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kThe objective of this study was tc investigate, by means of real-time
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man-in-the-loep simulation techniques, piloting performance as influenced

by approach-signal degradation and aircraft control-augmentation variables
during IFR steep-angle approaches and landings with vertical-lift aircraft.
Simulation evaluations also included aircraft-type, display-format, approach-
angle, and display-quickening variables tc increase the generality of study
results. Variable-velocity simulations of Bell UH-1 and Ryan XV -5 aircraft
were utilized as test vehicles. Interpreted within the constraints imposed by
the simulations, study results indicated that increased filtering of measure-
ment noise is beneficial during approach but may have a degrading effect during
hovering flight. Generally, both flight-path error and pilot control activity in-
creased with increased measurement noise. With one exception data trends
also indicated improved performance with aircraft outer-loop control augmen-

tation. -
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3 FOREWORD

EFANN

3 E: This report presents work which was performed under the Joint Army-Navy
Aircraft Instrumentation Research (JANAIR) Program, a research and ex-
ploratory development program directed by the United States Navy, Office

of Naval Research. Special guidance is provided to the program for the

b 3 Army Electrorics Command, the Naval Air Systems Command, and the Office
. of Naval Research through an organization known as the JANAIR Working

3 Group. The Working Group is currently composed of representatives from

E 3 the following offices:

0 At Gy e an 420

A

Ly

E: ® U.S. Navy, Office of Naval Research, Aeronautics, Code 461,
Arlingten, Virginia 22217

q 3 - Aircraft Instrumentation and Control Program Area

3 ® U.S. Navy, Naval Air Systems Command, Washington, D.C.
x - Avionics Division; Navigation Instrumentation and

.- Display Branch (NAVAIR 5337)

.

= 9 - Crew Systems Division: Cockpit/Cabin Require-

ments and Standards Branch (NAVAIR 5313)

PR 2anr

s e U.S. Army, Army Electronics Command, Avionics
Laboratory, Fort Monmouth, New Jersey

B R,

-  Instrument Technical Area (AMSEL-VL-I)

$)of(

The Joint Army-Navy Aircraft Instrumentation Research Program objective
is: To conduct applied research using analytical and experimental investi-
gations for identifying, defining and validating advanced concepts which may
be applied to future, improved Naval and Army aircraft instrumentation
systems. This includes sensing elements, data processors, displays 2ad
man/machine interfaces for fixed- and rotary-wing aircraft for all flight
regimes.
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ABSTRACT

The cbjective of this study was to investigate, by means of real-time
man-in-the-loop simulation techniques, piloting performance as in~
fluenced by approach-signal degradation and aircraft control-augmen-
tation variables during IFR steep-angle appioaches and landings with
vertical-lift aircraft. Simulation evaluations also included aircraft-
type, display-format, approach-angle, and display-quickening variables
to increase the generality of study resuits. Variable-velocity simula-
tions of Bell UH-1 and Ryan XV-5 aircraft were utilized as test
vehicles. Interpreted within the constraints imposed by the simulations,
study results indicated that increased filtering of measurement noise is
beneficial during approach but may have a degrading effect during hov-
ering flight. Generally, both flight-path error and pilot control activity
increased with increased measurement noise. With one exception, data
trends also indicated improved perfermance with aircraft outer-loop
control augmentation.
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position errors

S subject (independent variable)
SX' S}‘;, S}%, S;( power spectral densities of noise input, position-

lim and rate-output estimates of a-8 filter, and rate-
output estimate from rate limiter

T sampling period of a- filter (i.e., compute-cycle
time)

u X body-axis perturbation velocity

v Y body-axis perturbation velocity
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w Z body-axis perturbation velocity
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g% NOMENCLATURE i,

: Activity Indices Root mean square of the rate of pilot's control i
s inputs into the simulated vehicle. These values *
: : are used as performaice measures and provide

3 an indication of the pilot's activity as he controls
E the simulated vehicle. <

e VAN A L WD NS i a2 MM A s

¥
w
S s 4 M X

E 3 Alpha~Beta Filter Name of the digita? filter used in this study to provide ="
S g smoothed estimates of position and rate from the
simulated measurements.

- Autocorrelation A measure of interaction {(or correlation) of a pro-
3 ‘ Function cess with itself as a function of time. Normalized fald
o E autocorrelation is an autocorrelation function
E - 3 normalized such that it is bounded by unity.

E. . 5 A/D Analog to Digital - An interface between an analog

E and a digital computer which converts the continuous k.
‘. 3 data of the analog computer to ihe discrete represen-
S tation of the digital computer.

'3 C3 Constant-Slope An approach in which the ratio of the vertical-to- :
y" H Approach horizontal velocity remains constant. ee

' Cumaulative Probability The prcbability that the value of a random variable ke
L 73 Density Fuaction X is less than some re<al number x.

Dependent Variables Variables of an experiment which describe system o
performance. These performaace measures are ;
aszumed to retlect changes in the levels of the in- =
dependent variables of the experiment and are thus

k: considered to be "dependent”.

A LT

D/A Digital to Analog - An interface between a digital
and an analog computer which converts the discrete H
_ data of the digital computer to the continuous rep- 4
- resentation of the analog computer.

;': HSD Horizontal Situaticn Display - A class of display ;
3 fcrmats which presents a horizontal or downward- iy
looking view.
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Independent Variables

Parabolic Approach

Psb

RMS

Standard Deviation

Statistical Significance

VSD

Parameters of a system which are varied to investi-
gate their effect on system performance.

An approach in which the flight-path profile is con-
cave downward such that the commanded altitude
increases as the square root of the distance from
the landing site.

Power Spectral Density - A measure of the amount,
of energy contained in each frequency component of
a signal.

Root-mean-square--

N
Z Xi2 IN, where

/&

X. denotes a measured parameter, and N iz the
toltal number of measurements recorded.

/ N 2“ where X is the mean
i<

\-' L (Xi - X)4/N
S

-

vaiue of the observations (X.) and N is the total
number of observations.

A probability statement that an observed difference
deviates from zero by an amount greater than can
be attributed to ranuom sampling fluctuations.

Vertical Situation Display - A class of display

formats which presents a vertical or forward-
looking view.
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SECTION 1
INTRODUC TION

The unique performance capabilities of vertical takeoff and landing (VTOL) air-
craft are significant contributors to the effectiveness and scope of tactical

air operations. These capabilities allow terminal-area penetration and landing
in terrain with a variety of topographical characteristics, with minimal or no
landing site preparation required. Clearance of terrain obstructions adjacent
to restricted landing areas can be accomplished by flying approach profiles
consisting of relatively high vertical and low forward velocities and relatively
high angies of attack. These nominal approach profile characteristics con-
stitute what is commonly considered as a "steep-angle approach’ (SAA).

Steep approaches with rotary-wing aircraft, for example, include flight-path
angles of 12 to 15 degrees or greater.

Operational steep-angle approaches are, however, currently limited to visual-
flight-rule (VFR) conditions. If rotary-wing and other future generation
vertical-lift aircraft are to accomplish their mission objectives independent

of visibility conditions, operations into remote and restricted landing zones
must be supported by an instrument-flight-rule (IFR) steep-approach capa-
bility. This capability should ultimately include landings under near zero-
zero conditions to take full advantage of the potential of vertical-lift per-
formance.

In the absence of VFR approach and landing cues. all fiight-control information
must be electronically sensed or computed for display to the pilot. with the
pilot serving as a primary element in the control loop or. alternatively, as a
monitor of automatic system performance. In either case. a comprehensive
display of status and command information is necessary to facilitate the
precise and reliable control of the vertical-lift aircraft during transition
through the low-airspeed flight regime associated with a steep-approach
gradient.

One of the objectives of the Joint Army-Navy Aircraft Instrumentation Re-
search (JANAIR) Program has been to defire, develop and evaluate display
concepts for this purpose. As an initial step toward the definition of an IFR
steep-angle approach and landing capability for vertical takeoff and landing
(VTOL) aircraft, Honeywell was tasked to perform investigations which had
the following primary okjectives:

® Task I - The definition of displayed information parameters
required for all-visibility, steep-angle approaches
and landings with tactical vertical-1ift aircraft of the
1975 to 1980 era; and the development, simulation.
and evaluation of alternative display formats incor-
porating the required information.
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These investigations (Ref. 1) were oriented toward developing display system
concepts by initially evaluating the display/operator/task interface. Consis-
tent with this philosophy, the initial phase (Task I) of the SAA program em-
phasized the man-in-the-~loop evaluation of alternative display formats for use
in performance of the SAA task. Alternative display formats representative
of both horizontal- and vertical-situation concepts were empiricaliy evaluated
by means of real-time man-in-the-loop simulation techniques. Approach-
angle and profile characteristics were also evaluated to determine their dif-
ferential effects upon piloting performance #nd to increase the generality of
display-comparison results.

During the course of this investigation. several additional specific problem or
task areas requiring further evaluation were identified. Each of these task
areas is subsumed within, or related directly to, the problem of display re-
quirements for IFR steep-angle approach with vertical-lift aircraft because
each implies a category of conditions or constraints within which the selected
display configuration may be operated. Relevant task areas identified for
further study include:

® Task Il - The effect of approach-system noise and filter
variables on pilot performance of the SAA task

® Task IIl - An evaluation of alternative vehicie control-aug-
mentation modes

® Task IV - Determination of the effects of varying wind con-
ditions during SAA

° Task V - Determination of the effects of selecied situational
contingencies during SAA

® Task VI - Definition of preliminary recemmendations for a
manual SAA system based on the resuilts of the
above tasks.

Results of studies performed to evaluate ef“ects of Task II and Task III variables
above are the subject of this report. An outline of display and display-related
variables investigated in the SAA program is shown in Table 1-i. It will be
noted that evaluation of selected display formats and approach angles as
variables has been continued in the Task II and III study phases reported here,
supporting the overall objectives of this program ---the investigation of display
requirements for manually controiled IFR steep-angle approaches.

Following is a brief description of the content of major sections of tnis report:
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Table 1-1., SAA Variables Investigated

Variabies or
Conditions
Evaluated

Study Phases

(Complete)
I

Display Formats

///77-/ //,
VIEVD IEFVD
L, PPI-AR / PPI- AR
/PPI -IR
y

(Current)
I 111

7/

// 777
N0

Aircraft

Approach Angles //?; f /// ;/f;;% p
24° / /]
4 ,7

/// 24

e
XV- 5

/’//
UH-1

/ XV-
oo NI

Y

/ 2 i

Approach Modes Const Slop Const. Slope Const. Slope
Paraboh /
/ PAY A4
. - 77 /

Signal Filter Lags | None Low Low /

/ Medmm /

/ngh / / ngh A

7 /,, 7

Signal Noise None None Aon///
Levels / Medmm / 4

/ ngh / High A
Quickening Gains | High ng / High

..,ow
7

Control Augmen- | SAS / SAS// / /

tation Modes

/' 54S + OLCS ./
SAS + yHold /
SAS + OLCS +”]

/  YyHold/ / /

(Shaded cells represent variables in each study phase)
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Background: Generic configurations of vertical-life aircraft
and approach-aid systems are briefly reviewed for general
reader orientation and background to the present study program.,

Study Definition - Task II: Descriptions of all variables and

task characteristics simulated in the Task II study phase are
presented,

Preliminary Simulation - Task II: The training of pilot subjects,
refinement of simulation methodology and selection of specific
variable levels for investigation in the Task II study are described.

Formal Simulation - Task II: The Task II experimental design
for conducting formal investigations, deperdent and independent
variables evaluated, and data reduction procedures are presented.

Study Results - Task II: Results yielded by the statistical and
subjective analysis of performance data generated during Task II
formal simulations are discussed.

Study Definition - Task IlI: Descriptions of all variables and task
characteristics simulated in the Task III study phase are presented.

Preliminaty Simulation - Task III: The training of pilot subjects,
refinement of simulation methodology and selection of specific
variable levels for investigation in the Task III study wre described.

Formal Simulation - Task III: The Task III experimental design
for conducting formal investigations, dependent and independent
variablcs evaluated, and data reduction procedures are presented.

Study Results - Task III: Results yielded by the statistical and
subjective analysis of performance data generated during Task III
formal simulations are discussed.

Summary and Conclusions: Results of both Task II and Task III
study phases are summarized, and conclusions are drawn as to
the effects upon piloting performance of all experimental vari-
ables investigated.
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SECTION I
BACKGROUND

Two primary requisites associated with the performance of IFFR steep
approaches and vertical landings are the vehicle itself and the approach-aid
subsystems necessary to accomplish IFR penetration. Each of these sys-
tems is discussed briefly in the following paragraphs for reader orientation

and to serve as a basis for the definition of the scope of the present study
program.

VEHICLE REQUIREMENTS

A variety of aircraft configurations have the inherent design characteristics
necessary for the performance of low-speed approaches and vertical landings.
Generic features of all aircraft in this class are a lift-to-weight ratio greater

than unity below aerodynamic stall speeds and controllable vehicle rotational
and translational axes in the same speed range.

The majority of VTOL aircraft now operational or under prototype develop-

ment are of one of the following types (representive examplec of each type
are also shown):

Rotary-Wing: (Bell UH-1)

Jet-Lift: (Hawker Siddeley Harrier)
Tilt-Wing: (Ling-Temco-Yought XC-142)
Compound Rotary-Wing: (Lockheed AH-56)
e Ducted-Fan: (Ryan XV-5}

Aircraft representing the first two vertical-life concepts are now operational,
while the latter three are in the prototype-development and flight-test stages.
Further discussion of these VTOL aircraft and cother similar vertical-lift
variations may be found in Reference 2 through 9. Control problems and
design considerations associated with flight cf these aircraft in the low-speed
range are also discussed in these sources. Additional background informa-
tion relating vertical-iife aircraft applications and the steep-angle-approach
problem is given in References 10 through 15,

In general, it can be stated that some degree of control and stability difficulty
is experienced with all configurations, especially at the low airspeeds and
high descent rates associated with a steep-angle approach. In addition to the
common problems of excessive power requirement and low longitudinal aero-
dynamic stability resulting from flight at low substall airspeeds, each config-
uration has its relatively unique difficulties. Examples are blade-tip vortex
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impingement, nose-up pitching moment, and wing-stall problems for rotary-
winged, ducted-fan and tilt-winged configurations, respectively.

APPROACH AND LANDING-AID REQUIREMENTS

Three basic functions are served by the approach-aid system being proposed
or now under development for tactical use with vertical-life aircraft (Ref. 16).
Functions required are:

e The generation of a landing reference: The frame of reference
with respect to the desired landing site must be defined

e The measurement of position relative to this reference: The
approaching vehicle's position relative to this frame of refer-
ence must be determined.

e The choice of approach path: The desired approach path must
be defined to allow computation of error and command informa-
tion.

These functions are allocated in various combinations to ground-based and
airborne components. Four configurations represent a majority of systems
currently under study. These are:

e Airborne ground mapper, e.g., airborne radar
e Ground-based sky mapper with data link to aircraft

Ground-based pattern generator and airborne pattern
sensor (beam-guided system)

e Airborne radar tracker and ground-based omnidirectional
beacon {beacon-gnided system)

Ground-mapper systems represent the only non-cooperative configuration
consisting of all airborne system components (unless used in conjunction
with corner reflectors around a landing zone). Systems representative of

the latter three configurations above are considered cooperative, having

both ground and airborne components. Of these configurations, beam- and
beacen-buided concepts are currently receiving the most developmental
emphasis. In cooperative systems, measurement of aircraft position with
respect to a desired landing zone is typically defined in spherical coordinates
(range, bearing and elevation) which may in turn be iransformed to position
coordinates (X, Y and Z) referenced to the desired approach path.

-\ more detailed discussion of these various configurations, their operating
characteristics and their required operating envircnment may be found in
References 13 through 23,
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SECTION I
STUDY DEFINITION - TASK II

OBJECTIVES

The primary objective of the Task II study phase was to investigate effects
of approach-system noise and filter characteristics on pilet performance of
the SAA task. Interactive effects of these variables were evaluated in con-
Junction with other relevant system variables to obtain increased generality
of the study results.

Descriptions of all variables and task characteristics simulated in this study
phase are given in the following paragraphs and in Appendix A. A more ex-
tensive treatment of the basis for development of display formats, quickening
gains, and the approach and landing task simulated for this study is given in
Reference 1.

AIRCRAFT SELECTION AND DESCRIPTION

Two aircraft simulated for use in this study were the Bell UH-1 helicopter
and the Ryan XV -5 ducted-fan VTOL. These vehicles are representative of
two general configurations of tactical vertical-life aircraft potentially opera-
tional in the 1975 and 1980 time period. Other factors in the choice of these
aircraft were the availability of data and the status of contemporary simu-
lations.

e Ryan XV-5: This vehicle is a mid-wing, ducted-fan
research aircraft. It is capable of conventional takeoff
and landing (CTOL) and flight to high subsonic speeds in
addition to its VT OL performance in the fan-supported
mode. The three-view drawing in Figure 3-1 {from Ref. 24)
indicates the dimensions and configuration of the vehicle.
For aerodynamic flight, manual control is through control
stick and rudder pedals to conventional aerodynamic surfaces.
In the fan mode of operation, attitude, thrust direc*ion, and
lift are controlled primarily through the collective and dif-
ferential vectoring of louvers mounted directly under the
wing fans, and doors under the nose ifan. Louver and door
operations and the resulting control functions for this vehicle
are shown in Figure 3-2.

e Bell UH-1: The UH-1 is a turbine-powered si::gle-rotor
helicopter. It has a gross weight of between 8502 and 9500
pounds and a cruise speed of 120 to 140 mph, depending on

model suffix designation. Rate of climb is approximately
2350 ft/min. A three-view drawing of the UH-1 is shown

in Figure 3-3 (from Ref. 25). The main rotor is a two
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Figure 3-2.

VTOL Flight-Control System Operation
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bladed see-saw type and is speed governed over its operating
range. A degree of stability augmentation is provided by a
damped stabilizer bar 90 degrees out of phase with the rotor
blades. The flight control system is a conventional helicopter
mechanical-boost type which controls collective and cyclic
pitch and tail rotor. Fore-and-aft cyclic pitch is augmented
by an aerodynamic elevator for increased controllability and
extended center-of-gravity (cg) range.

Variable-velocity simulations of both aircraft were programmed on Honeywell' s
hybrid-computer facility (see Appendix A). Nonlinear force and moment equa-
tions and aerodynamic lags were computed digitally, while inertial dynamics
were synthesized on the analog portion of the hybrid simulator. Examples of
the flight characteristics gained by this variable-velocity simulation tech-

nique include: (1) complete aerodynamic cross coupling in all control axes

in the presence of gusts, control inputs and vehicle drift rates and (2) con-
tinuous change in vehicle trim conditions s a function of airspeed, mass
loading and aerodynamic loading.

APPROACH-TASK DEFINITION

The approach and landing task simulated was considered to represent the
terminal segment of a nominal tactical mission, beginning at the point of

acquisition of a grocund-based approach and landing aid, and terminating
at touch down.

Based or information gained in previous studies (Ref. 1) from questionnaire
and literature sources, the following assumptions were made in defining the
approach and landing task simulated:

e Localizer (lateral-position) error at the point of acquisition
resulting from enroute navigation errors would be nulled
prior to glide-siope capture.

® Except for initial heading changes necessary for localizer
null, the approach would be directly toward the landing
site to minimize low-altitude and low-speed exposure in
the terminal area.

e Approaches would be commanded to a hover point of 56
feet above the landing site rather than directly to the
ground.

® An approach profile would be commanded such that a
minimum of 90 seconds would be spent on the glide slope.

3-5

f:;;
3
%
3
-
'2:




) Aie £ i W gAY Y 0 O ko f TAR AN Y S

YA

fun

rlp fravang

N

Sfa, orAY phe

‘719

v

i
<

Sty fa

afccdnins

SR

ASPILOTROR

RASY Qaal e i Aop i &

B R L0 Tra Pt A 20 b N S A X 43 P 3k £ 2 el s

Simplified plan and profile views of this approach- and landing-mission
segment are shown in Figures 3-4 and 3-5. This segment is divided into
four phases:

The primary piloting tasks associated with each phase are summarized below:

Initial approach: Localizer acquisition is initiated from

a course parallel to the commanded approach course but
with some degree of lateral error resulting from enroute
navigation inaccuracy. This error is nulled, and ground-
speed is reduced to that required for glide-slope intercept.

Final approach: The glide slope is acquired, and the
commanded flight path is maintained to the point of hover.

Hover: The hover point is maintained until descent is
commanded.

Descent: Longiiudinal and lateral position are maintained
while power is reduced for a descent to touch down.

Initial-Approach Phase

-  Maintain stable vehicle attitudes

- Null lateral flight-path error

-  Maintain commanded altitude

-  Establish commanded ground speed
Final-Approach Phase

- Maintain stable vehicle attitudes

- Maintain lateral flight-path null

-  Establish and maintain vertical flight-path null
-  Maintain commanded ground speed

- Decelerate forward and vertical velocities
as commanded

3-6
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) Hover Phase

Maintain stable vehicle attitudes

- Establish and maintain commanded lateral position
(with respect to landing site)

-  Establish and maintain commanded longitudinal
position

- Maintain commanded altitude

® Descent Phase

Maintain stable vehicle attitudes

-  Maintain commanded lateral position

- Maintain commanded longitudinal position
-  Establish safe vertical descent rate

- Minimize horizontal translation rates

APPROACH-ANGLE SELECTION AND DESCRIPTION

Two alternative "final-approach" angles were simulated in the Task If study.
Constant-gradient glide-slope angles of 6 and 15 degrees were selected to
cover the range of steep angles generally considered to be feasitle for opera-
tional vertical-lift aircraft. In Figure 3-6 corresponding terrain or cbstacle
clearance altitudes for the 6- and 15-degree slopes terminating at a 56-foot
hover altitude are compared with a more shallow slope of 3 degrees. Ata
ground range of 1000 feet from a landing site, for example, terrain-clearance
altitude for the 15-degree slope is approximately three times that of the 3-
degree slope. If these slopes were terminated at the landing site (zaro altitude)
rather than at hover, clearance altitudes for the 6-degree slope would be
approximately double those resulting with the more shallow 3-degree slope.

Three constraints applied in defining these glide slopes were: (1) that the
duration of the final approach be 98 seconds, (2) that the total commanded
deceleration not exceed 2. 4 ft/sec®, and (3) that the commanded descent rates
for the 6- and 15~-degree approaches be §84 and 1290 ft/min, respectively.
These constraints established a unique initial altitude and range for each
approach angle. Descent rates were based on data given in Reference 14.
Although numerous scurces referenced discussed approach angles feasible,
only the above-referenced study yielded sufficient actual flight data from
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which the forward- and vertical-velocity components typically experienced
during steep approaches could be estimated. In this study (Ref. 14), an S-61N
helicopter was flown on approach glide-path angles of from 3 tc 55 degrees
during flight tests of a portable approach-aid system. Descent rates experi-
enced were recorded at intervals of altitude and presented in the above-
referenced report. Data from this report for angles of 3, 6, 9, 15, and 24
degrees were averaged for each angle and are shown in Figure 3-7. A
regression line was fitted to data for angles up to 15 degrees, as shown in
this figure, with a zero-slope straight-line fit representing angles beyond

15 degrees. This function showing the relationship between approach angle
and vertical velocity served as a basis for selectlag the vertical- and forward-

velocity components to be commanded for the approach angles used in the
present study.

During the approaches programmed for the Task Il SAA study (Figure 3-8)
the pilot was commanded a constant ground speed and descent rate to a point
from which a deceleration of both ground speed and descent rate was com-
manded. Deceleration was commanded such that total deceleration was
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.o ; %
0.075g, with ground speed and descent rate being reduced to zero at the w 1

hover position. The entire final approach, assuming exact following of dis- ;
played commands, requirzd 90 seconds. "l
_
P
DISPLAY-FORMAT SELECTION AND DESCRIPTION S

Two of four display-format alternatives previously investigated (Ref. 1) were 7
selected for continued simulation and evaluation in the Task I study. Each i,
format consisted of an aircraft-referenced primary display and associated

peripheral instruinentation, with the latter being selected as necessary for :
the presentation of information parameters not included on the primary display. i
Variations between formats were limited, to the greatest possible extent, to -
the primary-display configurations.

The two primary displays selected are representative of two general modes i
or categories of display-information presentation: (1) vertical-gituation dis-
plays and (2) horizontal-situation displays. In the first category are those e
displays which are oriented normal to the ground plane and .ypically present i
a forward-looking view to the pilot. The second category includes those dis-

plays depicting the ground plane itself, presenting a downward-looking view,
The configurations selected were:

B 2T
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e Vertical-Situation Display
- IEVD (Integrated Electronic Vertical Display)

e Horizontal-Situation Display
- Aircraft-Referenced PPI (Plan Position indicator)

A detailed description of these formats is given in the following paragrapks.

IEVD Format

The vertical-situation format evaluated was a simulation of the Norden IEVD
(Refs. 26 and 27). Format characteristics simulated for the vresent atudy
were selected to represent the most significant features of the IEVD concept,
but with some variation and simplification to facilitate computer-programming
requirements and to most efficiently adapt the general display concept for use
with the IFR steep-approach and landing task simulated. The IEVD display
format, as simulated (Figure 3-9), consisted of the primary iEVD display,

a sideslip indicator directly above the IEVD, and rate-of-climb, vector-angle,
and BDHi (bearing, distance, heading) indicators to the left of and below the
IEVD.

8 16
o 1
"
RATE OF CLIMB | 209 i
00
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e - 00
z 20
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Figure 3-9. [EVD Format
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Display elements, and their functions, are summarized in Table 3-1. Altitude
and airspeed (ground speed as simulated) tapes are located at the left and right
sides, respectively, of the IEVD, with an artificial horizon shown between the
two tapes. Cominand-altitude informaticn was displayed on a cursor adjacent
to the zaititude tape. Fiducial marks at tape center indicated actual altitude
and also cerved as a null reference for the altitude cursor. Tracking the
moving cursor to scale center was required to maintain commanded altitude,
This symbcl was driven by combined altitude-error ard altitude-rate-error
terms with gains of K, = 0.01 in/ft and K5 = 0. 05 in/ft/sec, respectively.
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Position errors during hover and descent phases were displayed as deviations
of a trapezoid (command position) from a statiopary longitudinally-lined trape-
zoid {own-ship position} with a scaling of 0. 01 in/ft. Similarly, scaling of the
square "ILS symuol," used for the display of vertical and lateral glide-path
error, was 0. 01 in/ft on both axes. Null for this symbol was a static bore-
sight reference located at display cenrter.
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The inverted T-shaped "lead-vehicle” symbol served as the longitudinal- and
lateral-quickened element on the IEVD. This symbol ws. also referenced to
the center boresight, and translated verticaily and laterally to command pitch
and roll inputs (see Figure 3-10). The fixed boresight was tracked to the moving
quickened element in 2 "fly-to" manner to be consistent with the reference axes
and orientaticn of this display format.
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Figure 3-10. IEVD Format: Quickened-Symbol Movement Axes

Heading information was integrated into the IEVD in the form of a simplified
heading-command cursor (approach-path course) reie;cnced to a fiducial mark
along the bottom edge of the display, and was scaled at +45 degrees full-scale
deflection, Artificial~horizon pitch-axis scaling was +25 degrees for full
deflection,
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Not shown in Figure 3-9 is a warning indicator {flashing "X" symbeol) placed
directly below the primary IEVD display. This symbol appeared during the
300-foot intervals prior to glide-slope intercept and prior to the deceleration
command at termination on the final-approach phase, thus szrving to warn
the pilot of thes two significant penuing changes in commanded vertical and
forward velocity.

The static representation in Figure 3-9 shows a situation near the end of the
approach as it would appear on the IEVD formst. Denicted in this example
are the following status and command information cues:

e Range to the desired hover point is 220 feet (numeric readout
on BDHI).

W AN H SIS A

e Aircraft heading is approximately 015 degrees {heading dial
on BDHI).

g

i

e Relative bearing to hover point is approximately 340 degrzes
(radius iine on BDHI).

W
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® Aircraft is descending at approximately 250 ft/min (rate of
climb dialj.
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e Aircraft altitude is 50 feet (tape on left side of IEVD).

UKLV

13 4o

e GCround speed is 10 knots (tape on right side of IEVD).

DR s

Aircraft is pitched down and roiled left approximately 4 de~
grees and 5 degrees, respectively, thorizon line on IEVD).

M tedrahs
ALY

osm;m'wmmvk\\mmmw'mﬂ!w'ammwmnfrtm}lﬂmnmWm*t,;mmwm.mmwwnmmmmw R T RN R ):'my\»).w;tgm\ NN R e

ast ik mammmed

L

ANTAIN R

® Aircraft is below and to right of desired glide path ("ILS
symbol” on IEVD is above and to left of boresight symbol).

e Aircraft is approaching hover point with small lateral error
to the right of desired path ("command position'" trapezoid
on IEVD is above and to left of "own-ship position" trapezoid).

O "
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e
ACeils

¢ Pilot is being commanded to pitch up and roll left to obtain
additional deceleration and lateral-position correction, respec-
tively, ("'lead vehicle' symbol on IEVD is above and to right
of boresight symbol).

n

SRR ALY

e Pilat is being commanded to increase ccllective lift input to
obtain additional altitude {(altitude-command cursor on 1ZVD
is above altitude tape fiducial marks).
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e Pilot is being commanded a left rudder or antitorque pedal
input to return aircraft to desired approach heading (heading~

command cursor on IEVD is to left of its fidecial mark
reference).

The total IEVD format, including peripheral instrumentation, was compuged
digitally and displayed on a 19-inch-diagonal CRT. Dimensions of the primary
IEVD display, as simulated, were 7 by 7 inches.

PPI Format

The aircraft-referenced PPI format evaluated is shown in Figure 3-11. This
format included a centrally located PPI primary display and peripheral instru-
ments, A downward-locking view is presented on this primary display, with
the vertical display axis referenced to the longitudinal axis of the aircraft.

'ATE OF | z
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Figure 3-11. Aircraft-Referenced PPI Format
Own-ship position within iie PPI display space was indicated by a circle located
1.5 inches from bottom display center. Although aircraft-referenced, the PPI
was earth-stabilized with respect to aircraft pitcn and roll attitude to avoid
translations of the moving approach-path and landing-site symbology with atti-
tude changes on these axes. Translational movements of this gymbology de-
picted a change in aircraft position, while rotationzl movements about the
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earth-stabilized vertical aircraft axis (own-ship symbal) indicated aircrafs
heading relative to commanded approach heading. Computed landing-site
position was shown as the center of a scaled 1000-foot~diamecter box, with a
line representing the command-approach path projecting outward from the
landing-site point. Two markers located on the approach-path line {(shown

in Figure 3-11) representea the points of glide-slope intercept and decelera-
tion command. Scale sensitivity of the display ground-plane and approach-
path and lunding-site symbology was increased with decrcasing range at two
points during the approach. The initial PPI scaling was 4000 ft/in, {4000 feet
per inch of display) on both axes, with changes to 2000 ft/in. and 750 ft/in.

at ranges of 500 feet prior to glide-slcpe intercept and deceleration-command
points, respectively. These scale changes resulted in increased PPI status
display sensitivity as the aircraft approached the landing site and were accom-
plished at intervals during the approach profile selected to minimize inter-
ference with the piloting task. Also, because of the scale-change points
selected, the changes in display scaling themselves served as a warning of
impending glide-slope intercept and deceleration-command maneuvers.

A summary of tnhe central and peripheral display elements a2nd functions associ-
ated with the Aircruft-Referenced PPI Format is given in Tabl¢ 3-2, Rate-of-
climb, sideslip, vector-angle, and BDHI indicators were identical tc those
programmed for use with the IEVD. Additional peripheral instrumentation
required for the PFI format included groundspeed, attitude, and altitude indi-
cators located tc the right, below, and left, respectively, of tne central PPI,
The altitude indicator consisted of an altitude iape similar to that progsrammed
for the IEVD, and two vertically moving cursors. The cursor located imme-
diateiy to the right of the altitude tape displayed command altitude, or altitude
error, while the second cursor was driven by altitude-rate error scaled at

Kz = 0.05 in/ft/sec. Assuming an initial altitude error, tracking the rate-
error cursor against the altitude-error cursor resultec in a reiurn of the air-
craft to iis comimanded altitude. Maintenance of comimanded altitude then

resulted in both cursors positioned directly across from the fiducial marks
{actual altitude) at tape center.

An asteris« served as the longitudinal- and lateral-quickened element on the
PPI display. The PPI landing-site point represented the command-tracking
reference for the quickened element, with vertical and lateral quickened-symbol
deviations from the landing site correspending to aircraft pitch and roll com-
mands, respectively, (see Figure 3-12).
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Figure 3-12. Aircraft-Referenced PPl Format: Quickened
Symbol Movement Axes
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The static representation in Figure 3-11 depicts a situation near the point of
glideslope intercept as it would appear on the aircraft-referenced PPI format.
The following status and comma&nd information cues are indicated:

Rtk R

e Range to the desired hover point is §552 feet (numeric readuut
on BDHI)

e Aircraft heading is approximately 35C degrees (heading dial on
BDHI)

3
3

lg
3
¢

e Relative bearing to hover point is approximately 5 degrees
(radius line on BDHI)

RIYRAN LS g

UL IR

e Aircraft is descending at approximately 200 ft/mia (rate-of-
climb dial)

2 u
2 AT AN,

e Aircraft altitude is 859 feet (altitude tape to left of PPI)

e Ground speed is 70 knets (dial to right of PPi)

K taliive

ol

e Aircraft is pitched dewn and rolled left approxiinately 4 degrees
and 10 degrees, respectively (artificial horizon below PPI)

AN

A

B A v o

® Aircrafi is near lateral alignment with desired flight path ("Own-
ship position" symbol on PPI is approximately alignec with the
command approach path)
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® Aijrcraft is above desired flight path {cursor immediately to
right of altitude tape indicates command altitude of 810 feet)

e Pilot is being commanded to pitch up and roll rigiat to decelerate
to command ground speed and inaint2in lateral flight path align-
ment, respectively (quickened tracking symbel on PPI is above
and to left of its landing-site reference point)

¢ fPilot is being commanded {o decrease collective lift input to
descend to cammand altitude {altitude-rate cursor to left of
PPJ is ubove command-aliitude cursor)

® Pilot is being commanded a right rudder or antitorque pedal
input to null aircraft slip angie (sideslip indicator ball is to
right of its center reference)

As with the IEVD format, the PPI display format was computed digitally and
displayed on a 19-inch~diagonal CRT. Dimensions of-the primary PPI dis-
play were 7 oy 7 inches.

DISPLAY-QUICKENING SELECTION AND RESCRIPTION

In additicn to the basic information parameters displayed on each format, a
requiremeat for the display of quickened or derivative information to the pilot
was detertnined (Ref. 1). This requirement was based on results of vehicle

stability analyses performed, and the definition of.approach profiles to be
Nown.

Tomplexity of the lateral and longitudinal control task was reduced by the-dis—

play of quickened information consisting of the:sum of position~derivative
terms with appropriate weighting coefficients. Quickeningterms were com-
bined to drive a single tracking symbol on each:of:tke-prirmary displays. The:
displaced pesition of the quickened symbo: fronrits:comy=nd: tracking refer—
ence was calculatad by the following equations:

At a range greater-than 30feet-from hover point
X = Kg Ty~ RpitSyd

-

= Ky & - Yot Ry By Kp®

/)

and at a range of lgss than 30 feet from hower point
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XQ = Kx Kp - Xp)+ Ky Xg+Kyo

where
XQ, YQ = pitch- and roll-axis components of distance, on display,

of quickeued symbol from it commanded position

i

longitudinal and lateral position-error coefficients

Kg,j( s = pitch- and roll-attitude coefficients
XB"YB = Dedy-axis longitudinal and lateral positions

Immgitudinal and lateral velocity coefficients

]

Xor ¥ = cormmanded doggitrdinal and lateral positions
Xl,ZZ[ = irertial-axis longitudinal and lateral positions

XB”YE = body-zxfe lodgitudinal and lateral velccities

Xc = cormandsd forward velocity
XY, = inectisl-asis loggifudinal and lateral velocities
6 = gitch sitffmde (high p2ssed with 5-second time constant

#mzHow for change of pitch trim with velocity
@ = oo gttitude

During the initial-—=zrd fmml-approach phases, and to a range of 50 feet from
the hover point, a r=te of cdosure toward the landing site was commanded (Xc).
As can be noted:asbpwe; fhe form of the pitch~axis quickening equation was then
changed, as the airrraff=zgproached to within 50 feet of the hover point, to
command a position Xrather than a closere rate.

Also at a range of SUifeef; the reference axes jor the equations were changed
from an inertial-axis: (landing-site) reference frame to a body-axis (aircraft)
reference frame. This distinction is shown in Figures 3-13 and 3-14. During
the approach phases (Figure 3-13)}-pull of a specific approach path was com-
manded. After the aircraft had penetrated to within 50 feet of the hover point
(Figure 3-14), aircraft velocity was zssumed to be at or near zer, and a
minimum-distance translation directly toward the hover point was commanded,
independent of aircrait hieading or direction of position error.
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Figure 3-13. Inertial Reference Axes

Xy, Y.,) BODY-AXIS POSITION
‘ MEASUREMENTS
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Figure 3-14. Body Reference Axes
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Two sets of lateral and longitudinal quickening-term coefficients were tested
in the Task II study. Quickening gains were introduced as an experimental
variable in this study to evaluate the interactive effects of quickening gain
with varying levels of noise introduced into the nominal approach-aid system :
assumed. As indicated in the discussion of simulated system-noise charac- $
teristics which follows this subsection, position and translational-velocity g
quickening terms were computed from sensed bearing, elevation and range

E:
)
[
ol
o
3
1

T o
oieidalc st en iy

S H information, and were therefore sensitive to noise characteristics of these 3
3 g signals.
B :
? One set of coefficientis evaluated was identical to those used in the initial study k
- ¢ phase of the SAA program (Ref. 1). These "high-gain' coefficients, listed
3 R below, were previously found to yield stable and precise pilot-control perform- £

L

ance under conditions of no system noise.

Gth

o

W W e e s

RN

e  High-gain coefficients

it

XV.-5 d

3 . Pitch axis Roll axis ,'
;g l; Ky = 0.0044 Ky = 0.0022 in. /it
3 Ke = 0.04% Ky = 0.044 in. /%] sec
E 3 l Kg = 0.132 K = 0.059 in./deg
E UH-1
: Pitch axis Ro#L axis
- K. = 0.0044 &, = .0022 in. /1t
v ) E.
S Kz = 0.044 Ky = 0.04%4n. /ft/sec D

3 K, = 0,092 K_= 0,039 in./deg

9 =

L

54
og Ty AR

8t

Coefficignts listed are interpreted as, for-exsmple, f; = 0. 0044 inch of
quickened-symbol displacement on the display per foot of longitudinal position
eryor,

g/,
VeI 1h % g
]

Lk g

The set of "low-gain' coefficients listed below constiiuted z seccnd level of
the quickening-gain variable evaluated. Based on pre¥iminary simulations,
these coefficients were selected as approximate minimum values for the

reduction of effects of system noise without significantly degrading overall x
piloting performnance on the approach and landing task simuiated.
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e lLow-gain coefficients

XV-5

Pitch axis Roll axis

Ky = 0.0022 Ky = 0.0011 in, [ft

KX = 0,022 K‘S'{ = 0. 022 in, /ft/ sec

Kg = 0.066 Ky = 0. 030 in. /deg
UH-1

Pitch axis _f_t_gll axis

Ky = 0.0022 Ky = 0.0011 in, /ft

K}'( = 0, 022 KY = 0,022 ft, [ft/ sec

Kg = 0.092 K, = 0.032in. [deg

It may be noted that, with two exceptions (Kg and K ¢ for the UH-1 vehicle),

these coefficients are one~half the values of high-gain coefficients. However,

all position and translational-velocity terms, or all terms sensitive to approach-
system noise, were reduced to one-half the high-gain values.

APPRQCACH-GUIDANCE-SYSTEM NOISE CHARACTERISTICS
SIMULATED

Calculation Model

As previously indicated, one of the primary objectives of the Task II study was
to evaluate the effects of approach-guidance~system noise on performance of
the IFR steep-aagle approach task. However, since the objective was not to
investigate characteristics of any one specific guidance system, a generalized
model was defined for simulation which was conceptually similar to a number
of guidance systems currently under development. The concept assumed,
shown in simplified form in Figure 3-15, was a cooperative system consisting
of both ground and airborne components combined tc serve three basic func-
tions listed in Section II of this report: (1) generation of a landing reference;
(2) measurement of position relative to this reference; and (3) choice of
approach path, This concept as developed for simulation purposes did not
consider the actuai technique of measurement, but did assume the availability
of sensed signals representing aircraft slant range, bearing and elevation
with respect to a desired ground station,
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The calculation inodel for generating these signals in the Task II study was
based on an existing digital-computer model from Reference 1 in which air-
craft position in space was defined in inertial- or landing-site-referenced
coordinates. "Perfect” range (R), bearing (Bj, and elevation (E) signails-
describing own=-ship position were calculated from

50t
’XG T tan'¥y

Xp = X+ Xg

R = [xp2+ ¥2+ zlzls W2

w
"

tan” |57}

- Z
E = si

-1 2y
2. 2. .2
VXT TYUZ,

where Xj, Yjand Zj are "perfect” inertial-position components referenced to
the desired landing =ite (see Figure 3-16).

Measurement-noise characteristics of the assumed system were simulated by
adding independent random-noise components of Gaussian distribution and
zero mean~ to each of these signals to yield: ) -

Rn=R+n ; . -

’R - - .\
Bn = Bvi-‘nB
E, = E+nE

with ng, np and np indicating noise components of range, bearing and eleva-
tion, respectively.

*Bias or static-accuracy characteristics were not simulated since these com-
ponents of signal inaccuracy may be accounted for by adding them to position
errors resulting from pilot-in -the-loop system performance.
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v= GLIDE-SLOPE ANGLE
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. LANDING SITE TO AIRCRAFT

Xy = LONGITUDINAL DISTANCE FROM GROUND STATIGN TO AIRCRAFY
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Figure 3-16. Measurement-System Geometry
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Noise-corrupted range and angular measurements were then transformgd.back
to inertial-position coordinates, as follows, to be filtered for use in driving
the required display-quickening elements:

(o s

P TR b
b 1ol i 3k r',w_u' Iy

]
"

Rn cos En cos Bn - XG

o]
"

Rn cos En sin Bn

N
]

= Rn sin En

where X, Y, and Z,, are the resulting noise-corrupted inertial components -
of longitudinal, lateral and vertical position. A block diagram of the calcu-
lation model for this measurement system, coordinate transformation and .
filter simulation is shown in Figure 3-17, »

3L I LS 4 R LSRN X T ._\-;- Si\kde

AL A

¥or the measurement-noise amplitudes considered, the above equations for
Xns Yy and Z,, may be written as follows:

!
oA dF Ay S AU

34w
1}

AX

n -RcosEsinBABn-RsinEcosBAEn-l-cosEcosBARn

AY

n RcosEcosBAl?.n~RsinEsinBAEn+cosEsinBAl’{n

AR A A LA AR -

sy,

. R
AZn R cos E AEn +sin E ARn

R

S o

since AXy, is distributed around a zero mean, the variance (02) of Xn may be
expressed as

f<
G3
%
%
%
o
¥

"i.«

it

£

. 1
2 ;
n

4,

2
E[AXn] = oy

Wt

TV 1,007

where E[ ]denotes an expected value. The variance in longitudinal-position
measurement due to noise is then

2

3
Xn

= E[(-Rcos EsinBAB, - RsinEcos BAE, +cos Ecos BAR )°] :

Since the noise components nR, ng. and ng are uncorrelated in this simuia- ;
tion model, the expected values of cross products in the above equation are —
zero, and the equation reduces to

t
&

2_.2 2 2 2 2

2 sin” E cos BAEn + cos Ecos

2 2 2 . 2 2
ox E[R” cos”E sin BAI?.n + R BARn]

DY
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[t
1

2
R2 <:os2 E si:'n2 B oBz + R2 sin” E c032 B oEz + 0052 E cos2 B OR 2
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Measurement-Noise Calculations
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Similarly, variance ccmponents in lateral and vertical position measurement
due to neise may be expressed as

H o 2=choszl~3coszB,:; 2, stiansinzBo 2 +coszEsinzBo 2

: Y B E R

5 n n n n

5 ozz = R cos®E oE2+ sin’ E or 2 : 3
n n n E

From the above equations it may be noted that the variances in position mea-
surements are ccmbinations of variance components due to noise in range, &
bearing and elevation measurements., However, because of the measurement-
system geometry previously described, variances inX,,, Y, and Z,, are
influenced predominantly by variances in R,, B, and E, signals, respectively. {

Noise Levels Simulated {’f

Minimum performance values tentatively recommended by the Radio Technical
Commission for Aeronautics (RTCA) Special Committee 117* for noise levels »
on approach-system bearing and elevation signals were used as a basis for
selecting noise levels to be simulated in the Task II study. Maximum noise
specified b7 the RTCA for these signals (Ref. 29) is approximately 0. 035
degree (one standard deviation), with noise being defined to include spatial,
temporal and resolution perturbations. Less specific information was avail-
able which could serve as a basis fo¥ selecting noise amplitudes associated
with sensed range signals. Minimum performance values for ranging accuracy
recommended by the RTCA suggest noise levels "compatible with a tolerable
range-rate error; e. g.; 10 ft/sec"” (Ref. 29).
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The selection of specific noise levels on bearing, range and elevatior: signals i
to be evaluated in the present study was based on preliminary simulations
where noise amplitudes were varied in conjunction with the variation of signal- 3
filter response characteristics, Discussion of the signal-filtering variable .
appears in the following subsection. Results of these-preliminary simulations S
indicated that one-standard-deviation noise level of up to 0. 070 degree on
bearing and elevation signals and 2, 0 feet on range would yield sufficient per-
formance degradatioh with minimum signal filtering to allow evaluation of the
effects of sysiem noise on piloting performance. Specific noise levels for
formal evaluation were selected to represent equal intervals within these ranges
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+"This committee is composed of expert operational and technical representa-
tives from both government and industry. Its objective is to develop a pre-
cision guidance-system concept for approach and landing and an asscciated i
signal structure.  (Ref, 28).
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(see Table 3-3), with a 'no-measurement-noise” condition being included to
allow evaluation of the filter-response variable independent of the noise

‘ variable.
A Table 3-3. Measurement-Noise l.evels Evaluated
N : Standard Deviation of Noise
- oise Level :
— og (deg) | op (deg) op (ft)
: N _ B, E, R,
N No Measurement Noise 0.0 0.0 e.0
*’; Intermediate Measurement 0.035 0. 035 1.0
Noise
4 High Measurement Noise 0.000 |  0.070 2.0
} APPROACH-GUIDANCE-SYSTEM FILTER CHARACTERISTICS
SIMULATED
g Filter Model
: In addition to the investigation of effects of systéem measurement noise, a
1 h} second primary objective of the Task.II SAA study was to evaluate the effects
CE on-piloting; performance of degraded-fransient-response characteristics of

filters used for the reduction of measurement-system noise. In the design
; of signal filters, some compromise is always necessary between the extent
1 of noise filtering allowable and response lags resulting due to the filtering
process. The combined evaiuation of noise and filter-response variables in
this study allowed investigation of the irteractive effects of these variables

as they relate to the steep-approach task.

The guidaance system Jdefined for simulation purposes assumed availability
of sensed slant-range, bearing and evaluation signals to be transformed and
filtered for the generation of aircraft position and velocity relative to a
desired landing site. These information parameters were required to drive
quickened and other command symbols on the two display formats being

N
Lt
Lt

;
;
e
S
2
7
3

7l
SRR TAANG S AR Do)

E \ ; evaluated.

. ) Of the numberous digital filter (e.g., Kalman, « -3, least-squares) and

£ 4 analog-filter techniques available, the digital o -8 filter was selected for 3

1 simulation, The mathematical representation for this filter (Ref. 30) is %
]




~

\l-a)Xk + (1--av)'l‘Xk + aXn

"

M W
R 2 2% m by
i FER AARGEIA R RS

A
3 k+1

T A I A

2 ) < ;
xk+l = %‘ Xk + (I‘B)Xk ‘i“.% Xn

; where

; T = sampling period (sec) .

~ Xn = measured raw position at time = (k+1)T ﬂ
X, = estimated position at time = KT : E

X, = estimated velocity at time = KT

)7 (LN S

a,B = filter weighting coefficients

It may be noted that the a ~ B filter outputs include both estimated (filtered)
position and velocity terms. Based on analytical résults obtained in- - i
Reference 30, the coefficient 8 was defined as

et et S IR AT Bt A

8 = a’l(2-a) AN
to yield the best compromise in simultaneous estimation of position and velecity 3
5 with filter outputs being slightly under-damped for all values of a. The above 1B

referenced analysis did not specify an optimum value for a since the selec-
tion of a value for this coefficient would be a function of the relative iniportance -

of good noise smoothing (low a) and good transient respons< (high a):

sk o 2,

A filter model as described above was simulated for cach of the three .
position-coordinate signals as shown in Figure 3-17, Outputs of these filters
served as inputs to the previously described display-quickened-symbol and
altitude~command-symbol driving equations.

2 ECHns LBt das ot
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Filter Characteristics

| G

Noise~smoothing characteristics of the filter simulated are described in
subsequent paragraphs in terms of two ratios:

"x _ steady-state standard deviation of ngition output
RX standard deviation of position inpu
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and
‘.’f( steady-state standard deviation of velocity output

Bf( = ox = ‘standard deviation of position input
n

In terms of the-filter coefficients @ ana B, and the filter update rate (1/T),
- these equations are expressed as

/‘ By ='\[i"z?4+.5 = o

and

ng -V [ ]
X T2 a (4-8-~2)

Effects of signal lag due to filtering were evaluated in the present study by
‘varying the coefficient o (and consequently ) while holding T constant. The

- coefficient 8 was defined as above, while T, the filter sampling period, was

set at the hybrid-simulator compute-cycle time of 0. 075 second (1/T= 13. 3Hz).

The functional relationships between o and filter-output characteristics Ry,
Ry, LAGx and LAG:‘% (response timcs to 90 percent of steady-state value)
are shown in Figures 3-18 and 3-19 for T = 0, 075 second. Interpretation of
these figures is aided by noting that for o = 0.0, Rx = R} = 0. 0 (no signal
output from filter). For e = 1,0, LAGx = LAGx = 0.0, Rx = 1.0 and RX is
a pure differentiation of the raw-position measurements,

The effect of varying T in these filter equations is shown by example in
Figures 3-20 and 3-21, Although T was held constant in the Task II study,

it may be observed in Figure 3-20 that it would be beneficial for purposes of
noise reduction to have a higher system data rate. As an example, for a
given lag on? (e.g., LAGx = 1. Osec) a data rate of 1/T = 13. 3Hz yields a
ratio (Rg) of approximately 0% /ox, = 0. 75. For the same LAGx (obtainable
by selection of a different ), an increase in data rate to 100Hz would yield
a-reduction in Ry to approximately o3 /ox,, = 0.27. Thus if a given system
were capable of furnishing a higher {or lower) data rate than that simulated
here, comparably higher (or lower) noise levels than those shown in Table 3-3
could be accepted with the same filter model. The effect of holding the
coefficient o constant over differing data rates is shown in Figure 3~21 for

a =0,25 For thisa, LAG}'; increases abruptly below data rates of approxi-
mately 10Hz.

Selection of specific levels of @ to be evaluated was based on preliminary

simulations in which the approach-and-landing-mission segment was flown
using a range of « coefficients under conditions of no measurement noise.
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Results of varying ¢ simuitaneously in the three simulated filters (with
inputs Xp, Y, and Z, as shown in Figure 3-17) yielded an indicated working
range of 0. 15< @ < 0. 50 for both vehicles tested. Increased signal 1ags
associated with o = 0, 15 resulted in clearly degraded piloting performance
while task difficulty associated with ¢ = 0. 50 was not perceptibly different
from that resulting in a baseline condition with no signal lags simulzted,

Specific values of the filter coefficient o selected for formal evaluati(;n ure

shown in Table 3-4. Also indicated are the corresponding values of Rx, Rx,
LAGy and LAGY resulting for each o with T = 0. 075 second.

Table 3-4, Filtering Characteristics® for Values of « Selected

@ Ry Ry (sec'l) LAG, (sec) | LAGg (sec)
0. 15 0. 34 0.31 0. 63 1':-7-5 -
0. 25 0.44 0.72 0. 34 0.83
0. 50 0. 64 2.64 0. 16 0. 37

%
(RX = RY = Rz, RX = RY = Rz, etc.)

In terms:of the range, bearing and elevation measurement-noise levels
selected (Table 3-3), these values of @ resulted in filtered position- and
rate-output-noise standard deviations shown in Table 3-5. Filter-output
noise levels are shown in angular units where necessary since noise as
transformed to X, Y, Z coordinates would increase linearly as a function of
range from the ground station.

At increased ranges the velocity estimates X, Y and Z were found to generate
intolerably high noise amplitudes when scaled through the display gains
required for quickened~ and altitude-command-symbol driving equations.

For example, at a point on the command flight path 2 nautical miles from the
assumed guidance-signal source, a noise component 0B, = 0. 07 degree is
approximately equal to

L 12,1608
"Yn ‘cot 0. 07 deg 15 feet
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- Witha = 6, 50 and Ri = 2,64, the resulting lateral-velocity noise component
g{; = 2,64 oy = 39. 6 ft/sec
n

appears as a noise level on the lateral quickening axis (YQ) with an amplitude of
~ Ky (03) = 0,044 =i (39,6 ft/sec) = 1.74 inch
"YQ v \Oy ft/ sec

where gy, is the standard deviation in inches of lateral-axis display-
quickeuiué2 noise”. This problem was resolved by displacement rate limiting
thke quickened-symbol and altitude-command-symbol driving equations as
shown, by example, in Figure 3-22. Results of preliminary simulation flights
indicated that limiting rates of displacement of these symbols on the display
to 1.0 in. / sec would yield a sufficient reduction in high display-noise levels
to allow initiation of the simulated approach task at ranges of approximately

2 nautical miles. Under conditions of no measurement noise this limiter
model did not effect symbol-motion dynamics.

Actual noise levels on the quickened-symbol lateral axis resulting from use
of this limiter are shown in Figures 3-23 through 3-25 for the various com-
binations of ¢, %8 and Ky studied. Since the altitude-command-symbol
gain (Kz) was approximately the same as the "hifh-gain" alternative on Ky
G.e., Ky = 0,05 in. /ft/sec and Ky = 0.044 in. [ft/sec) and noise on K3
was predominantly due to E,, display-noise levels resulting on the altitude-
command symbol were similar to those shown in Figures 3-24 and 3-25.
Noise amplitudes resulting on the longitudinal display-quickening axis (CXQ)
were approximately oonstant as a function of range for a given a and ORp
ge:-i)alusae gf the predominznt contribution of R, in feet to 9Xq (see

‘able 3-6).

It may be observed in Figures 3-23 through 3-25 that the extent of nonlinearity
in Oy, as a function of range varies with o« and the limiter input-noise ampli-
tude ajoroximated by Ky (0¢). Fora = 0.15, the sample-to-sample auto-
correlation of §

~ ~ T

Rg(n = <TOT@rn>= I 35 | ¥ ¥ @+ at

is sufficienily high to preclude any significant effect of symbol rate iimiting.
Conversely, with 2 = 0, 50, filter-cutput autocorrelation in ¢ is appreéciably
reduced, allowing the limiter to have a more significant effect on %yq as
range increases.

* The contribution of 0 to Oyg is not significant, For Oy, = 15 ft and
a = 0,50, 0= 9.6 ft and Ky {0¢)=0,0022in. /ft (9.6 ft) ='0. 021 in.
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Figure 3-23. Noise on Lateral-Axis Quickering as a Function
of Range i
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Table 3-6. Approximate Longitudinal Display-Quickening-Axis
Noise Levels for ORn = 1.0 and 2,0 Feet

ARSI SR e

] a |9 ~Op {ft) 05’( (fps) Kg (in. / fps) Oy {in.)
¢ n n Q
; 1.0 2. 64 0. 022 0. 051
1.0 2. 64 0. 044 0. 679
E 0.15
2.0 5.28 0. 022 0. 079
2.0 5.28 0.044 0. 107 :
1.0 0.72 0. 022 0. 016 E
: 1.0 0. 72 0. 044 0, 032
0.25 i
2.0 1.44 0. 022 0. 032 él
2.0 1.44 0. 044 0. 063 £
%
1.0 0.31 0. 022 0. 007 L
1.0 0.31 0. 044 0. 014 ]
0. 50
2.0 0. 62 0. 022 0.014 Lt
2.0 0.62 0. 044 0, 027 -3

20 L LA AL,

Spectral and distribution characteristics of measurement noise simulated
for the Task II study are shown in Appendix B. The following general
statements summarize these characteristics:

B IR RN 0 e

® The autocorrelation of filtered position and rate signals
increases with decreasing a (see Figures Bl and B2) -

e If, hypothetically, the limiter model were used with a
filter coefficient of @ = 1.0, for high noise levels (e. g., |
Oy, = 15 ft), high-frequency noise components would i
be attenuated while those below approximately 0. 2Hz
would be amplified (see Figure B3).

e Fora=0.50and OYyp = 15 feet, the rate~limiter model
yields a relatively high attenuation of high-frequency
measurement-noise components, and some amplification o
of noise components below 0, 2 Hz (see Figure B4)

v eo———
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e For oy _ = 15 feet and as a decreases, the limiter has
relativgly less effect on the spectral content of noise
on the display (see Figures B5 and B6).

e As Oyn decreases and fewer measurement noise samples
are limited, the effects of « becomes more predominant in
determining displayed-noise characteristics (see

Figures B7 through B10).

_,“,« ‘,“,“ sb"w{ i

s

e The Gaussian-amplitude-distribution characteristics of
simulated measurement noise (Figure B11) are not
appreciably affected by the o - 8 filter model (Figures B12
and B13) or the display-symbol rate-limiter model (Figure Bi4).
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SECTION IV
PRELIMINARY SIMULATION - TASK II

OBJECTIVES
The primary objectives of the preliminary-simulation phase of the study
were: )

e The refinement of simulation procedures and techniques to be
used in the formal-simulation phase of the study

TFEg

e The empirical evaluation, selection and verification of specific
levels of noise, filter and quickening-gain variables to be in-
cluded in the formal-simulation study phase

e The familiarization and training of subjects on selected experi-
mental-variable combinations to be evaluated in the formal-
simulation phase

ik
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PROCEDURAL REFINEMENT

A number of standardized procedures were established to minimize both
time and potential experimenter error normally associated with conducting
a complex simulation study.

Analog-computer potentiometer settings for each vehicle simulation were
recorded on paper punch tape to be used for automatically setting coefficients
required in the analog portions of the simulations, Digital programs were
transferred from cards to magnetic tape to avoid program input errors during
set up.

AR i

- L0 b s NP A1 e AU SN el 4 e s ISt B il s e P R s nd i b L2l s g eepe 2
o & & > 2\ A Xy ¢ & & Ry e P 2 Ty » > A s &L

Frequently changing parameters associated with replication, subject, quick-
ening, approach-angle, filter and noise variables were coded in the form of
a seven-digit identification (ID) number. A desired combination of experi-
mental treatment levels could be introduced by the experimenter by input of
an appropriate ID number on the simulator console typewriter. This number
was automatically recorded on all digitally computed performance-summary
listings for later verification of test conditions.
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PRELIMINARY SYSTEM EVALUATION L

b schaez i

During preliminary simulations, three Honeywell engineering perconnel
served as pilot/ subjects for the final determination of system parameters
which would remain constant in the formal-simulation phase, Test condi-
tions selected were then verified during initial practice xessions with the
military pilots who would be serving as subjects for the duration of the
preliminary and formal experimentation. Levels of quickening-gain, filter
and noise variables previously described in Section IIi were selected at this

time,

A
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PILOT FAMILIARIZATION AND TRAINING

Military pilots who would be serving as subjects during the formal simulation
phase were trained under the various experimental conditions prior tc initia- .
tion of fermal-data collection. Each pilot received a rinimum of two P
"completed" practice flights on selected treatment combinations to be SR
evaluated (a flight was considered"completed" if control of the aircraft was -
maintained through all phases of the approach and landing mission). Formal-
data-collection flights immediately followed the completion of practice
sessions with the respective vehicles,

| SN

Pilot training sessions were begun using the UH-1 vehicle simulation, with
task familiarization being conducted in two phases. Initially each of four

pilots received a series of 16 practice flights consisting of two replications
on treatment conditions resulting from the factorial combination of the fol-

lowing variable levels: ’

L55

® Quickening gains (two levels, as defined in Section III)

It

e Approach angles (two levels)

e Display formats (two levels)

. vrs

® Measurement noise {one level - no measurement noise)

| S

e Filter lag (one level - minimum lag, i.e., a = 0.5)

A second and more extensive training phase was then conducted in which two
replications were given on each of the 24 treatment conditions resulting
from a factorial combination of the following variable levels:

)
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® Quickening gains (two levels)
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® Measurement noise (one level - maximum noise level)

¢ Filter lag (three levels)

The resulting two-phase training series of 64 practice flights per pilot con-
sisted of practice on all conditions to be treated during formal experimenta-
tion with the exception of the intermediate level of simulated measurement
noise,

Measures selected as summary indicators of pilot skill acquisition during
iraining were:

® Total time to complete the simulated approach and landing

¢ Root-mean-square (RMS) lateral and vertical flight-path
errors during the “final-approach” phase

e RMS longitudinal and lateral positions errors during the
"descent-from-hover" phase

Practice data resulting for each of these summary measures are shown in
Figures 4-1 through 4-5. Data shown are averaged in consecutive blocks of
trials, with each biock containing data from two flights per pilot to yield
eight flights per block. Nominal or average performance indicated for each
block is represented by the median value of data for each set of eight flights
while performance variatbilities around each median are indicated by 19th
and 81st percentile points. These specific percentile points were selected
as indicators of training performance variability to facilitate data reduction
while training was in progress (i.e., the 19th- and 81st-percentile points
from each set of eight flights defines a range of performance not including
the highest or the lowest <cores).

It may be observed in these figures that, in terms of the performance mea-
sures indicated, piloting performance with practice during the initial training
phase {first eight trial blocks) did not improve appreciably. This is attribu-~
table to two predominant factors: (1) tiree of the four pilots being trained
had served as test subjects in a previous study phase (Ref. 1), and (2) the
summary performance data presented do not reflect the relatively high fre-
quency of vehicle control losses resulting during initial stages of practice.

In the latter portion of this practiced sequence, sufficient piloting skill had
been acquired to allow nearly consistent completion of the simulated approach
and landing task,
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A general decrease in position-error and total-time scores is apparent in the
second and more difficult practice phase. In a majority of instances, errors
appear to be approaching an asymptotic performance level in that final
blocl;-to-block variabilities do not refiect large or consistent downward
trends.
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A similar familiarization and training sequence was given to the four pilots
who would be serving as test subjects using the XV-5 vehicle simulation.
Based on results of the above~-described UH-1 training sequence and the
initial XV-5 training phase, the second XV-5 training phase was reduced in
scope by omitting the intermediate level of filter lag (@ = 0. 25) from the
scheduled training sequence to yield a total of 48 practice flights per pilot
on this vehicle,

Training performance data for the XV-5 vehicle are shown in Figures 4-6
through 4-10. Resulting performance levels during training indicate no
consistent trend toward improved performance with continued practice.
Although three of the four pilots serving as test subjects with this vekicle
had previously completed the formal-data-collection phase on the UH-1
vehicle, the fourth pilot having no previous experience with either zircraft
simulation was able to consistently complete the approach and landing task
using the X V-5 after approximately five attempts.

In summary, of primary importance is the fact that all pilots who served
in the formai-simulation study phase were familiarized during training with
all relevant task characteristics to be evaluated experimentally.
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SECTION V
FORMAL SIMULATION -~ TASK Il

The objectives of the formal simulation phase of the Task I study were to
conduct a systematic simulation and evaluation of measurement-system

noise and filtering characteristics, and the interactive effects of these vari-
ables on selected levels of other relevant system and task variables including
approach angle, display format and display-quickening gain. Descriptions of
the task characteristics simulated, the independent and dependent variables
evaluated, and the experimental plan followed in conducting the formal evalua~
tion are given below. Results obtained from these simulations are presented

in Section V1.

SIMULATED APPROACH AND LANDING MISSION

The simulated approach and landing mission segment consisted of four "active"
or time-consuming phases:

¢ Initiai-Approach Phase: The initial condition for each flight was
a point In space, the position of which was defined (for a given
approach angle) to be to the left of the command approach path,
and (3) at a range which would require approximately 60 seconds
of flight time prior to glideslope intercept. At this initial point.
the aircraft was programmed to be flying at 71 knots ground
speed, and on a course parallel to the command approach path.
Nulling of the initial lateral error and a reduction in ground speed
from 71 knots to the commanded velocity for the final-approach
phase (see Section II) was required.

® Final-Approach Phase: The final-approach phase was begun at
a range computed such that time spent on the final approach
would be 90 seconds if the final approach was flown exactly as
commanded. This phase was terminated when the criteria

defining initiation of the hover phase were met.

® Hover Phase: The hover phase was programmed to last for
20 seconds once begun. Criteria which were required to be
simultaneously met before this timing interval was begun
were a horizontal position error of less than 50 feet, an alti-
tude error of less than 20 feet, and translational rates of less
than 10 ft/sec. During the hover interval, a position was com-
manded at an altitude of 50 feet directly above the landing site.
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Descent Phase: At the end of the 20-sec hover interval, a
descent to the landing site was commanded, independent of
the vehicle's positiun errors at that time. Pilots were in-
structed to minimize position, horizontal-rate, and attitude
errors prior to ground contact, but to avoid using excegsive
time in doing so,

INDEPENDENT VARIABLES

The following independent variables were incorporated into the formal-simula-
tion phase of the study:

Subjects: Five helicopter-rated pilots served as subject>
for k‘ormal-data collection. One of the four pilots utilized
in data collection with the UH-1 was transferred, neces-
sitating the substitution and training of a fifth pilot for data
collection with the XV-5 vehicle. All pilots were currently
serving, or had previously served, on active-duty status,
and each had between 20600 and 5000 Lours flying time in
various rotary-wing aircraft including the UH-1. All pilots
held instrument ratings.

Vehicles: Two simulated vehicles, the UH-1 and XV-5, were
used. Practice and formal-data collection sessions were
completed with the UH-1 simulation prior to the beginning of
simulation flights with the XV-5 venicle.

Disglax Formats: Two display formats were evaluated. Each
of these formats, described previously, included either a
primary horizontal-situtation (PPI-AR) or vertical-situation
{IEVD) display supplemented witk peripherally located con-
ventional instrumentation.

Approach Angles: Two alternative approach angles (6 and 15
deg; were simulated for evaluation.

uickening Gains: Two sets of quickening coefficients, nomi-
n%IIy defined as "high gain" and "low gain" were evaluated
(see Section III).
Measurement-System Noise: Three ievels of simulated measure-

ment system noise, nominally defined as "no noise", "inter-
mediate noise" and "high noise'" were evaluated (see Section III).

Filter Lags: Three levels of signal filtering, previously defined
1n terms of the filter coefficient @, were evaluated.
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DEPENDENT VARIABLES

The following performance measures were recorded during appropriate phases
of the simulated task and served as a basis for interpreting pilot performance
as a function of the treatment conditions described above:

Vertical and Lateral Flight-Path Deviations: Root-mean-

square (RMS) errors were recorded for vertical (RMSz)
and lateral (RMSy) deviations from the command flight
path during the final-approach phase, with only RMSgz
being recorded during the initial approach. Also, instan-
taneous vertical and lateral errors (E, and Ey) were re-
corded along the flight path at 250-foot intervals.

Position Errors During Hover and Descent: Position-

error measures recorded for the hover phase were RMSX

(longitudinal position), RMSy and RMSz errors, with

EMSX and RMSy also being recorded during descent from
over.

Terminal Position Errors, Rates and Attitudes: Aircraft
position with respect to the command,*ouchdown point (Ex
and Ey), translational rates (X, Yg mdZ }, and attitudes
(6 and ¢) were measured at Z = 0.0 § et. Also, since it was
of interest to determine the accuracy with which the command
approach path could be terminated at ground contact rather
than hover at Z = 59 feet, these terminal data were also re-
corded at the instant that the aircraft reached Z = 50 feet
during either the final-approach or hover phase, and again at
the end of the hover phase itself prior to vertical descent to
touchdown.

Time: Times required to complete the initial-approach, final-
approach and descent phases were recorded. The hover phase
was programmed to be a constant 20 seconds.

Activity Indices: Measures of pilot control-input activity for the
pitch and roll center stick and collective (lift) stick were com-
puted as RMS rates of the respective control movements. These
activity indices (Alg, Alg, and Al,,;) were scaled in arbitrary
units for each vehicle simulation, and served as a basis for
making inferences concerning the relative effects of experimental
treatments upon pilot "workload" or task difficulty.

Control Losses: Flights during which loss of vehicle control
resulted were terminated by the experimenter or terminated
automatically by ground contact. When a control loss resulted,
the existing experimental conditions were recorded by the ex-
perimenter, and the flight was repeated.
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A summary of dependent variables measured or computed, and the mission
phases during which they were recorded, is given in Table 5-1. Specific
measures were relevant for only certain mission phases. For example, RMSx
was computed only during hover and descent phases since a longitudinal
position was not commanded until the hover phase was reached. Similarly,
RMSy was not meaningful during the initial-approach phase because of the
initial lateral position error of 500 feet from which the simulated mission was

begun.

EXPERIMENTAL PLAN

A plan of independent-variable combinations for the Task II study formal-
simulation phase is summarized in Figure 5-1. This plan included a full-
factorial combination of two display formats (D), two approach angles (A),
two quickening-gain levels (Q), thres measurement-noise levels (N) and
three levels of filter lag (F) for each aircraft. Combined across aircraft,
the total matrix set consisted of 144 experimental cells. Each pilot was re-
quired to complete four rcplicaticns (fiights) per cell resulting in a total of
2304 simulated flights to be scheduled for forr-al data collection.

Characterisiics of the simulation held constant for the duration of the formal
experiment included:

® Aircraft stability-augme.atation systems (see Appendix A)
® System information update rate (13.3 Hz)

e Display gains and scale factors {with the exception of
display-quickening gains and PPI-format scale changes
noted in Section III).

® Turbulence level (see Appendix A)

SIMULATION SCHEDULE

A simulation schedule was deve:oped which would counterbalance order effects
of the various experimental variables to the maximum extent possible, but
would minimize problems associated with transfer between test conditions,
In developing this schedule variables were first ranked in order of anticipated
sensitivity to transfer due to alternative of variable levels. This ranking,
given below, was used as a basis for determining the frequency with which
levels of each variable would be alternated in the schedule defined for data

collection with each vehicle.
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Table 5-1. Summary of Dependent-Variable Measurement
or Computation

Terminal Data Recorded At.
Descent i Comm. Hover| End Of Gnd. Contact
Variabile Initial Final Hover} From | Altitude Hover Phase
Approach{ Approach -Hover R (Z = 50 ft) (Z=0f1)
Time @
RMSy
RMSy r
RMS, o—
EX a A
Ey t a A s
Ey
Xp A A A
YB -3 a ¥y
z a A a
[} a A a
3 I a /-
Al,
Al’
Mt:ol
Key: O————-0 Continuous recording or computation
G = <~ —0 Periodic sampling
A Instantaneous sampling (terminal data)
VEHICLES (2)
UH-1 XV-5
GUICKENING QUICKENING
GAINS 2} GAINS (2)
FILTER FILTER
RESPONSE: RESPONSE
LAGS LAGS
3) J (&)
NOISE LEVELS (3) NOISE LEVELS (3)

o THE ABOVE MATRICES ARE DUPLICATED FOR EACH LEVE!. OF THE APPROACH-ANGLE (2)
AND DISPLAY (2) VARIABLES

o THE TOTAL NUMBER OF CELLS IN THE RESULTING MATRIX SET IS 144

o THE USE OF 4 PILOTS WITH 4 FLTS/CELL/PILOT YIELDS A TOTAL OF 2304 FLTS IN
THIS MATRIX SET

Figure 5-1. Experimental Plan for Task il Study
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Dispiay formats - least frequently alternated
Ruickening gains

Approach angles

Fiiter lags

Noise levels - most frequently alternated

For each subject, display format was altered once (for each vehicle) with
presentation order of levels of this variable heing counterbalanced between
subjects. Similarly, for each display format, quickening gains were altered
oncs, with presentation order of levels of this variable being counterbalanced
between displays and between subjects. This process was repeated in a
comparable manner for each of the independent variables ligted above. In all
cases the required four replications per cell were completed before proceeding
to the next scheduled cell.

The data-collection schedule as developed by this process was repeated for
2ach vehicle.

DATA ANALYSIS

Performance data resulting from the formal-simulation phase were analyzed,
and are summarized in Section VI. Analyses, including the calculation oi
means, medians, standard deviations and analyses of variance were periormed
directly from data-output cards with a digital computer.

In the analyses of variance, the subject factor was considered as random, with
with all other factors considered to be fixed effects.
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SECTION V1
STUDY RESULTS - TASK II

Selected results of the analysis of pilot-performance data cbtained during
the Task II study formal-simulation phase are discussed in this section.
Graphs of thesc data are presented in Appendix C. Since a summary pre-
sentation of all re¢suits obtained in graphical form would be prohibitive be-
cause of their volume, only selected samples judged to be of primary rele-
vance in interpreting effects of the experimental variables under study are

presented.

Performance results from each simulated vehicle are discussed separately
below, with a further classification of study results intc the following general
categories:

e Results of analyses of variance performed on dependent
variables having values not distributed ~round zero (e.g..
time and RMS errors)

e Lateral ard vertical glide-path errors recorded at 250-foot
intervals during the final-approach phase

e Summary results of terminal-data dependent variables having
values distributed around zero (e.g., Y and ¢ at ground
contact)

Reference to independent variables and their associated levels in this report
section and in figures appearing in Appendix C is simplified by use of the
following code:

e Display formats (D)

D1 : PPI-AR format

D2: IEVD format

e Approach angles {A)
AI: 6-degree glideslope

A2: 15-degree glideslope

® Quickening gains (Q)
Q,: "high-gain" quickening

Q,: "low-gain" quickening
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e Filtering coefficients (F)
F,: minimum lag and noice reduction
Fy: intermediate lag and noise reduction
F3: high lag and noise reduction

® Measurement noise (N)

NI: no measurement noise
N2: intermediate measurement noise

N3: high measurenient noise

Also since data are referenced or illustrated as a function of mission phase
(or data sampling point), the following additional coding is used:

e Phase (P)
Plz initial-approach phase

P2: final-approach phase

3 hover phase

& descent (from hover) phase
5

: terminal data recorded at first contact
with command hover attitude (Z = 50. 0 ft)

6 terminal data recorded at end of hover phase

P,: terminal data recorded at ground contact
(Z = 0.0ft)

ANALYSIS-OF-VARIANCE RESULTS FOR UH-1 VEHICLE

Condensations of analysis-of-variance summary tables indicating confidence
levels for main effects and interactions are shown in Tables 6-1 through 6-5.
Those effects found to be statistically significant at confidence levels between
p <0.10 and p <0.005 are indicated.
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Table 6-1. Condensation of Analysis-of-Variance Summary Tables;
Phase 1; UH-1 Aircraft

|
. '
3 S Dependent Variable
- ource :
¥ ' Time RMS, Al Al Al ,
L | D 0.100% 0.100 0.100 0.025
: ] l A 0.100 0.025 0.100
: Q 0.100 0.005 0.100
: E 1 F 0.100
. i l N 0.005 ¢. 005
| DA
. DQ 0.100 0.100
; 1 AQ
i E DF
- F AF
1 1 QF 0.100 )
: b DN 0.100 0.005 0.100
] AN
] : I QN
& I
3 DAQ 0.025 0.100
i E DAF 0.100
: DQF
2 AQF
z 1 I DAN
D ° DQN
. & AQN
- 1 DFN
' I AFN 0.005
; -} QFN 0.025
-t I DAQF 0.100 0.025
e DAQN
3 . E DAFN
. DQFN
. I AQFN
I DAQFN
. 1 P <0.100
5 E l 6-3
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Table 6-2. Condensation of Analysis-of-Variance Summary Tables;
Phase 2; UH-1 Aircraft

Dependent Variable

Source

Time

RMSY

RMS,,

Al,

Al

AIcol

D
A

Q
F
N

0.100

0.100
0.005

0.100
0.100

0.005

0.025
0.005

0.100*
0.100
0. 005

0.100

DA

DQ
AQ
DF
AF
QF
DN
AN
QN
FN

0.025

0.100

0.100
0.005

0.100

0.100

0.025
0.025

0.100

0.100

0.025

0. 025
0. 005
0.100

DAQ
DAF
DQF
AQF
DAN
DQN
AQN

0.100

DAQF
DAQN
DAFN
DQFN
AQFN

0.100

0.100

0. 025
0. 025

DAQFN

*P < 0.100
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Table 6-3. Condensation of Analysis-of-Variance Summary Tables;
Phase 3; UH-1 Aircraft

Dependent Variable

RMS

l‘l.MSY

RI\"ISZ

Aly

Al

AIc ol

0.025%
0.100

0.100

0.025
6. 025

0.100

0.100

0.025

0.025

0. 005
0.100

0.025

DAQ
DAF
DQF
AQF
DAN
DQN
AQN
DFN
AFN
QFN

0.100
0.100

0.100
0.100

0.025

0.100

Yo 4 g b 1 Wl J IR NG 3y s D

DAQF
DAQN
DAFN
DQFN
AQFN

0.100

0.100

06.100

DAQFN

*p <0.025
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Table 6-4. Condensation of Analysis-of-Variance Summary Tables;
Phase 4; UH-1 Aircraft

Source

Dependent Variable

Time

RMSX

RMSY

AIO

Al

col

Ao P ok de)

0.100

0.100°

0.100

AQ

AF
QF
DN
AN
QN

0.100
0.100

0.100
0.005

0.100

DAQ
DAF

0.100

0.100

0.100
0.100
0. 025

0.10¢

DAQF
DAQN
DAFN
DQFN
AQFN

0.100

0.025

0.100

DAQFN

0.100

*P <90.100
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Table 6-5. Condensation of Analysis-of-Variance Summary Tables;

Phases 5 and 7; UH-1 Aircraft

Dependent Variable

Source

z
(Phase 5)

Z
(Phase 7)

0. 025
0.100

0.100

0.100"

0.100

D
A

Q

F

N

DA
DQ
AQ
DF
AF
QF
DN
AN
QN
FN

6.100

0.100

DAQ
DAF
DQF
AQF
DAN
DQN
AQN
DFN
AFN
QFN

DAQF
DAQN
DAFN
DQFN
AQFN

0.100

DAQFN

0.100

*p <0.100
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Differences Due to Display Format

Differences between the twe display formats simulated averaged across
effects of all other independent variables (i.e., the main effect for display
formats) are shown in Figures C1 through C4, Appendix C. Average per-
formance data are plotted in those figures for mission phases for which the
respective dependent-variable measures were computed. Although not con-
sistently supported by statistical significance ('N.S." in figures indicates
"not significant at p <0.10"), consistent trends in these data suggest a dif-
ference between display formats in the form of a tradeoff between position-
control accuracy and pilot control activity. The IEVD format (D2) yielded
up to 8-foot RMS-error reductions compared to the PPI-AR format (Figures
C1 agd)CZ), but at the cost of increased pilot control activity (Figures C3
and C4).

Differences Due tc Approach Angle

Examples of the effect on piloting performance of differences in appreach
angle are shown in Figures C5 through C8. Lateral and vertical flight-path
errors (RMSy and RMSgz) during the final-approach phase (P2) were approx-
imately 9 feet greater for the steeper 15-degree approach angle (A2). Higher
pitch-cyclic and collective control activities which were statistically signifi-
cant for the initial- and final-approach phases (Figures C7 and C8) are at-
tributable to the greater speed reduction required prior to intercept of the
15-de§ree glideslope, and increased difficulty in altitude control while on

this slope.

Differences Due to Quickening Gain

An interactive effect in the pitch and roll axes between position-control
accuracy and pilot control activity similar to that described above for display
formats also resulted due to differences in display quickening gain simulated
{Figures C9 through C12). RMS Position errors averaged between four and
eight feet less for the "high-gain" quickening alternative (Q;) with a compen-~
sating increase resulting in pitch- and roll-cyclic control activity for Q1

in all mission phases.

Differences Due to Signal Filtering

Overall effects of the signal-filtering variable on piloting performance are
shown in Figures C13 through C15. Statistically significant main effecis
resulted for RMSy and RMSZ errors in phases P2 and P; respectively.
Although not significant statistically, other data presented in these figures
do suggest interpretable trends. For example, in Figure C14, the beneficial
effect of increased filtering during the final-approach phase (P3) is apparent
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in its effect on reduced RMSy errors. During hover and descent from hover
(P3 and Py4), effects of increased filtering are the opposite. Because of the
proximity of the aircraft to the signal source during P3 and P4, noise levels
are relatively lower than during the approach, and less filtering is required.
Trends reflecting larger RMSy errors in P3 and P4 with increased filtering
are attributed to greater sensitivity of aircraft control to signal lags in
hovering flight.

Differences Due to Measurement Noise

Tests of the main effect for measurement noise yielded the anticipated
results in that measurement noise had a more appreciable effect during
phases associated with increased range from the signal source. Figures

C16 and C17 exemplify these findings. Lateral errors (RMSy) during the
final-approach phase increased from 30 feet for the "no-noise' condition

to 54 feet for the "high-noise" condition, while error levels during hover
were approximately 30 feet for all levels of noise simulated (Figure C16).
Effects on altitude-control accuracy with increased noise levels followed a
similar pattern as shown in Figure C17. The contributions of measurement-
noise effects to pitch- and roll-axis control activity are illustrated in Figures
C18 and C19. Effects of measurement noise on pitch-cyclic control activity
(Figure C18) are similar for all mission phases because of the predominant
contribution of RN in feet, rather than degrees, to the noise amplitude ap-
pearing on pitch-axis quickening (XQ). Increased roll-axis control activity
(Figure C19) due to noise reflects the fact that noise appearing on the lateral-
axis quickening (YQ) was influenced primarily by BN, in degrees, resulting
in higher display-noise levels on YQ at increased ranges.

Display-by-Angle (DA) Interaction Results

The dependent variable RMSz yielded the only significant DA intei:action
from analyses of variance performed on UH-1 flight-performance data. As
shown in Figure C20, differences in RMS altitude error as a function of
approach angle were greatest for the IEVD format (D3), ranging from 34
feet for the 6-degree angle (A;) to 47 feet for the 15-degree approach angle
during the final-approach phase.

Display-by-Filter (DF) Interaction Results

The significant DF interaction for RMSy during the final-approach phase
(Figure C21) is useful as an aid in interpreting the trend toward differences

in the main effect for displays previsouly discussed (Figure C2). Differences
between displays in terms of RMSy error during final approach, depicted in
Figure C21, were greatest for the lowest level of signal filtering (F1), and
became negligible as the level of filtering was increased (F3). This interaction
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is attributed to a basic difference between the two display formats evaluated.
As quickened-symbol noise levels associated with reduced filtering increased,
pilots placed greater reliance on the use of aircraft-attitude information pre-
sented on the artificial horizon as a cross reference to subjectively "filter"
noise-degraded quickened-symbol commands. Cross referencing in this
manner, more easily accomplished on the IEVD format because of the super-
position of attitude and quickened-command information on the primary IEVD
display, is considered to be the reason for relatively lower RMS errors
yielded with this format under conditions of minimum signal filtering (F1).
Conversely, larger error levels resulting with the PPI-AR display (Dj) with
minimum filtering are attributed to more "conservative' pilot control-input
responses to noise-degraded quickening commands because of the lack of
close spatial proximity of displayed-attitude and quickening-command infor-
mation,

Display-by-Noise (DN) Interaction Results

Significant DN interactions were limited to those based on conirol-activity
data recorded during the initial-approach phase. As exemplified by data for
the roll axis shown in Figure C22, roll-cyclic conirol activity was highest
for the IEVD format (D2) under "no-measurement-noise' conditions. As
measurement noise was increased, relatively greater increases in control
activity also resulted with this format compared to those associated with
the PPiI-AR format.

Quickening-by-Filter (QF j Interaction Results

Trends in the QF interaction for pitch-axis control activity measuring during
the final-approach phase (Figure C23) suggest different effects of signal
filtering for each quickening level simulated. For "high-gain" quickening
(Q1), a reduction in control activity corresponds to a reduction in noise due
to increased filtering. Conversely, the effect on control activity with the
"low-gain" quickening level appears to be more directly related to signal

lag caused by increased filtering. However, these interactive effects are
small relative to the main effect due to quickening levels.

Quickening-by-Noise (QN) Interaction Resuits

Significant QN interactions found in the analysis-of-variance results (Figures
C24 through C28), contribute to interpretation of main-effects data for the
quickening-gain variable previously shown in Figures C9 tnrough C12. Gen-
erally, effects of increased noise on piloting-performance accuracy were
less for the "low-gain" quickening level (Q2). For example, during the
descent from hover phase (P4), RMSX errors averaged 12 feet greater for
Q2 than for Q;. As noise levels were increased this difference was reduced
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to approximately 5 feet (Figure C24). Similarly, RMSy errors during the
final-approach phase averaged 13 feet greater for Q2 under conditions of
no noise while essentially no difference between Q) and Q2 resulted under
high-noise condition N3 (Figure C25). Although altitude-command-symbol
gains were not changed with levels of quickened symbol gain, an indirect
effect on altitude control during final approach was observed due to the
quickening-gain variable (Figure C26). Altitude errors defined as RMSz
were higher with Q1 for all noise levels, with Qq gains also being rela-
tively more sensitive to increasing noise levels. ‘fhese relationships suggest
that the longitudinal/lateral control task was more demanding with Q; at
higher noise ievels, resulting in some sacrifice of attention to the zltitude
control task. This interpretation is consistent with data from pitch and roll
control-activity measures shown ii: Figures C27 and C28.

Filtering-by-Noise (FN) Interaction Effects

Data resulting from this interaction effect are of particular interest since
they represent the effects on piloting performance of the tradeoff between
display-noise reduction and signal-lag increase due to filtering. Average
time required to complete the final-approach pkase for each filter-and-noise-
level combination is shown in Figure C29. Nominal time for completion of
this phase was 90 seconds if flown exactly as commanded. I{ may be noted
as an aid in interpreting these data that differences in time to complete this
phase were due predominantly to additional time required to meet hover cri-
teria at the end of the final approach (i.e., time differences reflect the ac-
curacy with which the final approach was terminated). As indicated in
Figure C28, no interpretable differences in final-approach time resulted
across filter levels under the no-noise condition M¥;. Noise levels N2 and
N3 did, however, yield an anticipated increment in time required under
minimum-filtering condition F1 (approximately 15 seconds), but resulted

in only small increases in time required (up to 3 seconds) for intermediate
and high filter ievels Fg and F3. Figures C30 through C33, depicting sig-
nificant FN interactions for various RMS position-error measures and
approach phases, indicate similar trends. Under conditicn Nj the effects

of signal lag due to increased filtering are apparent. As measurement
noise is increased, effects of additional signal filtering are beneficial in
terms of reduced RMS position errors. It should again be n~ted that these
interaction data are useful for more detailed interpretation of main-effects
data previously presented. In Figure C14, for example, the filter main
effect for P, indicates reduced RMSy errors with increased signal filtering.
However, the extent of this error reduction is, as would be expected, a
function of the level of measurement noise (see Figure C31). For display-
noise levels below those associated with Ng during the final approach, a
level of signal filtering comparable to F; may be most appropriate.
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FLIGHT -PATH-ERROR INTERVAL DATA FOR UH-1 VEHICLE

Representative examples of instantan=sous vertical and lateral flight-path
ervors (Ez and Ey) recorded at 250-foot intervals during the final-approach
phase (P2} are shown in Figures C34 throngh C39 of Appendix C. As plotted,
thess: data depict error time histories which siiow intervals during approach
where fiight-path errors tend to be largest and/or most variable from flight
to flight. Each point plotted is the median (50th percentile) of 16 samples
from four simulated flights per pilot per experimental cell, while variabilities

around each point define the +34th-percentile range associated with each median.

This specific range was selected to illustrate flight-to-flight data variability
since it approximates plus and minus one standard devlation of a normsl dis-
tribution.

In interpreting these figures it should be noted that vertical (EZ) and lateral
(EY) error scales are considerably expanded beyond the scaling of range
from the hover point to facilitate reading of error levels. Error sequences
begin with the first sample at 250 fe=t after slope intercept {right side of
figures). and continue to the last sample recorded near finzl-approach term-
ination.

Levels of independent variables defining the test conditions associated with
each figure shown are indicated by alphanumeric codes similar to those
previously described. Additional coding of vehicie (V = 1 and V = 2 denote
UH-1 and XV -5 respectively) and aircraft control-augmentaiion mode {(C)
are also given. Because control-aug:nentation mode was a variable in the
Task HI study to be discussad later in this report, the identifier "C" was
introduced here to aliow use of a consistent coding scheme for both study
tasks. The code C = 1 shown in Figures C34 through C39 simply refers to
the use of a three-axis SAS for both vehicles in the Task I study.

Interval data for the following test conditions are shown in these figures

Variables

Q N F A C D V

1 1 1 1 1 1 1

1 1 1 2 1 1 1

Variable |1 3 1 1 1 1 1
Levels 1 3 1 2 1 1 1

1 3 3 1 1 1 1

1 3 3 2 1 i 1

where, for example, the treatment combination listed in the last row includes
Q = 1 (hugh-gain quickenirg), N = 3 {high noise ievel), etc. Examples shown
are all for the PP1-AR display format.
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Generally, altitude-error . 4ites indicate some altitude-command
overshoot at slope inter ., wiw increased altitude errors again during the
pitch-up maneuver as iated with deceleration to hover. Under conditions
of no measurement r + (Figures C34 and C35), increased altitude-error
variabilities for the .ceper 15-degree approach angle may be observed.
The degrading effects of measurement noisc are apparent in the comparison
of dzta in these figures to that shown in Figures C36 and C37. Average
(median) errors and between-flight error variabilities increase appreciably
for both approach angles under the noise condition depicted. Effects of
a-dditional filiering (Figures C38 and C39) for the same level of measure-
ment noise appear to have the greatest influence on reduction of flight-to-
flight error variability. Although not shown in Appendix C, equivalent

data for the IEVD display format yielded comparable results.

TERMINAL DATA FOR UH-1 VEHICLE

Terminal position errors, translational rates, and attitudes for the same
test conditions as those described above are shown in Figures C40 through
C45. Data presented are in a similar form, depicting medians and +34th-
percentile ranges around each median for terminal measures recorded at
three points near or at termination of the approach and landing mission
simulated. The points, previously defined in this report section as Pj5,
Pg, and P;, are indicated for data associated with each test condition.

Fore-aft translational-velocity data in Figure C40 indicate that a forward-
velocity (#XB) component was predominant at first contact with the command
hover altitude of 50 feet (P5). A primary contributor to this result was a
tendency for negative altitude errors (below glide path) near termination of
the apprcach to hover, resulting in first contact with hover aliitude on the
approach side of the commanded hover point {see Figure C42). Longitudinal
velocities (Figure C40) were reduced to median values near zero by the end
of the hover phase (indicated by sampling point Pg), and were maintained at
approximately the same level to ground contact (P7). For Pg and P, in-
creased noise had the effect of increasing variability in Xg samples while
increased filtering with: the high noise levels yielded a reduction of flight-
to-flight samgle variability to nominaily the same level as that shown for
the "no-noise" condition (Nj). Lateral-velocity data sampled at these
three points also yielded increased variability due to noise. but, as shown
in Figure C41, do not reflect appreciable decreases in sample varizbility
due to a further increase in signal filtering. Vertical velocities at ground
contact, not illustrated ir these figures, averaged between 4 and 6 ft/sec.
Longitudinal and latersl position-error ccmponenis sampled at Pg and P7
(Figures C42 and C43) indicate noise and filter effects similar to those
described above for translational-velocity data. Increased variabilities

in aircraft-attitude samples (Figures C44 and C45) associated with high
noise and filtering levels suggest degraded aircraft-control siability under
these condilions.




CONTROL-LOSS DATA FOR UH-1 VEHICLE

Of the 1152 simulated approaches and landings flown with the UH-1 vehicle
during formal-data collection in the Task II study, a total of 10, or 0.87
percent resulted in loss of aircraft control. These are distributed across
variable levels for each independent v.-iable as shown in Table §-6. Be-
cause of the small number of control losses and the fact that six of the ten
resultebd with only one of the four pilots, generalization of these data is not
advisable.

In all cases of control loss, the simulation was ntopped, reset to initial

conditions and restarted. Data from missions in which control losses
occurred were not included in the analyses reported in this section.

Table 6-6. Control-Loss Data fcr UH-1

Variable Level
Variable 1 2 3
Q 8* 2
N 4** 3 3
F 4 3 3
A 6 4
D 8 2

“i.e. ,» eight of ten coatrol losses resulted under
conditions with "high-gain" quickening (Q;)

""i.e., four of ten control losses resulted under
conditions with no measurement noise (Nj)

ANALYSIS-OF -VARIANCE RESULTS FOR XV-5 VEHICLE

Condensations of analysis-of-variance summary tables indicating confidence
levels for main effects and interactions are shown in Tables 6-7 through 6-11.
As with UH-1 vehicle data previously presented, tests found to be statistically
significant at confidence levels between p <0.10 and p <0.005 are indicated.
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Table 6-7, Condensation of Analysis-of-Variance Summary Tables;

Phase 1; XV-5 Aircraft

Dependent Variable

Time

RMSZ

AIG

AI{p

Al ol

c—

0. 100

0. 109+
0. 100

0. 100
0. 005

0. 100

0. 100
0. 100

0. 005

0. 100
0.100

0. 025

0. 100

0. 025

0.025

0. 025

0.100

0. 100
0. 100

0. 109

0. 100

¢. 190

*P <0, 100
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Table 6-8. Condensation of Analysis-of-Variance Summary Tables;
Phase 2; XV-5 Aircraft

Source

Dependent Variable

Time

RldSY

RlﬁSz

Alg

Al

AIcol

0. 005
0. 100

0. 005
0. 005

0. 005
0. 005

0. 100*
0. 025

0.100

0. 100

0. 100
0. 025

orooruR >
A5228R5888| #7e>C

0. 925

0. 100

0, 025

0. 005

0. 100

0. 100
0. 025

0. 100

DAQ
DAF
DQF
AQF
DAN
DQN
AQN
DFN
AFN
DQN

0. 005

0. 100

0. 100

0. 100

0.100
0.100

0.100

0. 100

DAQF
DAQN
DAFN
DQFN
AQFN

0. 100

DAQFN

*P<0.100
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Table 6-9. Condensation of Analysis~of-Variance Summary Tables;
Phase 3; XV-5 Aircraft

Dependent Variables

RMS,

RMSY

RMS,

Al,

Al

AIcol

0. 100+
0. 100

0. 100
0. 025

0. 005

0. 025

0. 100

0. 100

0. 100

0. 025

G. 100

0. 100

0. 100

0. 005

0. 100

0. 005

0. 100

0. 100

*P < 0,100
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Table 6-10. Condensation of Analysis-of-Variance Summary Tables;
Phase 4; XV-5 Aircraft

Dependent Variables

Time

|

0. 005

RMSy

0. 100%
0. 025

0. 695

RMSY

0.100
C. 005

Alg
0.100

0.025

A1¢

0.109

AIcol

VIR DAY MO TR

0. 100

0. 025
0. 025

0. 100
0. 100

0. 100

0. 0625

0. 025

G. 100

0. 100

0. 100

9,025

0.100

*P <0.100
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Table 6-11. Condensation of Analysis-of-Variance Summary Tables;
Phases 5 and 7; XV-5 Aircraft

Dependent Variable

Source z Z
(Phase 5) {(Phase 7)

6.025"
0. 025

7 I + " AL L O B TLVE RN SN AT 1 08 Frgius

0.100

§ 0.025

T

S AW

I8 0. 005

3 o 0.100

(L Mot
ik §
@ er—

DAF 0.100

A
¢
A
Y
¥
Y
&
,5
:
3
:

GAVEAE N

g

2R DAN 0.100

>
2

i

[

! - QFN 0.100
? : P i DAQF 0.100
i 4

;

W

. DAQN
: % S DAFN
4 = DQFN

AQFN 0.100

- DAQFN

N P <0.025
- 6-19

g
3 - %
E -
A 7
3
1 .
4 S
2




et

MRS R R R N e

Differences Due to Display Format

Data selected to depict the effect of display-format differences on piloting
performance with the XV-5 vehicle are shown in Figures C46 through C50
of Appendix C. General trends in these data are similar to those resulting
with the UH-1 vehicle in that RMS position errors tend to be greater for the
PPI-AR format (D1) while control-activity indexes are higher for the IEVD
format (D2). Longitudinal RMS position errors during the hover phase (P3)
averaged from 10 to 15 feet greater than for the descent phase (P4) because

of a tendency to overshoot the hover point with the XV-5 vehicle. As indicated
in Figure C46, this characteristic was common to both display formats simu-

lated.

Differences Due to Approack Angle

The approach-angle variable did not yield significant differences in flight-
path-control accuracy (RMSy and RMSz) during final approach with this
vehicle. RMS errors during P2 ranged from RMSy > 22 feet to RMSz =~ 32
feet. Differences in pitch control activity due to approach angle varied as
a function of mission phase (Figure C51), while significant differences for
roll control activity yielded lower hover-control-activity indexes for the
steeper 15-degree approach angle (Figure C52).

Differences Due to Quickening Gain

As with the UH-1 vehicle, RMSX and RMSy position errors (Figures C53
and C54) were lower for the "high-gain" quickening level. However, abso-
lute differences between Q1 and Q2 in terms of position errors were small,
ranging from 2 feet for RMSy during P3 to approximately 9 feet for RMSY
during P4. Measures of pitch and roll control activity did not yield statis-
tically significant differences due to quickening-gain levels.

Differences Due to Signal Filtering

Effects of the signal filtering on piloting performance are shown in Figures
C55 through C58 of Appendix C. The statistically significant difference in
RMSx for the filter main effect (Figure C55) is attributable to increases in
signal lag since performance is degraded as level of filtering increases.
The net effect of increased filtering on RMSy during final a~proach (P3)

is just the opposite as lateral errors are rediced with increased filtering
(Figure C56). This finding, consistent with data previously described for
the UH-1 vehicle, suggests the beneficial effect of signal filtering (due to
ncise reduction) during final approach where signal lags apparently have
relatively less effect or. position-control performance. The same inter-
pretation may be applied to trends in RMSz data for P2 shown in Figure
CS57 and roll-axis control-activity data in Figure C58.

6-20

p——

prsmansase o

PR A L IR K e 2T o B

e w———— i o

[Pt

epry

B R R TSI




D o RS "
7 ERNE AL et (Rt i Ch i AP
vy il vl e g fon v ket

3 W A Ty Vi pE b an DISN VB s gd (myawf Y Fafdiagy TH3Y 10 12001t A LARMACECTR' S 1 SO RS YA et £ T kol Ly it i Lop Yr g2t ot age i | wtatery
" G oA A el L et e s Lo (e 24 ¥ g 2203 b Wi 5 el
‘-. l' . L re ‘ a <o E i“ . ' g.u, ' i. - ’ i . . l . I'I

el

T | . . .
ER O A M VAR Y L L Ml A R S
3 - R e A tad 4 oy
. - l N .,,.,I I“Mi l ,I

fotaad

G Poms

Differences Due to Measurement Noise

The main effect for measurement noige yielded small but statistically
significant differences for RMSx recorded during descent from hover
(Figure C59). Average RMSx ranged from 18.5 feet for Nj to 22.5 feet
for N3 during this phase. Larger increments of RMSy and RMSZ errors
due to measurement noise were found for the iritial- and final-approach
phases (P] and Py), while hover and descent phases (P3 and Py4) again
yielded relatively small but statistically significant effects for RMSy
(Figures C60 and C61). Relationships between noise levels and RMS er-
rors are consistent with those previously discussed for the UH-1 vehicle.
Control -activity -index data, shown in Figures C62 and C63, also reflected
significant increasing trends with noise as did comparable data recorded
with the UH-1.

Display-by-Quickening (DQ) Interaction Results

Measures of RMSx error during hover yielded a significant DQ interaction
(Figure C64) indicating relatively larger longitudinal position errors for
the "low-gain" quickening level (Q2) used in conjunction with the PPI-AR
display format ?D; ‘. Although this additional error is most likely attribut-
able to an increas: i degree of overshoot of the command-hover point, rea-
sons for additional srror of this type with the display/quickening combin-
ation D1Qg are not clear.

Display-by-Noise (DN) Interaction Results

Significant DN interactions for RMSy (Figures C65) and RMSz (Figure C66)

flight-path errors during final approach yielded similar relationships. Under
conditions of no noise, error levels for both display formats were nominally

the same. Under conditions of measurement noise, error levels increased
for both formats, but increased relatively more for the PPI-AR format.
For example, the total increment in RMSy across noise levels was 17.9
feet for the PPI-AR format and 6. 0 feet for the IEVD format. Sensitivities
of pitch control activity to increased noise also varied as a function of dis-
play format during hover and descent phases (Figures C67 and C68). Incre-
ments in control activity from levels resulting with no noise were smallest
for the PPI-AR format in both phases.

Quickening-by-Noise (QN) Interaction Results

Although the quickening main effect was significant for hover and descent
phases in terms of RMSx (Figure C53), a QN interaction for RMSx resulted

only in the descent phase (Figure C65). In this phase the "low-gain" quickening
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level (Q,) was somewhat more sensitive to increased noise levels. However,
this interactive effect was small (1 to 2 feet) compared to the main-effect
difference due to quickening levels (approximately 9 feet RMSx). Significant
QN interactions for pitch and roll control-activity indexes are shown in
Figures C70 through C72. All indicate trends toward lower control activity
with high noise levels for Q2, while differences are not consistent across
phases for lower measurement-noise levels associated with N; and No.

Filter-by-Noise (FN) Interaction Results

Average times to complete the final-approach phase for each filter-and-noise-
level combination are shown in Figure C73. As with the UH-1 vehicle,
deviations from the nominal 90-second time required to complete this phase
were due predominantly to additional time required to meet hover criteria at
termination of the approach. Consistent with data obtained from flights with
the UH-1, time required for completion of final approach during XV-5 flights
increased with high-noise/low-filtering combinations. Increased filtering
had the effect of reducing time differentials with increased noise to nearly
zero. Statistically significant FN interactions for RMS-position-error
measures recorded during the various mission phases are shown in Figures
C74 through C77. All examples reflect small degrading effects of signal

lag with filtering under "no-noise" condition Nj. The beneficial effects of
signal filtering upon performance are apparent for higher noise levels,
especially during final approach (Figure C75) where the filtering Ievels
studied yielded a 15-foot reduction in RMS,, for N3. Examples of significant
FN interactions for pitch and roll control-activity indexes during Py also
reflected the same increasing and decreasing trends as a function of the
interaction between noise and filter variables (Figures C78 and C79).

FLIGHT-PATH-ERROR INTERVAL DATA FOR XV-5 VEHICLE

Examples of instantaneous vertical and lateral flight-path errors (E» and

Ey;) for test conditions identical to those previously presented for the UH-1 are
shown for the XV-5 vehicle in Figures C80 through C85 of Appendix C. Error
averages and variabilities plotted for each sampling point are defined as
previously described. Altitude errors for the steeper 15-degree approach
flown under "no-noise’” conditions (Figure C81) indicate less flight-to-flight
variability for the XV-5 than for the UH-1 vehicle (see Figure C35). Where
differences between vehicles do occur as a function of test conditions shown,
lower average errors and error variabilities most typically characterize
piloting performance with the XV-5.
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TERMINAL DATA FOR XV-5 VEHICLE

~ erminal position-error, translational-rate, and attitude data resuiting
from flights with the XV-5 vehicle are shown in Figures C86 through C91 of
Appendix C. Examples given are for the same test conditions as those used
above in describing 250-foot interval data. Data presented are in a similar
form, depicting medians and t+34th-percentile ranges atround each median
for termina! data recorded at three sampling points previcusly defined as
Py, Pg and Py.

g R

Longitudinal-velocity measures (X B) yielded generally decreasing trends in
averages and varjabilities across ~these sampling points, with minimum
deviations from X, = 0.0 ft/sec typifying samples taken at ground contact
(P7). These treng, shown in Figure C86, also indicate only minor changes
in performance due to measurement-noise and filter effects. At ground
contact average (median) X,, was near zero in all cases, with variabilities
{+34th-percentile deviationsB from the median) being greatest under condi-
tions including high noise and filtering levels (N3F3§. Median lateral
velocities (Yr) were at or near zero in all cases shown, with variability
ranges exceeding 1.0 ft/sec only under conditions of hig:. noise and minimum
signal fiitering (Figure C87). Verticai velocities at ground contact, not
shown in these figures, averaged between 4.0 and 5.0 ft/sec. Lateral posi-
tion-error and roll-attitude variabilities at ground contact (P,,) were also
relatively higher for the N Fy condition as depicted in Figures C89 and C91.
Comparable terminal data%or the longitudinal axis (Figures C88 and C90)
did not, however, yield similar trends. Increased variabilities in Ex and

X o appeared primarily at Pg; under conditions of both high-noise and high-
fii?ering levels (N3Fq), suggesting relatively greater effects of signal lag on
longitudinal-axis control during the flare maneuver.
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CCONTROL-LOSS DATA FOR XV-5 VEHICLE

Of the 1152 approaches and landings flown with the XV-§ vehicle simulation
during formal-d~ta ccllection in the Task II study, a total of eight, or 0.69
L percent resulted in loss of aircraft control. Table 6-12 summarizes the

3 3_ distribution of control losses across variable levels for each independent

T variable evaluated. These occurrences were distributed approximately
evenly across pilots, with two pilots each having two control losses, and the
remaining two pilots having one and three losses respectively. Although
the number of control losses was small, these events are dist:ibuted across
measurement-noise levels ir such a manner as to suggest an increased ten-
dency for loss of aircraft control under the high-noise conditior N,. Additional :
interpretation of contributions of the variables to these data are not advisable
because of the small control-loss sample resulting.
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Table 6-12, Control-Lose Data for XV-5

¢ Variable Level
: Variable 2
2 =
Q 4
¢ N 1 0 7
F 4 1 3
5 3 .-
D 5 3 <o
*i. e., four of eight control losses resulted under -
conditicns of "high-gair’” guickening (Ql) -
‘i
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SECTION VII
STUDY DEFINITION - TASK III

OBJECTIVES

The primary objective of the Task i1l study phase wasa to investigate the effects
of selected alternative aircraft control-augmentation modes on pilot perfor-
mance of the steep-angle approach ang landing task. Interactive effects of this
variable with other relevant system variables were also evaluated in 2 manner
similar to tkat previously described for the Task II study to obtain increased
generality of study results and to preserve a maximum level of continuity toward
the overall program objective of investigating display requirements for per-
fermance of IFR steep approaches.

Variables and task characteristics simutated in the Task IIl study are dis-
cussed in the foliowing paragraphs and in Appendix A,
APPROACH TASK SIMULATED

The approach and landing task simulated, identical to that described in
Section III for the Task II study, consisted of four mission phases:
Initial Approach

Final Approach

Hover

Descent from Hover

AIRCRAFT SIMULATED

Continued use was made of both the GH-1 and XV-5 aircraft simulations.
However, the simulations were modified as necessary to ailcw selection by
the experimentes from among four alternative aircraft control-augmentation
modes. These alternative modes are described in detail bejow.

APPROACH ANGLES SIMULATED

The 6- and 15-degree constant-gradient approach augles included in the previous
study also constituted the iwo approach-angle variable levels for the Task IIi
study phase.
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DISPLLAY FORMATS SIMULATED

The IEVD and aircraft-referenced PPI formats were simulated for continued
evaluation in conjunction with the aircraft control-augmentation variable in
this study phase. Display-quickening gains were held constant during the
Task I study, with gains used being those defined in Section III of this report
as "high-gain" coefficients.

SYSTEM NOISE AND FILTER CHARACTERISTICS SIMULATED

Combinations of no measurement noise/*'minimum"” signal filiering (N7 Fj)
and "high" measurement noise/"high' signal filtering (N3 F3), as previnusly
defined in Sections III and VI of this report, were simulated for the present
study. Inclusion of the resulting two-ievel measurement-noise/filtering vari-
able in the Task III study allowed evaluation of the selected aircraft control-
augmentation modes under conditions of both near-perfect signal accuracy,
and degraded signal accuracy due to noise and filtering lags.

AIRCRAFT CONTROL-AUGMENTATION MODES SIMULATED

The primary objective of the Task IIl study was to evaluate the effects of
alternative aircraft control-augmentation modes on pilot performance of the
IFR steep-angle approach task.

Experience with the IFR approach and landing problem as simulated in the
Task I SAA study (Ref. 1) suggested that specific modes of aircraft control
augmentation, added to supplement the three-axis stability-augmentation
system (SAS) used with the simulated UH-1 and XV-5 vehicles, would aid in
unburdering tha pilot during critical phases of the approack and landing
maneuver. Observations cf pilot responses in this study indicated that the
level of pilot workload is greatest during terminal phases of the approach when
effects of aerodynamic damping upon the vehicle are at a minimum. This
interval includes the period of deceleration from approach speed to hover,

the period of hover itself, and descent from hover.

Beginning at initiation of deceleration from command-approach speed, the
pilot's control task becomes increasingly difficult. Groundspeed and desceiit
rate must be dissipated at a commanded rate if the desired flight path is to ke
fcllowed. Piloting the XV-5 VTOL vehicle through this approach segment
requires, for example, freguent changes in "vector angle" and aircraft trim
which adds additional burden to the control task. Both vehicles require more
frequent rudder inputs for yaw control as aerodynamic-damping effects are
lost with decreasing velocity. Yaw control during deceleration and hover is
a relatively more difficuit task to perform with the simulated UH-1 helicopter
because of yaw moments caused by cross coupling from other required control
inputs {primarily collective and cyclic pitch).

(2™
» s

[T
. +

% e

B T AR T ISVRRAARTL T2 S TV 5 RSN LSRN WL WA LOATR YA 1Ay

[UIR RN

SIRYI) PPN



AL gv gt e g Vi 2
e

0\
.
e v pup

4538
3 FATI CA EI0

R

ey A d g
n St dtoeaiay
"y G oamragy

sifn

PP

140

&

a0
Fep e g e

g i i )
m*‘v"m‘—mww'fvm_lmmm,\m PEULTART TR PN - R

¥

ot Yo il
deabut

i
E:
e

A3

:
I
I

T R

e

N AR me e Beeed e fed

Based on these observations, four ailernative aircraft control-augmentation
modes were selected and simulated for systemstic comparison as levels of
an experimental variable in the Task III study. These four inodels are
described in the following paragraphs.

Three-Axis Stability-Augmentation System (SAS)

The three-axis SAS mode used in previous Task I and II studies with both
simulated aircraft was also included in Task !II as a baseline test condition
to which pilot performance and other control-augmentsation modes could be
compared. It is generally agreed that stability augmentation is a minimum
level of control augmentation for V/STOL aircraft under low-speed and
hovering fiight conditions (e. g., Refs, 10, 36, 3%, and 38;.

Tontrol laws simulated for the UH-1 rate-stabiiization system were the
following:

. . . 3s
* Pitchaxis; Byg (deg) = o, - O 312 [z~ 6
e Roll axis: AISS {deg) = %c -0.125¢

. _ S .
@ Yawaxis: O, = 6Rc - 0.755 (S "y l) !/

where

5,, 6, , and GR = pitch, roll and rudder control inputs
8. %c ¢

8, ¢, and ap = pitch, roll and yaw rates in deg/sec

B = B, o due to cyclic-stick input (see Ref. 33)
154 18

BIS = gine component of main-rotor cyclic-pitch angle

AISS = AI S due to cyclic-stick input

Als = cosine component of main-rotor cyclic-pitch angle

6 = blade pitch of tail rotor

TR
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These SAS configurations use a conventional shaped rate-feedback command

to control actuators, with pitch- and yaw-rate feedbacks high passed (Ref. 39).

Rate stabilization system control laws simulated for the XV-5 vechicle were
the following:

e  Pitch axis: KNF (percent) = §, - 0.12 ]
C

-1.0¢

e Roll axis: 8, (deg) =
= c

%
e Yawaxis: By {deg) = bp - 1.56 ¢
‘e

where

s bp = pitch, roil and rudder control inputs
c c c

8, $, ¥ = pitch, roll and yaw rates in deg/sec

KNF = percent nose-fan-door efficiency (see Ref. 32}
BS = wing-fan-louver stagge argle
3‘, = wing-fan-louver vector angle

Stability-zugmentation loops formed a basic three-axis rate damper in this
mode in a manner similar to that previously simulated as a "maneuvering
mode" for the XV -5 vehicle (Ref. 48).

Block diagrams of the SAS modes simulated for the UH-1 and XV-5 vehicles
are shewn in Figures 7-1 and 7-2, respectively. Additional control modes
simulated, as described below, are alsc shown in these figures,

The SAS gains given above for bcth vehicles were established empirically
during preliminary simulations in the Task I SAA study (Ref. 1), and were
selected to yield a satisfactory compromise in aircraft handling gualities for
the speed range and contrci tasks required in this program. Although the
fixed-gairn systems described above represent a performance compromise
because of the wide variation in aircraft dynamics associated with the speed
range simulated, development of scheduled-gain or adaptive-gain mechaniza-
tions fcr these aircraft was nct within the scope of the present study program.
However, for purposes of comparative evaluation, fixed-gain mechanizations
{characteristic of all aiternative control-augmentation modes simulated for
this study) offer the advantage of conceptual simplicity to aid in the interpreta-
tion of piloting performance with alternative modes being tested,
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Time histories depicting response characteristics of the stability-augmented
UH-1 at hover and 120 ft/sec are shown in Figures 7-3 and 7-4. These
responses were recorded for 0.25-inch-step control displacements in the
pitch, rcli and yaw axes. Comparable vehicle-response data for the stability-
augmented XV-5 with 0, 5-inch control displacements are shown in Figures 7-5
and 7-6.

Three-Axis SAS with Outer~Loop Control System
in Pitch and Rolll Axes (SAS + OLCS)

2 second level of the aircraft control-augmentation variable evaluated in the
T=ak T study fcladed the SAS described above plus pitch- and roll-attitude
feedbmck to form: an outer-loop control system (OLCS) in these two control
axes. Traddifioni> the bagic gtability-augmentation (inner) loops, additional
mutomatic contral modes (owter §50p3s), which bring the pilot one integration
cioser—{othe parameter hie is' Z{tempting to control, are highly desirable in a
vertical-FFE atroraft. Wil zafe féedback, attitude changes are accomplished
by an-initial comiradl displacernant followed by 2 return of the controi to neutral
positiomzs the desired Firceraft aftitude is established. This control/response
relationsiip is normaily satigfactory for forward flight where aircraft flight
pazh is:betog conirciied and gome dégree of aerodynamic damping exists. How-
ever, forire inver-asicwhere thie pilgt must maintain position relative to a
point .onthe gronad, the uge of both zttitude and attitude-rate feedback loops is
kn;)wxmtuﬁzx:eaﬁcﬁtzﬁzg effect upon piloting performance (Refs. 36, 37 and
38).

Contronlaws:simmmlated for the SAS + OLCS mode with the UH-1 vehicle are
givenbelow-anii=re Slustrated in Figure 7-1.

_ . 35 1.
e Pitch=xis: Enss(deg)—ﬁe,c 0. 312 (3s+1’9 0.4 6

® Rollaxi= & (deg)=6¢ -0.125¢ - 0.3 ¢
S c

S 14

® Yaw axis: 6. (deg) = 530 - 0.75% (s TV

As indicated the-basic rate-stabilized vehicle was further augmented by incor-
porating pitch— and roli-attitude feedbacks to provide fast, well-damped inner
loops. These attitude~-augmentediinner loops meodified the vehicle's rate
response to control-stick displacement to & vehidj€ attitude response propor-
tional tc control dispiacement (Figures 7-7 and 7-8).

Control laws for the-SAS+ OLTS mofle simulated with the XV-5 aircraft,
illustrated in Figure 7-2, were:
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® Pitch axis: KNF (percent) = §, - 0.12 6-0.18
C

-1.0¢ -1.5¢
o4

e Roll axis: BS (deg) = %

e Yaw axis: fy (deg) = §p - 1.56 W
¢

Control-stick-position feedback gains in the pitch and roll axes were chosen

to provide an attitude-control effectiveness of approximately 3. 0 degrees
attitude change per inch of control-stick displacement. Time histories demon-
strating attitude-control effectiveness in the pitch and roll axes are presented
in Figures 7-9 and 7-10,

Three-Axis SAS with Heading Hold (SAS + {» Hold)

The third control-augmentation mode simulated was identical to the SAS

mode described above for the aircraft pitch and roll axes but was upgraded to
also include an automatic heading hold (i hold). Heading hold was selected to
evaluate effects of simplifying the pilot's control task by reducing the number
of axes or functicns to be controlled. The yaw axis was a logical choice for
this purpose since rudder inputs at speeds simulated were required primarily
in response to only gust perturbations and crosz-coupling effects frora other
control inputs (e. g., collective inputs on the UH-1), and were not reqguired
for glide-path and hovering control. This hold mode was manually engaged
by the pilot prior to glide-slope intercept during the "initial-approach"” phase
after lateral errors had been nulled and the aircraft flight path had been aligned
ncminally along the required approach heading., Once engaged, further atten-
tion to yaw-axis control was not required of the pilot as aircraft neading was
automatically maintained at approximately the command-approach heading

through the remaining approach phases (final approach, hover, and descent
from hover).

The UH-1 heading-hold control mode simulated was

2.55

Oy = '0'25('2.5_34?)‘:" - (0.4 ¢+ 0.2 AY) (-S—,S;-i)

TR

where Ay represents heading error relative o command-approach heading.
For this mode, yaw SAS gain was decreased from 0. 755 to 0.25 deg/sec/deg
and the high-pass time constant was increased from 1.0 to 2. 5 seconds (see
Figure 7-1) to provide a responsive control of heading. Yaw rate and attitude
feedbacks were summed through a proportional-plus-integral shaping network
to increase heading-hold accuracy and increase its operational range while
maintaining a relatively simple mechanization. Time histories demonstrating
heading-hold performance for the UH-1 are presented in Figure 7-i1. Loop
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gains were adjusted to damp heading errvors with a 90-percent response time
of between 3 to 10 seconds with less than 10-percent overshoot.

The heading hold configured for the XV-5 aircraft, shown in Figure 7-2, was
=1 2p y ~ S+0.1
By =1.56 Y~ (0.1 y+0.6Ay) (-T-)

Time histories demonstrating performance of this configuration are depicted
in Figure 7-12, and indicate a 90-percent response time in hover of approxi-
mately 7 seconds.

SAS + OLCS with Heading Hold (SAS + OLCS + y Hold)

The fourth level of the control-augmentation-mode variable simulated for
evaluation was identical to the SAS + OLCS mode described above, upgraded to
also include the automatic heading~hold function (i hold). Heading-hold
mechanizations for both aircraft were the same as for the SAS + y~hold mode.
In terms of degree of control augmentation, the SAS + OLCS + Y-hold mode
represented the highest level of augmentation simulated for evaluation in the
Task III study. Inclusion of this mode for testing facilitated the comparison of
piloting performance on the steep approach and landing task with SAS and

SAS + OLCS modes, as well as each of these modes with and without automatic
heading hold.
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SECTION VIiI
PRELIMINARY SIMULATION ~ TASK III

OBJECTIVES
The cbjectives of the preliminary-simulation phase of the study were:

¢ The refinement of simulation procedures to be used in the formal-
simulation phase

® The empirical selection and verification of feedback coefficients
for the control-augmentation modes to be evaluated

e The familiarization and training of subjects of experimental-
variable combinations to be evaluated in the formal-
simulation phase

PROCEDURAL REFINEMENT

Use of the standardized experimentation procedures established for the
Task I SAA study (see Section IV) was continued in the present study.

However, since control-augmentation modes were mechanized on the analog
portion of the hybrid simulator, selection of levels of this variable by the
experimenter was not through use of the previously described seven-digit
ID number code, Although the ID number did include a code for levels of
the control-augmentation variable {C; through C,4) for purposes of data
documentation and identification, the setting of feedback coeffi.ients and

mode switching was performed directly by the experimenter at tne analog-
computer conscole,

The thumb-actuated "autopilot-cutout"” switch mounted on the left side of the
"eyclic"” control grip was mechanized for use as a headmg-hold-engage
switch. A single actuation of this switch by the pilot prior to glideslope

intercept engaged the heading-told mode for the duration of the approach
to landing.

PRELIMINARY SYSTEM EVALUATION

Preliminary system evaluation emphasized the selection and testing of
alternative feedback coefficients required for levels of the controcl-
augmentation variable, Coefficients established with two Honeywell
engineering employees serving as pilot/ subjects were verified during initial
practice sessions with the military pilots who would be serving as subjects

for the duration of the Task III preliminary- and formal-experimentation
sessions,
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PILOT FAMILIARIZATION AND TRAINING

Military pilots who would be serving as subjects during the formal- simuiation
phase were trained under the various experimental conditions prior to initia-
tlon of formal data collection. Each pilot received a minimum of two

"completed" practice ilights on each of the treatment combinations to be
evaluated (a flight was considered "completed" if control of the aircraft was
maintained thrcugh 211 phases of the approach and landing mission). Formal-
data-coliection flights immediately followed the completion of practice
sessions with the respective vehicles.

Pilot training sessions were begun using the UH-1 vehicle. Each of four
oilots received a series of 64 practice flights consisting of two replications
on treatment conditions resulting from the factorial combinations of the fol-
lowing variable levels {as defined in Section VII}):

® Approach angles (two levels)
e Display formats (two levels)
& Measurement-noise/ filter-lag (two levels)
e Control-augmentation modes (four levels)

It may be noted that pilots were trained with all levels of all variables to be
evaluated during the Tzask I formal- simulation phase.

Measures selected as summary indicators of pilot skill acquisition during
training were:

® Total ‘ime to complete the simulated approach and landing

3 Roota—mear\—square (RMS) laterai and vertical flight-path
errors during the 'final-approach” phase

] B‘«IS loagitudinal and lateral position errors during the
“descent-irom-hover” phase

Practice data resulting for each of these measures with the UH-1 vehicle
are shown in Figures 8-1 througa 8-5. Data shown are averaged in consecu-
tive blocks of trizls to dep,ct peﬁformance averages and variabilities for
each bleck as described in Section IV of this report.

Two general chservations summarize these data: (1) lack of appreciable
improvement in performance aver the training series is attridbutable to all
pilois having previouzly serveq as test sub3e'~t= in the SAA program during
ezther Tazk I or Task I study phases, and (2) data do reflect trends related
to the ordering of test cenditions during practice. Each pilot completed all
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- required practice flights on one display format prior to initiation of practice
with the second format (ordering of formats was counterbalanced between

- pilots). For each format, practice was first given for all approach-angle

and control-mode combinations with the least difficult level of the measurement-
noise/filter-lag variable (N; F1). This sequence was then repeated, with the

s same display format, for the most difficult noise/filter variable level (N F3).
Thus, for example, the downward trend in “'total-time' data for practiceaolocks
- 25 through 32 (Figure 8-1) reflects improvement in performance under the

N3 Fg condition following prior experience with the same angle, display and
control-mode combinations under the N 1 F1 condition.

An identical practice sequence was given for the XV-5 preceding formal-data
collection with this aircraft. Summary performance data from these practice
sessions are presemcd in Figures 8-6 through 8-10. Trends are similar to
those shown for the UH-1, with no appreciable improvement in performance
with continued practice. This effect is again attributable to the transfer of
experience gained in previous SAA study phases.

-3

Of primary importance is the fact that all pilots who served in the formal-
simulation study phase were familiarized during training with all task charac-
teristics to be evaluated experimentally.
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SECTION IX
FORMAL SIMULATION - TASK III

The objectives of the formal-simulation phase of the Task IlI study were to
conduct a systematic simulator evaluation of the four aircraft control-
augmentation modes previously defined, as well as the interactive effects

of this variabie with other relevant system and task variables including ap-
proach angle, display format, and measurement-system noise/filter char-
acteristics. Descriptions of the task characteristics simulated, the inde-
pendent and dependent variables evaluated, and the experimental plan followed
in conducting the formal evaluation are summarized below. Results obtained
from these simulations are presented in Section X.

SIMULATED APPROACH AND LANDING MISSION

The simulated approach and landing mission segment consisted of the four
"active" or time-consuming phases defined in Section V, including "initial-
approach’, "final-apprcach”, "hover", and "descent" phases.

INDEPENDENT VARIABLES

The following independent variables were incorporated into the study formal-
simulation phase:

e Subjects: Four helicopter-rated pilots served as test
subjects during formal-data collection with each vehicle.
A1l pilots were currently serving, or had previously served,
on active~duty status, and each had between 2060 and 5000
hours experience in various rotary-wing aircraft including
the UH-1. All pilots were instrument rated.

® Vehicles: Two simulated vehicles, the UH-1 and XV -5, were
used. Practice- and formal-data collection were completed
with the UH-1 simulation prior to initiation of simulation flights
with the XV -5 vehicle,

e Display Formats: Two display formats were evaluated. Each
of these formats, described previously, included a primary
horizontal-situation (PPI-AR) or vertical-situation (IEVD)
display supplemented with peripheraily located conventional
instrumentation.
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Approach Angles: Two alternative approach angles
(6 and 15 degrees) were simulated for evaluation.

Noise/Filter Characteristics: Two levels of a combined
measurement-system-noise/filter- lag vamable were
evaluated (no measurement noise/" mmunum -s1 nal-
filtering and "high" -measurement-noise/"high' -signal-
filtering).

Aircraft Controi-Augmentation Modes: Four levels of

the control-augmentation-mode variable, defined in
Section V1I, were evaluated.

DEPENDENT VARIABLES

The following performance measures were recorded during appropriate
phases of the simulated task, and served as a basis for interpreting pilot
performance as a function of the treatment conditions described above:

Vertical and Lateral Flight-Path Deviations: Root-mean-
square (RMS) errors were recorded for vertical (RMSz)
and lateral {(RMSy) deviations from the command flight
path during the final-approach phase, with only RMSz
being recorded during the initial approach. Also, instan-
taneous vertical and lateral errors (E z and Ey) were
recorded along the flight path at 250-foot intervals.

Position Errors During Hover and Descent: Position-
error measures recorded for hover phasz were RMSX
(longitudinal position), RMSy and RMSZ errors, with
RMSX and RMSy also being recorded during descent
from hover.

Terminal Position Errors, Rates and Attitudes: Aircraft
position with respect to the command touch-down point
(EX and Ey), translational rates (Xg, Yg and 2) and
attitudes (8 and ¢) were measured at Z = 0.0 feet. Also,
since it was of interest to determine the accuracy with
which the command approach path could be terminated
at ground contact rather than hover at Z = 50 ft, these
terminal data were also recorded at the instant that the
aircraft reached Z = 50 feet during either the final-
approach or hover phase, and again at the end of the
hover phase, itself, prior to vertical descent to touch
down.
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e¢ Time: Times required to complete the initial-approach,
final-approach and descent phases were recorded. The
hover phase was programmed to be a constant 20 seconds.

e Activity Indices: Measures of pilot control-input activity
for the pitch and roll center stick and collective (lift) stick
were computed as RMS rates of the respective controi
movements. These activity indices (Alg, Alg, and Alcg))
were scaled in arbitrary units for each vehicle simulation,
and served as a basis for making inferences cencerning
the relative effects of experimental treatments upon pilot
"workload" or task difficulty.

e Continuous Time-History Data: Strip-chart recordings of
aircraft pitch and roll attitudes {0, ¢), heading (), altitude
(Z) and pitch; roll- and lift-stick displacements (69, Jg¢,
#col ) were obtained from all flights in the formal-simulation
study phase. Representative samples were selected to show
typical time histories of these parameters.

e Control Losses: Flights during which loss of vehicle control
resulted were terminated by the experimenter or terminated
automatically by ground contact. When a control loss resulted,
the existing experimental conditions were recorded by the
experimenter, and the flight was repeated.

A summary of dependent variables measured or computed, and the mission
phases during which they were recorded, is given in Table 9-1. Specific
measures were relevant for only certain mission phases. For example,
RMSX was computed only during hover and descent phases since a longitudinal
position was not commanded until the hover phase was reached. Similarly,
RMSy was not meaningful during the initial-approach phase because of the
initial lateral position error of 500 feet from which the simulated mission
was begun.

EXPERIMENTAL PLAN

A plan of independent-variable combinations for the Task III study formal-
simulation phase is summarized in Figure 9-1. This plan included a full-
factorial comkbination of twe display formats (D), two approach angles (A),
two levels of the combined noise/filter variable (N), and four levels of air-
craft control augmentation {C). The total matrix set consisted of 64 test
cells when combined across aircraft. Each pilot was required to complete
four replications (flights) per cell, resulting in a total of 1024 simulated
flights to be scheduled for formal-data collection.
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- Table 9-1. Summary of Dependent-Variable Measurement
' or Computation
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MOISE AND FILTERING VARIABLE

o THE TOTAL MiMBER OF CELLS IN THE RESULTING MATRIX SET IS 64

o THE USE OF 4 PILCTS WITH 4 FLTS/CELL/PILOT YIELDS A TOTAL OF 1024 FLTS IN
THIS MATRIX SET

@ aare v ey

E Figure 9-1. Experimental Plan for Task [II Study
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Characteristics of the simulation held constant for the duration of the formal
experiment were:

e System inforrnation update rate (13.3 Hz)

e Display gains and scale factors

e Turbulence level (see Appendix A)

SIMULATION SCHEDULE

A simulation schedule was developed which would counterbalance order
effects of the various experimental variables to the maximum exteni possible,
but would minimize problems associated with transfer between test conditions.
In developing this schedule variables were first ranked in order of anticipated
sensitivity to transfer due {o alternation of variable levels. This ranking,
given below, was used as a basis for determining the frequency with which
levels of each variable would be alternated in the scheaule defined for data
collection with each variable.

Display formats - least frequently alternated
Control-augmentation modes
Approach angles

Noise/filter combinations - most frequently alternated

For each subject, display format was altered once {for each vehicle), with
presentation order of levels of this variable being counterbalanced between
subjects. Similarly, for each display format, control modes were varied
through the four levels once, with presentation order of levels of this vari-
able being ccnterbalanced between displays and between subjects. This
process was repeated in a comparable manner for the remaining two inde-
pendent variables listed above. In all cases the required four replications
per cell were completed before proceeding to the next scheduled cell.

The data-collection schedule as developed by this process was repeated for
each vehicle.

DATA ANALYSIS

Performance data resulting from the formal-simulation phase were analyzed
and are summarized in Section X. Analyses, including the calculation of
means, medians, standard deviations and analyses of variance were per-
formed directly from data-output cards with a digital computer.

»

In the analyses of variance, the subject factor was considered as random,
witn all other factors considered to be fixed effects.
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SECTION X
STUDY RESULTS - TASK III

Selected results of the analysis of pilot-performance data obtained during the
Task III study formal-simulation phase are discussed in this report section.
Graphical illustrations of these data are presented in Appendix D. Data
judged to be of primary relevance in interpreting effects of the experimental
variables under study are presented.

Performance results from each simulated vehicle are discussed s«<parately
below, with a further classification of study results into the following general
categories:

Results of analyses of variance performed on dependent
variables having values not distributed around zero fe. g., time
and RMS errors)

Lateral and vertical glide-path errors recorded at 250-foot
intervals during the final-approach phase

Summary results of terminal-data dependent variables having
values distributed around zero (e. g., Yg and ¢ at ground
contact)

Representative samples of pilot control-input and vehicle-
response time-history data (samples selected for UH-1 vehicle
anly)

Reference to independent variables and their associated levels in this report
section in figures appearing in Appendix D is simplified by use of the following

code:

Display formats (D)

D1:
D2:

Approach angles (A)

PPIi-AR format

fEVD format

A,: 6-degree glideslope

A2: 15-degree glideslope

10-1




e Measurement noise/filtering combinations (N}
N,Fy;: no-noise/ minimum-fiiter-lag
N3F3: high-noise/high-filter-lag

e Aircraft controi-augmentation mode (C)
C,: SAS
Cy: SAS + OLCS
C.: SAS + y hold
Cy: SAS + OLCS + ¢ hold

Also since data are referenced or iliustrated as a function of mission phase
{or data-sampling point), the following additional coding is used:

e Phase (P)
Py: initial-approach phase
P,: final-approach phase
P3: hover phase
P,: descent (from hcver) phase

PS: terminal data recorded at first contact with command
Lover altitude {(Z = 50. 0 feet)

Pg: terminal data recorded at end of hover phase

P.‘.: terminal data recorded at ground contact (Z = 0. 0 feet)

ANALYSIS-OF-VARIANCE RESULTS FOR UH-1 VEHICLE

Condensations of analysis-of-variance summary tables indicating confidence
levels for main effects and interactions are shown in Tabtles 10-1 through
10-5. Those effects found to be statistically significant at confidence levels
between p < 0.10 and p < 0. 005 are indicated.
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Table 10-1. Condensation of Analysis-of-Variance Summary
Tables; Phase 1; UH-1 Aircraft
Dependent Variable
Source T'
ime RMSZ AIO AIQ Alcol
D 0. 100* 0. 100
A 0. 025 0. 005 0. 025
C 0. 005 0. 005
N 0. 025 0. 100
DA
DC 0, 925
AC 3. 005
DN 0. 005
AN 0. 100 0,025 C. 100
CN
DAC
DAN
DCN
ACN 0. 100
DACN 0. 100 0. 100
=P <0, 100
Table 10-2, Condensation of Analysis-of-Variance Summary
Tables, Phase 2; UH-1 Aircraft
Dependent Variable
Source .
Time RMSY RMSZ AIO Al:‘ Alco!
D 0, 100" 0. 100
A
C 0. 095 0. 005
N 0. 025 0. 100 0. 025
DA
DC
AC 0. 190
DN 0. 100 G. 100 0. 025
AN
CN 0. 100 0. 025
DAC
DAN
DCN 0. 100
ACN
DACN
*P < 0. 100
10-3




PR
.

s Dependent Variable .
ource :
RMSX R]\dSY RMSZ AIG AI¢ Alcol :
; 5 ,
A 0. 025«
C 0. 005 0. 005 0. 025 :
3 N 0. 025
: DA 0. 100 0. 100 ’
bC 0. 100 )
AC 0. 005
B DN
7 AN
: CN 0. 100 0. 025 i
f DAC
DAN
3 DCN 0. 100
g ACN 0. 025 0. 100
3 DACN
=P <0, 025
Table 10-4. Condensation of Analysis-of-Variance Summary
Tables; Phase 4; UH-1 Aircraft
E Dependent Variable
Source . .
Time RMSX RMSY AIO AI‘p Alcol
D 0. 100+
3 A 0. 160 0. 100 0. 100 .
K C G. 025 0. 005 G. 005
N 0. 100 0. 100
: DA :
: DC Q. 1090
; AC 0. 025
3 DN 0. 160
AN 0. 100 .
CN 0, 025
3 DAC
E DAN R
k DCN
3 ACN
3 DACN
=P <0, 100
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Table 10-5. Condensation of Analysis-of-Variance Summary Tables;
Phases § and 7; UH-1 Aircraft

Dependent Variable

Scurce

z
(Phase 5)

Z
(Phase 7)

0.100*

0.100

0.100

0.100

DACN

*P < 0.100

10-5
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Differences Due to Display Format

Overall differences between the two display formats tested are summarized

in Figures D1 through D5 of Appendix D. These data depict trend differences
between formats which are consistent with those found in the Task II study.
RMS flight-path errors averaged between 15 and 35 feet in all axes, with
consistent trends toward slightly lower errors for the IEVD format (Dg). Con-
versely, pilot control activities were Ligher for this format {(Figures D4 and
D5).

Differences Due to Approach Angle

The main effect for approach angles did not yield appreciable differences in
performance in this study. The one exception to this finding was for RMSx
errors during hover and descent phases (Figure D6) where, for example,
RMS longitudinal errors during “over were approximately seven feet greater
with the 6-degree apprcach angle (A;). An interpretation of this difference
is presented below during discussion of angle-by-control-mode (AC) inter-
action results.

Differences Due to Noise/Filtering

Effects of the combined measurement-noise/signal-filtering variable are
exemplified by data shown in Figures D7 and D8, Appendix D. Altitude RMS
errors during final approach {P9) were approximately 26 feet for the no-
noise/ minimum-filtering condition (N1F;)., and increased to 37 feet under
the high-noise/maximum-filtering combination (N3F3). Longitudinal- and
lateral-error measures (RMSx and RMSy) did not yield statistically signifi-
cant differences for this variable.

Differences Due to Control-Augmentation Mode

Data summarizing the main effect for the four-level control-mcde variable are
presented in Figures D9 through D13. With one primary exception (RMSx),
these data indicate an improvement in aircraft-control performance for aug-
mentation modes including an OLCS in the pitch and roll axes (Cz and Cg).
Consistent trends (not statistically significant) in RMSy and RMS z errors
during the approach phases (P; and Pp) and statistically significant differences
in pitch and roll control activity support this finding. Effects of heading-hold
implementation were limited to reductions in pitch and roll control activity
under the conditions where this hold mode was used in conjunction with pitch-
and roll-axis OLCS (see Figures D12 and D13). Trends in RMSy data (Fig-
ure D10) do, however, suggest further improvement in lateral-axis position
control with both modes in which the heading hold was used (C3 and Cg).

10-6




As noted above. control-augmentation mode differences resulting in terms of
RMSy; errors (Figure DS) were not consistent with those yielded by other
performance measures. Longitudinal RMS position errors in the hover phase
(P3), for example, averaged between 15 and 20 feet greater with the SAS +
OLCS modes (Cy and C4) than with the SAS modes (Cy and Cg). These dif-
ferences are attributed to a temporarily degrading et‘]{‘ect of ?)LCS in the pitch
axis during the terminal portion of the decelerating approach to hover, resulting
in a tendency to overshoot the command hover point.

Display-by-Noise (DN) Interaction Resuits

The significant DN interactions, shown in Figures D14 through D16, are consis-
tent with results obtained in the previous Task il study. and indicate the dif-
ferential effects which signal degradation had on performance with the two
display formats. Relatively greater increases in RMSy, errors resulted with
the PPI-AR format (D,) under the high measurement-noise/filter-lag condi-
tion (N;F3), while the TEVD format (D,) yielded larger measures in pilot

control activity.

Angle-by-Control-Mode (AC) Inieraction Results

Examples of AC-interaction data which are useful for further interpretation
of main-effect results discussed above are shown in Figures D17 and D18.

It may be observed in Figure D17 that increased RMS errors during hover.
previously discussed for the approach-angle main efféct (Figure D6). are
attributable to only test conditions including control modes Cs and Cy4.
Similarly from Figure D17, RMSx error relationship shown for the control-
mode main effect (Figure D9) are seen to be a primary result of differences
occurring with only the 6-degree glideslope.

Final-approach phase pitch-control-activity data in Figure D18 yield additional
qualification to the main-effect data ior control modes presented in Figure D12.
While OLCS-augmented modes (C5 and Cy4) offered reduced pitch control
activity with both approach angles, this reduction was greatest for the steeper
15-degree angle (A,).

Noise-by-Control-Mode (NC) Interaction Results

Control-activity measures yielded the principal NC-interaction data in this
study (Figures D19 through D22). It may be observed in the final-approach
(P5) and hover (Pg) data shown that performance with the OLCS-augmentation
modes was least influenced by signal degradation due to measurement noise
and filter lags (N3F,). Also apparent in these data is the effect of further
reduction of control activity with the use of heading hold in conjunction with
pitch- and roll-axis augmentation (C4).




g

Flight- Path-Error Interval Data for UH-1 Vehicle

Representative samples of instantaneous vertical and lateral flight-path errors
(Ez ard Ey) recorded at 250-foot intervals during the final-approach phase
(P2) are presented in Figures D23 through D26 of Appendix D. Averages
(medians) and variabilities (+34th percentiles from medians) of sampled time-
history performance are indicated as previously described in Section VI.
Levels of independent variables defining test conditions associated with each
figure are indicated by previously defined alphanumeric codes.

Data from test conditions selected for illustration in these figures constitute
a comparison of flight-path control for the 6-degree approach (A,), the IEVD
display format (D), both noise/filter combinations (N1F, and N ]F3). and two
control-augmentation modes (C, = SAS and Cg = SAS +¥ hold). n a variable
code consistent with that used for similar Task II study data, these variable
combinations are represented by:

Variables
Q@ N F A C D V
1 1 1 1 1 2 1
Variable
Levels 1 1 1 1 3 2 1
1 3 3 1 1 2 1
1 3 3 1 3 2 1

This set of treatment combinations was selected to further illustrate trend
differences resulting in final-approach-phase RMSy and RMSz errors
(Figures D10 and D11) with control modes C, and C,. By comparing interval
data for noise condition N F, in Figures 1)2.’31 and D24, it may be noted that
the use of heading hold haé the effect of reducing altitude errors during the
decelerating approach to hover as well as flight-to-flight error vaciabilities
in the lower speed portion of this deceleration (approximately last 1000 feet
of range). For the degraded-signal condition NgF, (Figures D25 and D26),
hcading hold had a similar effect during deceleration, and additionally served
to reduce error variabilities during the initial glideslope-acquisition segment
of the final approach. These differences are attributed predominantly to
cross-coupling effects of collective-lift inputs into the aircraft yaw axis
which increase control-task difficulty in the absence of a heading=hold mode.

TERMINAL DATA FOR UH-1 VEHICLE

Terminal position errors, velocities and attitudes recorded at sampling
points P5. Pg and Py as defined earlier in this section are summarized in
Figures D27 through D32.

10-8
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Data depict performance medians and £34th-percentile points around cach
median for the four test conditions discussed above, with results also pre-
sented for control-augmentation mode Cy (SAS + QLCS).

Generally., these measures yielded trends toward decreasing averages and/or
variabilities between sampling points P. (first contact with 50-foot altitude)
and P. (ground contact). The heading-hold mode used in conjunction with the
three-axis SAS {C3) did not yield appreciable improvement in terminal-control
performance over that resulting with only the three-axis SAS (C1). Per-
formance differences at touchdown between SAS and SAS + GLCS modes were
limited primarily to lateral-axis measures recorded under ihe degraded-
signal condition NgF4 (Figures D28 and D32). Maximum 34th -percentiic
deviations of lateral velocity (YR ) and roll attitude () at ground contact under
this condition were 4.0 ft/sec and 4.5 degree respectively, for the SAS mode.
and 1.0 ft/sec and 2.0 degree, respectively, for the SAS + OLCS mode.

CONTINUOUS TIME-HISTORY DATA FOR UH-1 VEHICLE
Typical time imstories of control-stick position, vehicle attitudes, and altitude

for the following test conditions are presented in Figures D33 through D40,
Appendix D:

Variables

Q N F A C D V

1 1 1 1 1 2 1

1 3 3 1 1 2 1

1 1 1 12 2 1

Variable 1 3 3 1 2 2 1
Levels 1 1 1 1 3 2 1

1 3 3 1 3 2 1

1 1 1 1 4 2 1

i 3 3 1 4 2 1

Samples shown were selected on a subjective basis, and were judged to be
representative of the general form of data resulting for test conditions illustra-
ted. To minimize interactive effects of piloting technique with other experi-
mental variables, all samples were selected from performance records of

the same pilot.

By comparing Figures D33 and D34 to Figures D35 and D36 it may be observed
that addition of pitch- and roll-axis OLCS to the basic SAS mode had an effect
of changing pilot-induced aircraft-response characteristics from relatively
high-amplitude and low-irequency to predominantly lower-amplitude. higher-
frequency components. This change occurred for both noise/filter conditions
simulated.

1G-9




An example of the contribution of an automatic heading-hold with the three-

axis SAS is seen in Figures D34 and D38. During near-hovering flight (hover

and descent phases), a higher degree of aircraft-control stability is maintained

with the aid of heading hold since the pilot has one less control axis to which .
his attention must be shared.

' CONTROL-LOSS DATA FOR UH-1 VEHICLE

g - 2 Seven of the 512 (1.3%) simulated approaches and landings flown with the UH-1
. 3 during Task IIi-study formal-date collection resulted in loss of aircraft con-
E trol. Distributions of these data across variable levels for each independent
. variabie are shown in Table 10-6 (levels numbered 1 and 3 are used for the
combired noise/filter variable for consistency with previous codings).
Although these uvata may suggest trend results for variables NF and A, only
R 3 tentative interpretations are advisable since six of the seven control losses
A occurred with only one of the four pilots. .

As in previous study phases, data from flights in which control losses oc-
cu: red were omitted from other performance analyses.

Table 10-6. Control-Loss Data for UH-1

Variable Level

Variable
1l2]3]4
c NERERE :
NF | 2% 5
1] 8
4]3

e

4 “i.e. , two of seven control losses resulted
K with the combined noise/filter variable

" ievel NlFl

ANALYSIS-OF-VARIANCE RESULTS FOF. XV-5 VEHICLE

Condensations of analysis-of-variance summery tables indicating confidence
levels for main effects and interactions are shown in Tables 16-7 through 10-11.
Effects found to be statistically significant at confidence levels between p
<0.10 and p <0.9005 are indicated.

10-190
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Condensation of Analysis-of-Variance Summary
Tables; Phase 1; XV-5 Aircraft

Dependent Variable

Source
Time RMSZ AIO AI° Alcol
D 0. 025«
A 0. 190 0. 025 0.100
C 0. 005 0. 100 0. 005
N 0. 025 9, 025 0. 025
DA 0. 100
DC 0. 025
AC 0. 005 0. 100
DN
AN 0. 005
CN 0, 025 0. 025 0. 025
DAC
DAN
DCN 0. 025
ACN
DACN
*P <0, 625

Table 10-8. Condensation of Analysis-of-Variance Summary
Tc*les; Phase 2; XV-5 Aircraft

Source

Dependent Variable

Time

RMS

0. 025

RMSZ

0.100%
0.025

Alg

6. 100
0. 100

Al

0. 005
0. 025

AIcol

0. 100

0. 100

0. 025

0. 025

0. 005
0. 100

P <0, 100
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C. 100+
0.100
G. 100

Al

0. 005

AII

——.——'ﬁm:====a===ﬂ—=¢—=qp_=&ﬁ

2. 160 0. 100

0. 190

DAC
DAX
DCN
AN

Sl

0. 180

0, 10G

DAL

Table 18-1G. Condensation of Apalysis-of-Variance Summaear

Tables;: Phase 4; XV-5 Aircraft

Source

Dependant Variable

Time R*”SX RMSY

0. 025 0. 025
¢. 150 0. 100 G. 100

AL,

5, 003

Al

DN
AN
CN

0, 109
g. 25

DAC
DAN
DCN
ACN

0. 105

G. 1090

0. 100

DACN

=P <0.100
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' Table 10-11, Condensation of Analysis-of-Variance
3 Summary Tables; Phases 5 and 7;
: 3 XV-5 Aircraft
l Dependent Variables
L Sour'ce z zZ
; ! (Phase 5) (Phase 7)
: } a 0. 100%
. C
o N
| DA
E DC
E DN
‘;; i AL‘I
£ - }, DAC
: DAN 0. 100
1 = DCN
1 2 ACH
e DACN
- *P < 0, 100
o
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Differences Due to Display Format

Data depicting the effect of display~format differences on position-control
performance and control-activity level are summarized in Figures D41
through D45. Consistent but statistically non-significant trend differences
with the XV -5 vehicle were similar to those resulting with the UH-1, and
suggest a tendency for higher RMS position errors but lower-pitch- and roll-
axis control activity with the PPI-AR format (D). RMS errors for all posi-
tion-control axes averaged less than 35 feet.

Differences Due to Approach Angle

The approach-angle variable again yielded few statistically significant results
from the analyses of variance performed. Results of altitude-control {Z-axis)
performance are shown by example in Figures D46 and D47 of Appendi:: D.
Differences in RMSgz (Figure D46) were significant for the initial-approach

and hover phases P; and Pa2) but were relatively small in an absolute sense,
averaging between 2 and 5 feet. Vertical velocities sampled at first contact
with the command 50-foot nover altitude (P.) averaged approximately 5 ft/sec,
as shown in Figure D47 and were reduced to 4.5 ft/sec at ground contact (P7).

Differences Due to Noise/Filtering

Contributions of the combined measurement-10ise and signal-filtering variable
to performance change with the XV-5 vehicle are exemplified by data shown in
Figures D48 through D51. Lateral and vertical RMS errors during final approach
were increased by approximately 6 feet under the degraded-signal condition
N3gF, (Figures D48 and D49). It ma%be noted that final-approach RMSy errors
recorded under conditions NyFg and N, Fq are consistent with performance un-
der the same conditions in the Task Il study (see Figure C75, Appendix C).
Control-activity data, summarized in Figures D50 and D31, also reflect
anticipated increases during all approach and landing phases under condition
N,Fa.

373

Differences Due to Control-Augmentation Mode

Examples of significant main-effect data for the control-augmentation-mode
variable depict effects similar to those discussed previcusly for the UH-1 air-
craft. Typical performance results obtained with the XV-5 vehicle presented
in Figures D52 through D55, summarize these effects. RMSy, errcrs recorded
during hover and descent phases (Figure D52) were grcatest tor medes which
included pitch- and roll-axis OLCS augmentation. As with the UH-1, this
result is attributed to a temporary aegrading effect of QOLCS in the pitch axis

10-14
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during deceleration to hover which increased the likelihood of hover-point
overshoot. Conversely, position errors in this axes, as exemplified by RMS,
data in Figure D53, indicate small (less than 5 feet) but statistically significant
reductions in apprcach-path errors for the two modes which included an OLCS
(Cg and C4). Pitch and roll control-activity measures yielded reduced control
activity for OLCS-equipped modes in most instances {Figures D54 and D55),
with trends toward further reductions under conditions which also included a
heading-hold mode (Cg and C4).

o o [ ] ]

Noise-By-Control-Made (NC) Interaction Results

Relatively few significant interactions resulted from the analyses of XV-5
flight-performande data which were considered useful for further interpreta-

4 tion or qualification of main-effect data discussed above. Exceptions to this
finding were data representing NC interactions for pitch and roll control

2 activity recorded during initial~ and final-approach phases {Figures D56

- through D58). These interactions have the same general form as NC interactions
resulting with the UH-1 vehicle, and indicate relatively less increase in pilot
control activity under the degraded-signal condition (N3F3) with OLCS-aug-
mented control modes (C and Cy).

]

FLIGHT-PATH-ERROR INTERVAL DATA FOR XV-5 VEHICLE

-

Vertical and lateral flight-path-error samples {_: and Ey) recorded during
- the final-approach phase are presented in Figurcs D60 through D63). Error
averages (medians) and variabilities are shown for test conditions identical to

S b e A < e

- those described above for UH-1 flight data to allow a direct comparison of
piloting performance resulting with the two aircraft simulated.
- Under noise/filter condition N;F; (Figures D60 and D61), error envelopes
! were nomirally the same as those resulting from the UH-1 vehicle (see Fig-
! 1 ures D23 and D24), with £34th-percentile ranges exceeding flight-path errors
Dol of 50 feet for only brief periods during deceleration to hover. However,

¢ trends in data variability resulting under the degraded-signal conditions

NaF3 were less similar for the two aircraft. Unlike performance data shown
for the UH-1 (Figures D25 and D26), comparable interval data for the XV-5
(Figures D82 and D63) indicate no appreciable change in performance attributable
to addition of a heading-hold mode. Also, XV-5 data under condition N F3 re-
flect more of a "rectangular” distribution of perfoermance variability as a
function of range, while UH-1 performance variabilities were greatest during
the initial portion of the approach and generally decreased throughout the
remainder of the approach to hover. This difference is atiributed to the more
predominant collective-input and rotational-axis cross-coupling effects

associ ated with the UH-1 during the initial glideslope-acquisition portion of
the approach.

10-15




TERMINAL DATA FOR XV-5 VEHICLE

Figures D64 through D69 of Appendix D are examples of terni.inal position-
. error, velocity and attitude data recorded at sampling points P5, Pg and Pq
E during flights with the XV-5 aircraft. Examples are for the same test condi- -
. tions for which UH~1 data were previously presented (Figures D27 through
E g D32). For a majority of performance-measure and test-condition combina-
- tions shown, trends toward decreasing averages and/or variabilities are ap-
parent across consecutive sampling points beginning at Pg (first contact with
50-foot altitude). Terminal-performance measures do not, in most in-
stances, reflect appreciable differences due to degraded-signal effects or
due to levels of the control-augmeniation-mode variable illustrated. Perfor-
mance characteristics at sample points Pg, Pg and Py with control mode C
(not illustrated) were not distinguishably different from those shown in Fig-
. 3 ures D64 through D69.

CONTROL-LOSS DATA FOR XV-5 YEHICLE

Of the 512 simulated approaches and landings flown with the XV-5 in this
formal-data-collection phase, five flights (less than 1 percent) resulted in
aircraft control loss. These data are distributed across each Task Iil

3 experimental variable as indicated in Table 10-12. Again, because of the

E 3 small number of control-loss events relative to the total number of flights

; attempted, relationships between experimental variables evaluated =nd control-
loss likelihood cannot be clearly specified. Of importance in these data are the
small number of control-loss events, and the fact that approximately the same
proportion of losses resulted with both aircraft simulated in Task III (seven
and five losses for the UH-1 and XV-5 respectively).

g As in previous study phases, data from flights in which control losses occurred
E . 3 were omitted from other performance analyses.

Table 10-12. Control-ILoss Data for XV-5

Variable Level
E Variable
E 3 1 2 3 4
. 3 C 2 11 ]2
1 NF 4% 1
s 3 §2
3 1 {4

T 05 es 1

i.e. , Tour of five control losses resulted
with the combined noise/filter variable
level N1F,;

E 10-16




SECTION XI
SUMMARY AND CONCLUSIONS

The primary objective of the two study tasks described in this report was to
investigate, by means of real-time man-in-the-loop simulation techniques, the
effects of piloting performance of approach-signal degradation and aircraft
control-augmentation variables. These tasks were performed to support the
overall objectives of the JANAIR-sponsored SAA program being performed at
Honeywell -- the investigations of display requirements for manually-con-
trolled IFR steep approaches and landings with vertical-lift aircraft. Each of
the above variables is related directly to the problem of display requirements
for IFR steep approach since each implies a category of conditions or con-
straints within which a selected display configuration may be operated. By
also simultaneously investigating the effects of this relevant task variables
(aircraft types, approach angles, display formats and quickening gains), an
increased degree of generality of study results could be obtained.

The following paragraphs summarize results and present conclusions from the
Task II and Task III SAA study phases.

SUMMARY OF RESULTS - TARSK II
UH-1 Vehicle

Although not consistently supported by statistical significance, consistent
trends in results obtained suggest a difference between display formats simula-
ted in the form of a tradeoff between position-control accuracy and pilot control
activity. Flight-path deviations tended to be lower with the IEVD format while
control activities were lower for the PPI-AR display. However, interactions
of display formats with measurement-noise and filtering variables indicated
that these differences occurred predominantly under high measurement-noise
conditions. Control-iosses also resulted more frequently with the PPI-AR
format (eight of ten losses were with this display), but because of the relatively
low incidence of these events and the fact that a majority occurred with only one
pilot, only limited generalization from this result is advisable.

Effects of display quickening-gain variation yielded results similar to those

found in the display comparison. Generally, "high-gain' quickening produced
lower longitudinal and lateral position errors but higher levels of control

activity, although increments in both position-error and control-activity levels
due to increased measurement noise were relatively greater with the high-gain
alternative. Under intermediate and high measurement-noise conditions, alti-
tude errors during final approach were greater with high-gain quickening,
indicating that some sacrifice of attention to the altitude-control task was caused
by increased attention demands placed upon the pilot by this quickening-gain level.
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Performance differences due to approach (glideslope) angle indicated larger
lateral and vertical flight path errors as well as flight-to-flight error vari-
abilities for the steeper 15-degree approach. Generally, flight-to-fiight
variabilities in command-path deviation decreased near termination of the
approach to hover for both approach angles simulated.

The main effect for measurement noise yielded the antiticpated result of both
increased position errors and control activities with increasing noise. De-
grading effects of noise were greatest at increased ranges from the signal
source, as would be expected, because of the transformations of angular
signals to an inertial-position reference frame with X, Yy, ZI coordinates.
Cortributions of signal filtering varied as a function of range ‘and aircraft
velacity. At increased ranges, where transformed measurement (input)
noise levels were greatest, increased signal filtering had a net beneficial
effect upon performance. During hover and descent phases, where noise
levels were relatively lower, increased filtering yielded trends toward
degraded pilot-control performance. This latter result is attributed in part
to the greater sensitivity of aircraft control to signal lags in hovering flight
where effects of aerodynamic damping are absent. Noise and filtering variable
interaction results thus support a requirement for varying the extent of signal
filtering as a function of the level of measurement noise and flight condition

XV-5 Vehicle

Display-format differences resulting with the XV-5 were similar to those
summarized above for the UH-1. In most instances, RMS position errors
under high measurement-noise conditioas were greater for the PPI-AR format,
while control activities were higher for the IEVD format.

The indirect effect of high-gain quickening on altitude control during final
approach under high-noise conditions, previously noted for the UH-1, was not
found with the XV-5. Also, the approach-angle variable did not yield signifi-
cant differences in flight-path-control accuracy (RMSy and RMS7) during the
final approach. These results are attributed to the lower level of control
difficulty associated with glideslope acquisition and maintenance with the XV-5
because of the relatively lower degree of ''collective' (lift input) cross coupling
into other control axes in this vehicle. As with the UH-1, position errors were
generally lower with high~gain quickening, but measures of pitch and roll con-
trol activity did not yield statistically significant differences due to quickening-

gain.

Relationships between measurement noise and XV-5 piloting performance, in
terms of position errors and control activity, were consistent with results
given above for the UH-1. Additionally, interactive effects of measurement-
noise and filtering variables exhibited similar trends, indicating differential
effects of signal filtering as a function of noise level and flight conditions.

11-2



. A A AT A

Terminal-data samples of translational velocities and position errors indicated
that performance envelopes described by either of these parameters are larger
at approach termination (50~foot hover altitude, as simulated) than at ground
contact. This finding, characteristic of performance with both vehicles tested,
suggests the desirability of terminating the approach at hover rather than
ground contact if visibility conditions are such that an earlier transition to
VFR flight is not possible.

SUMMARY OF RESULTS - TASK III

UH-1 Vehicle

Display format differences yielded by the Task III study were consistent with
those found ir Task II, and were again attributable to a major extent to

effects of degraded measurement-signal characteristics. Flight-path errors
tended to be lower, - and pilot-control activities higher, with the IEVD format.

The approach-angle variable did not yield significant differences in approach
path control accuracy, although differences due to this variable were found for
RMSy (longitudinal error) in hover and descent phases. Larger longitudinal
errors in these phases were attributed to a temporary degrading effect of
pitch-axis OLCS during the terminal portion of the decelerating approach to
hover, which resulted in a tendency to overshoot the hover point. More
difficulty was experienced with the deceleration task on the 6-degree approach
since the longitudinal component of deceleration was greater on this angle than
on the steeper 15-degree gradient.

With the above exception, results indicated a general improvement in aircraft-
control performance for augmentation modes including an OLCS in the pitch
and roll axes. Also, pilot control activities with the OLCS-augmentation
modes simulated were least influenced by signal degradation due to measure-
ment noise and filtering lags. Effects of adding a heading-hold mode were
limited primarily to reductions in pilot control activity under conditions where
this hold mode was used in conjunction with pitch- and roll-axis OLCS. Con-
sistent trends in RMSy data did, however, suggest further improvement in
}at?rgl-daxis position control for both modes with which the heading hold was
included.

XV-5 Vehicle

Effects of experimental variables on performance with the XV-5 vehicle were
consistent, in most instances, with those summarized above for the UH-1.

In both study tasks (iI and III), aircraft control losses experienced by the sub-
ject/pilots while attempting to complete the simulated IFR approach and
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landing task tended to occur less frequently with the XV-5 aircraft. For
Tasks II and III respectively, percentages of flights resulting in control loss
with the XV-5 were 0.69 percent and 0. 98 percent, compared to 0. 87 per-
cent and 1.3 percent for the UH-1. Although these differences averaged
across study tasks represent approximately a 28 percent increase in proba-
bility of control loss with the UH-1 aircraft, generalization of conclusions
from this finding are not warranted since the subject samples used in all
study-task/vehicle data-collection phases (e.g., Task II/UH-1) were not

identical.

CONCLUSIONS

Based on the results of simulator evaluations performed in the SAA Task II
and Task III studies, the following general conclusions can be drawn. A
number of conclusions previously established in the Task I study (Ref. 1)

were supnorted in the present studies and are therefore included in this list:

e Within the constraints specified for this study, and for the
approach-profile characteristics-commanded, the performance
of IFR steep-angle approaches and landings is possible under
all conditions.

e Of the various approach and landing task segments simulated,
the final approach, including a deceleration to hover, is con-
sidered to be the most difficult phase to fly. During this phase,
the pilot is required to respond to varying forward and vertical
velocity commands while maintaining a prescribed flight path.

° Based on terminal data recorded at an altitude of 50 feet
(termination of command approach path), and at ground con-
tact, a termination at hover is considered preferable to
termination of the command~approach profile at ground
contact. This alternative is preferable especially for shal-
low aprroach angles or in landing zones where the size of
the terminal-error envelope is critical.

e The effects of approach angle vary as a function of the vehicle
flown and the axis of error measurement. For example, alti-
tude errors during the approach increase with approach angle
for the UH-1 vehicle, reflecting the greater difficulty of con-
trolling simultaneous low forward velocities and high vertical
velocities with this aircraft. This conclusion is consistent with
handling qualities characteristic of rotary~-wing aircraft under
these flight conditions. Increased approach angle has relatively
less effect on task difficulty with the XV-5 because of the lower
degree of axis cross coupling associated with this vehicle.
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Data trends indicate higher control activities but lower flight-
path errors with the IEVD format under degraded measurement-
signal conditions, while performance differences due to display
format are less with decreased signal degradation. Thus in the
selection of basic display-format characterisiics for a specific
approach-aid system and system application, consideration to
the available level of measurement~signal integrity is recom-

mended.

Generally, the higher-gain quickening alternatives tested offer
improved flight-path control but are also more sensitive to in-
creases in measurement noise, indicating a possible require-
ment for gain scheduling as a function of measurement noise

level and/or the level of flight-path control precision required.

A higher degree of measurement noise filtering is desirable
during approach than during hovering flight near the signal
source. Increased signal lags caused by filtering have relatively
less influence if some degree of aircraft aerodynamic stabilization
i8 maintained. Additionally, angular noise levels transformed
to inertial position estimates have a more degrading effect upon
piloting performance at increased ranges from the signal source.
For these reasons it is considered preferable to vary the degree
of signal filtering as a function of measurement-noise level,
range from the signal source, aircraft velocity, or some combi-
nation of these variables.

Data trends generally indicate beneficial effects from the use of
outer-loop control augmentation modes simulated. The predomi-
nant effect is found under high measurement noise/filter lag condi-
tions where outer-loop augmentation contributes to reduction of
the level of pilot-control activity. An exception to this general
conclusion is that the use of pitch-axis attitude-feedback augmen-
tation has a degrading effect on control of longitudinal velocity
during the deceleration-to-hover maneuver. For this reason,
pitch-axis attitude-response characteristics are not considered
desirable during this terminal deceleration or transition to hover.
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APPENDIX A
SIMULATOR DESCRIPTION

SIMULATION FACILITY

All simulatiors #ere performed on the Honeywell hybrid-simulation facility.
This facility, consisting of both digital and analog computers, was specifically
designed for simulation programs where real-time performance measures

are decsired under varied experimental conditions.

fhlabesiy paie

In general, the analog portion of the hybrid computer was used to provide
calculations of relatively low accuracy. The digital portion of the computer
was used to provide the high-speed and accuracy calcuiations and, in this
particular study, to control the simulation. This is common practice because
of the extensive logic and decision-making capabilities of the digital machine.

Figure Al shows a model of the SAA system and the organization of th= hyorid-
computer facility in the mechanization of this system. Variable-velocity
simulations of both aircraft were programmed on this facility. Nonlinezr
force and moment equations and aerodynamic lags were coniputed digitally,
while inertial dynamics were gynthesized on the analog portion of the hybrid
simulator. Examples of the flight characteristics gained by this variable-
velocity-simulation technique include: {1) complete aercdynamic cross
coupling in ali control axes in the presence of gusts, coatrol inputs and

vehicle drift rates, and (2) continuous change in vehicle trim conditions as a
function of airspeed and aeredynamic loading.
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A brief description of equipment included in the Honeywell hybrid-computer
facility follows.

Digitai Computer (XDS Sigma-5)

The digital computer was a high-speed, medium-word-length machine
specifically designed for hybrid simulations, real-time control, and rapid
computation. The main characteristics of this machinre are:

32-bit word

40K memory, rapid-access disc (3 million, 9-bit bytes)

0. 85-psec cycie time

Floating-point hardware

Real-time FORTRAN IV language
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Peripheral Equipment

The peripheral equipment available in this computer system included:

e 1000-line-per-minute printer
Card reader

Two magnetic tape units
Console input/output typewriter
Character display

Display Equipment

Display equipment included a 19-inch digitally addressed CRT.

Analog Computers and Hybrid Link

The analog portion of the hybrid problem was programmed on a 100-amplifier
analog computer. Information flowing into and out of the analog portion of the
system emanated from and entered the digital portion via a linkage system of
digital-to-analog (D/A) and analog-to-digital (A /D) converters.

The link system included a small-capacity analog computer, and provided the
means of coupling the larger analog computer with the digital computer.

The link included:

24 channels of A/D with simultaneous sample and hold
24 channels of A/D without sample and hold

20 channels of D/A

6 discrete-input channels

6 discrete-output channels

10 kHz real-time-interrupt clock

Pilot's Control Staticon

A piiot's control station was positionad directly in front of the computer-

addressed display scope, and consisted of a mobile platform on which the
following controls were mounted:
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e Pitch and roll center stick with trim .
e (Collective stick
e Rudder pedals

Displacements and forces of the various controls on the pilot's control

station used with both vehicle simulationz were:

{ontrol Displacement/Force
® Pitch-stick travel (fore-aft) +6.5 in.
& Pitch-stick breakout 1.51b
® Pitch-stick force gradient 1.3 1b/in.
® Roll-stick {ravel (iateral) 6.5 in,
® Roll-stick breakout 1.2 1b
e Roll-stick force gradient 0.8 1b/in.
e Rudder-pedal travel 3.0 in,
® Rudder-pedal breakout 1.01b
e Rudder-pedal force gradient 1.0 1b/in,
e (ollective-stick travel 8.0 in.
e Collective-stick torque 5.0 ft-1b

Additional controls used by the pilot were the standard thumb-actuated trim
button, used for pitch- and roll-axis trim inputs, and a two-position "trigger"
switch. The latter switch was used only with the XV-5 aircraft simulation as
a ''vector-angle" cortrol device,

COMPUTER PROGRAM ORGANIZATION

The total computer program for each vehicle simulated consisted of one main
program which provided overall control, and several subroutines which per-
formed distinct prugram functions. The program was modular in design,
allowing the programming for each primary function to be developed and
checked out independently. This modular design also promoted ease of
interpr-tation, usage, and program modification, and the capability to store
independent subprograms on magnetic tape.

A brief description of the functions of the main program and each of the sub-
routines follows:
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Program Name

MAIN

ODISPLAY

FORCE (and
associated
functions)

RAND

ACCU

DISTAB

Function
Provided overall control of simulation.

Controlled communications between analog and
digital.

Generated system disturbances in the form of
turbulence and measucrement noise.

Permitted experimenter to change experimental
conditions through input of a 7-digit ID number on
console typewriter.

Permitted changes through typewriter of other
parameters not normally varied during formal
experimentation,

Calculated experimental performance measures
and output them to printer and magnetic tape.

Calculated appropriate variables and called appro-
priate display software routines for generation of
moving portions of display.

Genczrated vehicle body-axis forces and moments
given vehicle velocities, angular rates and atti-
tudes, and control inputs,

Generated random-number sequence used for
simulation of turbulence and measurement noise.
This sequence had a Gaussian distribution with
specified mean and standard deviation.

Provided smoothing of simulated measurements of
position in space through filtering with the o-8
filter model.

Read in data for all display-background information
(i. e., all nonmoving portions of display).
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VEHICLE SIMULA TIONS

XV-5 Aircraft

‘The fan, or vertical-lift mode, of the XV-5 was simulated. This variable-
velocity simuiation was developed for an earlier control system study at
Honeywell (Ref. 32), with a detailed discussion of equations and programming
being presented in this reference. For the Task Il study, the XV-5 was simu-
lated with a three-axis rate-stability-augmentation system as described in
Section VII of this report, Other control-augmentation modes evaluated as
part of the Task IIl study phase are also described in this section.

UH-1 Aircraft

The UH-1 simulation employed the simulated-rotor method of modeling a
variable-velocity helicopter. As in the XV-5, the digital program generated
forces and moments as a function of flight condition and control inputs. The
UH-1 vehicle was alsc simulated with a three-axis rate-stability-augmentation
system in the Task II study and additional control-augmentation modes in the
Task III study.

The main-rotor equations (Ref. 33) show that the computation of lift from the
blades is exerted essentially by four blades at azimuth angles of 0 degrees
{forward), 90 degrees (to right), 180 degrees and 270 degrees. The lift and
drag from each blade is then halved since the vehicle has actually only two
blades. Because the rotor equations contained higher frequencies than the
acrodynamic equations, it was necessary to compute these twice during each
single time step of the computer program,

Time lags between digital and analog ccmputations resulted in reducing the
phase margin of the yaw axis to the point of instability. This effect was
removed by predicting the next set of values which the digital program would
see. The prediction was accomplished by multiplying the current acceleration
by the time step of the program and adding it to the current value of rate
obtained from the analog. This method accrued only short-term error since
the analog was still relied upon for steady-state values.

DISPLAY SIMULATIONS

The two display formats evaluated (PP1-AR and IEVD) were programmed for
presentation on a computer-addressed CRT display. The refresh rate of this
display was approximately 50 Hz and was independent of the information-
update rate. The display information-update rate of 13. 3 updates/sec was
limited by the program time step (i. e., the time required for the digital com-
puter to complete one cycle of calculations).
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Background portions of the display were set up through the subroutine
DISTAB while moving sections of the display were initialized during the
non-real-time portion of the program. All moving portions of the display
were double buffered (i. e., while the picture for one time step was being
computed the picture for the last time step was being displayed).

TURBULENCE SIMULATION

A simplified gust-perturbation model was developed for use in the data-
collection phase of the study. Based on data cited in Refs. 34 and 35, a gust
prefile was programmed which randomly varied both gust duration and mag-
nitude. Durations were from 1 to 10 seconds, relative to a stationary object,
with duration decreasing as a function of aircraft forward velocity. Single-
axis component magnitudes randomly varying from zero to plus and minus 5
knots were selected to yield a nominal increase in pilot control difficulty
during the approach and landing task. The three-axis gust components were
identical in their range of magnitude variation (Ref. 35), and when combined,
generated a maximum gust vector of approximately +8. 5 knots with a mean of
zero knots. Gust conditions did not change as a function of altitude (Ref. 34).

SIMULATION USACE

Primary control of the simulation was maintained by the digital computer
through a conscle typewriter, while secondary control was maintained
through switches on the analog computer and on the control station itself.

Switch options on the analog included:

e Starting and stopping a mission (e. g., passing from non-real-
time operation to 2 real-time mode)

e Inhibiting printout of performance data (used during checkout
and debug)

e Transferring control from the analog back to the typewriter
console

® Transferring start control of the mission to a button on the
pitch and roll stick of the control station

Console typewriter options included:

e Complete control of experimental conditions through a
7-digit ID number

e Specification of starting run number which was thereafter
automatically incremented at the start of each run

AT




e Outputs of performance and run-summary data on magnetic
tape

e  Output of magnetic tape data on printer

e Variation of experimental conditions rot controlied by ID
number

SIMULATOR LIMITATIONS AND CONSTRAINTS

A fundamental assumption associated with a laboratory simulation of a com-
plex task and environment is that not all elements and variations in the task
and environment are duplicated. A tradeoff between the inclusion of addi-
tional elements in the simulation. and their associated cost, must be made

SO as to maximize the amount and validity of problem-oriented information
within specified cost constraints. Limitations of the simulations for this study
are listed below. If the interpretation of performance data described in this
report is tempered with a knowiedge of these limitations, a meaningful assess-
ment of pilot performance on the IFR steep-angle approach task 1s possible.

e A fixed-base control station was used. The lack of kinesthetic
and auditory cues resulte in the simulator pilot not being able
to attend to motion and sound cues normally experienced in air-
craft flight, The fixed-base simulator does, however, require
the pilot to gain all control information from his visual displays,
thus avoiding the confounding of experimental variables (e. g.,
displays) with other sensory inputs.

e Only two aircraft, of the large variety of vertical-lift vehicles
under study, were simulated. The results of this study are
limited in their generality to the extent that the handling quali-
ties and aerodynamic characteristics of the simulated UH-1
and XV-5 differ from other vertical-lift aircraft.

e The UH-1 and XV-5 were simulated with their normal gross
weights of 8500 and 9200 pounds, respectively, with no con-
sideration given to approach and landing constraints associated
with an overload or high density-altitude conditions.

° Ground effects and mean-wind conditions were not simulated.
Effects of these variables interact with each other and with ter-

rain features, and therefore would more appropriately be inves-
tigated in a study where these effects are treated as experimental
variables.
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APPENDIX B

SPECTRAIL AND DISTRIBUTION CHARACTERISTICS®
OF NOISE SIMULATED

To describe the 2ffects of the o-j filter and the rate-limiting technique on
reduction of simulated measurement-system noise, the following functions
were computed using a collection of special-purpose programs on the XDS
Sigma-5 computer:

& Normalized Autocorrelation (Ro)

. T
Ror) « X . KOX@ru> | lm L X(t) X(t+7) dt
X7 T Ryfo) 2 Tee o 24 e
b, o
X -T
(B1)
where
R.,;é?) = autocerrelation function (ACF) of X(t)
RX(O) = value cf ACF at 1 = 0 sec
X{t) = vaiue of function X at time t sec
X(t+7) = value of function X at t'me t+7 sec
2
G = variance of function X
T = parameter represcating the amount of snifting
of X({t)
<> = denotes time average of function enclosed
e Power Spectral Densiiy (SX)
=
P . s it 11 § -j?nf 2
= = l T = = 2
Bty = F Ry {7} }: Ry(7) e dr (B2)
where
sx{f) = power spectrzal density {PSD} of X(t)
) = frequency {{z}
Bl




T = parameter representing the amount of shiftir - of
X(t)

?{RX(T )} = Fourier transform of RX{T)

e Cumulative Probability Dansity (P)

Px;i = P (X < x;) =Zp(x,) -y, < (B3)

where

p(xi) = discrete probability density at X = x;

P(xi) = discrete cumulative probability density for X s x,

In general, a digital computer cannot solve integral eguations, and therefore
all integrals must be replaced by summations. In practice, however, this
method leads to equations which are very time consuming even for a digital
computer.

The method employed here assumes that the function being anaiyzed is periodic
and that it is known at 2N points in time. The latter regquirement implies that
the period of the function can be partitioned into 2N parts and the fanction evalu-
ated at each division as well as at time zero. The equations obtained for R_{T1)
and Sx(f) are based upon the above assumptions and make us of the Cooley-~
Tukey Algorithm. Because of their complexity, they are omitted from the text,
but a2 derivation of them appears in Reference 31.

The value of N chosen was 18 and corresponds ic 1024 subdivisions. This

value provided sufficient data to describe the effects of filtering and rate limiting.
Sampile results of this anzalysis appear in Figures Bl through B14. The notstion
used for subscripts of K and S was the following:

X: random nuise input to filter/limiter system

sva

|‘,

: position-cutput estimate from o-f fiiter

X: rate-ouiput estimate from o-p filter
Ny  rate-output estimate from rate limiter

B2
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