelity of, 257
equipment fidelity of, 257

field-deployable, 135
full-motion

civil helicopter, 24-25

use of, by FAR Part 135 operators, 24-25

function-fidelity of, 257-258

hardware reasons for using, 50

helicopter, height control in, 251

high-fidelity, 50

in providing too much information, 50

historical review of, 156-159

history of, 132-134

instructional flexibility of, 50

levels C and D, 253

low-cost, training limitations of, 55

manufacturing of, 146-177. See also Flight training devices; Training equipment

manufacturers

motion-base

Bell 222, 9, 25

Bell 412, 9, 25

limited to few helicopter types, 25

motion cues in, 249-251. See also Motion cues in flight; Motion cues in simulators

multipurpose, 135-136. See also Multipurpose simulators

for no-tail-rotor helicopters, 175

operator use of, constrained by FAA limits on training credits, 16

part-task training devices as alternatives to, 153

perceptual fidelity in, 257

portable, 173

regulatory approvals of, 172

review of future of, 173-177

review of status of, 159-173

rotary-wing

barriers to widespread use of, 15-16

estimated market for, 10, 12

shortcomings of collimated visual scenes in, 258-259

for tandem rotor helicopter, 175

transfer of training to aircraft, 50-51. See also Transfer of training

upgrading of, 159

use of, in training decision-making and procedural responses, 25

visual scenes in, as collimated images, 258

Simulator training. See also Experiments in simulator training; TOT research; UH-1TRS

advantages of, 2, 10, 106
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Simulator training (continued)

for training in emergency maneuvers, 2

comparisons of costs of, versus aircraft training, 10

definition of TOT experiments in, 106

difficulties in modeling rotary-wing dynamics for, 9

effectiveness evaluation of, 103-115

effectiveness studies of, 103-115. See also entries under TOT experiments

effects of, on helicopter pilot trainees, 103

importance of mediation in, 54

inability to simulate binocular vision in, 9

official recognition of advantages of, 2

of rotary-wing pilots lags that of fixed-wing pilots, 2

to standards of FTG, 105-115

teaching cue discrimination in, 53

Simulator visual scene, requirements for, 270-272

Singer Company, 132

Singer-Link as dominant force in development of early simulators, 132

Singer-Link DIG 1, 212

SIPs (standardization instructor pilots)

in administering AHT check-rides, 118

in assessing pilot combat readiness, 94

Siting of training devices, 173-174

Situated knowledge, specification of strategies in, 48

Situated learning model, 48. See also Learning

strategies in, 48

Situational awareness in aircrew training, 56. See also Aircrew training

Six-actuator synergistic motion system, description of, 249
Size

perceived, 259

phenomenal, 259

Size-constancy, in visual perception

characteristics of, 259-260

importance of visual cues, 260

object knowledge, 260

Size perception, 259-261

Skill development, learning processes in, 51-55. See also Cue development in skill

development; Discrimination in skill development; Generalization in skill

development; Mediation

Small-group analysis in rotary-wing task identifications, 96

SMEs (subject matter e.xperts), 96

in predicting success of flight trainees, 95
in trainee selection, 94

Software languages in flight simulators, 171

Sound data in simulator design, 160
Sounds

engine, synthesized, 160

rotor blade, and blade-passing frequency, 160-161
Spatial extent

distortion of, in collimated scenes, 259

size-distance aspect of, 260-261

Spatial indeterminacy in simulator visual scenes, fidelity effects of, 259
Spitznagel, Brian, 136

SP (student pilot) in TOT research studies, 106
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SR (substitution ratio)
defined as ratio of unit costs, 67

in training cost-effectiveness analysis, 67

S-76 flight simulator

as substitute for Agusta 109, 24

FAR Part 91 operator use of, 24

Stability derivatives

for AH-64 Apache DASE-off frequency responses, 208

identification of, for AH-64 Apache, 207-208

Stairway to combat readiness, figure 3 (p. 98)

as life-cycle aviator training paradigm, 98

Standardization in model development, 179-180

Standardization instructor pilot. See SIPs

Static visual depth cues, 257

STEPS (self-teaching exportable packages) in analyze-phase of IPISD, 35

Stereopsis, 259

in size-constancy perception, 260

modeling of, in AH-64 Apache simulation, 211-212

Stinger Bradley Fighting Vehicle, 100
STRATA (Simulation Training Research Advanced Test-Bed for Aviation), 125, 126

AH-64 Apache simulation in, 99

as ARIARDA research facility, 99

capabilities of, 99

use of FOHMD in, 99

Streaming, 263, 264

Student pilot. See SP

Student resources in implement-phase of IPISD, 40-41

Subcomponent identification in AH-64 Apache model, 210-212

Subject matter experts. See SMEs
Substitution ratio. See SR

Subsystem modules, 195-199

Summation module, 180

Super Puma helicopter, cost of, 152

Surface texture in visual perception, 261

System identification in frequency-domain method, 205-206. See also Frequency-domain

system identification

System management

as primary source of operational errors, 8

flight-deck performance domain, 8

Systems analysis, 61

Systems approach to training. See ISD

Systems Technology, Inc., 255

Tail rotor as challenge in simulation, 167

Tail-rotor geometry in rotary-wing simulator design, 165

Tail-rotor model, 198

Bailey theory in representation of, 198
"t" coefficients in, 198

Tandem-rotor helicopters, simulators for, 175

TAPSTEM (Training and Personnel Systems Sciences and Technology Evaluation

Management Committee)

objectives of, 92

in utilizing Armed Services research resources, 92-93
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Target-task training, 135

Task Analysis/Workload. See TAWL

Task sequencing in design-phase of IPISD, 36-37

TAWL (Task Analysis/Workload) as part of task-loading assessment model, 99.

See also TOSS

Taylor's hypothesis in turbulence modeling, 198-199

TC-1-210 (Aircrew Training Program Commander's Guide), 124

Technology Reinvestigation Project. See TRP

Temperature, air

in aerodynamic models, 198

in engine models, 198

TER (transfer effectiveness ratio)

computation of, 69-70

Definition of, 105-106

equation for, 69, 105

function of, 69

TERs

summary of, for TOT Experiments 1-4, figure 12 (p. 114)

for TOT Experiment 1, figure 4 (p. 107)

for TOT Experiment 2, figure 6 (p. 109)

for TOT Experiment 3, figure 8 (p. 111)

for TOT Experiment 4, figure 10 (p. 113)

Test items

in design-phase of IPISD, 36

precision of, as key to success in training, 36

relation of, to instructional objectives, 40

Texture in visual perception

interrelationships of familiar size and, 261

kinds of information provided by, 261

of surface features, 261

TH-55 training helicopter, 106

TH-67 helicopter as UH-1 replacement, 97

Third World, locating training facilities in, 174

Thorpe, Jack, 49
Three Mile Island

report of accident at, 32

training program inadequacies as factor in accident at, 32

Throughput defined, 168
Tilt-rotor aircraft

potential market penetration of, 7

problems in simulating, 175

projected market for, 6-7. See also Rotary-wing aircraft

Tilt-wing aircraft

potential market penetration of, 7

problems in simulating, 175

Time-domain data, 208-209

Time-domain validation, 203

coupling problems in, 203

difficulties of, for rotary-wing models, 203-204

vehicle instability problems in, 203

Time-history comparisons with AH-64 DASE-on, figures 11-14 (pp. 236-239)
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Timelagsinmain-rotormodel, 197

Time responses in flight-test model evaluation, 203

Tip-path-plane approach to rotor modeling, 197. See also Main-rotor model

Top-down approach in simulator design, 164

Torque dynamics in engine model, 196

TOSS (TAWL Operator Simulation System) as part of TAWL/TOSS task-loading assessment

model, 99

TOT (transfer of training). See also Backward transfer of training; Quasi-transfer experiments

as measure of simulator training effectiveness, 103-104

forward, presumptions of, 105

TOT Experiment 1,106-107

as process evaluation, 106

ITRs for, figure 5 (p. 108)

limitations of simulator used in, 107

maneuvers trained in, 106-107

purpose of, 106

results of, 108

TERs for, figure 4, (p. 107)

TOT Experiment 2
discussion of, 108-110

1TRs for, figure 7 (p. 110)

simulator improvements for, 108-109

subjects of, 109

TERs for, figure 6 (p. 109)

TOT Experiment 3

average TER for, 110
discussion of, 110-111

1TRs for, figure 9 (p. 111)
TERs for, figure 8 (p. 111)

TOT Experiment 4

average TER for, 112
discussion of, 112-113

summary of results of, 113-115

TOT experiments with AFHT, 118-123

chi-square hypothesis results for, table 1 (p. 121)
evaluation criteria used in, 119

maneuver iterations as measure of performance in, 120

procedural format of, 120

purpose of, 118-119

results of, 120-123, figure 15 (p. 121)

across maneuvers, table 2 (p. 122)
subjects for, 119

TOT research. See also TOT Experiment 1; TOT Experiment 2; TOT Experiment 3;

TOT Experiment 4

descriptions of four experiments in, 106
Experiment I of, description of, 106-108

Experiment 2 of, description of, 108-110
Experiment 3 of, description of, 110-111

Experiment 4 of, description of, 112-113

summary of experiments in, 113-115

Tracking of flight students in mission-specific training, 92-93

TRADOC (Training and Doctrine Command), implementation of crew-coordination by, 100
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Trainee entry behavior

classes of, 36

in design-phase of IPISD, 36

Training

cost factors in, for rotary-wing pilots, 21

diminishing returns factor in effectiveness of, 65

importance of keeping crew in loop in, 8

for rotary-wing pilots specified by FARs, 16-20. See also Rotary-wing pilot training

simulator fidelity in, 50

Training aircrew, 55-57. See also Aircrew training

Training and Personnel Systems Sciences and Technology Evaluation Management Committee.

See TAPSTEM

Training category

FAR Part 135 initial-equipment-training, 20

FAR Part 135 initial-new-hire-training, 19

FAR Part 135 recurrent-training, 20

FAR Part 135 requalification-training, 20

FAR Part 135 transition-training, 20

FAR Part 135 upgrade-training, 20

Training cost-effectiveness

determining optimization of, 73-78

exponential decay model in computation of, 74

Training costs, ISD in interpretation of, 31

Training devices

development of, 156-177

with generic cockpits, 136

importance of proper use of, 49

in integrated training programs, 157

mix of, in providing effective training, 50

physical fidelity of, and training effectiveness, 53-54

requirements for wide range of, 177

unaffordability of, 136

Training and Doctrine Command. See TRADOC

Training effectiveness, 61. See also CEA

and ISD approach, 31

measurement of, 65-67, 68-70

model relating performance and training in, 70-73

percent transfer in, 68-69

in terms of optimal cost-effectiveness, 73-78

example computation of, 75-78

Training efficiency and ISD approach, 31

Training equipment

effect of absence of large rotary-wing operators on, 4

potential of innovations in, 4

Training equipment manufacturers

effect of certification requirements on, 149

effects of free-market competition among, 151

factors in marketing decisions of, 150-151

in providing appropriate rotary-wing devices, 147

role of, in regulatory developments, 148

Training Exemption 5241C, 27
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Training Exemption 5324A, 27

Training facilities, rotary-wing, 15

Training fidelity. See Functional fidelity

Training instructors as subject matter experts only, 32

Training needs of small rotary-wing operators, 4

Training programs
allocation of resources for, 64

cost-effectiveness analysis of
1TER in, 67

1TF in, 67

cost minimization of, 66-67
external evaluation of, 41

frequent lack of precise definition of, 32

internal evaluation of, 41

principal factors in setting content of, 17. See also Rotary-wing pilot training

revisions of, 41

role of instructors in, 41

role of managers in, 42

SR in, 67

Training requirements, origin of current, 20-21

Training of rotary-wing pilots

civil operators future responsibility for, 8

fuU-flight simulators used in, 9

military as primary source of, 7-8

part-time training devices used in, 9

use of aircraft in, 9

Training simulators. See Simulator; Simulator flight training; Simulators

Training standards

effects of training to minimum, 21

inadequacies of, 21-22

Training-task/device matrix, 135
Training tasks in analyze-phase of IPISD, 33-34

Training transfer, simulator functional fidelity as determinant of, 257-258

Transfer effectiveness ratio. See TER; TERs

Transfer function solver, 195

Transfer of training. See also TOT

backward, 80

data in optimization of simulator training, example of use of, 76-77

definition of, 50-51. See also Simulator

effects of simulator motion cues on, 249

physical fidelity of training devices and, 53-54

Transformation systems for vector rotation, 183-184

Transition training requirements for FAR Part 135 operators, 20

Translational dynamics, equations describing, 193-194

Translational equations

as developed in body-axis system, 184-185

effect of moving body axis on, 188
rotational velocity terms in, 188

in solving body-axis accelerations, 192-193

transformation of, to inertial frame, 189-190

Translational motion vectors in motion cue analysis, 263

TRP (Technology Reinvestment Project), 125
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Turbine-engined helicopters, 152

Turbulence modeling, Taylor's hypothesis in, 198-199

Turbulence models, inappropriateness of, for rotary-wing applications, 199

UH-1 Huey helicopter, 93, 95, 96, 97, 106, 115

nose-high hovering of, 115
measurements of TOT from AHT to, 117

TOT simulator studies of, 106-115

TOT studies of AHT applications to, 119

UH-1 Training Research Simulator. See UH-1TRS
UH-1 Transition Phase, 107

UH-1TRS, 106, 123

aerodynamic model of, 115

in evaluating training in rotary-wing flight maneuvers, 105

in producing positive TOT, 122

research questions addressed by, 105

TOT evaluation of, 105

in TOT Experiment 1,107

in TOT Experiment 2, 108

in TOT Experiment 3, 110

in TOT Experiment 4, 112

in TOT experiments, 113, 115

UH-60 Blackhawk helicopter, 93, 95, 96, 97

crews in studies of aircrew coordination, 124

Uncle aerodynamic model, 107

UNIX operating system, contributions of, to simulation, 171

Upgrade training requirements for FAR Part 135 operators, 20

USAAVNC (U.S. Army Aviation Center), 1130, 104

as largest rotary-wing pilot training facility, 87-88

in implementing multi-track test battery, 97

installation of BATs at, 93

in study of rotary-wing aircraft accidents, 123-125

training of U.S. Air Force Pilots at, 88

U.S. Air Force Aerospace Medical Research and Human Resources Laboratory in motion

perspective work, 267-268

U.S. Army Aviation Center. See USAAVNC

U.S. Army Research Institute, 96

Utility Mission

definition of, 93

discriminant analysis of trainees for, 95

in dual-track training, 93-95

in multi-track IERW course, 95

Velocities, transformation of, to body-axis system, 192. See also Body-axis velocities

Verbal information in memory organization, 46

Verbal mediation, 54

Vergence, 259

in size-constancy perception, 260

Vertical acceleration

motion cues, 249-250
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Vertical acceleration (continued)

response sensitivity in AH-64 model evaluation, 215-216

Vertical flight. See Rotary-wing flight; Rotary-wing operators; Rotary-wing operations;

Rotary-wing pilots
Vertical motion Simulator. See VMS

Vertiport in downtown Dallas, 7

Vertiports, cost advantages of, 7

Vibration, variations in levels of, in flight simulation, 161

Vibration characteristics

importance of, in rotary-wing simulators, 161

simulation of, 161

in simulator design, 160

Virtual reality

example scenario for application of, to flight training, 141-142

in future flight training, 140-141
Visual cues

and pilot performance, 268

in rotary-wing simulators, 11-12

Visual field

angular velocity of object in, 264

movement patterns, 263

translational movement in, 264

Visual perception, 257

familiar-size cue in, 260-261

fidelity requirement differences of rotary-wing aircraft, 261-263

scene requirements for, 270-272

size-constancy in, 259-260

texture cues in, 261. See also Texture in visual perception

texture effects in, 261

Visual scan pattern, 270

Visual scene

effect of contents of, on rotary-wing pilot performance, 99-100

generation, description of, 258-259

number of textural elements in, for motion-perspective mechanism, 268
Visual scenes

characteristics of texture elements of, 271

in rotary-wing simulators, 156

in simulation, texture elements in, 270-271

Visual systems

as components of simulation system, 178

computer-generated scenes for, 162

data required for, 162

Visual volume and perceptual fidelity, 258

VMS (Vertical Motion Simulator)

in AH-64 Apache modeling, 212

capabilities of, 212-213

Von Karrnan model as example of air turbulence modeling, 199

Vortex-ring condition, onset of, 158

V-22 tilt rotor as potential factor in rotary-wing simulator sales, 12
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Warrant officer candidates. See WOCs

Wind-axis system in main-rotor model, 197-198

Wiring diagrams as simulator design data, 160
WOCs (warrant officer candidates)

effect of, on pilot trainee attrition rates, 89
FAST cut-score for, 91

World Aviation Directory, 3

World Wax II military aviator training, 89

Yaw sensitivity in AH-64 Apache model evaluation, 215

Zacharias, L. and motion perspective, 267-288

Zero flight time. See ZFr

ZFF (zero flight time) environment, 157

proficiency check in, 157

-_ U.S. GOVERNMENT PRINTING OFFICE: 1995 -- 685-93C


