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This rensrt summarizes the work under Contract FA4620-73-C-0058 Between H
Life Sciences, Inc, and the Alr Force Office of Sclentlflc Research, The
work was concerned with studies of motlon and visual Interactlon In simulator
sian and application, The speclflc objectives of the work wera: (1)
describe the characteristics of simulator motlion and visual display In
auantitatlve terms as exper!mantal varlables; (2) delineate moasures of the ~
dependent varlables In terms of system output and pliot Input measures, (3)
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™Sjdentify and assign priorities to the experimental questions and formulate
an overal! plan for their Investigation; (4) determine the capabl 1ty and
avallability of the rescarch equipment availabte for carryling out the
exnerimental Investigations; and (5) make recommendations for carrying out
exneriments based upon considerations of priorlty and research equipment
capability and availabl!lfy.Q

Due to the large number™of_experiments indlicated, etfort was concentrated
on the development and test #be performance eaulvalence method for determining
trainina simulator characterlistics which would be more economlcal of time
and effort, This method proposes the comparison of the simuiator and alrcraft
based upon the measured performance of the pllot In terms of control Inputs
tc the two systems being compared, Data were collected In an Instrumented T-37
tralning aircraft as the tirst step In carrylng ollot performance to that in
the ASUPT simulation system at Human Resources Laboratory Flying Tralning
Division, Williams AFB, Due to administratlive and scheduling constralnts
In collectinag the alrcraft data left time in the contract for only a preliminary
analysis of these data, Equlpment and schedullng constraints allowed for
cellection of data In ASUPT on only one pllot for one flight,

Prelirinary analysis of the aircraft dato indicate that these data can
be used protitably in the derivation of measures cf pilot perfermance for test
of the performance equivalence concent, Since no time remalned In the
contract to carry out oreliminary analysis of the ASUPT data no projections
can be made as 1o the adecuacy of these data,

An overall procrar of research on the motlion=-vision and thel  [nter~
action problar was outlined tased upon use of the T-37 alrcratt date as a
point of departure in conflauring ASUFT as a criterion device, The carrying
out of the nlan if successtul wouid srovide oulcker and mere economrlcal
answers to botii simulator characteristics and tralnina methodoloay questions
orovided the necessary funds and personne! supoort could te brouaht to bear
on the problem, It is recommended that the program be pursued.
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1,0 INTRODUCT ION

Those concerned w!th the training of alrcraft pilots have been working
tor a lona while toward developinag effliclent and effective tralning methods,
Their work has been directed towerd methods which would reduce training
cost and time and to increase its' auallity and safety, Receni advances In
the technoloay for nroduclna compiex tralning devices coupied with a
areater need to conserve eneray resources have resulted In Increased
Intarect in obrtaining hard data for answerina the auestlons about cost
eftfective simulator deslan,

The Investi-ations reported here wore almed at providing answers to
a portion of these nuestions, Specifically, they were deslaned to obtaln
information for auldance in conflguring the motlion and external visual
characteristics of trainina simulators to be used within the severzl levels
of nilot traininn of the United States Alr Force, It was expected that
the findinns would be generalizatle to training in other tasks which reaquire
both motor skilis and coanitive information processing, Whlle the specific
characteristics ot tralning slmulators to be Investlgated were the external
visual dlsplay, simulator motion and thelr interactlon, 1t was recognlzed
that theyv could not be considored in isclatlicon from other Important
variables actina 'n the training situation, Other characteristics of the
simulator itselt are imnortant and Interact with motion and vision, A
second set of varlables Important to the effectiveness ot the simulator
are those subsumed under the rubric of training methodoloqgy. Thls iatter
categorv |s concerned with such 1tems as specifliclity of tralntna

objectives, seauenclnng of trainina objectlves and tasks, methods of feed-

back, coanltive intearation and a host of other variables, It goes

o
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without saylina that these variables interact In the training sltuation and
that the desiaqn of experiments aimed at speclifyling the degree or level of
anv one for effective training must consider the many levels of Its inter-
action with the other varlables, Determining all of the effects and
combinations of eftects would be a long and tedlious process. The enormity
of the aumber of experiments needed to provide answers to questions ralsed
by these interactions using traditional experimental designs and methods
caused the present study to become very much orlented towarc the development
of more efficlient experimental and evaluative techniques. These technliques
are discussed in detall In later sections,

The ohjective ¢of obtainina speclflic data for recommendations and
nuidance renuired stating sceclfic auestions and deflning certain procedures,
These are stated and described in the paragraphs to follow,

1,1, DESCRIPTION OF [INDEPENDENT VARIABLES

A first task was to describe and quantify the Independent resea-ch
varliables withlin the areas of simulator motlon and visual display,

Although, to the experienced research worker this point would seem un-
necessary of beina made exnllclt, by far the greater proportion of

research on these variahbles, particularly that of simulator motlon, has been
and 1s belno carried out without expllicit detinition ot the variable,

It was felt to be an important premise that the research varlabies be
defined In a manner ind2pendent from the present state=of=-the-art for
Implementina them in simulators and along a dimension unlversaliy meaningful
to the simulator design enaineer. He could then impiement the fIindings

In the most efficient way that he could devise based upon the state of the

encineering art at the time,

e b s i
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1.2 SCALING OF VARIABLES

A second and corollary task to be addressed In dealling with the
research variables was the means for establishlina the perceptual range
and the scallina Interval of the varlables, The answer to thls cuestion
bears dlirectlv unon how the vartables might be used In other experimentail
paradlaoms, ‘'ore importantly, It provides dlrect Information to those
concerned with deslaning and procurina simulators as to the decree to
which varlables ordinarliy expressed In physical "hardware terms' are
perceived and acted upon by the operator of the system,
1,3 DEPENDENT VARIABLE " ASUREMENT

The third major area of concern was with the measures and methods by
which +he resultant or dependent effects of varving the experimantai
varlables was to be assessed, Corollary to the speclfication of the
measurement and scalina of the Independent varlable 1s the effect variations
has uypon the outcome of Interest. Tradltional methods of looking at the
output of the total system, while appropriate when the total system output
s the onlv interest, can be mlsleading when the experimenta! question is
concerned with the effect variatlion 1n the system has upon the controi
behavior of the onerator, Partlcular emphasis is5 placed upon thls point
in this study because of its Importance to fraining In the alrcraft
control task In s!mulators and because of the resistance with which the
concept has been met wlthin the research communlty, Emnhasls in this
report has been placed upon the extreme Importance of lookina at the
onerator's outnut behavior when evaluating or comparina systems In which

the operator 1s belna *rained as a closed loon compensatory controller,

fanoring measurement of the controller's output Is to be lgnorant
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of the behavior beina shaped by the tralning device.
lo4 TDENTIFYING EXPERIMENTAL QUESTIONS

The fourth area of concern In the present study was that of brinalng
tonether anc assimliating what 15 known about the effects of mction, vision
and their interaction In the simuiator situation; maklina expllicit certaln
experimental auestions to be answered; and assigninc nriorities to those
anuestions, The criteria for priorities can change as conditions and
renuirements within the Alr Force and its workling environment change,
For example, the necessity for maklna decisions about simulators for
speclfic systems under development and procurement may bring added
pressure for data upon which to base declislons spoeclflic to those systems,
At tha same time such partlcular and speciflc questions must be welahed
against the necessity for defining basic questions and abtalining data
aeneral Izable across many systems, Often thls latter research is put
aside In favor of answering a speclflc question at 2 alven time or utilizing
a speciflc plece of experimental apparatus,
f.5 RESEARCH EQUIPMENT, CAPABILITY AND AVAILABILITY

A further Important factor in setting priorltles and obtaining
answers is the avallabillty and capabl|ity of research eguipment and
resources for cbtalnina emplirical data. It should be axiomatic In
experimental research that the experimental question should be stated
specificaliy; experimental variables defined expllicitiy; the measuremer.t
technioues del ineated; and finally, the experimental apparatus des!gned
and procured for Investinatlion ot the stated questlions, Thls utopla 1s

rarelv obtalnable even for ra%ﬂST'?Tmole anuestlons dealt with In a

{ahboratory situation, It is certalnly less llkely to be reallzed In




workina with the complex problems belng dealt with In pliot training with
Its reaqulirement for complex advanced state-of=the-art and expenslive i
research eaulpment, The eaqulipment deslaqned to be the most complete for
studying the nuestlons addressed in thls study was felt to be the ASUPT
simutator located at the Alr Force Human Resources Laboratory, Flyina

Traininag Divislon, AFSC, Wllllams Alr fForce Base, |t was, therefore, a
nart of intent ot this project to determine the capablilities of this

resaearch enulpment and to use this capablllty as one of the factors In

deter~ininc research priorities,

[ SESOMTENINED RESEARCH

“‘ase3 uron the consliderations and findlings In the above flve

~a~a~rachs it was the purpose of thls study to comblne this information
with that ot a paralle! study of training research prioritles based upon

trne concensus of experts In the fleld and to evolve a short and long term

research nroqram speclflic to obtalrning answers to the guestlions of vislon
any motion simulation in pllot tralning simulators, !t was also to be the
responsibility of personne! Involved In thls project to assist In the
conduct of critical experiments in the hlah nriorty areas, analysls of 1
ths data and interpretation and application of the results,
It 1s the purpose of this report to summarize the progress and the !
prot:lems In attempting to carry out the actlivities llsted In the above
paraaraphs, as guldance both for the cdeslan of simulators and for future

research,

L%al
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2.0 DESCRIPTION OF EXPERIMENTAL VARIABLES
2,1 MOTION VARIABLES

it was indicated in the sariler sectlion that one of the Imnortant
items To be accompllshed In the project was the definitlon of the
indenendant experimaental variables, |+ was also Indicated that sneclfic
definition of the motlon varlable Is required in order to manipulate It
as an Independent variable. Just as Importantiy, it should be deflned
such that it Is meaninaful and useful to the simutator deslign englneer,

Motlion, as 1t may be sensed by the operator and Influence hls control
behavier, has been considered In this study as belna ¢f two major types,
These are (|) external forclina functions of which there are two sub-
catecories, and (2) movement as a result of control movement,

2.1,1 External Forclnag Functions

The external forcina function to which the system (alrcratt) reacts
and to which the operator in turn responds may be Imparted to the system
through changes iIn alr density or movement (turbulence), or they may be
inputs to the system, elther external or internal, which may be termed
abnormal or catastrophic Inputs. Each of these two typves is elaborated in
the paragraphs below,

The most important type of alrcraft motion which must bte ldentified
and descr ibed Is that of the responcve of the alrcraftt to the normal and
continuously actino tnouts to 1t from the turbulence to which It is
sub jected, In examining this source of motlon, Inferest ls upon Its
etfect upon pllot's abllity to carry out the comnensatory control

activities required to direct his alrcraft through three~dimensional space.

R
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in order to dlirect his alrcraft through this space he must exert direct
control over the pltch, roll, and vaw axes ot hls alrcraft, External
forces which tend to force hls alrcraft from the attitude which he is
attempting to maintaln must te sensed by him and corrections made,

The major disturbances to his alrcraft from these external forcing
tuncticns act to disturb the system in pitch, ro!l and along the z or
heave axis, The operator's sensing of these dlsturbances can serve as
cues to him in exerclsing control over the plitch, roll and the yaw axes
and thus null the error, It |Is, Therefore, important that the response
characteristics of the svstem beinc controlled, as i+ 1s dlisturbed In
its operating environment, be ldentifled and described in a quantitative
tfasnhion so that its importance to operator control may be determined,

The secend tvpe of forcing tunction Is simliar In its effect to a
turbutence input oput can be differentizted In that It Is ordirarliy not
continuous and may require a verv rapld but rarely occuring response on
the part of the controller, An often cited examplie of this {s the sudden
loss ot power In an outboard enaine on a transport type alrcratt, In
such a si+uation the sensed motion may nrovide the operator wlth the
information necessary for him to make correctlive Inputs into the system,
2.1.,2 Control input Motion

The second major type of motion Is that which the system makes In
response to inputs Into the controls, The Immedlate feedback to the
operator after making a control input is the motion of the system about
the pltch, roil and vaw axes and In response to changes in power or
thrust. An Important source of movement in some systems I3 [1s response

t+o the release of stores of various kinds, Thls resgonse Can be

O~ T e TR o— e PR i
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consldered an external forcina function {eadina to a disturbance In the
svstem To be sensed and controlled by the operavor,

I+ was pointea out in Sectlon | that a hiahly complex interaction of
variables must be considered In studylina the characteristics of sirmulators
o aircratt, With respect to control movement motion it is helieved
necrssarv to point out at this time the importance of the kinesthetic
teedhack from the controls and its relationshlp to motion and visual feed-
macv In trainers and simulators cf aircratt, (n such systemg when the
onerator Is attemptina to pertorm a compensatorv tracklina task and 1o
null errors as thev occur, a3 deviation from the standard may come about
as a functlion of elther a contral input or as a result of an externally
anplled forcinn function., It ls important to the operator in his performance
of nrecise control that he be able to separate those deviations occurrinn
from external forcina functions and those occurring as a result of control
rovement and that he be able to do this on a oroportional basis, That
s to say that it is necessary for him to learn, based upon kinesthetic
tpedback from hls contro!l, what deviation to expect for a glven amount of
control inrnut so that if simultansous to hls control input an external
forcine function acts either to amptify or attentuate the deviation he
can identify it and adant hls control accordinaiv,

2.1.3 Ytotion as an txserimental Variable In the Simulator

Ore of the majcr deterents to cbtaining objective and generalizable

data with respect to the relatlionshin between motion and performance has

veen the lack of specificlty In the definition of motlon as an experi-
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mental variable, Often no hint of the characterlistics of the motion

platform under Investigation is alven, Unless simulator platform motion
is deflned In terms and with a metric which allows Its preclse
implementation as an exnerimental variable or as a desian parameter the
nuestlion of the eftect of motion will remaln in |imbo,

The basic problem In dafinina simulator motlon |s +t» establish a

means of measurina the physical fact of the motion of a platform so that
the amount of motion can be varled In precise measurable ways and to do

thls in a wav In which Is meaninaful and useful to the simulator deslign

ancineer,

The physlcal reallty of the chanae in position of a mass such as a
simulator motlon platform may be modeled and described mathematically
throuah description of that change In position and the derlvatives of that
chanqe, The fldel!ty problem In simulation Is one, flrst of all, of
determinina whether the chanaes of position of the platform and the
derivatives ot those channes are |ike those exhiblted by the vehicle belna
simulated, 1,e., the alrcraftt, Obviously the simulator does not dupllicate
the alrcratt wlth resnect to the mannitude of the chanages in posttion,
1t may be made to dupllicate the alrcraft with respect to certaln ot
derivatives provided that the raesults ot the Inteqration of these
derivatives does not exceed some final valuwe, We can do thls by setting
into motlon a counter torce or motlon In the opposite dlrection come to
he termed "washout",

The capabllity of a simulator motion plattorm for transmitting
movement to the cocknlt and to the pllot may be described quantitatively

in terms of Its ablllity to reproduce zertaln rates, accelerations, and




rates of onset of acceleration exhibited by the alrcraft and percelved by
the pilot as informatlon pertinent to hls control of the svstem, Due to
the limited positional chanqe capablllity of the simulator, however, the
washback feature must be Incorporated during which the same physlcal
asnoects of motion, i,e,, rates, accelerations and rates of onset of
accelerations are Involved, |In this case thelr maonltudes must be kept
below the perceptable |imits of the pllot,

The response of the simuiator platform may be descrlibed as Its
abllity to respond to a alven Input or Impuise to the platform and this
response could be described In terms of the way It moves over time,

Thus, |f the platform were driven by a sinusoidal Input wlth varylna
trequency, the cutput or the way In which the platform foliowed thls
input could be nlotted as a function of time, 1,e,, It could be described
in the Time domaln, Thlis method of looking at the response of the niate
form perhaps makes it more clearlv understood how a platform, due to Its
particutar characteristics, may not follow the Input precisely, In

part cular, as the Inout (the sinuscidal driving function) Increases In
traaguency the platform may fall behind the Input both In terms of the
ampl itude and the freaguency o¢ Its response, l,e,, 1t wll! beqln to lan
behind the input, These attributes of the response of the plaiform to

a sinusoidal tnnut may be described In terms of Its frequency response
and Its phase lac, l.e., It may he described In the freauency domaln,

An Important conslderation In the description of the response of the

motlon platform in the frenuency domain is that of the driving or forclng

tunction, A standard method for determininag the freauency response of

BRI




the platform might be as 'ndlcated above, 1,e,, that of driving the plat-
Y form with a glven sinusoldal Input and plottina 1ts response. Thus, a

motion platform could be conflqured to respond |lke the open~lcop response
E ' of the alrcraft with resnect to rates of onset of accelerations,

accelerations, rates and so forth, However, with the simulator platform

an opposina movemanrt must be Inltiated before impractical positionai
chanoes have taken place, Thus, |t these opposina forces ace Initlated
before large rates or positions have occurrad the less complex the
platform is likely to be. The questlon becomes one of whether or not
the nlatform can be made to provide the pltot with useable motion cues
to his control while It 1s limited to low posltional and rate changes,
A note of caution must also be soundad with respect to the determination

of the response freguency of the platform through use of an open=|oop

Looal

driving sinusoidal tunction, The open=ioop test is a stralght forward
way of determining the transfer function of the device belng examined,
i,e,, Its abillty to follow the Input values and a description of how It
follows, However, 1f the system |s closed=lcop system, 1,e,, an operator
(pltot) is nlaced within the system, he senses the output and acts upon

{ 1t in a particular way, We may find that he Is adding something to hls
control which makes the system respond faster than it would appear to

respond In solely ooen~ioop fashlon, That ls to say, that the pliot may

anticlpate or act upon Information recelved by him and make Inputs into
the system which provice lead or anticipatory Informatlon, The resuit

would be to drive the system faster than |+ would appear to respond under

the open-loop sltuation, Thus, the frequency response reculred In a
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simulator ptatform might very well be higher than would appear to be

necessary with an open=loop test comparison of the platform with the

alrcraft,

In any case, the freauency response method of examining the flidellity
of motlon characteristics of a simulator appears to be very feasible and
one which is useful to the simulator deslagn enalineer, What is Involved
s the determination of the upper breakpoint freaquency response of the
simulator platform which determines how fast it wlli respond and the
lower breakpoint frecuency which determines 1n effect how fast It wil!
washout or return, Past research would Indlcate that the upper break=-
polnt freaguency of the nlattorm should be, at least, 2,5 hz and the lower
breakpolint freaquency could be as hinh as ,5 hz, However, these values
are not well established and a useful research motion platform should be
capable of responding up to approximately 3,5 hz at the upper breakpeolnt,

In summary, the description of the fidelitv of simulation variable
for anv dimension of motion Is recommended toc be the freaquency response
o¢ the platform to & standard driving input, The range of this freauency
ts recommended to be from U *to 3,5 hz for a research simuiator.

2.2 VISUAL DISPLAY VARIABLES
2.2,1 Visual System Designs

All visual simuiation systems requlire that some method be devised to
aenerate an Imane and some method also be devised to dligplay that [mage,
Taylor et al.' have |isted four basic approaches to visual simulation, all
oi which are extant In one form or another In simuiators in use today,

These are (a) the model system anproach, (b) the f1im projection system
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approach, (c) a system Invoiving transparency reconstruction, and (d) the

electronic {mage aeneration system approach,

e & e~ MMM.M)M.MMLM

The model system Inveives the construction of a scale mode! of a
scene to be slmulated, A TV camera or other optlical pickup device Is
usually placed on gimbals or servo mechanisms |located over the model and
the optical pick-up system then scans the model with the pllot operating
the alrcratt controls in the simulator according to the plcture displayed.

Film projectlion systems provide two-dimansional representations of a
three-dimensional scene via motion plcture flim or f1im strip,

In transparency recenstruction, according to Taylor et al,, a constant
hinh Intensity beam of electrons Is swept In tIime across the low persistence
screen of a flylnn spot scanner In a specifled raster pattern, The raster
ts focused on The fTransparency which modulates an intensity the 1ight
flux passing thrcugh 1t. This time varying flux is detected by light
sensitive nhoto multiptlers which In turn generate voltanges pronorticnal
4o the Incident tiaght flux,

Flnally, these authors l1st electronic Image generation, Thlis
involves the generation of a visual imane by a diglital computer system
which has stored the adata describing the visual environment In the
computer memory and solves, In real=time, a mapping transformation
tunction which deflnes the environment ontoe the dlspiay or Image plane.

Two thinags are Yo be consldered concerning the four general methods
tor aeneratinan visual displays. Flrst, any attempt to specify and
ouantlfy Independent vartables for evaluation and/or generation of a
visual simulation dlispiiy shouid be Independent of the technlique which

Is calied for In the development of the dlisplay, That Is, specitication
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of the Indeocendent variables shouid not be continagent upon whether the
Images are deveioped from a model or from a *ransparency, etc, Second,
the image, whether it is nenerated bv any or all of these four |lsted above
has certain characteristics which have been addressed by researchers In
times past, 1t Is to this second poilnt that comments are now directed,
2.2.2 Visual Nisplay Characteristics

Researchers have nostulated several anrroaches to the evaluatlon of a
visual disnlav, In the evaluation of these displays there seems to be
some consensus with resnpect to certaln criterla which an Image should
attain In order to be acceptatle, A convenient dichotomy has been proposed
by Rouqelofz, who sunaested that Images should exhlbit deslired characvar-
istics of quallty and content, Qualltative characterlstics he |Isted were
briqghtness, resolution, color, focus, and contrast, He listed under ihe
headinn of content: wlde fleld of view, reallsm (detall), unrestricted
environment dynamics (e,r,, controliable moving objects !n the environment)
and unrestricted environment coverage, Other researchers (e.q., Rosendah|3,
hava Indicated that al! Imanes should meet some criterion of resolutlion,
He has suqnested that In additlion to resolution, sharpness of the optlical
Image 1s Imnortant, He went further to suaaqest that acutance, which Is
the normallzed mean sauare average of the slope of an edae trace, Is a
much hetter exnresslon ot Imaqe sharpness, Other researchers and/or
documents (see for axample the ATA Visuai Simulation Sub-Committee
recommandations for visual specltlcatlions for today's slmulafor“) also
speak of such characteristics as briqhtness, resolution, contrast,

distortion, nersrective, etc,
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The use of Rouaelot's dichoctomy Is a convenlent way to demonstrate
+hat there are certalin characteristics of a visual dlsplay whlch have to

do with the guality of that dicrtav whille there are certaln othe-

characteristics of this display which identlify the Imane or disnlay content,

Further rasearch into the backaround of this cichotomy (see for example
Tavlor et al,) indlcates that Irmage auallty charscteristics such as
briahtness, resolution, sharpness, contrast, distortlon and perspective
are reasonably well cuantitied and certain recommendaticns c<an bte made
to the ennlneer with reszact to the amount of, say, dlstortion which should
be nermlssitle in a aiven visual aisplay, |1 Is the approach here that
there are ontimu~ ~yalitative characteristics ot a visual alsplay such
that one would axnect ontimum perspective, little or no distortion,
contrast within a snecitiad ranqa, a cartaln sharnness level on the part
of the visual disnlav and¢ a disnlay that meets some criterion for
resolution ana triantness, Therefore, the major emphasis in thls report
has haen on those variables which could be subsumec under a headlna of
Imace Content,

A second reason for pursulng variables under the heading of Imacne
Content could be explained on the hasls of the fact that these varlables
are not covered to any creat extent In the literature, Thus, 1t |s dlffl-
cult to provide the desian ennlneer wlth data in aquantltatlive forrm which
accurateily and adeauately defines the content which a visual Image should
possess tor a nlven simulation reaulrement,

1+ is pronosad that those variables to be considered inltlally under

the headina Imaae Content are: detall, compliexity (number of objects per

unit area), realism, and textuce,
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2,2.3 Imane Content Quant!flication

There are two approaches to the quantificatlion of the varlables |isted
under the headlna lmaage Content, It Is possible to speclify a given content
varlable and propose the metric to be used to vary that varlable along some
contlnuum, It Is also possible that one might experiment, as it were, with
the vartable in terms of qualitatlive differences In the variable to make
some determination as to whether this varlable merlits further study, That
s, some variables may be added, deleted, or chanqed as a function of the
exnerimental conditions surroundinn them, For that reason, soma of the
varict. e oroposed have more preclse deflinitlions and a more precise metric
than other varlables and exploratorv studles are needed before a flinmal
judament Is made to Inciude or exclude these varlables,

The conventional annrocach to the speciflcation of these Imaae content
varietles would dictate that one need merely count the number of objects
within a alven visual scene In order to describe the content of that image,
However, thls particular approach Is lacklng In that 1+ Is dlfficult to
establish a rule or model on which to base ths number of alven objects one
might include in a glven scene, That is to say, one needs a rule for
Inclusion or exclusion of a given object or tvpe of object within the
scene, in adaltion, detai! and image content are confounded In that one
miaght establish the relative deqres of Image content on some scale from
high to low and on the basis of the amount of detall Judged to be present
in a visua! scene, Thus, 2 scene rated as having a hlgh amount of detall
would be judned as possessina a hinh level of Image content, On the other
hand, a scene wlth very little detal!l would be judaed to be very low In

Iraae content, This mav be one case of a more aeneral condltlon but 1t




does not lend itself to quantification or descriptlion as an independent
varlable due to the fact that one has no convenlent metric for the
incluslon or exclusion of a qiven object or number of objects In the
scene, It lIs also the case that a scene with very low detall coulid be
judged as possessing a high leve!l of content, That Is to say, one miqht
see a areater number of ohbjects in a qgiven fleld with a low level of
detail per object., Because of this a paradlgm Is developed In the
followinag discussion that disnenses with the notlon of Image content in
the sense of the number of objects required in a gliven scene and approaches
the catejory of Imaae content on the baslis of the cues regulired for the
nitot to accompllsh one of the several categorles of maneuvers requlred of
him. Flgure 2,1 Is a block dlagram of the paradlgm which shows two stages
based on the type ot intormation reaulrea to accompiish a particuiar task,
These staqes are predicated on the notion that the plict reaqulres two
kinds of visual Information in order to accompllsh hls task; posltion
intormatlion and rate Information. The paradliam Itselt was developed out
ot a model for visua!l discrimination (Thlielgas & Mafhenys) which analyzes
the vlsual scene external to the alrcraft In terms of perspective geometry,
That is, a picture plane is chosen to |le coincldent with the alrcratt
windscreen and naroendicular to the eye |ine of renard so that an external
referent is nrojected on thls polane, Simultaneously an internal referent
exlsts on the plane, Thus, the external and Internal referents Ile In
juxtanosition one to the other and the essentia! task of the nllot Is to
detect perturbations of the vehicle on the basls of the relatlonship or
change In the relatlionship of the Internal and external referents on thls

nicture plane,
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Requlred
in Task Used Information
Staqge Image For Obtalned
System of Detection & Posltion
| internal & External identliflicatlion
Referents of
fxternal
Referent
Surface & ident!fication Posltion
2. Sky & &
Texture Tracking Rate Info,
Flaure 2.1 Proposed Two=Stane Visual Cue Paradigm,

Referrina to Fiagure 2,1, the first stage indicates that If one lIs
glven a system of referents (in this case the internal and external
reterents alluded to above) one may obtain position information from the
juxtaposition ot these referents and this juxtapos!tion will serve then
for the detectlon and ldentiflcation of an external referent, Alternately,
the first staas conciders the task of the pllot to be detection and
tdentiflcation of some external ratfterent which Is usually in the form of
objects or scenes or taraets within the field of view. Thls paradigm Is
independent of the mancuver reaulred of the operator, !,e.,, whether It Is
to be take-~off and landina, formation flight, etc, A alven task might be
to ldentify an external object which would be deslanated the external referent
(€7) and which thr pilot must identity and act upon, Identification of the
external referent reauires nositlion Information with respect to that external
referent, For example, if the pliot were reculred to join un with another

alrcraft for formatlon #ilaht the ERR in the alven fleld would be the

alrcratt wlith which the pilot must joln,

Thus, a system of external
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referents |s reaquired In order to provide nosition Information to accompllsh
the tasks of detection and identlflication of an external referent to vwhich
at some later time some meanlino wi!l be attached,

The second staqe discusses an addlitlonal task in addltlion to
identiflcation; namely, tracklna., {n order to track a referent external
to an alrcraftt the pllot Is reauired to have some type of rate data to
alve him lead or predictive information, |In thls case rate data could
be provided by surface or ctky texture, These textures can be ldentified
or defined as the vextures of elther the ground surface or, In the case
of ioining up with an additional alrcraft In formatlon fltoht, the air-
craft Itself or other obiects in the immediate vicinity of the nliot,

To recaplituiate, the paradigm of Image content for a qglven vlisua!
dispiay has two parts wnich are aivided on the basis ¢t wnether the
individual must identifv or whether he must track a gliven object within
the scene, |f detection and identification Is the task then the subject
needs nositioning information which !s provided by objects In the fleld,
1t the Individua! must then track these oblects it Is necessary t¢ have
rate information which can be provided by surface or sky texture, |t
shouid be noted at this polnt that for an individua! fto accompllish a
qlven visual task he will be both !dentifyina and tracking an external
referent, Therefore, his task is actually one of time sharing between P
ldentitication and trackina In a alver maneuver and thls manauver
dictates whether he is to spend most of his time identlfylng or most of u
his tIme trackina,

Finally, In Its simptest form fthe mode! states that the two stages

nprovide information for detection and Identiflication throuagh a system of
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Internal and external referents and prov!des for detection of rates
through surface or sky texture, Although the model Is Incomplete It Is
canvenient as a vehicle to test the flirst Iist of proposed varlables,
namely detail, complexiiy, reallsm and texture, further, It is necessary
to test these varlables, in part because it Is doubtful that one would
find vlsual slmulation systems acceptable which do not have a modlicum of
face validltv, It Is perhaps necessary that dispiays show or project
imaoes of what the pilot expects to see in the so-callied real world
slituation, even 14 thece add nothlna of value to the fraining sltuation,
2.2.4 Imaae Contert Varlezbles

Complexity of contsnt Is oparationally defined as the number of
ohjects per unit area, Complexitv, In the general sense, simply means
how cluttered tha Image 's, It is pertinent to our oceneral model In that
one can vary fthe level of complexlty as defined atuve and thereoy test
certain tenents of the mode! wlth respect to embedding externa! referents
In the Image, placing the requirement on the nilot-observer to detect and
identify the external referent and fhen act upon 1+, As such, complexity
is one of those varlables which was suqgested earlier as one which shoula
first take a cateqorlical or gualitatlve form for further exploratlon,
That is, one should not expect at the outset to be able to guantify the
variable complexity without f.rst iavestiqating complexity on gome molar
lavel to make determinations as to what particular characterlstics or
parts of +hls varlable complex|ty are amenable to quant!fication., Simply
stated, a scene with a standard unit area which has relatlively few objects
discernible within that area would be consldered a scene with a low level

of complexity, In contrast & scene with a unlt area which has 2 large
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number of objects discernibie within this area would be judqed a scene a
hiah ilevel of complexity, For purposes of inltlal study, therefore, It Is
nreferable to consider compiexity in terms of catenories of hich and iow
levels (or simnle vs, complex) with the relatlve numbers of objects withe
In 2 niven unit area operationally defining these cateqories, The out-
come of experimentation with thls varliable 1s such that the variable would
prove To be elther a meaninaless term or one which could be explored further
with ultimate cuantification of the objects In terms perhaps of optimum,
minimum, and maximum requirements for the number of objects within a given
unit area, not only on the basis of what Is necessary and sufficient but
what is iudoed to he accentablie to the observer,

(loincident with the construct complex!ty one needs also to consider
the notion of realism, Realism, per se, of a alven imane is actually a
meaninaless term, in one sense it miaht be sald that there 1s no such
thing as a reatistic scene, This is, at least, partiy true from an
obiective noint of view owing nrimarily to the fact that reallism is a
two-pronned term, |t depends nartly on the content or complexity of
the given scene and partly on the perceptual characteristics of the
observer in terms cof his perceptual set, central nervous svstem mechanisms,
and perinheral receptors, All of this is to say that the observer brinos
with him to the visual scene certain expectancles as to what the scene
should be like and these expectanclies dictate what Is flqure 2nd what Is
qround, Also, these expactancias wlll serve somewhat to reject or accept
a aiven sz ne which deflnes it as more or less realistlc and these are as
much Individual idiosyncraslies and situatlional exnectancles as they are
ldiosyncraslies inherent In the clven scene Itselt, However, It Is possible

1o dichotorize the type scene Intc a realistic scene and a styllzed scens,
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The realistic scene |s that which approaches the natural scene. For exampie,
a tree that looks like a tree. Wh.reas the styiized scene would be a scene
in which an object is raprasentative of a glven natural object but does
not necessarily look precise!v llke the object, For examnle, here a pole
with a circle or sphere on top would be identifled as tree. A second
iflustration wouid he that in which a styllzed drawina of a trianale is
ldentifled as an airplane while the actual pl¢cture or nenerated displav
of an airnlane with characteristics maklnu it iocok like an airnlane (i,e,,
winns, empennaae, etc,, )} would be the more realistlic of the two, Obviously
this requires iudqmenT on the part of pliots or other aroups cf people to
cateaorlize glven pictures, objects, etc, as beina elther more or less
stylized or more or less realistic,

The auestion Is naxt ralsed as to what texture Is to renresent and
how texture itself Is to be represented In the scene, Texture Is another
of these variables which would reauire a molar approach In the Initlal
stanes In order to make some determination as to later aquantiflication for
purposes of definition, At thls point, to [llustrate the general varlable,
one miaht propose that texture could be dichotomized Into those texture
which are stochastic and those which are deterministlic, This, of course,
would allow for experimentation on the basis of whether a texturs was
stochastic, {.a,, natural or random or determinlstic,

Accordling to Plcke++6 texture may be defined In two quite dlfferent
ways: as an abstract aptlical destan and as a visibie propertv of materlals,
Thare are advantanes to each definltion and the abstract definitlon provides

a basls for the nurely mathematical or statistical specification af texture
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and vields a firm basis for agreement on what the stimulus Is that we are

talking about, according to Pickett, Considering the variable, texture,

it could be said that it Is perhaps one of the more Important variables to
be included for Investigation In the category of Image content, Thls Is
because texture perception provides basic, physical information with regard
to the size, shape, position, and orientation of objects, surfaces and other
batches of visible substance (cf Pickett®), Further, there are some
Indications that where molar patterns of color, shadlina, or shape are
minimized or totally absent, texture may be a very critical source of
information for determining the shape of a surface and the position and
orientation of objects, Certainly it has proven useful in providing
information about the relative distance of objects and parts uf objects
from the viewer, For these reasont and for others whlich might be derlved
readily, it Is apparent that texture is an important variable to be
researched In any study of Images of visual simulation, particularly In
providing rate information,

The varlable that has lent Itselft to a more preclse quantlification lIs
the verlable ot detall, Two approaches have been taken for the aquantification
of this variable in visual simulation, The approach that has been used by
General Electric in thelr computer Image generations has been that datall
miaght be speclfled In terms of range, They have Indlcated that in swltching
trom model levels of datall, ranae s the principle criterion and they have
established range limits which would be used to spaclfy the amount of
detall which ts requlred, Thls |s based primarlly on the fact that
as distance from bulldinas or other objects Is increased the small

features become qulite small on a display screen and when they become
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cormparable to the dlsplay element size they no lonaer provide visual
cues of any sinniflcance, Thus, level of detall, as 1t were, fades as
the subjective distance from the displayed object [s increased, As an
illustration, they propose that the first tevel of detall might te for
close proximity up to about {,000 ft distances from the ohject, a second
leve!l miaht be used from 1,000 +o 3,000 ft+, a third level from 3,000 to
12,000 ft. They suqqgest that beyend 12,000 £t the otject woulc¢ no longer
be selected for processing,

As an alternative to the (,t, approach thls study examined the concept
that detall mav be guantified in terms of the number of faces crossed by a
horizontal line in the central viewlnn area of the display., Addlitionally,
the averaone number of nlaces for adjacent |lnes may be used asli/;efg;lvely
stable measure over dltfferent scenes, For a scene cescrlneg,ﬁ@ Tihe ednes

L

bounding faces, the number of stop-aftter-start edges Is & count of the

number of faces and hence Is alsc a reasure of detall. Usinag the computer
aenerated display as an examnle, the number cof stops~atter-starts per line
or averace number of lines wlll describe the amount of detal! ot the Imane,
It should be emphasized that this says nothinn about the so-called
meaninnfulness or reallsm of the display, Also, thls chould apply eoually
Yo any method or system of disrlay presenta*tion, be it computer Imane
neneration or flir dlsrlay,

Flaure 2,2 1s a tlock diaaram of a acneral!lzed experimental deslqgn of
+he type whlch could be used to test the varlables subsumed under the
headinn of Imane Content, As can be seen In thls deslgn several approaches

may he taken to the empirical study of the variables, For example,
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befors a final Inclusion ot a pattern or type of texture one might nerform
severii exnariments to determine an optimal stochastic texture and optimal
deterministic texture which coutd then bte comnared with 3 no texture
situation under two levetls of realism, !,e,, a reallistic deslan versus a
stylized deslian, The same aqenera! approach minht he taken for the varliable
realism 'n that several exneriments rmight be accomnllished In the |aboratory
to determine the level of realism versus the level of stvlization which
might be used in an overall desinn In the same wavy as with texture, Obviously,
It s reasonabie to assume that any of these varlables cother than the foir
maln etfracts of film, transparency, model, and electronic imane neneratlion
miqht be used in the same way, That is, the variables could be exnlored
Iindependentiv hefore inclusion in thls final overall destan,

The desinn also allows for tha testina of the variables |lsted in the
four Imaane aencration aporoaches, Thus, [f electronic Image aeneration lIs
avallable as Is the case with the ASUPT proaram then this slice may be
taken from the aenera! desinn and tested, Other deslans might be tested in
other wavs at other nlaces or if the aeneral simulator conflquration wiltl
allow fitms, transparencies, and models miaht also be included for tlnal
testina, Thus, the desinn allows for the testing of method of presentation
alonn with the content variables |isted In order to test both malin effects
and the interactions of displav type, texture, the amount of complexlty,
the amcnnt of detail and whether the Imane should be stylized or realistic,

i+ should be emphzsized once anain that variables ilsted at this
time In thls experimental desinn are not proposed as the ulilimate

varlables, At same point In a testlina proaram I+ mlaght be manlfest that
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these variables are meaningless Insotar as experlmentatlion |s concerned
v and that one or more than one of these mioht add very [ittle to the

overal! consl!deration of image content. However, on btalance it is

felt that these variables do merit at least a prellmlnary investigation

as to their Importance In the overall scheme of Image presentation for

visual simulations,

Another consideration which has not been pnresented in Flaure 2.2 s
that each of these blocks could be tested aiso In the varlous maneuvers
which the pllot will be renulred to accomplish in the simulator, Taylor
et al, in their study to deterrine renulrements for undergraduate pliot
training simulation svstems Indicated that there are various raneuvers
which will be requlred of the pilot to Include taxilng, take-off and ciimb,
anrproach and landinn, alr work and aercbatlics, tormation flvina, navigation
and low tevel flyina, and nlaoht tlying, To adecuate!y determine the
effacts and maxe tinal determinations as to workable content varlatles,
the desinn needs to he tested under selected maneuvers, |t Is most probably
true that certain ot these varlables have areater Importance for maneuvers
such as take-of¢ and climb and approach and landing and tnat there would
be an Interaction with the manouver type and the qeneral content of the
visual iraqe, For examnle, nicht flying would |lkely raguire |ittle or
no taxtura tut would re~ulre the Inclusion of point liaht souces, while
take-offt and climh perhaps would reaulre a moderate to complex content
and a moderata amount cf detall with some sort of texture nresented elther
realisticallv »r stvllized, Thus, mansuver becomes an Important variable

to be considerad when applving the overaz!l aexnerimental deslign to make
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some determination as to the exact centent which should be Included In
the visual Imane,
2,2.5 ftstablishina the Trainee's Visual Fnvironment

The trainee's visual environment as used In thls context Is that
solid visual anale or area which he samples as he performs the various
trainlnng maneuvers, 1 particularly includes the objects and nolnts
upon which he fixates In the performance of these maneuvers, In [ight of
the emphasis unon the visual dlsplay content varlable It was deemed
hiahly desirable to obtaln nliot's eye fixation data durlng tralninng
maneuvers for use in describing the visual content variable In simulation
research and postulating ways of quantifvina It,

The increased interest in simulatina the pnilot's visual environment
has focusecd attention ucon ways ¢f determining what the display should

contaln, One source of data has teen eve movement records of pilots

performing renresentative fliaht renimes with eye movement recording devices,

It appears feasible to obtaln data from which to nlot the solid viewing
annle of the pilot and to obtaln Information about hls sources of

control Information, Theretore, during the course of this project it

was recormended that records of fne eye movements of the Alr rforce under=
araduate pilet instructors he obtained for use in definino the visual
envlronment necassary for the trainee,

In collecting visual envirc.ment data |t was recormmended that given
maneuvers he accompiished by experlenced Instructor pllots with immedlate
playhack and review of the maneuver, There were two major reasons for
recommendina an interview and review of the record as soon as possible after

the maneuvers were pertformed, Flrst, the eye movement recorder recommended
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for use was eaquipped with a 60° flald of view lens, Since the otserver
has the capability of extendina his own visual tietd of view beyond that
noint throuch perioheral vision, it is quite protable that Information (s
available and utliized bv The pilot which 1s not recorded, The Interview
and review of the record sheould cover thls possiblliity, i,e,, the extent
that the pliot can recall or elaborate upon peripheral cues which were
not visible in the recording,

Second, althounh the line of reaard of the pllot can be estab!ished
with the eve rovement recorder recormmended this would not establish the
fact of the object or area on which the eve was focused, That Is to say,
that the eve restinc uson an object would not necessarlly mean that It
was focused uren it, The pitot should review the recordlng, therefore,
and identify wrat ctbiects or Aareas he was focused upon durina his polints
of rrcorded fixation,

Documentation of eve point data In the tota!l fleld of view was seen
not onlv as beina of materlal assistance in describing and operationsiiy
definina tha content variatle for visual display research but could be
utitized in other proarams, for example, the data couid be used directly
by instructor niicts in directinag the students attentlion to particuiar
intormaticnal area In the visual fleld durina traininag, FPrimarily,
however, the records in the Inter.’'ews were Intended to play an Important
part in establishinn tha optimal fleld of view and the Imaae ccentent for
the maneuvers recorded, These data were then to be used to structure

expariments dealina wlth the reculrements for visual simulation tn ground

hased tralners,




The role of the eye movement recordlnas in an overall simulator
research proaram |s shown dlagramaticaily In Flaure 2,3, An NAC Eye
Mark Recc.der was obtalred bv Life Sclences, Inc, and transferred to the
Human Resources Laboratory, Fiving Tralnlng Division, AFSC, at Wiillams
Alr Force Base, Arlzona., There HRL/FT personnei developed a means for
obtalnlna and recordina pilots' eye movements durina flight, However,
development and use of the technigue dld not nroaress beyond this stage
and no data were obtained which could be used in the identification of
visual display content, :

2,3 HMOTION<VISION INTERACTION ~

The probliem of the interaction between informatlion provided by the
visual external world displav and the motion platform is a dual one,

In the first case, lack of correspondance between the two sources of
informatlon cause severe protlems to the pllot in hls control of the
svstem and nrovide a poor learning situation, This is particularly true
when the synchronization between the Informatlion from the two scurces Is
lacking, Indications from other systems are that as (ittle as 100 milll~
seconds of time laa between the motion Informatlon and that provided by
the visual system nresents severe dlfflculties for control of the system,
In the second case, the regulred dearec of fidelity of motion may not be
as strinaent if a nood display svstem Is present, |t ls a testable
hypothesis that sllaht rates ot onset ot motion when combined with aood
visual display provldes perceptually realistic Information for control

ot the svstem, That i3, the requiraments for a high fidelity motion system

s lessensd wlth a nood visual system,
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2.3,1 The Effective Time Constant Concept

The motion-vision Interaction protiem has been examined In the tight
of the effective time constant (t,) concept developed by Matheny and
Norman7 in connection with the descriptlon of psychomotor tehavior, Under
this concept a testable hvpothesis Is that tha efficlency of control
hehavior is a function of the time lag between the Inltiation of the control
response and the Immediacy of informatlon feedback of the results of that
response to the confroller, The feedback may come throuah any cof the human
senses but in control of movina systems the primary ones are those of
motion and vislon, For systems with freaquency responses In the range of
aircratt, the motion senses percelve rates of onset of accealerations and
accelerations of the system in advance of those changes In the svstem which
are capable of beinag nercelved by the visual sense, Thus, when the pllot
1s flylng on Instruments in which the Index which he Is controiling may
move very 1ittle per unit dlgplacement of the alrcraft compared to the
outside visual display, the motion cues are sensed well ahead of thelr
visual counterparts., When one moves froem Instrument to contact flight
the qain of the visual display [s tremendously Increased. For example,
changes in alrcratt pltch may be sensed in the contact scene much more
quickly than through watching the ar*ificatl horlzon, The increased gain
In the visual display makes apparent any dlscrepancies between the motijon
and the visual I[nformation and, In particular, any lack of synchronlzatlion
or nhase differences hetween the two,

The effective time constant of a manemachline system s a functlion of
the fhres%old value of the sensory mode of the operator., Rate of onset

and acceleration Information are perceived by the motlion sensors well In




advance of the rate and position Information sensed by the visual modallty,
However, changes in galn in visual display can |ower the visual threshotids
for detectina these movaments which !s In the case In high resolution farge
contact lisplays, However, those characteristics of the contact visual
display which tend to occlude its resolution and raise the threshold of
detection on the part ¢of the operator will increase the effective time
constant and can be hypothesized to increase hls dependence uporn motlion

cues,
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3,0 MEASUREMENT AND METHODOLOGICAL CONSIOERATIONS

Since one of the responsiblitties under the overa!| program was the
design and detailed description of experiments relevant to the experimental
auestTions, much conslderation was aiven to certalin methcdological oroblems
underivinag this type of research, These protiems fall under the ceneral
headinags aof (1) classical transfer of tralnlng paradlam versus performance
equivalence exnerimentation, (2) pertormance measurement, and (3)
econromical experimental aesigns,

Transfer of training research has the aoal of producing Information
which will be useful in dec ons reqarilng the cost effectliveness of
trainina methods, procedures and devices, What is souaht 1s maximlzling
(1) the efficlency of the tralning system and (2) the transfer of train-
ina betwoen that system and the criterion system, {aximum effectlivensss
of the tralining system is sought with a minimum complexity of tralning
nrocedures and equipment (particularly the simulator), Once the afficiency
and s*tectivensss of the tralining system has been determined its cost
etfectiveness can be calculated throuah Incorporation of current cost
information,

ft has been traditional to evaluate a tralning system scieiy on the
hasis of the dearee to which training In that system transfers to the
criterion svystem, The Importance of separating for study the auestions
of the effectiveness ot the tralning system and the amount of transfer
from that system to the criterion system has tradltionally not been
emphasized, The approach taken In this present work was to take advantage
of the capabilities of the ASUPT to develop 1t Into a criterlon system

‘

equivalent to the T-37 traininn alrcratt In terms of pllot porformance,
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Research aimed at determining the most effective methods and medla for
tralning would then use ASUPT as the criterlon system, That is to say
that the full capabl ity ASUPT In which pertormance !s equlivalent to

the T-37 would be used to determine those minimum characteristlics of the
simulator sufficlient for training In partlcuiar unltc or phases of
instruction, procedures, Instructor=~student Interaction and automated
training techniques can be studled in the ASUPT to arrlive at the most
efficient training system, The tralning systems thus derived for
particular units or phases :f instruction could then be used In a smail
number of transter of trainina experiments to agetermine thelr effectiveness
in training for the tinatl criterlion system -« the T=37 aircraft,

The concept of efficlent and effective training systems Is | |lus=
trated when fwo different training systems resulf In the same transfer of
tralning to the criterion system but accompllsh the fraining through
dl fferent methods, procedures or tralning equipment, One tralning
system may be much more efficient than the other In terms of 1ts use of
trainee and Instructor time, complex equipment and procedures, Conversely,
two equally efficient training systems may exhlbit dlfferentlial transfer
to the criterion system, That ls to say, that a student might progress to
criterton pertormance in one system as quickly and efticient|y as In
another, however; the two systems may not be eguivalent In terms of the
transfer of the traln‘ng from them Into the criterion system,

The distinctlion hetween the efticlency of the tralning system and the

degree to which training In that system transfers to the criterion system

is a concept which Is fundamental to the experimenta! approach and




methodoloay belng developed In thls work, |t Is contended that the
classical itransfer of trainino experiment, aside from 1ts other In-
convenlences, Is not an effective method fcr determinling the efficlency
of the training system, This can best be done after establlIshing
nerformance enuivalence between the ASUPT and the T-37 alrcraft and then
using ASUFT as the criterion system, The more classlical transfer of
tralnina exneriments would then be |imited to the flnal queastion of the
deqree of transfer tc be obtained from maximaily etficlent system derived
from research using the porformance equlvalence approach, Further, and
iust as importantly, the pertormance eaulfvalence procedure may be used to
evaluate the adeauacy with which any glven slmuia?or ropresents the aire-
cratt in terms of reauired control behavior,
3.0 CLASSICAL TRANSFER OF TRAINING PAPADIGH

The classical transfer of tralnina experiment Is desianed tc deter=-
mine the dlifferences In training time on the criterion task as a result
ot training In two different situations, Typlically, time to attaln
criterion in the criterion task after tralnina undetr an experimental
condition is comparad to conventional +rainina, It Is Important to note
that in settina up the new or experimentai ftraining system numerous
alternatives with respect to simulator continuration, trainina methods,
nrocedures and curricula will have heen considered and chosen amona,
The classical transfer cf trainina paradiom offers only a very expenslve
means ot determininn which combination of these Is the most eftliclent for
attainina that level of performance whlich may be 3at as a nrerequlsite

tor transferrina to the operational system,
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it Is Important to examine the problem of declding what the experi=

mental confinuration of the tralning simulator should be In the classical

transfer of tralning naradlam, Betore such an experiment can be performed

it is necessary to define the ranae and levels of the simulator varliables

to be used in the experiment In a manner congruent with the perceptual

capabllities of the human operator, |t is necessary Yo determine over

what ranae anv physically deflined parameter of the simulator is perceptabie
to the operator and, within thls ranqge what the dlscriminable intervals of
that parameter are,

By way of example, If Is possible to deflne a range of simulator
platform motlon and to deslqgnate various levels of categories within that

range which may be considered as levels of the experimental varlab'e., At

the seame time, however, those Intervals which have been decided upon on the

basis of some physically measurable parameter of motion may be Indistinauise

able to the human operator, Thus, each classlcal transfer of tralning

experiment dealina with chnaracteristics of the tralning simy!ator should
loalcally be preceded by experiments establishinn the perceptual ranne
and dlscriminable intervals of tha nhyslical varlable under study.

The suqqested alternative to tie classical transfer of training
paradiqm 1s that which we have termed the performance equlvalence approach,

This anproach concept 1e discussed In the following section,

3.2 THE PERFOPHANCE ENUIVALFNCE RESEARCH APPROACH

As stated In the n-ovious sectlion the classical transfer of frainlng

expariment ls tima consuminn, expensive and subject to a number of

constralnts, If one apparently reasonable assumptlion ls made, the need

38

e gt e B S S e
e i Tl SRR

it s S
s e s ST

kst s A S

A i il il

N At i

PROPORP.L
e i i s

U0 Wt s A BN it~ il
i om0 e

—
o Dl

L



¥

for the ciassical transfer experiment may be ef Iminated, This assumption
1s that the transfer of tralnlna between the simulator and the alrcraft
will be hinh and positlive 1f the simulator Is equivaient to the aircraft
in terms of performance reaqulrements on the onerator, This means that
the measured man=machline system output and the operator performance or
input into the simulator controls are not dlfferent from those exhiblited
in the alrcraft durlng the performance of alven maneuvers under glven
condltions, How performance enulvalence Is established and what [t means
both in terms of determining the requlrements for the training simulator
and its usefulness in research deallna with fralning methods Is the subject
of this section,

The performance equlvatlence apnroach to the transfer ot tralning
problem requires that the performance of both the man-machine system and
the operator he determined In the criterlon vehiclie, [n the case of
motion~vislon research with the ASUPT this criterion vehlicle 1s a T«37
tralning alrcraft, The performance measures for the man=machlne system
and the operator which are renulred in order to estab!ish performance
enulvalence are discussed In Sectlion 3,3 below,

Once performance equivalence has been determined cver the range of
alrcraft maneuvers of intermst and under reoresentative condltlons of
other variables, e.q., turbulence, the performance equivalent simulator
may be used for two distinct purposes, These are (|) the determination
ot the minimum set of characteristics of the simuiator which are
enulvalent In terms ot performanca to the alrcraft and (2) Its use as a

critarion system In research on the most efficlient methods of tralning,
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simulator utillizatlon, instructor-student interaction, student motivation,
and a host of other important traininn auestions.

It s not sugaested that the performance eguivalence approach to the

transfer of traininao nuestlon will result in that conflnuration of the
simulator which will maximlze transter of tralning since It Is aulte
possible that simulator characteristics which are much more "dif$lcult”
to control miaght result 'n a greater amount of transfer to the criterlon
alrcraft, At the same time, however, such a simulator might not pe the
contlnuration which Is best for mcst efficient tralning In the training
system,

The performance enulvalence approach Is recommended for establishing
the basic or minimum characteristics for the fralning simulator and, using
+his enuivalent svsterm, the establishinag of the most effectlve comblinations
of methods, nrocedures and other training media for bringina the trainee
to criterion performance in the tralning system, This training system
could then be used In a definitive transfer of tralning experiment to
determine the savinas in alrcratt tralnlnn time brought about through
usina the traininn systam,

3.3 PLRFORMANCE MEASUREMENT

One of the flrst quastions to be answered In thn comparison of twe
systems usinn narformanze ecuivalence 1s the manner In which the
rerformance Is measured, Tradlitiona! measures for system output exlst
and a good deal! Is known about their Inter-relationships, In the air-
craftt svstem such measures as altitude, alrspeed, rate of climb and bank
and nltch annle are measures which reflect the performance of the man-

machine comt.ination, (These cystem output measures are shown as MPZ In
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Filaure 3,1) As the human operator moves from one system to the other he

¥ can adant, within limits, to the control reauirements of the svstem In

1 P monine | () |

CONTROLS DISPLAYS

L

Figure 3,1 Performance Measurement Foints (MP) in the Man/Machine System

il n

MAN ¢

order to make it perform to a certalin level of svstem output, (The operator's

it B i s B o L L am

control input behavior Is shown as MP; In Fiqure 3,1,) For example, the
trained nilot can adapt to the auite dissimilar control renuirements of a
hellcopter and a flxed wing aircraft in producing the same system output

for the two vehlcles, That is to say that he can adapt hls control behavior

nuite markealv in order to make the vehicles perform In [dentical fashion,

Simllariiv the operator of an automobile can adant his control Input behavior

P

to successfuliv cone wi*h the differences In steerinag ratio and response
dvnamlics of the large passenasr vehlicle and the small sports car, It
should be notod here that this adaptive behavior Is critical to transfer
of tralnina, The transfer of *tralnina |lterature and experlience Indicate

that positive transfer of tralning can and does take place from a vast i
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variety of sources and modes of tralning, These range from coonitive
rehearsal to practice In the actual alrcraft, The central point Is that
the trainee can adapt his renertoire of behaviors to the requirements of

the svster but adantation takes time, The more nearlv his learnad responses

are |k those reaulred In the criterlior svstem the less the adantation
time will be exnected to he, The trainine Ilterature also Indicates that
the trainee would exnerlence nreater difficulty in adantine to a

channed rasponse than to a chanaad stirulus, Thus, the Impertance of
attention to the contro! Input kehavior helng shaned ty a alven tralnlinn
device can not he overemphasized,

"'easures which reflect how the onerato. adants his control behavior to

channes in the control element dunu~ics have been the subject of Investication

for come time althouah not as Intensively as have system outnut measures,
One of the earliest serious efforts In thls reqard was the work of Fitts,
Blennett and Bahricka. Filtts et al. were Interested in descriptions of the
trackinn control behavior of the operator In closed=loop dvnamic systems,
Much of the work concerned with operator input behavicr has followed the
example of Fitts and has looked at ways of describlng the freauency and
extent ot the operator's control Inputs, A summary of these Investliqgations
s contained in the report by Mafhenygareoared and presented durlinag the
course of this nroject,

Nurina the course of this project a areat deal of effort was
concentrated upon an attempt to nather data to develop operator output
measures and test the feaslibllity of the performance eaulvalence concept,

An unusual notentlal! tfor doinn thls was afforded by the exlstence of an
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instrumented T=37 training alrcraft and the ASUPT simujator system for
that alrcraft,

As indicated in the Introduction to thls report an overall program
ot nllot trainina research in motion and visual dlsplay simulators has
a rajor aim of this project, The malor features and Interrelationstip
of the proaram deveicped during thls project is shown in Flaure 3,2.

Whyle This proaram is discussed in more detai!l in Section 4.0 It is
nresented here to Indicate the nivotal role desianed to be nlayed by the
data collectad from the 7«37 ailrcratt,

As shown in Finure 3,2 one of the flrst stens In comparing the ASUPT
and Te=37 aircraft systems was to collect data In both the aircraft and
the ASUPT, From these data the quantitatlive descripflion of the pllots
control behavior in fiying the aircraft was proiected to be deveioped for
use in makina a performance equivalence comparison to the ASUPT,

The cotlecting of data in the T=37 alrcraft was troubled by both
administrative and instrumentation probtems, Administrative problems
centered primarlly unon where the fllqhts would be flown, |,e,, Wriaht=
Patterson Alr Force Base cr Willlams Alr Force Base, The obvlious instru=
mentation aroblems were surmounted v!'thout areat difficulty, Others couid
not be detected and isolated until the detailed asralysis of the data was
undertaken, These problems are discussed in Appendix A which deals with
the analyses conducted within the Iimited time frame left for such analysis
aftter T=37 aircraft data collection was accomplished,

Data from the ASUPT for use In comparing the ASUPT and Te37 system was

limited to one flight due to a number of technlical problems, nrioritias and
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coordination with on.aolng actlivitles at Human Rescurces Laboratory,
Filyina Trainlng Dlvision,

In summary of the nroaqress in developing measures of pllot control
behavior and test of the performance equivalence concept, while data
was collected in the T=37 alrcraft, certain instrumentation anomalies
were present in the data which renuire more extenslve data handling before
analysis than was expected, The potential usefulness ot the data Is as
areat as oriainaliy anticipated for developina descriptions of ptlot
behavior, With respect to comparisons wlith ASUPT these are placed In
doubt by the unexpected repcrt by keay personnel workina with ASUPT that
it could not be modified to accommodate the tests necessary, Although
thls cnonclusion needs further examination the necessary time was not
avallable to make proaress in thls area,

The concept of performance equlvalence can not be sald to have been
tested from +he data analysis conducted to the time of writinng this
report, Delays In collectina the aircraft data allowed time for only the
beginnina analysis described In Appendix A, These analyses indlicate that
more complete analysis would be most frultful for (1) ldentlityinn the
descrintive coefficients for the pilots behavior useful for making
comparisons between alrcraft and simulator, (2) de!ineatinn the conditions
under which ASUPT measu-es should be taken for studying comparabliity of
the two svstems, (3) providina normative data as to expected student

criterlion performance for both system outnut and operator input measures

and (4) provide onerator input measurement technliques for use In developina

teaching techniques, either conventiona! or adaptive, which concentrates

upon shaplng the tralnees control Input behavior,
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4,0 MOTION=-VISION RESEARCH PROGRAM

The Investication of vision, motlion and thelr interactive effects was
considered as an overall proqram of research In which the ASUPT system
would ntav the major role, In brief, the ASUPT system was nroposed to be
made equivalent to the T«~37 alrcraft In terms of pllot behavior requlrad
to perform certain maneuvers to sneclfled criteria, The maximum capabillty
of the ASUPT would be utilized in adjusting its parameters to conflgure
it so that the pllot control requlrements were the same as those acaulred
in the alrcraft, The overal! proararm 1s shown dlagramatically in Fiqgure
2,3, Page 31,

The seauence of studies was designed to Investigate flrst fthe motion
characteristics aof the simulator with only Internal Instruments as visual
disnlays, Thls was done because 1t was felt that the appllication of the
prerformance eouivalence concent shou!d be first appiled to the slituation
In which the experimental variables, i1,e,, motion of the simulator, could
be speclfically defined with the visual display of Information Identical
to that of the alrcraft, This approach was also colncident with the schedule
of dellvery of ASUPT eaulpment and Its avallability for research,

As pointed out In Section 2,0 the characteristics of the motion
imparted to the system by the external forcing functlion of turbulence
ls of extreme importance in the study of motion cues. As shown In
Flaure 2.3 the T=37 alrcratt data was deslaned to be used in the deter-
minatlion of these forcina functions as Indlcated In the block entitled
"pliot Motion Environment in the T=37," These data were then to be used
in the definltlon of mo*lon parameters and thelr implementation In the

ASUPT system as discussed eariler, The block entlitied "Describe
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Aircraft-Pliot System in Figure 2,3 and that entltled "Compare Alrcraft
and ASUPT" Indlcates the steps and Investlaations dlscussed under Methodology
and Measurement Conslderatlions in Section 3,0, Based upon these data the
adjustment of ASUPT to be eaquivalent to the T=37 alrcraft was projected to
be accomnilshed followed by simuliator motlion requlrement studies, The
aeneral desiaon of these studies was aimed at determining the minimum number
of dimensions and the minimum dearee of fldelity of physical simulation
defined in terms of bandwidth of response of the motion platform at which
performance was still equivatent o the full simulation,

In Flaure 2,3 15 shown also the use of eye movement recordings In
the anpnroach to the definition of the vlsual parameters to be studled as
visual display characteristic of the simulator, The eye movement data
was programed to nlav a prominent role In ldentiflication of the positions
of objects in the externa! scene and the internal referents used by the
pilot in control of his aircraft, The procedure to be followed was
identlcal to that in the study of motion requirements In that the simulator
would be confiaqured to be equlvalent to the T=37 alrcraft In terms of
nllot performance using the maxImum capablility of the ASUPT device, Assuming
this could be accomplished, the subsequent experiments wouid be almed at
determining the minimum necessary and sufflclent characterlistics of the ﬁ

visual display for brinaing about performance of the pllot equivalent to ;

e

that In the T-37 alrcratt,
The extant to which the research program was accompl|shed has been
outlined In the previous Sections, In brief, although T=37 alrcraft data

was collected the delay in 1ts collection allowed time only for the

AL .St S Mg, I 2

hriefest preliminary analysis of the data, With respect to deflinltian
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of the visual parameters, an eye movemant recorder was obtalned and con-

finuraed for use In the then T-37 alrcraft, Data collection feasibliity

e e e e o MO et

was then tested, However, only tentative data for speclfylng nositlions

and characteristics of internal and external references were obtalned,

NiearateabNt
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5.0 CONCLUSIONS ANA RECOMMENDAT IONS
The overall ohject of the project ot investligating the role
in the tralnina slimulator of motion, visual display and thelr inter=~
action was not accomp!ishacd, Tha Important flrst stens necessary to
their tnvestioation, l.e,, exalicit description and quantificatlion as
experimental varlables, was made and Is presented.

Due to the extremniv jarne number of states of the axperimental
variables in deallns just with mot'on and v!suval display attention was
aiven In 1he areater portion of the work to development and test of
mo~e economical methods of experimentation, The concept ot the
performance eaquivalence between the simulator and the aircraft was
presented alona with the araumants for +the importance of pllot Input
measuras in additton to sysfém output measures In research on tralning
devices, An attempt was made to take advantace of the onportunlty fcr
obtalning pilot performance data both In an Instrumented T=37 training
alrcraft and the research simulator of that alrcraft, the ASUPT, Deiavs
and difficulties in collecting data both in the alrcraft and in ASUPT
allowed time for only prelimlinary but promlsina analysls of the alrcratt
data, Certain data recordina anomalles in the form of snurlous slagnals
make 1t necessary to carry out more data clean up than was anticlpated,
tievertheless, *he opportunity for developina and testing 2 new approach
to establishina auanti“ative indicas of the dearce of corraspondence
between alrcraft and simutatcr based unon operator controi behavier Is
present with these data, [+ Is recommended that tna opportunity not

be lost and that the anazlyses be carrled on,
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In the conduct of thi. project an overal!l program for systematically

L investigating the motion and visual display variables was outlined, The
carrying out of the plan 1f successful would provide auicker and more
economical answers to both simulator characteristics and training
methodolony questions provided the necessary funds and personnel support i

could be brounht to hear on the oroblem, It Is recommended that the

pronram be pursued,
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APPENDIX A

! I, Summary Progress in T=37 Alrcratt Pllot Contral Behavior Analysis

1.0 Purpose of this anpendix 1s ta present:

25
.
[

3.0

1.1 The detalled method of analvsls used to develop a |inear,
time vari able pllot identification for the T«37 alrcraft
in=fliaht data,

1.2 A critioue of the method used and of the data avallable for
analyslis,

1«3 Sugnestions for improving the methodology and data
prenaration,

Summary

2,1 The full seaquence of the operatlions needed to accomplish the
nilot discrete time state eauation identlification as out~
{ined in the addendum fto this appendix has bean Implemented,
Five pilot states were assumed,

2,2 P sinale spurlous data pulse in all chanpels resulted In a
discernable difference In trend of the ldantifled co=
efficlents,

The idantifled coeftliclents show cycllc trends, as they did

| )
-
W

in preliminary ldentlification analyses,

Conclusions

3.1 Use of tha actual Input numerical data In the ifdentlfication
vields misleading results, Error values of the Inputs from
a standard are necessary,

3,2 Unurious Instrumentation sinnals attenuated the results of
the fourler analvsls to some extent and indlcated the

necessity for a data smoothina nprocaess,
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4,5

5.0 Dota

5.2

4,0 Recommendatiocns for further and complete analysls of the data,

Use input error values In the identification rather than
absolute values,

Remove the spurlous slanals from the data,

Transform headina Into a continuous seaquence,

Seek a better criterion for Fourter Serles truncatlion

to select fewer terms for coeffliclient ldentificatlon
analysis,

1¢ Implementation of items (1) throunh (4) still vlelds
rapidly varvina coefficlents, increase pilot state
dimesslons, (e,a,, elevator deflection rate) and add
rossible cue slanals (e.q.,, rate of climb and/cr rate of
onsat of acceleration (jark) until siowly varvinag ldentified
coefficlents result,

preparation and ldentiflcation method,

The methods used were those outlined in Addendum |,,
except as noted below,

i+ v3s evident from review of the summary llstings of

the mlisslons flown In the T37-1948 alrcratt provided by
Virliaht=Patterson AFB that there ex!|sted many spurlous
roints in the data, The summary |lstinos provided a nrint
out every 2 seconds or at every 40th data polnt, These
spurious values were due to an unlidentified source whilch
produced saturated or near=-saturated slonals at random -
apvearina Intervals, [n order to avold date contamination
a mission was selected which arpeared from scrutiny of the

surmary |istinags to contaln no spurlous points,

i
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5.3

5,4

One maneuver, a 30° left bank at 100 knots alrspeed flown under
contact conditlions, was selected for prototype analyslis. The
summary |1stina for the maneuver appeared to contaln no anomalles
for any of the recorded varlables,

Twenty=two (22) recorded variables were selected for analysis,
Flve (5) of these were hvpothesized to be measurements of

nliot state variables (¥}, These were elsvator, alleron, rudder,
alleron trim tab and throttle positions, The ramaining seventeen
(17) varliables were hynothesized to be measurements of the pllot
Iinput variablies (u): These were elevator stick force, aileron,
stlck force, rudder force, alrspeed, altltude, headlng, nltch
anqle, nitch rate, roll rate, vaw rate, nitching acceleration,
rolling acceleration, yawing acceleration, and longlitudinal,
fateral, and normal acceleration at the pliot's station, These
varlables were to be used to identifv the pilot by the discrete

time form:
’ b = A ¥ + u
=+ I = By el ’

where Ay and B; are slowly time
varylna functlons relative to the length of the maneuver, :
The measurements were presumed to be contaminated wlith nolse due
to Inaccurarcles of recordino Instruments, resolution of the
recording Instruments, inaccuracies and resolution of pllot
control movements, atmospheric turbulence and other unident!fied
sources, In order to reduce the effect of random disturbances

upon the pllot ldent!tizatlon procedure, the raw data was

processed to remove some l|dentlftlabia randomness and as a conseauence

maximlze tha deterministic content of the data, The processing




5.6

5,7

method was not Intended to remove the effects of the spurious
signals mentioned in 5,2, which appeared to a randomiy occuring
sianal of fixed maanitude.

The nower spectral density of the first 2048 points (out of a
total of 2400 points) of the two minute maneuver was computed
for each of the 22 varlables, A fast Fourler transform rcutine
was used to compute the power spectrum, A print out and a plot
of the power spectra of each of the 22 variables are avallable
for Inspection as data llsting In "Mathenv FFT 1=22," The
spectra were hypothesized to be composad of the composite
spectra due to deterministic signal and of random nolse. An
earller preliminary power spectral analysls of twc variables
(elevator and altitude) in & stall maneuver from another mission
tt was determlined that beyond a certaln freauency all the
spectral values were of essentlally constant magnlitude (1,e.,
the spectrum was flat), For those freauencies for which the
spectrum was flat, 1t was assumed that the major contribution to
ihe time hlistory of the slignal was due to a random sequence,
Since hevond a certaln frecuency there is essentlally no
determinism In the signal, l,e,, It Is & random seauence, the
slanal was pronramed to be smocthed to contain no freauencles
qreater than that at which there was only nolse, This program
1s accemplished by truncating the Fourler serles describing the
variable, This does not preclude the existence of randomness
In the remainina terms of the serles,

From the examination of the power spectra of the elevator and

altitude varlables descrihed In (Section 5,6), 1t appeared that

L
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the power spectra consisted of a few iow frequencies ot large
magnltude decreasing monotonically to a flat spectrum of
sraller maanitudes, The average value of the power spectrum
over all freguencies anpeared to be slightly areater than the
mean value of the flat portlion of the spectrum, Conseauent|y
a criterion was established for truncation of the spectrum,
This Involved selection of the highest freauency which had a
spectral value greater than the mean spectral value and
elimination of all freguency components greater than that
frequency.,

When the power at zero freouency was Included in the
computation of the mean the mean spectral power was sc |arage for
some varlables (e.q., altitude) that onily the vaiue at zero
frequency had a power areater than the mean, Consecuently the
power at zero frenuency was eliminated from the computation of
the mean spectral power, Thls resulted In consliderably more
spectral components belna retalned In the smoothed variable,

Due to an error in the algor!ithm the variables in prototype
analysls were smoothed by countina the total number (N) of
treauencies with spectral value greater than the mean spectral
value and usina the flrst E_frequencv components to reqenerate
the time series, Usinn this criterion the smoothed data was
aenerated utllizing from 30 to over 480 terms of the Fourler
searles, For any number of terms selected, the resultina curve
represents the least sauares fit to the arliglinal data, The

least squares fit 1s printed and plotted In "Matheny FFT |=22"




5.8
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for each of the 22 variables along with the raw data on the

same coordinate axes, The Fourler coefflclents used to re~

aenarate the smoothed data are |lsted in "Matheny FFT [=22" E-

and appear in summary In "Matheny Merae," '

The identlitfication was performed on the smoothed time hlstories

described In 5,7, The plliot was identlfled as a |inear flxed

order system with 17 Inputs with time variable coefficients,

There were seventeen tdentlflcatlon Intervals over the maneuver,

The A and By matrices are listed In "Matheny 1D 948.," The

number ot ldentiflication intervals Is determined by the averaainng

criterion Indicated 'n the addendum, ;'

5,8.1 In the seventh identification interval the slinqularity ot
a matrix which reculires Inversion in the identification
alaorithm nrecluded the completion of identiflcation for
that Interval,

5.,8,2 A cursory examination of the coeffliclents of the A and B
matrices revealed that the coeftfliclents for the thirteenth
Tdentification Interval were aenerally atyplcal from the
coefflicient trend from the beqinning of the maneuver to
the end, On the average they were of unusually larqe
maanltude In comparison to nelghboring values, The
single spurious value at 82 seconds enters into the f
computation of the a and b coefficlents In the thirteenth
interval, The affect of the data smoothlng procedure Is
to Increase the effect of tha spurlous coeffliclent on the

ldentlfication process since the smoothina procedure 3
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5.9

6.0

affects values of the variables approximately one second

nn either side of the spurlous point, The sians of

spurious points do not appear to have any correlation with

the norma!l slaon relattonship of the data,
In order to present the A and B matrix coefflclents In a summarized
form, a Fourler serles was flt through each of the coefficients,
A tast Fourler transform rouftine was used on the first sixteen co-
efficlent Intervals, Since the seventh Interval coetficients
were undetermined, the seventh interval coefflicients ware re-
placed by the mean values of the sixth and elghth interval co=
afficlents., In order to compare the effect of the thlrteenth
Interval coefflclents, two runs were made one with the thirteenth
interval coefficlents as computed and ona with the thlrteenth
Interval coefficlents renlaced by the average value of ths co-
etflclents of the twelfth and fourteenth coeffliclents, The co=
efflclents of the Fourier series for these two cases dId not
anpear to be slaonificantly dlssimilar, No statistical tests were
made, because of tIme constraints on the project, Fourler co=
efficlents for the A; and B matrices are |Isted In "Matheny FFT
* A8 (thirteenth coefficient as computed) and "Matheny FFT * AB2,
{Thirteenth coetflclent computed by averaging the [2th and 14th
coefflclents),
Critlique of the methodology and suggestions for Improvement,
6.1 The presence of spurlous polnts is deflnitely detrimental

to the method of analysis. Even In a maneuver vwith no

spurious values apparent from examination of the summary

——
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6.2

6,3

listing, spurious values appeared In all 22 variables. In
20 of the varlables these values appeared at 82 seconds,

The maanlitude ot these values were from 2 to 200 times the
magn [tude of the normal ranae of values of the varlables
during the maneuver, Usually the values at the spurious
points were ten times normal maanitudes, Two of the
varlables, elevator position and rollina acceleratlon had
six and seven spurlous polnts, respectively, ODCue to the
inftuence of these spurlous values on the identification
routlne, it Is necessary to remaove these points from the raw
data before proceeding with the analysls, 1t will be
necessary to examine a listing of each variable or to devise
a computer routine which identlfles values which change ~-
rapidiy 1n ,05 seccnds,

The smoothing of the raw data is necessary to the identification
procedure because of the accuracy and resolution of the re-
cording instruments relative to the range of the varlables
recorded, The ranges of |5 varlables are less than ten times
the accuracy of the Instruments used to measure these varlabies,
For 5 of these 15 varlables the total range of the variables

1s less than or eaual to the accuracy of the respectlive
recordinc Instrument, For the elevator the total ranae Is

oniy ten times the resolutlon of the recording potentiometer,
Consequently, flitering the raw data to remove the un-

certalnty due to Instruments s necessary,

The raw data for heading contalns dlscontinuities as the

headina goes through 0° (360°), It Is necessary that the
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6.4

6,5

data be transformed to provide a contlnuous varlable from

0° to multiples of 360° before processing.

The method used t¢ truncate the Fourler serles should be
revised, Visual inspection of the power spectrum of each
variable and estimation therefrom of the numbar of frequencles
which should be used in the truncated series approximatlion of
the varlable indlicited that sinnificantly fewer frequency
comnonents should be used., !n some cases the routline used
two orders of maanitude more freauency components than
estimated thus unnecessarlly extending the computational
renuirements,

The pliot input vartatle (il) should be rewrltten so that

the ldentiflcation procedure utliizes the frue variables

upon which the pilot acts, For example, In the 30° bank,

tha pllot manipulates controls In response to the dlfference
between the actual bank angle ¢of the alrcraft and the desired
bank angle (30°), Similarlyv, the slanal t¢ the nllot for a
constant airspeed criterion is the difference between actual
airspeed and desired alrspeed, 5Some of the pllot state
varlables which are devi.tions about a non=zero poslition
(e.q., elevator position}) should be rewritten for the
identiflcation procedure about a zero reference pcsition

for the maneuver. Some of the apparent slgn change and

time variable behavior In the A} and By matrix coefticlents

may be due to the analysls of actual values rather than

error valuas,




6,7

The pliot mav not be adequatelv described by a fifth order
system, The number of states describlinag the pllot may be
increased by auamenting the state vector used in this anatysis
with the derlvatives of these states, In order to estimate
these derlivatives the smoothing ot the variables provided
bv the power spectral denslty method described In 5,6 and
5.7 1s essential,

As an addlitional comment on prospective “‘axImum Likelihood
Pararmeter Estimation, In view of the fact that nelther the
exact functional form nor the number of states of the nliot
are known, none of the statistical conclusions which are

impliclt and explicit in Its structure can be made,
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ADDENDUM TO APPENDIX A
1.0 Purpose, i
The purpose of this addendum Is to detail the rationzle for analvsls

of the T=37 instrumented alrcratt data,

2,0 Summary, Q
2.1 Because ot the nature of the protlem, the strateay adopted was:

2,1,1 analyze the power spectral density of each measurement gy

by utillzation of the Fast Fourler Transform, é

2.1.2 account for the content of randomness In the measured data. i

2.1.2 accomnlish the identlflcation process,

2,1.4 express the identified coefflicients as finite Fourler

sarles,

3.1 Backaround.

On first conslderino the problem it was proposed that the standard
state-space based methods of modern control theory would be appropriate to
determine the eacuations which would predic¢ct the behavior (as reflected by !
his manipulation of the controls) of a human pilot durlnag a specitied

maneuver, i

i+ was expected to be necessary to use elther the form (continuous time)

ot mdatiaie

X (1) = A (1) X (1) +B (H) U ()

or the form (discrete time)

X

Xiep =8 ¢+ 8B Y

It was thouaht possible that the Xj;’swould be the alrcraft controls'

nositions and the U|'s vould be the measured cues which help a pllot make

o




his decisions, |t was recornized, however, that the pllot might have
{ N rore sloniticant states than the number of alrcraft controls and that
E : there minht be other sinnificant inputs (besides measuresd cues), In
i narticular, spurious nilot and measurinag system behavior was an [tem of
concern as was rate of climbh and pilot "dither",
IT was decided to nroceed in such a way as to minimize cost of the
nraject which invelved formulatinn the followina hypotheses:
(a) the discrete time form with an uncertainty vectcr s adequate

X = A X + 08 +
P+ i i %A

i
: (b) the aircraft controfs' positions are the states, and measured
cues are the innuts,

] (c) the coetficlents, A| and Bi are slowly time varying

<
| ~
CTAisioos Al =t 8 1By 0p Bl ol

(d) the uncertalinty, 0., is a random sequence wlth zero mean,

;‘ (e) the measurement of the state, YX,, dlfters from X, bv random !

; variahle sequence with zero mean wxl' and the measurement, !

: Yu., has a similar oroperty,

—i
The above hvpotheses nive.

Aok Y, w wY

i —i ——

o mmn | e B b o ML e ! tin § e o

and

Y¥ - = .
—l+] 25i+| - A; [iﬁi - Eii]

+ b YU - WY +n ;
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Averaaing over 2 adjacent periods would yleld

- X

Y

cw e "]

) QLT_-i g‘-_-i|9‘J 4
— = _

+t|| YU ~ Wy + n

i+ m—tne | |

Given the hvpotheses, 1f 4 were larae enouch, the ncoise terms would be

averaned to zero:

YX

o
-—
—

i+l

and this forms the basis for our identification trateav,
The results of nrelliminary analvsis indicate that A, and P; are not slowly
varving, The reason could be that there are more npilot states than alir-
craft controls, or the etfect of larae scale randomness cannot be smoothed
by averaainn over a few adjacent points, A third possihiiity is that other
pilot cues than the measured ones are slanlficant, Rate of climb I5 an
examnle, O
A1l these possiblitities reauired consideration of more expensive
approachas to the problem, Some possibillties were:
{a) /n lterative maximum Ilke!lihood I2entiflcaticon, This arproach a ;
was deduced to be far too exnensive,
(h) Remove the randomness (as far as ls statlisticaliy defennabie)
from the measurements and then procend wlth the ldentiflcation,

This procedure was much less costlv and was projected to alve

nood resylts,




4.1

4,6

4.0 Analvsls Procedure Adopted

V'ake the followine hypotheses,
{a) the randor component |5 a statlonary process, The probability
density function has an unspecifled distribution (l,e,, It
may be unlform, Gaussion, etc,), The conditional pro-
kabilities hence the n dimensional probabllity density :f’
is such that power distribution over freauency is flat
up tfo a finite frenuency, f., such that fs : f' - fT' f{_
where 3

fo = ¢ 7 = maneuver duration

1
27
f_= maximum freauency content of the
hypothesized deterministic sienal
U'sing theo Fast Fourier Transform, obtaln the flnite Fourier
Sertes whlch fits the 2048 data pcints for each measurement,
Determine t~e nower spectral denslty (PSD) of each measurement,
ledure randomnass components from the high frenuency comnonents'
flatnass,
Subtract the (PSD) of the randomness component from the overal |
PSr thus vieldina a S0 of the deterministic component, This
is done for each measurement, (Preliminary studlies show that
the determin.stic corponent ts contalned In the flrst (lowest)
3% ot the Jourier sractrum), This also establlishes the hinahest
frenuency of the Fourier Series of the deterministlic comnonent,
lise the Fourier Serles so derlved to nenerate data for the

itentification,
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4,7 In the Interest of economy, use the same |,D, proaram we have

s

used: aenerate coefficlents for each six (€) seconds, g -

4,8 fit a 20 - term fourier Serles to the generated coefficients,

&)
-
(]

Discussion
By takina this aporoach, states could be added by including their

derivatives, and derlvatives of Input can also be considered,

[
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