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FOREWORD

The Army Research Institute Field Unit at Fort Rucker, Alabama, has

the mission of providing timely research and development support in |

aircrew training for the US Army Aviation Center. Research and development P

are conducted in-house, augmented by contract research as required. This

s reseavch report documents contract wcrk performed as a part of the Field
Unit's thrust in flight simulation development.

BT

< The development of validated requirements for flight simulaicr speci=-

fications is an area of intense interest for both DoD and industry. 1In :

this report, an approach is developed which will translave requirements -%

based in human perceptual capabilities to requirements compatible with E

engineering specifications. ;

4

This work is responsive to Project 2Q263744A795, to the US Army VZ

-

Aviation Center, Fort Rucker, and to the US Army Project Manager for
Training Devices (PM-TRADE).

5
PH ZEIBNER 1
ical Director §
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{ ' DETERMINATION OF MOTION AND VISUAL SYSTEM REQUIREMENTS FOR FLIGHT TRAINING : ﬁ
2N SIMULATORS I %
. : Py
¥ & 3
2 BRIEF é
A £ 2 k]
: Requirement: &
4 3
e . At present, there is no quantitative methodologn for statement of ¥
] flight simulator visual and motion systems requirements in terms of train- é
& ing objectives. This study uses available data relating visual and motion ,i
? ) senses to pilot closed loop control and to spatial orientation and develops "g
Ei* such a methodology. '%
= 5
R Procedure: wg
First, fidelity ic operationally defined in terms of the simulator's R

ability to induce the pilot trainee to ocutput those behaviors and behavior
patterns known to be essential to ccntrol and operation of the actual

Ao

aircraft in performance of a specific task. From this definition, a “?
control theoretic model of simulation training is developed counsisting of a 3%
closed loop of three interconnected processes: the pilot's perception of A
task environment and simulator states, his control behavior technique, and 5
the simulator's response. Then, the existing body of literature on simu- 4

lation and simulation requirements is surveyed for data relevant to pilot
perception and pilot technique.

,
s

4.

,.:/”ji’t ‘;‘,;4‘&5,,' VA

Findings:

—

A control theoretic approach tc¢ training simulator requirements
is shown to be 2 potentfally powerful tool. But it is also shown that many
areas of pilot control technique and dynamic perception are not suffi-
ciently quantified.

more quantitative research is needed will scrve as & basis for an alter-
native approach to investigation of simulator visual and motion system
rcquirements.

E

Utilization: f§

3

. The model developed here and the indicated areas in which additicnal, ;%
3

R
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Visual approach slope indicator )
Visual flight rules

Visual meteorological conditions

Very high frequency omnirange

Vertical takeoff aand landing
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LIST .OF SYMBOLS

(1) Subjective landing area size; (2) apparent distance of
vanishing points from the principles of visual perspective

Controlled element gain for () state variable
Peak lateral specific force

Axial specific force

(1) Laterzl specifié force, (2) specific side force
Lateral specific force

Centerline

Vertical flight path excursion

System errcr

Error rate

Gravity constant

Spurious motion cues

Altitude

Vertical velocity

Roll moment of inertia

Pitch moment of inertia

Yaw moment of inertia

System input

Imaginary operator

Gain

Roll s:ability or control derivative with respect to ()
Roll stability derivative with respect to yaw rate
Roll stability derivative with respect to bank

Pitch stability or control derivative with respect to ()
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Pitch stability derivative with respect to pitch rate

Alrcraft mass

Roll rate

Pitch rate

Range

Range rate

Deceleration

Yaw rate

Ground range, size

Laplace operator

Effective closed loop flight path lag
Pilot lag time constant .

Pilot lead time constant

Roll mode time constant

* Spiral mode time constant

Helicopter pitch damping time constant
Effective closed loop airspeed lag
Helicopter yaw damping time constant
Effective closed loop pitch attitude lag
Pitch numerator time constant
Pitch numerator time constant
Effective closed loop bank angle lag

Roll numerator time constant

Airgpeed
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1 Ve Ground speed
] v Minimum control speed
\ Mo :
4 ! VNE Never exceed speed 5
i
V* Maximum angle of climb speed P
E w (1) Runway width; (2) z-axis perturbation velocity i?
E component * il
X X-axis force ii
Xy Speed damping stability derivative 55
E X() X-axis stability or control derivative with respect to ()
f X Distance along x-axis 4
%
) |
: Y. Controlled element transfer function 2
; $
3 Y. (jw) Controlled element describing function -
b4
1 Yeab Simulator cab translational acceleration ¥
Yp (1) pilot transfer function, (2) subjective lateral :
deviation 3
Yp ‘Pursuit command loop transfer function 5
c 3
§
Yp Pursult error loop transfer fuaction )
e
AYpi Pursuit input transfer function |
E:
Yp Pursuit state measurement loop transfer function 4
n
Yp(jw) Pilot describing function 5
Ych(jw) Pilot—vehicle describing function ?
Y, Lateral damping stability derivative 4
h:
Y() y-axis force stability or control derivative with respect =%
to () ’ 4
3
¥ lateral displacement i
: Z() z-axis force stability or control derivative with respect
S to ()
%; i z, Heave damping stability derivative
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Baero Aerodynamic sideslip angle L4
Y (1) Actual depression from horizon, (2) nomihal glide i %
slope angle P
P
A Incremental quantity P
v ) Control deflection ! “
6 Pitch attitude \;
) 8 Pitch rate ,1
ec Pitch sttitude command "j
A Backscattering coefficient ~;~
A, Eyeball position ;;3;;
i
gy
v (1) Actual angle of centerline with respect to vertical, ‘e;f
(2) approach line up centerline perspective angle, (3) @i
nozzle deflection 3
4
A
. 3.14159.. ]
c (1) Real part of Laplace operator, (2) Koschmeider's ’1
meteorological extinction coefficient &
T Time delay “}5
Te Computing delays ' é
’_‘é:
Te Effective pure time delay 7::
T Effective pilot time delay ‘;
eff j
¢ Bank angle "7‘
L4 Heading §
4
-
W, Crossover frequency - ;
“’gl Dutch roll frequency ol Eé
. Wy Motion drive natural frequency ?‘3
Wpr, Lateral phugoid frequency a
Wy, Phugoid frequency 3
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1 E
] Wsp Srort period frequency }
Ez Wy (1) \High pass break frequency, (2) sway washout filter i
< frequency § :
- SUBSCRIPTS : .
. [ 1
a iateral control (aileron) u
‘beam ~ Simulator support beem . ~_j:
c (1) controlled element, (2) command, (3) collective ;
control ‘:
cab- Simulator ceab :j;jj
h Height ﬂ
e (1) Error, (2) elevator control Zi
I Lag ;
L Lead :;
3
o] Measurement :
o Ob jective aé
P (1) Pilot, (2) perceived )’%
pk ~ Peak %
R Range :
T Rudder control
U- Airspeed 7
T Thrust control . ;
t 7 Threshold: . 3
v Visual :
X . Along aircraft fuselage reference line )
y Perpendicular to fuselage reference line in lateral plane \
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EXECUTIVE SUMMARY

BACKGROUND

Visual and wotion simulator systems should be designed to address the
specific training objectives which are of importance to the missions of
Army aviators, but training objectives do not influence simulator designs
as they should. There is presently little rationale for setting simulator
specifications with regard tv the specific training objectives of those
simulators, and it is necassary to rely heavily upon past experience. If
an existing simulator with given motion and visual system characteristics
provides a successful transfer of training, then it is assumed that the
same specifications- should be used for the next simulator even though some
of the specifications could be superfluous. Unfortunately there are no
rules to tell us what to do if training was not successful. Was the de-
ficiency in the motion or visual system? What must be done to correct
that deficiency? What must be provided for new aircraft or new training

objectives? These questions lead us to the objectives of this study.

OBJECTIVES AND SCOPE OF THIS STGDY

The main objective of this study 1is to develop a methodology for ap-
proaching training simulator fidelity in terms which will ultimately
permit rational system specification. A secondary objective has been to
make use of available data where possible in order to exercise the méth-
odology adopted and to set similator fidelity requirements where it is
possible. The scope of this study includes motion and visual fidelity
considerations for a wide range of Army training objectives. These in-
clude fixed- and rotary-wing Army aircraft, operations in visual and

instrument meteorological conditions, undergraduate through continuation
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training, and recognition of critical flight phases which include nap-of-
the-earth navigation, and weaporn delivery.

TECHNICAL APPROACH

The approach taken in this .study is to formulate an operational def-
inition of fidelity which decomposes the various aspects of fidelity which

include training objective or task, piloting technique, pilot perception,

and simulator model software and simulator hardware response. This de-

composition yields a framework quantified in common terms which, in this

case, are based on control -theory ideas. The ultimate benefit of this

approach is chat the same terms used to describe the various components of

the training scenario are, in fact, compatible with the terms used to

write engirneering specifications for simulator components. In effect

there is a common frame of reference for system performance and fidelity

measurerent. Another important byproduct of this technical approach is

that a number of natural constraints are automatically imposed as a result

of quantification of the task and aircraft type. Further constraints are

imposed by recognition of basic ideas from manual control theory. The

ultimate reward i1s an analytic formulation of the task-pilot-aircraft

system which describes the basic mechanisms of iraining to fly an aircraft

as well as pilot performance with respect to desired flight tolerances.

DEFINITION OF FIDELITY

This effort began with  the developﬁent of an operational definition of

simulator £fidelity which sets the stage for all subseguent steps in

achieving the study objectives. Briefly stéted in verbal terms,
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"Simulator fidelity is the degree to which characteristics
of percelvable states 1nduce correct psychomotor and
cognitive control strategy for a given task and envi-
ronnent. This leads to s~eclal consideration of essential
feedback loops required to execute a task and the essen ‘
tial cues provided by the simulator or training device ijg
which support those essential loops.” P
i

it -

|
This definition of fidelity can also be depicted in a graphical form which ]
clearly identifies the ideas of objective fidelity and perceptual fidel~- f

3 e et

ity. The implication is that it may not be necessary to have a highly i
veridical situation for skill development except in terms of the induced ’
piloting technique.
ko

ARMY TRAINING MISSIONS 3
3

e

A statement of fidelity is unavoidably conditional upon the training

3

mission or task being addressed. It 1s necessary first to specify the 5‘;
various training missions to be considered for simulatiorn, and this is ’;
. L7

done through direct reference to training literature and training syllabus ;é

material, supplemented by discussions with instructor pilots. ~“This in-

,..:.../J
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cludes aircrew training wmanuvals, aircraft flight manuals, descriptions of

..

e b

special missions such as helicopter gunnery or nap-of-the-earth flight.

s

It also involves reviewing training material from other branches of the

military as well as from civilian aviation. Guidelines are presented

describing how to translate the training literature into a closed-loop.

SRR

system structure which is compatible with the engineering descriptions of
the aircraft and the pilot psychomotor behavior. A nuiber of task an-

alyses are provided which illustrate the closedloop nature of the task

! -
na

and provide some idea of the ranges of numerical quantification.
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PILOT MODELING TECHNIQUES

One of the central themes of the technical approach is to use manual
control theory in pilot modeling techniques to aid in the analysis of
simulator fidelity requirements. Some of the basic ideas in pilot model-
ing have been well developed; and it is possible to predict the nature of
pilot behavior, especially psychomotor, given a good description of the
task and of the vehicle. One of the more difficult aspects of pilot

modeling is handling perceptual mechanisms, especially where visual in-
formation 1s involvead.

ANALYTIC PROCEDURE TO PREDICT CUE STIMULUS

With the ideas developed under the foregoing topics — definition of
fidelity, description of Army training missions, and pilot modeling tech-
niques —— it is possible to devise a procedure which informs us of the
cues required to perform training missions and whether those cues are, in
fact, available in a given training device or simulator. This is a guide
to discovering what cues are required and what cues may be lacking. Exe-
cution of this procedﬁre requires a rather full numerical quantification
of the task, piloting technique, vehicle and simulator response, and pilot
perception. At this stage we find that the fragmentary nature of the
available- quantification of these characteristics prevents us from. an
effective analysis of visual and motion system requirements in general.

Nevertheless it begins to point out what is needed in terms of additional
research.
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SIMOLATOR FIDELITY BOOKKEEPIRG \

This step is a formalization of a procedure to take stock of simulator
‘fidelity requirements.

We specify a series of matrices which are com- A
prised of Dbasic data describing plloting technique versus task, cues }
available for various training devices, aercdynamic influences ‘of the
aircraft involved, and a series of wmatrices of constructed information
which lead us to an ultimate statement of the training capability of par-
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ticular devices and the motion and visual cue detail which must be
specified when constructing a new device.
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RESEARCH NEEDED \ >
This study demonstrates hov simulator fidelity requirements can be ‘i
specified in a rational way to address the wide range of Army trainiﬁé ;
missions. At the same time, however, we find repeatedly that there are g
serious gaps in the basic experimental iuformation required to exercise

the rational analytic procedure. These gaps lie primarily in the pilot-~
centered areas involving piloting technique for specifi- tasks and pilot
perception of motion and visual cues. In effect the data required are
those which would fill out the basic simulator fidelity bookkeeping ma-
trices previously described.

The kinds of measurements to acquire these
data are, by and large, feasible and can be comprised of several different

approaches which can be applied simultaneously to any given flight or
simulator research experiment.

CONCLUSIGNS AND RECOMMENDATIONS

The application of control theory to training simulator fidelity of-
fers a potentially powerful tool. and
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All of the task, physical,
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This step is a formalization of a procedure to take stock of simlator

fidelity requirements. We specify a series of matrices which are com-

prised of basic data describing piloting technique versus task, cues

available for various training devices, aerodynamic influences ‘of the

aircraft involved, and a series of matrices of constructed information

which lead us to an ultimate statement of the training capability of par-
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ticular devices and the motion and visuzl cue detail which must be

specified when constructing a new device.
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This study demonstrates how simulator fidelity requirements can be

R

specified in a rational way to address the wide range of Army training

T

missions. At the same time, however, we find repeatedly that there are
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serious gaps in the basic experimental information required to exercise
the rational aralytic procedure. These gaps lie primarily in the pilot-

centered areas involving piloting technique for specific tasks and pilot
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perception. of motion and visual cues. In effect the data required are

those which would fill out the basic simulator fidelity bookkeeping ma-
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trices previously described. The kinds of measurements to acquire these
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data are. by and large, feasible and can be comprised of several different

approaches which can be applied simultaneously to any given flight or

B

simulator research experiment.
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CONCLUSIONS ARD RECOMMENDATIONS

The application of control theory to training simulator fidelity of-
fers a potentially powerful tool. All of the task, physical, and
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pillot-centered constraints are brought together in a way which can produce
a meaningful basis of analysis. However, what confounds the execution of
this procedure 1s a lack of quantification in some of the pilot-centered
areas of control technique and perception. At the same time it is fea-
sible to go after these needed measurements. This can be done over the
long term using targets of opportunity or over a shorter term with delib-

erate, well-planned research programs involving both flight vehicles and
simulators.

In laying out a rational approach to determination of training simu-
lator fidelity requirements, one of the important byproducts is a
unlfication of training literature which describes various piloting tasks
and the established ideas of manual control theory. This unification is
useful in describing and predicting pilot behavior given quantification of
the task. These ideas, combined from the training and engineering com—
munities, provide some interesting implications. for both of these
commnities. For example it may be possible to enhance pilot tra