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PREFACE

In May 1974, the Guidance and Control Panel held a symposium at Stuttgart , Germany

on “The Guidance and Control of V/STOL Aircraft and Helicopters at Night and in Poor
Visibility.” At that conference it was apparent that a lot of technological developments
were at an early stage to meet the operational requirements and also the optimisation of the
whole vehicle/systems/pilot needed a lot more attention.

The desire of operators of all three services of the NATO nations to extend the use of
helicopters and V/STOL aircraft into night and conditions of poor visibility has caused an
expansion of activity in various fields, but most particularly in the electro-optical and radar
sensors of various kinds. The integration of these new sensors into modern navigation, flight
control and display systems is an important aspect — particularly in helicopters where space
and weight are at a premium. Also, the pilot workload is already high in helicopters and
V/STOL aircraft near the ground and any new technology must be introduced in a manner
to keep the workload within bounds so as not to lose the advantages of the new sensors.

This conference was planned with a view to assessing where we have reached in trying
to meet the stringent operational requirements and what new technologies are available to
make up total systems to meet these requirements.

The Round Table Discussion at the end of the Conference is intended to address the
question of whether the new technologies, such as Electro-Optic sensors have led to signifi-
cant improvements in operational capability and should be a valuable way of having a general
discussion on the theme of the Symposium.

G.C.ROWELL
Program Chairman
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ADDING THE CHALLENGE OP NAP-OF-THE-EARTH

by
Joseph C. Tirre , Jr., Lt Colonel

Headquarters United States Army Training and Doctrine Command
HQ USATADC (ATCD-AM )

Ft Monroe , Virginia 2365 1

Good morning , gentlemen . I am Lt Colonel Jay Tirre of the US Army Training and
Doctrine Command ’s Airmobility Systems Directorate. As announced earlier , Brig General
Camedy was to make this presentation , but he moved to another assi~ rsment .Brig General McNair , the new Director of Army Aviation , expressed his desire to be here
but also is unable to attend. His pressing duties assumed such a short time ago kept
him in Washington. He asks, though, that I extend his best wishes to all of you . As I
said , I am from Headquarters Training and Doctrine Command , Ft Monroe , Virg inia , and as
such represent the user of Army aviation . My job as a soldier-aviator is to operate the
fleet of Army aircraft in harmony with combat and combat support units to accomplish
the Army ’s overall mission of defense of the USA and its allies.

I will  discuss wi th you today one small portion of the US Army aviation mission
a particular mission segment with a disproportionally large number of problems. In
addi tion to the d i f f icult ies of e f f e ctively employ ing attack and scout helicopters , at
night , and in adverse wea ther , a restrictive flight regime is now imposed . We cell it
Nap—of—the—Earth—-—a third problematic dimension . Nap—of-the-Earth, or NOE , is an
attempt to defy the law of physics as it pertains to having two or morr bodies occupy
the same space at the same time (see figure 1). Whereas in the past we have opted for
increasingly higher aircraft altitudes and airspeeds , NOE p laces the helicopter weapons
system and its crew in the same environment as the ground soldier. Altitudes and
obstruction clearances are measured at 2-5 meters rather than hundreds or thousands of
meters. Terrain becomes both friend and foe alike. Beneficially it is used to mask
movement and conceal aircraft firing positions . However , unintentional contact with the
earth or anything attached to it is likely to be fatal. NOE has literally been forced
on us by the capabilities of the Warsaw Pact Air Defense Threat.

As you may well know , components of this air defense capability were vividly and
devastatingly demonstrated in the 1973 mid-east war. Tactics and weaponry of the Warsaw
Pact na tions placed a stee l umbrella over the Arab ground fo rces , and this  umbre lla
vir tually prohibited all but few Israeli incursions into Arab airspace . A complete
description of that threat is readily available to you. What this means now for the
US Arm y helicopters can be summed up in the phrase , “lower and slower.” To enhance your
understanding of these night, weather and NOE problems from an operational point of view ,
I will describe a perceived mission of an attack helicopter platoon in what
General Donn Starry , my Commanding General , calls the “central battle.” As we progress
through the scenario, I will highlight problems of the helicopter crews and their
commanders. Shown here now is a US division positioned on a 60 kilometer front. In the
first few hours of hostilities , the enemy has driven back our screen of covering forces
and is massing 20—25 maneuver battalions and 60 or more artillery tubes per kilometer to
punch through the depicted US forces in a narrow sector in orde r to drive deep in to our
rear area. (See figure 2.)

As the location of the breakthrough attack becomes clear (itself a distinct problem
set), the division commander begins his  race against time to mass forces to defeat the
enemy ’s main attack . The division ’s organic scout and attack hel icopter s wi ll be
committed to the decisive point in the battle area to defeat the massed enemy armor and
to buy time for the ground battalions to move into position . The scouts and attack heli-
copters will use low level and contour flight profiles from their staging areas until
reaching the point where enemy air defense weapon ranges may become effective . This is
envisioned to be at , or near , brigade rear boundaries. Transition to MOE altitude is
then accomp lished and the helicopter force proceeds at a slower pace. The scouts will
move in front to begin acquiring targets while the attack helicopters stay slightly to
the rear awaiting instructions from the scouts .

To this point, the aircraft crews and commanders have encountered two significant
problem areas: Navigation and communication . If visibility is reasonable and the crews
are fami l i a r  wi th  the terrain , navigation should not be a limiting factor. If , on the
otherhand , visibility (darkness and/or weather) is poor and the aircrews are unfamiliar
with the terra in , low level navi gation becomes an acute problem. The aviation company
commander will be coordinating the actions of the scouts and attack ships by radio, and
the scouts will be directing the attack ships also by radio. This assumes that radio
communications are possible. When operating at MOE altitudes , loss of line-of—sight
between cooperating elements (the attack and scout helicopters) severely degrades
frequency modulated radio transmissions. Additionally, the Warsaw Pact na tions are known
to have sophisticated jamming and other electronic warfare techniques , capable of dis—a rupting our unimpeded use of radio communications .

In the nex t phase of our scenario, the scouts will attempt to detect enemy air
defense weapons and tanks. Specific attack ships will be assigned individual targets to
be acquired and taken under engagement. Ideally, acquisition and engagement would be at
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3-2 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

the maximum effective range of the helicopter weapon systems being employed .

Attack ships will unmask from masked positions and hover high enough to visually
acquire scout designated targets and undertake engagement . At night , f l ight control of
the helicopter becomes a problem of great magnitude for the pilot. Without outside cues
to guide him, he cannot adequately maintain a precise position over the ground and may
be unable to hold the aircraft in an attitude stable enough to fire on-board weapons
systems mindful that he himself has now become a priority target of the enemy . Also ,
darkness and limited visibility hamper the acquisition and engagement process, This
problem does have an impact on aircrew and aircraft survivability. Should close-in
engagement be required , enemy air defense weapons , primarily tho radar controlled
ZSU 23-4 will be able to effectively engage our aircraft.

As the battle progresses , the aviation unit (see figure 4) commander will coordinate
the next wave of scouts and attack ships in movement to the battle area in order to
relieve the first wave , The initial attack aircraft will require refueling and re-arming.
Thi s, again , requires extensive radio coordination to insure that the second wave arrives
in the correct place in time to permit continuous target engagement by the attack heli-
copters.

Another problem occurs at this point. As wire—guided missiles are used in the
engagement , their control wires become strewn on the tree canopy about the battlefield
and present an increasing obstacle problem for helicopters in the NOE flight regime .
Other previously undetected or uncharted wires and cables present this same problem. The
aviation unit commander will continue to rotate his forces in this manner until committed
to other missions or until the breakthrough attempt is contained . This broad overview
of a very complex scenario has attempted to highlight these major problems as I see them.
(See figure 5.)

I’ve portrayed a rather depressing picture of accomplishing the mission , but it’s
not quite that hopeless. For communications , high power (40 watts) frequency modulated
radios wi l l  be installed in all aircraf t and high freq uency single band radL~js forselected aircraft will be purchased in the near future . These radios will improve radio
communications capability in the NOE regime substantially. Navigation and positioning
will be assisted by an internally referenced lightweight doppler navigation system
currently in production. An add—on to this capability will come from the introduction
of a projected map display. In tests conducted at the Aviation Center at Ft Rucker ,
Alabama, the doppler drive projected map display produced quantum jumps in navigation
accuracy when compared to accuracies using hand-held paper maps. Other systems , based
on external referencing are under development and evaluation for potential use. Included
are a global positioning satellite system and a position locating and reporting system
which uses time allocation and triangulation techniques . Aircraft flight control at
night has been enhanced by the introduction of night vision goggles, which are li gh t
in tens i f ication devices .

This is the second generation of this device . Early models were heavy , lacked depth
perception and were difficult to focus. The third generation of these goggles is being
evaluated now and should overcome most of the problems of earlier models.

In the area of aircraf t control , stabilization augmentation systems have overcome
some of the inherent instability of helicopters . Some other programs underway include :
computer generated command symbols which provide cues to the pilot for maintaining
precise position during the hover , unmask , and remask maneuvers during night and poor
visibility conditions. Two systems, a target acquisition designator system (i.e. a
combination of optics , FLIR and TV for acquisition with a laser for designation) and a
pilot ’s night vision system use common module , forward-looking infrared to improve the
night vision of the pilot and the co-pilot gunner. These systems are in competitive
development and will enter production next year . In later presentations there will be
discussions of some efforts underway to use laser technology for wire detection . While
the devices I have briefly described here will assist in overcoming some of our problems,
much work is needed to optimize our capabilities at night with poor visibility at MOE.
Such an item as a very lightweight mast—mounted forward—looking infrared would be a
welcome addition to the repertoire of night vision devices. Solutions are also needed
which minimize space , weight, and power requirements of existing systems.

I appreciate this opportunity to describe our operational problems and some of the
near—term fixes expected and proposed . I sincerely enlist your assistance in furthering
our capabilities. Gentlemen , now I would like to entertain any questions you may have .

~~~~~~~~~



_____
~
___-_—__ “-.~~~~~~1

-: 
.~~

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~ 
- ~~~~~~~~ - .

J~~j j~~ _~~~~~~~~__ 
. --

a~~~;4f3~Z~ ~~~~~~~~~~~~~~~~

NOE ~ONTOIJR LOW-LEVEL

FIGURE 1.

SOVIET BREAKTHROUGH TACTICS

• 20-25 BNS I N NARROW SECTOR
• 60~ ARTY TUBES PER XJIDM IJR

RIVER

FIGURE 2 .  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ 1~TT~~~ .



-V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.- --------- - - --- -- -

~
—- - - ------- — —.--- -— --—-,--—-- . . -  

~~~~
— — -  —,~~~~~ — — - —-------- -, — . --.1

£ a

_ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

FIGURE 3.

/
)

o 

~~~~~ •
~
.N~~\~J_

FIGURE 4.

£ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~~~~ ta .~~~~~~~~~~~~~~~ -



-~~~--- - -

3-s

PROBLEMS OF NIGHT, WEATHER ,
AND NOE
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THE DEVELOPMENT AND IN-FLIGHT EVALUATION OF A TRIPLEX
DIGITAL AUTOSTABILISATION SYSTEM FOR A HELICOPTER

by

J. Meadows
Smiths Industries Limited

Bishops Cleeve, Chel tenham , Glos.

P. Robinson
Royal Aircraft Establishment
Farnborough , Hants.

SUMMARY

At the previous AGARf) Conference on “The Guidance and Control of V/STOL
Aircraft and Helicopters at Night and in Poor Visibilit y ” , a paper was presen ted
describing a triplex autostabilisation system then being developed by Smiths Industries
Limited on behalf of MOD . This system was scheduled for installation and flight
evaluation by the Royal Aircraft Establishment at Farnborough in n Sea King helicopter .
This research programme was successfully completed during 1977 following 200 hours
flying with the system being installed and operational throughout the’ programme.

Following a review of the programme objectives and a briei cioscr tion of the
system and its installation in the aircraft , the present paper discusses the final
stages of development , with particular emphasis on the major contribution afforded by
a comprehensive systems rig, both to the hardware and software development programmes .
The paper continues with a presentation and discussion of the results of the in-flight
evaluation programme including performance under both fault—free and simulated runaway
conditions.

Complete achievement of the failure survival objectives was demonstrated with
an insignificant incidence of nuisance warning or cutouts which bedevil the majority
of analogue implementations of flight control systems having comparable integrity
objectives. The smooth flight development programme w~~ s inn i f i c a n t l y aided by the
excellent installation , pre-flight and in-flight testing facilities afforded by the
comprehensive logic capabilities of the digital implementation , which provided the
means for the identification of faulty units with a high success probability .

A number of problem areas encountered during the initiol phases of the flight
trials and the means adopted to overcome these are discussed in the paper which
concludes with an assessment of achievements in relation to the initial objectives.

1 INTRODUCTION

A continuing programme of research into avionic equipment to meet the total
requirement for night and poor visibility operations in helicopters is being carried
on at the Royal Aircraft Establishment. A Sea King Mk 1 helicopter is being used as
a vehicle for this work and as a part of the overall progra~rIne, a specification wasissued for the development and manufacture of a defect survival autostabjljsation
system (DSAS) for this aircraft , with a preference for a digital solution , encouraging
development in this area and to provide flight experience of digital techniques
applied to flight control systems in the helicopter environment.

An autostabilisation system using triplex redundancy concepts to achieve the
failure survival requirement , with digital processing of the sensor signals , was
proposed by Smiths Industries Limited and selected by the Ministry of Defence (MOD)
for development.

At the previous AGARD conference on the Guidance and Control of Helicopters in
Poor Visibility a paper was presented discussing in detail the programme objectives and
describing the system then under development (Ref. 1). This system was installed in
the aircraft during the first half of 1976 and the flight evaluation programme was
successfully concluded in September 1977 .

Following a brief review of the salient features of the system and adopting
the theme of the present sy mposium, this paper discusses the overall achievements of
this programme in relation ~o the initial objectives , detailing the extensive groundtest and in—flight facilities , and presenting some of the more important ground and
in—flight test results.

The promised advantages of this new system , namely the provision of a failure
survival autostabilisation system, relatively immune to nuisance disconnect problems
by virtue of the use of digital rather than analogue computing techniques and the
promise of enhanced built-in test facilities with a high probability of successful
faulty LRU identification have been demonstrated . 

- - 
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By virtue of the rapid advances in digital technology during the period of this
programme, app lication of these concepts using lighter and cheaper computing equipment
is aw practical; however , a number of related problem areas remain to be investigated .
These include

the need to minimise the number and type of sensors employed ‘ -

the interrelationships between digital autostabilisatiori and
autopilot computing

the impact of the higher dynamic response requirements
imposed by semi—rigid rotor configurations

the need to restructure the pre—flight test routines in order
to reduce the test duration below the 1½ to 2 minutes which was
assessed as operationally undesirable , whilst at the sane time
maintaining the levels of integrity afforded by these tests.

2 PROG RAMME OBJECTIVES

Recognising the increasing dependence being placed on artificial stabilisation
systems , particular ly in helicopters using advanced rotor technology , and the increasing
emphasis on night time and low level poor visibility operations , with their attendant
problems in terms of pilot workload and safety, the RAE formulated a research programme
aimed cit demonstrating in—flight , a high integrity autostabilisation system for a
helicopter. The trends towards the digital implementation of avionic systems and an
increase of the need to ease the maintenance problems by providing good built—in test
facilities led to a preference for a digital solution which would afford the opportunity
to assess both the merits and problems of such a system.

A specification defining the MOD requirements for a defect survival , three axis
iutostabilisation system (DSAS) to be supplied for evaluation in the RAE Sea King was
issued to UK specialist avionic equipment manufactures in 1971.

Fault-free performance requirements , including long term attitude hold
capabilities comparable to those being achieved with the existing simp lex an alogue
autostabilisation system in the Sea King were specified . The primary challenge was
the requirement that any single defect should have negligible effect upon the system
performance , with transient deviations during trimmed “hands-off” flight , limited in
pitch and roll to 1 deg of attitude and 1 deg/s rate , and in yaw to 2 deg of attitude
and 1 deg/s rate. In the event of a complete syst em failure , the pilot should be able
to assume manual control after an intervention time of 1.5 seconds .

A GO/NO indication for the pilot prior to take-off signif ying correct system
functionability and availability was specified , together with a self testing capability
for the detection and location of defective line rep laceable units,

A mean t ime between defects (MTBD ) for the stabilisation systa~m of 400 flying
hours and an overall mean time between failure (MTBF) in excess of lO~ f l ying hours
was specified .

3 SYSTEM DESCRIPTION

3.1 Test Aircraft

The Sea King hAS Mk 1 is an anti—submarine helicopter powered by two Gnome
engines. It has a single 5-bladed main rotor and a 6—bladed tail rotor. The aircraft
is normally fitted with a Mk.31 AFCS system providing simplex autostabilisation and
autopilot facilities.

3.2 Flying Controls

A block schematic of the aircraft’s flying controls is shown in Fig. 1. The
pilot and co—pilot ’s controls are mechanically connected to the input stages of a four
axes auxiliary servo system , providing servo assistance for cyclic pitch , cyclic roll ,
collective and yaw control movements. The yaw axis is the only direct source of servo
assistance for the tail rotor. The other three jacks form part of the control linkage
via a mechanical mixing unit to primary jacks located at the main rotor head .

AFCS demands are electrically introduced into the flying controls in series
with the pilot ’s inputs via electro-hydraulic servo valves incorporated in the auxiliary
servo stage which also provides cyclic trim and force-feel facilities. AFCS inputs
via the servo valves are limited to lO% of full authority in the cyclic channels and

• 5% in the yaw and collective channels.

3.3 System Mechanisation -

A detailed description of the defect survival autostabilisation system is
4 presented in Ref. 1. The following sections provide a brief outline of some of the

more important features.

4
S.
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The defect survival capability is achieved by adopting triplex redundancy ,
using three “independent” full functional lanes with a lane or unit being identified as
defective on a two out of three majority vote. This development programme had been
preceded by extensive research studies into tr iplex digital  AFCS systems during which a
n umber of basic concepts had successfully been implemented . A schematic of the triplex
configuration is given in Fig. 2. Given identical digital input data , then three
independent but functionally identical digital computers will generate identical digital
output data on completion of their full program cycle, avoiding interlane errors
associated with computing which normally constitute a significant adverse factor in
mul tilane analogue systems. In this implementat ion , each lane computer is identified
with its own lame sensor and , following the sensor signal conversion to digital format
within the computer unit, the data is exchanged between computers , each of which , in
normal tr iplex operation , then forms the mean of the three input signals for subsequent
processing. This amalgamation process also enables a faulty sensor unit to be
identified when its digitised signal differs from the other two sensor signals by a
predefimed level. When this occurs it is automatically rejected from the amalgamation
process with the system subsequently using the mean of the remaining two good sensor
signals whilst retaining triplex computing.

Since cost and timescales precluded the development of a new triplex actuation
system for this installation , it was necessary to interface with the existing limited
authority simplex auxiliary servo system . The servo valves of the auxiliary power
units are fitted with two coiis , normally driven in parallel by the Mk 31 AFCS. For
the DSAS these coils are driven independently by two out of the three computer units ,
each normally contributing 50% to the total output. In the third computer , def ined by
its location on the mounting rack in the aircraft , a simple resistive model of the coil

• is used . In the event of one of the two active lane computers being cut out, the gain
in the remaining two computers is doubled with the actuation system then operating in
a monitored simplex mode .

The primary sensors selected for the system were high reliability Series 700
gas bearing rate gyroscopes which had recently been developed by Smiths Industries
Limited. Short term attitude hold is provided by pseudo integration of the rate gyro
signals . Three identical gyroscope units, each containing three rate gyroscopes with
their axes aligned were produced using 45 deg/s maximum rate gyroscopes. With two
mountir~g faces on the unit , it was possible by appropriate mounting onto a horizontalre ference p lane to measure pitch , rol l and yaw rates respectively with the three units.

It was recognised that the long term attitude hold requirements could only be
achieved by using less reliable vertical gyroscopes and it was initially proposed that
these should be provided at a lower level of redundancy . In the event it was ultimately
decided to use three vertical gyroscopes , the signals from which were amalgamated in
the same manner as all other triplex sensor signals, Pitch and roll attitude demand
signals proportional to the cyclic control column displacement are obtained from two
triplex position sensor units.

The three digital computer units, each incorporating a CPU, memory , input
and output periphera ls, engage/disconnect logic circuits and the serial data transmission
system are housed in a ½ ATR short case. Small and medium scale integrated circuits
based on bipolar transistor technology was used with components mounted onto multi—4 layer printed circuit boards. In order to increase the overall life of the computer
units in high ambient temperature conditions , a fan cooling system draws air through
external ducting over the sides of the power supply section and over the top of the
computer card section of the unit .

Each computer incorporates its own basic 8 MHz clock and synchronisation
between them is required . This is achieved through the use of software controlled
synchronisation pulses transmitted between computers on dedicated synchronisation status
lines.

The interlane digital data highways and the engage—disconnect logic circuits
represent some of the most critical integrity regions of the design . Consequently
dupl icated circuits within each computer have been used for both of these functional
areas , with the individual boards being designed to meet segregation rules formulated
dur~ng the initial stages of design.

The t r iplex redundancy extends into the pilot’s control unit  where lane
segregation has again been carefully controlled.

Two complete sets of equipment (Fig. 3) were manufactured , the second set
being used to back up the airborne set.

I
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4 SYSTEM OPERATION

4.1 Failed Lane Identification

In each of the three lanes the digital output signals are croasfed between
computers and compared for exact identity. In the event of a discrepancy an amber
integrity warning is lit on the pilot’s con trol un it . The coil current generated in
each lane is fed back , through a resistive network via the A/D converter to provide a
digital measure of achieved output. These are also crosafed between lanes and compared
within each computer. If the difference level exceeds 10% of the series actuator
authority in two successive iteration cycles , that is for a maximum period of 100 msec ,
the appropriate lane, identified on a two out of three vote in triplex operation is cut
out. When operating in the dup lex mode , both computers are cut out when this difference
persists for two successive cycles.

4 . 2  Engagement/Disengagemen t

Engagement of the system is achieved by means of the ENGAGE lever in the pilot ’s
control unit (Fig. 4). Movement of this switch from the OFF to the ON position applies
power to each of the three computers , which commence operation from the first programme
step as soon as the internal power supplies reach their normal operating levels ,
indicated by a power supply monitoring system. In this state , the three lane indicators
on the PCU change from OFF to OUT, indicating that power is being supplied to the
computers but the lanes remain disengaged . Actual lane engagement occurs when the pilot
momentarily pushes the ENGAGE lever to its forward position. The three lane indicators
now change to give an IN indication . Manual disengagement of the system is achieved
either by returning the ENGAGE lever to the OFF position or by operating the pilot ’s
or co—pilot ’s cut out buttons on the cyclic sticks.

4.3 Interlane Data Transmission System

Each computer contains duplicated transmitter-receiver systems and the three
computers are interconnected by duplicated data highways , all data is sequentially
transmitted twice using these two highways. In the receiving computer the results of
the two transmissions are compared for identity and , if satisfactory , the data is used
for subsequent processing. If a difference of data is detected , the receiving computer
will assume this data to be invalid and will operate the amber warning lamp on the PCI),
and withdraw its validity discriminant to the first computer. If the third computer
also detects a difference in received data on the two highways , it will also withdraw
its validity discriminant and lane 1 computer will be rejected . If however its received
data is in agreement , then it will retransmit this , via its own dual data link , to the
second computer so that the latter receives input data necessary to continue computing
for triplex operation .

Whilst the amount of time required for data transmission remains a very small
proportion of each computing cycle , the doubling up of the amalgamation routines, etc .
for the direct and indirect data inputs is expensive in computing time and this of
course increases directly with the number of sensor signals involved .

The relatively complex interlane system was implemented rather than a single
system in order to avoid the possibility of a complete system failure due to a single
fault. It was postulated that a slowly deteriorating computer could initially transmi t
correct data which , due to receiver tolerances, might be differently interpreted by the
two receiving computers , one of which could therefore erroneously be rejected as faulty
to be followed by a relatively rapid disagreement between the remaining good computer
and the fa il ing unit , lead ing to a complete cut out. Whilst an extensive study of
transmitter/receiver characteristics and reliabilities might establish that the prob-
ability of such an event would be acceptably sma ll , it was decided tha t, in the absence
of such an investigation , the more complex dual system should be implemented .

4.4 Computer Synchronisation

Each computer operates at its own independent clock frequency , the three
computers being held in synchronisation by the transmission of software controlled
synch stat pulses along dedicated interconnecting wires. Each computer sequentially
takes it in turn , once per computing cycle , to send synchronisation pulses simultaneously
to the other two computers . In each case the receiving computers on seeing the pulse
jumps to a predef ined stop in the programme , knowing that the sending computer will also
be at the corresponding step in its programme. If a computer is too far out of
synchronisation and is not at the correct point at the correct time, an amber warning
is generated .

To accommodate relatively wide variations in the start up time of the three
computers when power is switched on , a coarse synchronisation programme is initially
used to reduce the timing difference down to 1 word cycle. If only two out of the
three computers achieve synchronisation , within a time slot of 200 msecs, these two
proceed to operate as a duplex pair. If all three computers fail to synchrontse a
dynamic halt is executed.

4
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5 SYSTEM DEVELOPMENT

5.1 Initial Assessment

The development of new or improved control laws was not an object ive of the
present programme; consequently i t  was decided in general to implement identical
autos tabil i sa t ion  control laws to those provided in the existing analogue system.
Using general purpose hybrid computing facilities , the fundamental parameters for  a
d ig i t a l  implementation such as i t e ra t ion  rates , converter quantisation levels etc were
established and an assessment of the required program size was made.

5.2 System Test Rig

To perform both hardware and software development testing, computer commission-
ing and release testing and as a facility for faulty component locution during the
f l i g h t  t r ials  prog r amme , a systems rig was built at Cheltenhar including the following
interconnected facilities

Three engineers test panels
A systems control panel
A breadboard computer unit
A TREND interface terminal

The three engineers test panels , each incorporating 8K of core store , are connected to
the digital computer units via commissioning connectors at the rear of the units. With
the comp. ter cover removed , the unit can function using the core store rather t han its
own in—built program (PROM) store. Each test panel provides facilities for halting,
stepping and inching the computer, for inspecting the state of individual registers and
loading individual core store locations with data from “Data” register switches. A
store- protection switch prevents corruption of store except when it is required to load
these stores with program or data. Switches with exteision leads allows simultaneous
initiation of operations of all three computers and their test panels .

The systems control pane l provides a housing for the pilot ’s control unit , the
interseat null indicator and a junction box for all unit to unit interconnections
provide access to every pin connection in the system and includes switches for open
circuit failure simulations . Facilities are also provided allowing the connection to
real o~ simulated sensors and for interfacing to a hybrid computing facility so that
closed loop operations can be carried out. The nominal 115 volts , three phase AC
supplies can be adjusted within the range of 85 to 135 volts.

Preceding the final design of the airborne computer unit a breadboard computer
was bu ilt for rig evaluation . rhis unit was functionally identical to the airborne
unit in all respects including the input and output facilities , dual engage/disconnect
ci rcuits , dua l interlane data transmission system as well as the basic central process—
m g  unit. In addition to providing an invaluable means of checking the correct function-
ing of the basic design , this breadboard formed an important feature of the systems rig
for development testing and re—release testing.

The TREND terminal , adapted to interface with the three engineers racks, incor—
porat.~’s keyboard and paper tape input/output facilities for program insertion and
modification .

5.3 Rig Testing

The systems rig facility was initiall y used for system development and to function-
ally check the operation of the breadboard computer unit. Any design modifications
introduced during the development programme were incorporated and evaluated on this rig.
A full trip lex system using two airborne computer units and the breadboard unit was
available in May 1975, subsequentl y being in virtuall y continuous use on development,
unit release and flight trials support until the flying programme was completed in
July 1977.

Apart from the normal system and software development work , the rig was also used
to carry out noise susceptibility testing which involved the injection of spurious
voltages over a range of frequencies between specific regions of the system . In a high
proportion of cases noise signals were injected into only one out of three lanes in
order to increase the severity of the tests . Front this work the general system immunity
to injected RI was established. However the need for electrical isolation between the
28 volt DC return line and 400 Hz neutral line was established and this involved the
introduction of small isolating transformers in each of the three 26 volt supply lines
to the rate gyroscopes. The computer interlane data transmission highways, manufactured
from screened and twisted pairs of wires , showed a high degree of izmnunity to injected

• RE noise.

The effects of transient power supply variations and interruptions were also
investigated uling the systems rig, front which it was established that transient power

4 supply variations to BS3G 100 specifications had no effect on system performance. The
in-built self-monitoring system on the computer power supply unit resulted in system
disengagement for interrupt durations lasting between 1 cycle at nominal 115 volts level
down to 1/4 cycle at 105 volts level.

‘4
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5 .4  Servo Interface Testing

It was necessary to establish the ability to successfully drive the auxiliary
servo system using either one or both coils of the servo valve, and this was done during
a short test programme using an auxiliary servo test rig at Westland Helicopters Limited
(WHL). This series of tests also attempted to foresee problems likely to result from
driving the servo valves with quantised rather than continuous input signals. To achieve
this, sinusoidal input signals, sampled at a rate of 20 per second, corresponding to
the predicted rate necessary for stabilisation control, were injected into the system
and no problems were foreseen at this stage.

Following the initial flight of the system it was observed during ground testing
that rapid inove~nents of the cyclic stick produced a loud noise from the auxiliary servo
system responding to quantised outputs from the digital computers. A detailed study to
examine the nature and consequences of this effect was carried out before the aircraft
was allowed to fly again. High speed film of the auxiliary and primary actuator
responses confirmed the step-wise output response at the iteration frequency. The
possibilities of such motion leading to hydraulic seal wear, fatigure in the mechanical
control circuits, the excitation of rotor blade structural modes and possible mechanical
damage to the auxiliary and primary servo systems were investigated. A strain gauge ,
f itted to the lateral cyclic servo output rod was used to establish that in-flight loads
did not exceed 20% of the fatigue endurance limit, and only 8% of the loads exceeded 4%
of the limit. To ensure that seal damage would not occur , it was, however , decided to
fit filter circuits to the outputs of the DSAS system on all three control axes.

5.5 Software Developments

A top down structured software development procedure was adopted , starting from
a definition of the overall system tasks and progressing sequentially through sub-tasks
and sub—routines to the production of line machine instructions via assembler language.
At each stage of development , the interrelationship between software and hardware was
checked using the systems rig facility. A flow diagram for the overall executive
computer program is shown in Fig. 5. This essentially sub-divides into three regions,
namely a pre-engage section , including the pre—f light testing routines , a multiplex mode
path and a simplex mode path.

6 AIRCRAFT INSTALLATION

The DSAS equipment was installed in the Sea King Helicopter by RAE personnel
during the first quarter of 1976. In order to retain autopilot facilities not provided
by the DSAS system which were considered necessary for some phases of the overall Sea
Ring research programme, it was decided to retain the existing Mk 31 analogue AFCS
system in the aircraft and to provide a changeover facility which allowed reversion
from one system to the other in one working day .

A schematic of the aircraft installation is shown in Fig. 6. For convenience
the system un it ,  sensor and actuator interconnections , were routed through a ji.action
box. The output signals from the computers were routed through a channel isolation
switch box to the servo actuator coils. This enabled individual channel outputs to
be isolated during initial flight trials.

An indication of the location of the system units is shown in Fig. 7. The three
digital computers , the control and display test unit and the three rate gyroscope
units , were located on the starboard side of the cabin. The two triplex position pick
of f uni ts  connected to the flying control runs presented the most difficult installation
problem due to confined conditions. The pilot ’s control un it was mounted in the inter-
seat console in the position normally occupied by the Mk 11 AFCS runaway selector box.

7 INITIAL FLIGHT ASSESSMENT

7.1 Sensor Tracking

Because the three vertical gyroscopes were not co—located in the aircraft, it
was not possible to align them for output tracking until they were installed . Static
alignment was carried out to achieve a maximum inter-lane error of 0.25 deg in both
pitch and roll. Assessment of the vertical gyroscope tracking during flights designed
to produce maximum errors established that both pitch and roll inter-lane errors did
not exceed 1.0 deg.

The tracking of the rate gyroscop~. outputs had been measured earlier in the
programme, prior to the installation of the complete system. Maximum inter—lane errors
of 0.2, 0.27 and 0,3 deg/s were recorded in pitch , roll and yaw axes respectively,  at
the peak transient rotations for which the aircraft was cleared. When severe airframe
vibration was induced , significant 17 Hz components were measured on the output of each
rate gyroscope, resulting from the predominant 5R vibration mode at this frequency.
This had been anticipated and the decision previously made to sample the rate gyroscope
output. more rapidly than other sensor inputs to prevent aliasaing of this (and other
noise sources) to lower frequencies.

0 -~~~~~~~ ~~~~~~ - -  — — — —
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At the conclusion of the f l i gh t  t r ia ls  programme , the rate gyroscope t r ack ing
was re-checked and found not to have deteriorated in the 200 hours of flying since the
trials described above.

7.2 Control Law Modifications

During the first flights with the DSAS engaged , two unsat is factory fea tures
became apparent, which were investigated before further evaluation took place .

When the aircraft was deliberately held light on the ground , virtually airborne ,
resonance in yaw developed . This resonance was either convergent, mi ldly divergent ,

or neutrally stable, under different conditions of AUW , torque setting and possible wind
speed but no correlation was found between these parameters and the stability of the
mode. Sometimes it was necessary to excite the mode by a yaw pedal input . When the
oscillation reached an undesirable amplitude , the pilot would disconnect the DSAS and
the oscillation would slowly subside, as illustrated in Fig. 8. It was felt that this
subsidence was a manifestat ion of an unanticipated ligh tly damped yaw mode of the
ai rcraf t  and that when the ioop was closed by the DSAS , the t ime delay of the d ig i ta l
system produced sufficient phase lag at the relatively high frequency involved , to
destabilise the mode.

At this stage it was not practical to reduce the pure time delay in the system ,
so an alternative solution was evaluated in flight. This consisted of reducing the gain
of the yaw rate term and making a slight reduction in phase lag by decreasing the time
constant of the analogue smoothing filter on the yaw channel output. The combinod
effect of these two modifications was to stabilise this yaw oscillation and achieve a
relative damping comparable to that of the open loop mode, as shown in Fig. 8.

The other initial problem was concerned with the pitch axis performance , where
a higher than expected general level of pitch servo activity was experienced . It was
considered that this over-activity was a sign of a lightly damped short period mode.
Pilot opin ion was that the pitch axis was somewhat ‘livelier ’ than normal , but not

• necessarily unsatisfactory . More detailed examination of the pitch axis confirmed that
the short period mode was in fact under-damped , as shown in Fig. 9(a).

A series of tests was conducted , aimed at improving the short period pitch
stabili ty ,  without adversely affecting pitch attitude holding or turbulence response.
Th is was achieved by varying both the pitch attitude and pitch rate gains until the

• performance was optimum by the above criteria. As was expected , this occurred at
reduced values of both gains .  For comparison the response to a longitudinal  cyclic
stick pulse with the modified pitch axis gaias is shown in Fig. 9 (b ) .

In resolving both the features described above, the Control and Display Test
Unit was used to effect parameter changes whilst in flight.

7.3 PCU Ergonomics

Several valid comments of the Pilots Control Unit facilities were made by the
evaluation pilots, the front panel of which is illustrated in Fig. 4. The most signif-
icant point is that the amber and red integrity warnings were found to have low attention
value. Clearly in a more developed installation it would be necessary to interface the
amber/red signals with central caution/warning panels and possible other warning systems .

- - 
This is particularly so of the amber warning, since this is not normally accompanied by
a discernible motion transient or stabilisation degradation . The fixed intensity of
these integrity warnings (and other legends) was too high at night and inadequate in
direct sunlight and a dimming facility should be introduced on a production system .

7.4 Pre—Flight Testing

T- . pre- f light testing facilities have been described previously. The sequence
of tests was designed to be as natural and instinctive as possible and was generally
agreed to be so by all evaluation pilots. After about three operations , pilots carried
out the tests from memory , without reference to the check list. The flashing “TESTING”
indication provided adequate warning that pilot action was required or that the wrong
action had been taken (in the case of a pilot not following the sequence correctly).
When pilots were familiar with the procedure , the complete sequence took sl ightly less
than two minutes to perform . However, it was noted that correct operation of the
sequence -r,uld be more difficult when the pilot was subject to the distractions
encountered in operational flying. Furthermore the two minutes test duration may not be
operationally acceptable. A possible solution would be to generate two levels of testit.g:
a rapid pre—flight test , with minimal pilot involvement which could be supplemented by
a complete test at scheduled intervals.

No insurmountable problems were discovered using the pre—f light test on the
ground . Although operation of the system from ships was not specified in the system
requirements , the opportunity arose to carry out deck landings for other reasons . Thus
it was possible to carry out pre—f light tests on a moving deck and confirm that under
cer ta in cond itions , angular motion of the ship could interfere with pitch or roll rate
gyro and heading and result in a test failure . No attempt was made to devise modific—
ations to overcome these problems during the trials programme, although software changes
could be made to permit satisfactory tests to be conducted under these conditions,

4 ‘
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8 ASSESSMENT OF STABILISATION QUALITIES

8.1 Standard System

Having resolved al l  known deficiencies in the autostabiliser control laws (albeit
on the basis of tests made over a l imited range of speed and a l t i tude)  it was possible
to conduct a more thorough assessment of the DSAS as a pure autostabiliser , i .e .  without
consideration of the mul t iplex aspects. The objectives of this assessment were ,

( 1) to confirm that  the modificat ions already made were sat isfactory
over the complete f l igh t  envelope

(ii) to check that no additional problems existed

(iii) to make a general qua l i t a t ive  evaluat ion of the autostabiliser
performance

The assessment conducted was far less rigorous than would be the case if totally
different control laws were used or a new aircraft type was under evaluation . In
particular, turbulence levels were not included as an experimental variable.

Table 1 lists the tests carried out and the altitude/airspeed conditions covered .
Variations in the position of the aircraft c.g. were not studied , with the sing le
exception of an extreme aft c.g. case, for which some pitch axis tests were conducted.

The results obtained from the assessment showed that the above objectives (i)
and (ii) had been met, i.e. the control law modifications were satisfactory and no
further problems were revealed over the flight envelope covered . With regard to the
evaluation outlined in (iii) above , the resul ts obta ined were sat isfactory in all
respects , there being onl y a few points of interest listed below .

there was a marg ina l  decrease in pitch axis damping at alt i tudes
above 5000 feet, but this was not considered to be significant.

a s l ight  osc i l l a to ry  tendency was revealed on the roll axis computer
output and on the roll rate signal , but this appeared to be a low
amplitude residual oscillation rather than a symptom of a lack of
damping in the dominant mode.

at t i tude  holding in both calm and gusty conditions was measured and
found to be within the limits set Out in the Requirements Specification.
However there was a subjective impression that response to heading
trim demands was somewhat slower and less precise than normal, which
could be a result of the gain reduction made in the yaw axis.

8.2 Rate-based System

By virtue of the digital implementation and by using the control and display
test unit, it was possible to carry out a comparative evalu ation of al tern ative system
configurations utilising rate sensor inputs only . The fol lowing four configurations
were investigated:

(i) standard DSAS pitch control

( i i )  rate  s tabi l isat ion on ly ,  in pitch

( i ii )  rate  p lus pure integrated rate

( i v )  rate plus ‘ leaky ’ integrated rate

Roll control in al l  cases (except ( i i )  was as obtained with vertical rate gyros
rejected .

A ll var ian ts were found to be acceptable in the context of a simple ‘cruise ’
au top i lo t , intended to provide a reduction in workload together with a limited hands-off
capability . Variants ( i i i )  and ( i v)  gave a performance comparable in the short term
to that  of the standard system ( i ) .  Workload wi th  the rate—only var iant  ( i i )  was
noticeably higher  and a s igni f icant  a f t  stick movement was required during turns .

Further evaluation of variant (iv) confirmed that such a system had value as a
p i lo t ing  aid , wi th  a workload mid—way between the standard system and the unstabilised
a i r c r a f t .

9 EVALUATION OF PERFORMANCE FOLLOWING IN-FLIGHT DEFECTS

A group of system defects was selected , to be simulated in f l igh t .  Of the many
conceivable defects , the choice was made on the basis of those giving rile to the most
severe consequent aircraft motion . The Control and Display Test Unit was used to
introduce the simulated defect s Into the system .
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Two types of defect were simulated , single axis output failures and offsets  on
the rate gyro inputs to the system. The tests carried out , together with the results,
are described below together with a limited comparison of simulated defects in systems
of lower redundancy levels.

9.1 Simulated Output Failures

Instructions were devised , which modified the programme to simulate the following
cond itions , when inserted into a system computer

(i) an output hardover situation , in either sense

(i i)  an output f a i l  to zero , from an initial servo
out-of- t r im condition

Thus a total of nine output failures were simulated i.e. pitch up hardover ,
pitch down hardover , pitch output fail to zero and the corresponding failures in the
roll and yaw axes. Each failure was injected in the hover and in forward f l ight  at 70
and 100 knots.

In flight, each injected fa ult produced the expected result, i.e. amber integrity
warning, disconnect of the ‘ faul ty ’ lane , lane OUT indication and appropriate indication
of the ‘ fa i led ’ LRU on the computer display. It is not possible to present in this
paper all the results obtained , hence representative cases are discussed below.

Examination of a typical simulated hardover , shown in Fig . 10, illustrates the
basic sequence. The output of Lane 2 (pitch) can be seen increasing rapidly to 8 mA
(of f the scale) as the hardover is injected , followed rapidly by a reversal to zero as
the lane is disconnected by lanes 1 and 3 acting on the comparison of output feedback
voltages. Simultaneously the outputs of lane 3 and lane 1 (not shown) are automatically
doub led , to preserve the gain and authority of the system . This is shown in Fig. 10
as a step increase in lane 3 output at the instant lane 2 disconnects. Later on , having
removed the hardover from lane 2, the system is re—engaged in triplex and lane 3 output
is seen to decrease by a factor of two as the nominal (tr iplex) output gains are re-
established. Examination of the pitch rate and atti~tude responses on Figure 10 shows
that it is difficult to detect any transient motion r~su1ting from the fault injection
which could not be ascribed to the random motion due to turbulence. Even if all the
motion were assumed to resul t from the fa ilure transient, then the maximum is approx-
imately 0.8 deg of attitude and 0.6 deg/s of pitch rate.

A typical fai l to zero test is shown in Figure 11 and aga in the diff iculty of
corre l ating the aircraft motion with the fault injection is seen . The above comments
apply also to the representative roll axis test shown in Fig. 12.

Summarising the results of these many tests, it can be said that the system
completely meets the Requirements Specification in terms of transient motion in the
pitch axis due to the difficulties described above, but it cannot be proved that this
is so in the roll and yaw axes. However , for all tests the transients are within the
bounds of the normal deviations of attitude and rate due to turbulence. Indeed it was
considered that a detectable aircraft motion about the trimmed state would be a valuable
clue to the change of system status.

9.2 Simulated rate gyro errors

Again using the control and Display Test Unit steady offsets on a single rate
gyro signal were simulated , in the hover and at 70 and 100 kts. Table 2 shows the
results obtained at 100 kts, being representative of all speed conditions.

It can be seen (Table 2) that all offse ts  above the rate gyro comparator setting
of 2.0 deg/s were recognised as defects and the appropriate gyro input rejected with
no detectable attitude or heading change. When the offset was just below the comparator
setting ( i .e .  1.93 deg/ s ) ,  su f f i c i en t  inter—lane error was present in some cases to
augment the o f f se t  value and resulted in the comparator setting being exceeded . In all
other cases the of fse t  was not detected and therefore amalgamated as a val id  signal.
When this happened , a detectable attitude/heading change generally resulted , wh ich in
some cases was higher than the value defined in the Requirements Specification for a
single defect.

9.3 Failure characteristics of other systems

Comparison was made between simplex , duplex and triplex configurations fitted in
the same aircraft type. The failure responses of the equivalent simplex system are well
documented , s’ it was not necessary to conduct failure tests with the DSAS in this mode.
Using the Control and Display Test Unit , the DSAS was re—configured as a duplex system
with no automatic disconnect following a lane failure. In this condition , pitch , roll
and yaw hardovers were injected (in forward flight ), for a range of initial servo trim
states. Because general information only on the failure responses was required , the
pilot intervened at relatively low attitudes and rates, when intervention was required.

I - .
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Figure 13 i l lustrates the response to nose up hardovers for various initial
servo trims . As expected , for a central or nose up ini t ial  trim , no pilot inter-
vention was necessary in the short term. With a nose down initial trim, however , the
“good ” lane lacked sufficient authority to counteract the hardover and the pilot
intervenej after 2.7 s , at a nose up a t t i tude  of 10 deg.

In Fig . 14, the attitude responses to nose down hardovers for simplex , duplex
and triplex systems arc superimposed for comparison purposes. Apart from the higher
speed in the simplex response, all flight conditions are similar. With the simplex
system, intervention occurs at 1.25 s whilst with the dup lex system, it is delayed
until 3.5 s and could probably have been delayed somewhat longer. No intervention is ,
of course , necessary with the triplex system .

10 CONCLUDING REMARKS

In general terms and in most specific instances , the objectives established at
the start of this development and trials programme have been met. Where this is not
the case, it is maintained that this is due to the inherent limitations of a programme
‘f this nature.

Considerable confidence has been gained , during the course of the trials , in the
triplex redundancy philosophy and its implementation in the system flown . During this
time there has been no evidence that the particular design features (e.g. software
synchronisation) have not proved effective.

Following certain modifications to the control laws originally programmed, the
digitised control laws provided satisfactory stabilisation and handling qualities.

Two particular problems encountered during the flight trials have highl ighted
the need with digital systems to consider very carefully ,  at the earliest opportunity
the interface with the mechanical/hydraulic elements of the aircraft flying controls
and the interaction between fundamental system parameters and aircraft structural modes.

Transient aircraft motion following specific simulated system defects has been
determined in flight and in no case was short term pilot intervention required . In
many cases the t rans ient  was within the general level of motion due to turbulence and
could onl y be estimated. Certain defects resulted in transients in excess of the
values quoted in the original Requirements Specification but it was felt that the
response was still acceptable and that it may be advantageous to increase these motion
limits.

Within the context of the flying tasks carried Out , the pre—f light test routine
is sa tisfactory , no fundamental problems have been exposed . However the routine in its
present form is l ikely to be incompatible with operational f lying requirements, Possible
modifications have been suggested to cure this problem.

A reasonable level of EMC testing and experience has been accumulated , with the
equipment both in and out of the aircraft. Corruption of the installed system by one
externally radiated frequency occurred which requires further testing to assess the
nature of the problem.
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TABLE 1 - STABILISATICI4 PERFORMAZ4cE TESTS

NT. 500 ft 5000 f t  10000 ft 500 ft
Test _______ ________ ______________________

No. Test It~ ID Speed Hover 70 100 50 80 55 Hover 70 100

1 Pitch stick pulses / / / ,1 / ,/ / / /

2 pi tch stick steps / / / I I / / ,/ /

3 Pitch stick steps DSAS out / I / I / / / / /

4 Tri~ned, hands off  f l i ght V / / / / / / I /

5 As 4 VGs out V ,1 / / / ,/ / I /

6 Roll stick pulses “ .‘ I / / / c.g.near aft
limit (3)

7 Roll stick steps • / / / / /

8 Roll stick steps DSAS out / / / I I I

9 Tri~~ned , hands off f l ight / V / / / I

10 As 9, VG8 out I I I / I 1

11 Yaw Pedal kicks I 1 V
12 co—ordinated tu rns  — / I / / /

13 Flat turns using heading t r im / ~ / / V /

14 Torque changes / I V V / V

15 Torque changes ( 1) V ,‘ •i ~ :
16 Jump take-off  ,- - - — —

17 Jump take off (1) V

18 Trtmmed Hands o f f  Flight 1 1 
-
~ • / V

centra l  c .g .  (2 )

(1) Heading hold disengaged for these te~ Ls

(2) AUW in the range 17 000-19 750 lb c.g approx —0.5 in (fw~ of datum )

• (3) AUW in the range 16 700-17 050 lb c.g in the range +4.6 in to +6.06

- ( af t  of datum)

TABLE 2 - RATE GYRO OFFSET TESTS

Rate Gyro 
— 

Pitch Axis Roll Axis Yaw Axis
offse t  

Amber Attitude Amber Attitude Amber Heading
DEG/S Warning Changes Warning Changes Warning changes

+ 11.0
• 5.6 Imediate ly  • I~~ediately * Imediately *

± 2.8

- 1.4 No 2 Deg NU No 1 deg LWD No 3 deg stbd

+ 1.4 No 1 deg ND No * No 4 deg por t

— 1.93 Af te r  l .Ss  • Af te r  2s * After  ls 3 deg stbd

+ 1.93 No 3 deg ND After  2s * After  4s 2 deg port

* denotes no detectable tude/heading change

All tests made with DSAS in t lex
Speed 100 kts lAS
A l t i t u de 1000 ft
AUW in the range 17 000 — 19 750 lb
c.g approxiaat.ly 0.5 in forward of datum

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

- -  - 

_ _—- 
— — .- ---—— —- —-- — —  —

-
-,- — 

-

— -—-- 
~
— -  ____.kr _ _,~~~~~~~~~~~,._ . ~~~~~~~~~~~~~~~~~~~~~ — ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~



4-L’

P R I M A R Y
SERVO

JACKS (3)

M I X I N G ~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

UNIT ___________________________________________
CYCLIC
STICK

110
AUX. — — HYDRAULIC

SERVO I SUPPLY
SYSTEM -

~~~~~~~~~~~~~~~~~~~~~~~~ 

TAIL  R OTOR PIT CH

YAW —— MECHA NICAL

~ j f~~ PEDALS 
— HY DR A U L I C

YAW 
_______ ELECTRICAL

Fig.) Schematic of flying controls

DIGITAL DATA HIGHWAY 
~~~~~~~~~~~~~~~~~
I~~~~T~ND ROL~ lSTICK

EDL : DUPLICATED ENGAGE- PICK-OFF lb EDt

4 DISENGAGE LOGIC - - ~~ — - -~~- ~~~~~1 
s -4—

r 3 .
1 - PITCH

ROLL AND
— • YAW MODEL

I 3 VALVES

~~~~~~F
c

~~~~~JE r~::i~~ 
(DL : .

2 

[DL 

~~~ ~~~~ LVES

1 g. 2 Schematic of triplex configuration

______ —~~~ —~~ — - — — — —



~ —- ---- - - --- —--

4-J 3

Fig rip lex digital liclicopter autostabillse r system

~
wJj 

—

~~~~~~~~~~~~~~~

-~~~~~~~ ~; ~~ -

_____ 
—____& 

,
~~~,ppr

______  _______  

-

hg.4 Pilots control panel

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _  

-

— -~~-- —— —



r w —
~~~ 

——-.._-- — — —_

-

4-14

POWER
ON

DYNAMIC COARSE
HALT NO SYNC SYNC PA

~~~~~~N~1
FULL SYNC

PRE— FLIGHT YES PRE -FL I GHT NO GO DYNAMIC
TEST TEST HALT

NO

GO

NO MPX Y
2- 3

BACKGROUND NO

r ~~~~ BACKGROUND

M P X ~ Y E S  NGAGE 
__________

NO 
[

~~~~NGA~~~~~~~

ENG OPE~~~T ED : 
NO

ENABLE — ____________________________________________

SIMPLEX
ENGAGE

MULTIPLEX
SENSORS AND

WAIT FOR CONTROL LAWS
_—~~ 5E~~F LEVER R E L E A S E

L A N E  N -

j N~
LF

IN

D R

Fig.5 Executive program

LI 
_  _  - . ~

— ______ ~~~~~~~~~~~~~~~~ •~~~~~~F~ ~-‘ 
-_ — 

~~~~~
-. _~~~~

-.- _____



-~~~

4-15

285 DC ESSENTIAL
I I S V A C  SUPPLY

J~~~~ T R O L AND DISPLAY 

—
TEST UNIT

COMPUTER COMPUTER COMPUTER

~‘ C U  I 3

NULL S A T E
INDICATOR

I 5 1  I

F ( W I SP I L O T RL~ L L  ‘+ I EPL A
CC’ PILC I  O S  A S SAI L

Pt CAL
SW IC HEY S A ’ I

OU TPUT
I) N- ’

P I T C H  UNIT
F I L I ES 

~~~~~~~~~~~~~~~~~~~ CO MPA S 

Y A W

~ T _ ,‘

ROLL PI1C ’~

C HANNEL
ISOLATION S~~ L
SWITCHES

NOT E
M N1~ - LN ’ I  :N( , N T I R F A PC

Y A W  QM, 1IEI FOR C L A R I T Y

SER VO Y A L  Y E S

Fig.~ Scli~iuj i Ic ol a i r c r a f t  Ill’I j o _ it kIll

1 . 2 . 3 LANE 2 & 3 COMPUTERS
Co l u

S DSAS J UNCTION BOX
7 OUTPUT F I L T E R  UNIT
8.9 10 PIT CH RCLL .YAW RAT E GYRO UNITS
I I  CIRCUIT  BREAKER PANEL
‘2 PIL OTS CONTROL UNIT

~~~~~~~ ‘3 ‘BROOM CUPBOAPC’ ” CONTAIN ING
A U X I LIARY SERVO S Y S T E M

~ MR 31 PILOTS CONTROLLER

c~I7 ‘5 NULL INDICATOR
CI IAN~~EL ISO L A T I O N  SWITCHES

l’l PILOTS AUTOSTAB RELEASE BUTTON

IS 

5
I 20

13

QS

I23 

~ 
c2hI~~~~ L 6

TB VG INTERFACE UNIT 
~~~~~~~~~~~~~~~~~~~~~~~~~ 2~I 

8

2

9t~ PCW EP UNIT
20 RGU ISOLATION TRANSFORMER
IT MX 3 1/  DSAS CHANOEOVER BOX
22 M~ 31 A MPLIFIER UNIT

23 S T , C Y  POSITION UNITS ( 2 O F F I
2E V E R T I C A L  GYRO No I

25 YAW FORCE SWITCHES
26 REPOSITI ONO CHANNEL SELEC T OR NOTE = UNITS  NOT DRAW N TO SCALE
27 s E V ’ ’ C A ,  GYRO No AND No S APPROXIMATE LOCATIONS ONLY OF UNITS 18-27 SHOWN

J i g  Localion ut u n its in th e air craft

LH H
•_~ J L



—._. -- --------__..--—_ -__--—_.-

4-lb

DSAS IQO - . I - . I , - ‘  . ‘

YAW - . . - ‘ 1 1 I T  ~ .
OUTPUT ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

. 
- - -  ~~~~~~~~

- . . 
— ,. - I , - - -

- T OOL -

I SECON D
TIME MARKERS ‘. ‘ • ‘ ‘ ‘ ‘ ‘• ‘  . • - ‘ ‘ 

. ‘ . 
‘ , ‘ ‘ ‘ ‘. • .  ‘ I

YAW
RATE . - . s . ..

( DE G/S I  0 .r’ ’
~~~~, - — - .  . - ~~~~ - . . ‘ u ,

+9 .
~ 

- - . 
‘ I

+
O S AS

DISENGAGED
(a ) ORIGINAL YAW CONTROL

D S A S  100 ,— . - - . - .

YAW - -

Ou TP UT O j . ~. 
~~~~~ 

2. .: - — . ... - - 
. 

- .— - -- - i~.;. 
- - . 

‘ 
— .  .

.
-

— t oo L . . . - - - . - -

I SECOND . . -

TIME MARKERS . . . • . . . , . . . . 

— 9  -

Y A W
RATE . 

-

( DEG/ S 1 o •
‘ -~~~, - ‘ 5 , .• .

, ..
.s -  ~ -- ‘ ‘ _

~ 
-_ 

• ‘~ .--‘ . . 
. _

,
. •-_ .. ‘

,+ -

+9 , - . ‘ - . = : ‘

(b) MODIFIED YAW CONTROL

Fig.8 Yaw oscillation a c  light Ofl ground

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~+i~~~~~~~~~—~~-. _ -~ — - - — - - ~~~~~~~~~~~~~ - 
- 

— 

-



- _ - , —- — -- -.-~~-- .-. -_ ---- - -,------- - - --- ‘- - -  

~“
4-17

~~~~~~~~~~~~~± 
i

~~+~~~~~~~~~~~~~~~~~~~~~~~~~~~

—t

- T O ‘ - 
. - 

- v :  1 
1
’ F ‘o 

-

P ITCH
ATTI TU DE 

, -

IDE GR~~S) 0 ~~~~~~~~~~~~~

. ~~ o ‘
~~~~~~~~~~~~~~~~

+10

N *RKERS ~~~ •_ -V.- . ’ ~ sr r %

~~uT O~~~A N L H .  

+ M A X~~~

4

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

L

-MAX I 
- 

- 

- — M A X

+16 

- 
-s-lb

FOR E /AF T
CYCLIC

STICK o 
- 

0 ~~~ - .

- . ~~~~~~~~~~~ 

— 1 6  
, ,  , . -  .‘_ ‘--

~~~~- —- ~~~~~

( a )  IN IT IAL G A I N S  Ib) FINAL GAINS

Fig.9 Pitch axis nose up pulse response at 100 kts

4
‘I
,

-
, . . -. . - 

~~ , A ~~~~~~~~~~~~~~~~~~~~~~~~~~



_______________________________ - ~~~~~~

4-18

1 SECOND MARKERS ~~~ ~~~~~~~~~~~~ ~ L ~I ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~
-fl O~~

PITCH t ’ j  I 

ATTITUDE I i  I~~~~~~~~ i I ~~~~~~ 
—

~~~~
(DEGREES) I J I I -. 

-

— ________  — — —
~H 

—

F . :  ~~~~~~ 

L- -~ 
, 

i . .~
_

— 10 1.. . 1. L L ~L L...-I ~~ I - -

LANE 2 
—‘ 

- -
~ 

~ - ~~~~~~~~ 
~~~

. - 

PITCH II 
OUTPUT . l 

~~
. - 

o j ’—.-. I

S - 

+4 r ~ftLL f
~

_ 4__ _ ___4_. 4 -- 4 - 4 - - 4 I 4 -

T~~~~~T ’  ~~~~~ T J’’’ i T I  
_ .~~~~~~~~~ i _ ~~~~~i

LANE 3 ~
- • -

~~~~
- - -

~ - f ‘ I ~~~~~PITCH - - - -
~~

- -
~~~

- — •  •- ‘ . —
~

- j ’ — ~
. . . ‘

OUTPUT I f  - -
~~ L

SYSTEM
LRE-ENGAGED

IN TRIPLEX

HARDOVER REMOVED

LANE 2 HARDOVER INJECTED

Fig. 10 Nose down hardover



rip..— 0 
. .-

~-— --—— 
~~~

_. — 
.-.--.. 

-

4-10

— 1 I — _

- 
I 

-
~ 

- . -

PITCH - t t - - ,
~~~~~~~~

-
.

-

RATE
(O EG/S )  

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I - 1=

I _ _  
-
~~~~~ . _

— 1 2 . . ~~~~~~~~~~~ , , j _ , ! i , _ .,~~
I SECOND

M A R K ERS I -~~ ,t t , -t ~~ .: 1 Si Si Si
4~10. i ,  - - ‘ I  - T I

PITCH -
ATTITU DE ~~ ‘ - 1

(DEGREES) - - I - - - - i - 1 - - F
0 _

~ .L - 4 _ ~~~

._ .
~~

—... . .._ ; _ .;— .
~~~.. . ~~ . :._.~~ . _ —

~~
. : . ~i

: i :  ; . .
~~~: ; . i  

—1 0 . .  I I  ~. .  - I .

T I  ‘ ‘ : 1 1 1
— )0 0 

1 
~ - - -~~ -~~

LANE 2 • . 1  . - -i

P I T C H  
- -  - - I H

OUTPUT o _________ 

I j I 

I

( m A ) . I - -~ 
‘ . L . .~~~~ I . ¾ . . . _ . 4

- 
‘ 1 - I . .

— .~~ I - ‘ 
-

—(— 10 I 
I 

I

—~~~~~~~~~~~~~ — - s — •— ~~~~~~ -

- 1 —

—1 0  - 
I I  ~~~

— : —
~~~ 

-
~ 

-

L.ANE 3 
~~~~~

‘ i . . —  - I ~~~~ 
I . —

PIT CH . ‘ : ‘ . S -
OUTPUT 

~~~~~~~~~~~~~~~~(mA) O~ -
~ 

—
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I 1.. 1—
- - 

. . :. I - . 1 .. I I  I

_ __*._ —._ _ 

~- — — — — — - — -‘ - r~—- ’-
— _

~
_ .1 0. ~_ . i . j _ . i ‘ - I - I --I I I I I I .  1 . 1 I __ i

t 
FAULT REMOVED

I 
SYST EM RE-ENGAGED IN TRIPLEX

L__._ LANE 2 OUTPUT FAIL TO ZERO

Fig. II Pitch output fail to zero



4-20

+12 - 
~ • • • j • • 

:.:
~~ I

ROLL
RATE

( D E G / S )  0 .

—12 

1 SECOND
MA RKERS I-- - 4-—.j-.--J.- -J.._.J ,~- ~I 4 uj  J._J~~ 4 J _

~ J 
+10. -- 

ROLL - 

ATTI T U DE - I 
(DEGREES) I H 0 .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-

~

I I !

LANE 2 - 
- I I I I  -

ROLL I j I I I I
OUTPUT 

~~~~~~~~~~~~ - 
.5T~. 

_ _
~~~~~~_ I~.~~~~ ._ ,I

( i-nA) . I 
- . I I

I .

—L I I I 
I

I I __ I _ I i . . I I .

4._ 4 .i L . -~ L .. -_ 1 - -4 - - . L -~~~. - 4_4~~—4—.--4.- 4_~~4 4~~. A -

S I I
S I

LANE 3 - I _ I .

OUTPUT o 
~~ 

r 

‘

~~~~~~ 

+

1 -I 

~ t ...... SYSTEM RE ENGAGED
IN TRIPLEX

I HARDOVER REMOVED
L~~~LANE 2 HARDOVER INJECIFO

Fig. I 2 Left wing down hardover



_____  - - - .—  .-- - - ---~~~~~~~-——- - — -_- 
~~~~~~~~~~~ 0

4-21

- . 1  . - -

FORE/AF 
I I

:I cL Ic  - - - - - - . . - 
- = - - S -

S’ICo 0
DEGREES) I

- - - - ,  - - -  - I ;
- - 

- 
- - - 

I 
- - - - - - -

- 
-4- 1 7 - - - - - - . I - -

RATE - - - 

. 

- - - I I - : - - 
-

-
~~ 

— —  t ~~~I

I SECOND
MAR5E~ S .  - -

P ITC H S -

A T T IULI E - Il C F C ,
~ E E 5 I  - - - 

I

0 - -.

-20 . - -

LANE I 
- 

S 

- 

- 
S

- - 1 - = - 
- 

- I -

I o A  

I 

_-L k

- 
- S .

- HI

1 
I

I~~ A 

j r 
I 

I

- I~~~~ I l _ S I ; T .  - I  I i I I i 1 ~~~’ - -

- I ISCS E..UP ‘ S IT I AL  TRIM Is ,s I C E N T R A L  INITIA l  TRIM ( - s  I NOSE- OOWN INITIAL TRIM

Fig. 13 Duplex configuration, nose-up hardovers

I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~ 

_ _~~~ _, ;.
_

~~~~~~~~ -
_ - — —

-
-

~~~~ 
-

~~~~~
- . .  — 

~~~~~~~~~~~~~~ -_ -~~~~~



__ ___-- - --- - - - —_ . .  — .-—- -- ------ --- - ------- --- -- 
__ 

~~
‘— T~~~

0
0
0

0
0 0

I-

II 4 4 Z is-

ut >- ~~~~4 ;;;
— I -  

~~~~~~~~~~~~~~~~~~~~— - .~~~~~~Q ~‘0

0 o o ~~~~l~~~~~ 4 U U u _ u
U) W -- •-i&J w — ‘
411 I ~~~~ ‘t w

Z v  ..~~~~~~~ x l  .~ U a o
U —~~~~-- /

‘ 

~~~~~A__,~ g ~
>— j - / ‘\ U J i ~J W

I ‘
~ ~~~~~~~~~~~~~~~~~ ——1 “ I I) (fl c f l  .‘ .‘_ / >- )- )-

• 1  _.l
_
~~~~~~ (1) 11) ‘-0  -

~~
I ~~~~ 

t~I x x x
- l i ,  W

1 1 W
i l ~~ ~ I _j 0

g I  ~~~~~~~~~~~~~~
• Il (f l 0 1

I I  ~~~ •

I i  (I) U.
_ _ _ _  I1 l u  - 4
0 0 0 0 I

7 I I
0 — 

_ _ 0 11)
~~~~~Cl) 

~~~~~~~ ~~
w

4
‘ I  -~~~

- - - — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~



— — -- .—— — —- -_— ——,-.— ---..—.— — — -——— ——.—_— —-—- ,——_ - — -——-— — -..,—•--——.S ,_ --— -——- .- -—- _ _ . - — — — . — - — — — — —-

5-I

SOME ASPECTS OF THE DESIGN AND DEVELOPMENT OF THE MARITIME
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St MMARY

This paper describes the design and development of the Automatic Transition and Dunking Sonar
Deployment Modes of the Autop ilot f itted to some Naval versions of the Westland Lynx helicopter.
Although development of these facilities has been in progress for several years and helicopters fitted
with these autopilot modes are now entering service the relevant design and implementation
technology represent a significant step forward in helicopter sy..~tems. These automatic manoeuvring
modes were developed for specific naval operational requirements, but applications for thi s type of
autopilot facility are envisaged and are actively being investigated, for more general offshore
helicopter operations including approach aids , air sea rescue activities and survey applications.

After a brief review of the basic stability augmentation system fitted to the Lynx Helicopter, the
paper describes the Synchronised Transition autopilot mode. This leads to the requirement for Sea
State Filtering of the height control signal and the development of the filter presently used in the Lynx
autopilot is described.

The paper concludes with a review of the design and development of the Cable Angle and Cable Height
hold autopilot modes that together provide the Sonar modes for stabilising the position of a dunking
sonar

1. STAB1I.ITY AUGMENTATION SYSTEM

To fully appreciate the way in which the Maritime Autopilot modes interface with the flight control
system it is useful to review the stability augmentation system (SAS) fitted to the Lynx helicopter.
This review is an outline description only of the key features of the SAS: for a more detailed
discussion the reader is referred to the paper ‘Some Design Aspects of the WG13 Rigid Rotor
Helicopter ’ ( R ef .  1) .

The Lyn x is fi t ted with a full  fou r axis stability augmentation system in which the computing and series
actuation are duplicated. In each control axis , the outputs of both lane series actuators are
mechanically force summed to provide a single output to the power control unit and mechanical fly ing
controls. This output is mechanically l imi ted  to nominally 10% of the total available blade angl e
travel in each control axis, and this authority l imitation is a significant factor which greatly
influenced the init ial  design of the SAS.

The fl ight  control system is implemented using analogue computing technology. Although using the
most up to date analogue electronic components , reliability, size and cost restraints have required
that the SAS, and Indeed the autopilot control laws remain relatively simpler a further constraint on
the design process. Consequently maximum use has been made of fixed gains and fixed time constant
control filters. Long term storage of a parameter datum always presents a problem in analogue
systems The Lynx automatic flight control system (AFCS), utilizes an electro- mechanical store for
the heading datum and a digital store for height . Future systems based on digital processors will
remove many of the design constraints since scheduled filters and gains and datum stores can be
incorporated with m .nimal  hardware  penalties.

1. 1 Pitch Axis Autostabi liser

One lane of the pitch SAS and its interface with the mechanical f ly ing control s is shown in Figure 1.
The control system show n is much simplified and show s only the key elements.

The mechanical controls reflect standard helicopter practice and incorporate an artificial feel unit , a
t r im  motor for manual adjustment  of the datum and a mechanical sum ming devIce such that the outpu t

- - from the SAS series actuators is incorporated into the drive to the power cont rol unit. As the SAS

4’
4
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Figure 1 Pitch Autostabiliser

feedback loop te~ds to oppose any pilot manoeuvre inputs, the pilot demand is electrically sensed and
a cancelling signnl via the gain K1 is fed into the SAS control law .

Stability augmentation is provided by sensing pitch attitude and feeding back the attitude and derived
• pitch rate. In view of the characteristics of the basic helicopter it ~as found necessary to utilize a

gain range on G5 which would contravene the control authority limitations . It was therefore necessary
to incorporate t~e limit funct ion 1.1 wh ich has a gain of 1 for value s of 8 less than ± 50 hence
allowing full  stab il iz~-tion in this at t i tude regime and , having a reduced gain for larger attitude
excursions, Therefore stability augmentation is somewhat impaired dur ing  manoeuvring flight but ,
as this normally occurs under pilot control , it is acceptable.

The C , G . t r immer  is simply a means which allow s the pilot to t r im  the SAS electrically such that the
series actuators ope rate abou t a null position . This fac i l ity  is necessary in view of the limited
authority available to the series actuators for control.

When the transition ~utoptlot mode is engaged the pitch axis control law demands a continually changing
t i i i i i i./)ndition as the speed is wound off. This would  cause series actuator saturation if some means
were not included to prevent it. Although the c i rcu i try  is not show n on Figure 1, the autopilot output
demand also drives the t n ”  motor directly via a hysteresis switch function , The characteristics of
this function are describe d in greater detail in the yaw axis SAS description. By thi s means the basic
t r im  of the pitch control axis is updated at intervals which  prevents saturat ion of the series actuator.

1, 2 Roll Axis Autostabiliser

One lane of the roll SAS and its interface with the mechanica l  f l y i n g  controls is shown on Figure 2.
The control system is shown in it’ simplest form and in this  respect is very s imilar  to that described
for the pitch axis.

Other than the form of the feedback control law the pitch SAS and the roll SAS are very similar.
Stability augmentation Is again provided by feeding back roll attitude and derived roll rate. In view of
the requirement for stabili?ation over large attitude excursions and the incompatible limit on control
authority the attitude term is limited to small excursions by the limit L 2. Thus at large bank angles

.~._~0I~14
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stability is provided mainly by the derived rate term with gain G~. Additional stability is required at
the low speed end of the flight envelope and in the hover, this is provided by the washed out attitude
feedback term with gain Ge,. In this case the time constant T 2 is very much longer than the time
constant T3 in the derived rate feedback path. In order to restore stability to an acceptable level at
higher speeds the t ime constant T 2 is reduced by means of a simple speed switched filter arrangement .

1. 3 Yaw Axis Autostabilj ser

The yaw axis autostabiliser incorporates a dup lex yaw damper and a simplex heading hold autopilot.
One lane of the yaw damper and its interface with the heading hold autopilot and the mechanical fly ing
controls is show n in Figure 3.

The mechanical flying controls in the yaw axis are essentially s imilar  to those in the pitch and roll
axes, but the yaw axis has an automatically controlled paraLlel trim motor. Small amplitude demand
signals are fed to the series actuator but , because of the very large yaw amplitudes possible, it is
necessary to t ransfer  most of the demand to the parallel t r im motor in order not to saturate the series
actuator. Whenever the series actuator demand exceeds about 50’~ of its total authority a hysteresis
switch operates to transfer the demand to the parallel trim motor , thereby leaving the series actuator
w i t s  authority to cope with the higher frequency stability augmentation function.

The yaw damper utilizes yaw rate feedback which is fed via the simple gain G r to the series actuator.
The heading hold autopilot control law receives a heading error signal from an electro- mechanical
store , the error then feeds through a proportional plus integral function to provide the demand signal.
The ~-ieading demand signal feeds to the parallel t r im motor dr ive  where it is summed with a com ponent
of the yaw damper demand before feeding to the hysteresis switch. Similarly a component of the
heading demand signal is summed with the yaw dam per dem~~n 1 to form the series actuator drive
signal.

To facilitate manual manoeuvring in yaw it is necessary to disengage the heading hold autopilot and
also reduce the gain G

r~ 
This function is controlled by pressure switches on the rudder pedals.
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1.4 Collective Axis Autostabiliser

At high fo rward speeds the Lynx helicopter has a tendency to instability in the pitch axis. The control
of this characteristic solely in the pitch axis necessitates increased control authority which would lead
to an unacc eptable runaway behaviour. Thus it was necessary to provide additional independent
stability augmentation. This was incorporated in the collective axis control, one lane and its
interlace with the mechanical flying controls is shown in Figure 4.

Rapid change in pitch attitude gives rise to a normal ~~celeration change which is sensed, fed ba ck
through the gain G n - and the washout filter with t ime constant T , to provide the drive to the
collective axis series actuators. The washout filter is necessary to remove long term acceleration
signals which would be experienced in manoeuvring flight.

The mechanical fly ing controls incorporate a parallel tr im motor which is only clutched to the
mechanical output during automatic manoeuvring involving collective control. The operation of the
parallel tr im function is otherwise similar to that in the yaw axis  and is used to remove large trim
offsets from the series actuator which would otherwise result from autopilot control.

2. AUTOMATIC TRANSITION AUTOPILOT

The automatic tr~Insition autopilot provides the facility for a controlled precision translation down
from an Initial height and speed da tum to the hover at a very much  lower height. The manoeuvre
entry and exit  conditions are variable a ith i n  defined ranges. To achieve the required l inear
glideslope profile ‘t is necessary to control height and speed synchronously ,  a hilst heading a n d
lateral speed control ensure that the helicopter maintains constant heading throughout the manoeuvre .
A summary of the manoeuvre is shown in F igure  5.

ih e  Transition provid es a l inear descent profile by synchronously maintaining constant deceleration
i n both the horizontal  and vertical axes. At engagement , the t ime to complete the manoeuvre is
defined by the forward ground speed and the fixed deceleration in the speed control law the
deceleration is chosen to give a suitable nominal execution time for the range of entry speeds. The

WIND

HORIZONTAL DISTANCE

SUMMARY -

I ~1ANGE OF ENTRY SPEEDS AND HEIGHTS
2 LINEAR GLIOE SCOPE

3 RAN GE OF HOVER HEIGHTS -

4 FLOWN INTO WIND
S SYNCHRONIZED HEIGHT AND SPEED MANOEUVRE
6 RADIO ALTIMETER HEIGHT SIGNAL SMOOTHING

I

Figure 5 The Transition Manoeuvre
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vertical manoeuvre is therefore programmed at engagement to reduce height with constant vertical
deceleration, which is a function of both initial speed and height errors. 130th the pitch axii and
collective axis demand signals ~re controlled to produce a smooth entry into the manoeuvre which is
essential to prevent a large build up of pitch attitude. The control laws are configured in such a way
as to ensure that the height transition finishes at the same time or before the speed transition to avoid
the undesirable condition of vertical descent at low altitude. The flare out of the manoeuvre is
approximately exponential and is controlled in sucl a way as to prevent unde rshoot and overshoot of
the final height and speed values. On complet ion of the manoeuvre the autopilot automatically switches
into the hover hold mode.

2. 1 Pitch Axis  Control

Control  of forward speed du r ing  the t rans i t ion  manoeuvre is effected by means of the pitch axis
control system shown in F igure  6.

The transition speed error 1 e is continuously computed by comparing the preset exit speed Ujj
which is nominally zero , wi th  the doppler der ived ground speed. The speed error passes through the
gain Gu and amp li tude l imi t  to produc e an accelerat ion demand signal t

d . During the linear
descent period of transition the liii it is saturated to ensure a constant value of acceleration demand.
As th e speed approaches the fina l value the speed e r ro r  1 e d i m i n i s h e s  t o a level such that the limit L4
is no longer saturated. At this point

I’ = G t  (1)

and the exponential f lare  to the f inal  value of l j j  commences  a ith G u ~ffcc t ~vely controlling the t ime
constant of the flare.

The acceleration error signal provides tb demand to the lc~ gitudinal cyclic control system and is
computed by comparing the demand a tth der ived fo rward  accelerat ion feedback U . Fo rward
accelerati rn feedback is derived from doppler ground speed 1 by means of a washout filter with ti n-e
constant T6 and a suitably chosen gain G~~. The doppler speed signal is compensated for attitude ,
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and hence spee d changes, by means of the pitch attitude feedback through the gain G and amplitude
limit L5 . The limit L 5 is to prevent autopilot saturation for large attitude transie&s which could
occur at commencement of the manoeuvre and would modif y the transi t ion profile undesirably . The
acceleration error signal U e passes through the fader c i rcui t  and thence a standard proportional
plus integral autopilot contro l law .

The resultant longitudinal cyclic pitch demand signal the n feeds into the pitc h axis a-’tostabiization
computing. The fader circuit is designed to provide a smooth entry to the manoeuvre at engagement
to prevent very large pitch attitude transients developing.

G was selected by experimental analysis to provide an exponential exit flare . In practic.~ the
se~lected value of G required that both axes of the transition manoeuvre were operated simultaneously
in order to obtain a”satisfacto ry flare for aU entry and exit conditions.

2.2 Collective Axis Control

Control of height during the transition manoeuvre is effecte d by means of the collective axis control
system shewn In Figure 7 .

The control signal is derived fro m radio altitude . To obtain a lii~.’ar glideslope the vertical
accele ration must be constant and synchronized to the for~vard speed transition except durin g the exit
flare . This is achieved by controlling height rate during the descent.

2. 3 Implementation of Control Law

ReferrIng to Figure 7 , the controUing height h f and height rate h
1 

signals are obtained from the Sea
State Filter circ uitry , which filters ra~ radio altitude and normal accelera tion in a complementary
fa shion. The derivation of the fi l ter is discussed late r . The controlling height erro r h

e 
is obtained

from the height signal h and the preset hover hei ght h 11. Height e r ror  is the n passed throug h the
square root circuit , multiplied by the constant  K and rate limited by ‘~6 to provide tho h~ ig ht rate
demand signal hd .
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h e i ght ra te ci-ro r h e is compi’- .i’d f rom heig ht rate demand h d and height rate l~~, which is then passed
via the engagement fader to the autopilot loop,

The fader circuit  ensures a smooth entry to the manoeuvre and the autopilot computin g function ,
provides a standard prop- rtional plus integral functio n suitably chosen to give good trackin g
characteristics during the sync h ronized manoeuvre .

The constant K is computed continuously by taking the speed e r ror  u , from the p itch control law and
the hei ght e r r o r  h . The t rack-s tore  circui t  tracks K until the manoeuvre is engaged . At tha t instant
h and u become~~he .nitial values h and u . respectively thus, the track-store circuit outputs the
store d value of K whic h is correct fo~ the ma~~euvre .

The exit f lare in the height transition manoeuvre is arranged to take place over the last few feet of
height error. The comparator  continuously compare s K with K~ he~ and switches at the appropria te
value of h . .A t this point the swi tch  S is operated by the switching logic changing the height rate
demand control law .

This control law results in an approximately exponer.tial exit flare in height and the constant K is
chosen to give a flare which is adequately sync h roni-~&’d with the flare in speed , a

2.4 Lateral Axes Control-Roll Axis

When the t rans i t ion  autopilot mode is engaged a simple roll autopilot function is activated. The
control law has two functional terms , the first provides additional roll rate damping by feeding back
a pseudo rate term derived from roll attitude and the second provides a lateral velocity hold function.
Lateral ground speed is dei-ived from the doppler-radar and is summed with a preset lateral velocity
demand vH. which  is nominally zero. The resultant lateral speed error is then summed with the
additional rate feedback term and the total demand signal sums into the autostabiliser control law at
the appropriate point ,  via the proportional plus integral autop ilot loop control law.

2.5 Lateral Ax is Control-Yaw Axis

When the t r ans i t i on  autopilot mode is engaged the yaw autostabiliser and heading hold autopilot as
previously descr ibed are also engaged.

2,6 Performance

The t rans i t ion  autopilot was  developed and its ç-~ r formance  evaluated wi th  the Westland Helicopters
l.inuted simulation facility. However, the development model did not include the Sea State Filter nor
did it incorporate the peculiarities associated a ith the doppler ground speed signal. W ith those
simplif icat ions the transit ion control la~~s were  developed very considerably to embrace the entry and
exit requirement s aiA to include the effects of wind speed and gusts.

I t was sound that the system was not significantly influenced by gusts but that variations in headwind
caused the termination of the manoeuvre to undershoot or overshoot by small amounts .  I-however, the
transition control laas were developed to a satisfactory standard w i t h i n  the constraints of the analogue
model. During development the gains and time constants were repeatedly adjusted in order to obtain
the beat empi r i ca l  compromise.

Dur ing  ini t ial  f l ight  testing, under near ideal conditions , the performance of the transition autopilot

~as found to be good and closely matched the predicted performance. However, when operated in the
intended environment over the sea the problems began to materialize. The main problems were
associated with the inadequacy of the Compiemeii ta ry Sea State F ilter , and the less than ideal output
from the doppler rada r . The transition control laws themselves were found to be satisfactory
requii-ing only minor change8 of Which th? must significant was reduction of the time to complete the
manoeuvre since in practice the original designed performance was unnecessarily stately.

A typical result is show n on Figure 8 in which an original simulator result is compared w ith the
in-flight result obtained during early flight trials. The comparison shows that the predicted and actual
performance were very close, the difference being partly attributed to a steady headwind in the real
flight case as well as an unsteady a tmr sphere .  In the case of the height profile the differenc e in entry
condition also contributed toward the general difference.

Now t iiat the problems associated with the doppler radar output and the Sea State Filter have been

o’- ercome~ the performance of the t r ansi t ion autopilot is considered to be very good under  most
conditions.

3. SFA STATE FILTER

For the T r a n s i t i on  Autopi l ot  rrode to funct ion  satisfactory over the sea surface it is essential that
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height information is available which is substantially free of sea motion interfet-ence. It is therefore
necessary to take raw radio altimeter output informat ion and process it to provide a smoothed mean
height signal. This causes very considerable problems wi th  analogue implementat ion when the system
performance requires significant at tenuation of sea motio n interference. The problem is

• further compounded when the helicoptei- is flying against the sea as the bandwid th  of the sea motion
seen by the radio altimeter is effectively enlarged. In practice the estimated bandwidth of the sea
motion is approximately d. c. to 30 lIz a it li peak to peak amplitude varying from zero to 20 ft. In
general the very large amplitudes are associated only wi th  the very low frequencies.

The approach tc the design of the sea state f i l t e r  was  to treat the sea motion interference of the height
signal as statistically identifiable noise and to use a complementary optimal filter design technique.

• - 3. 1 Filter Design Technique

The design of the complementary filter ut i l ized a technique  devised by Bode and Shannon and is
described fully in reference 2. In this case the technique is used to filter a combination of radio
altitude and normal acceleration signals in such a way as to derive , prim arily, a smoothed height
signal substantially free from the noise contaminat ion on both input signals. ‘l’he basic sche mat ic
arrangement of the f i l ter  is shown in Figure 9.

The t ransfer  funct ions  II (5) and Y (S) are functions of the Laplace variable S and in this case ,

- 1 (~ ) !~~
__ (2)

thus , to design the filter it is necessary to define the transfer function Y (s) to minimize the noise
error 6 on the output height signal. The input signals are radio height hiIA and normal acceleration
a
~ 

where ,

= h ii . (3)

• 

a

:

1I4:i~~~ 

-~~~~~~~~~
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The input signals are composed of the meaningful signal plus the noise components n 1 and n 2.

For the purposes of the analys is the no ise signals n and n 5 are assumed statistically independent and
sinusoidal in form such that transfer from the Laplace domain to the frequency domain may be
obtained by wri t ing~-

S = j W

Def in ing Gn 1 n~ (w), Gn 3 n3 (w) and Ge2e2(w)

as the pow er spect ral density functions of the various noise signals then.

Ge2e2(w) IH ( s) 1 ~ 
Gn 1 n~~(w) (5 )

Define the frequency response function

~~e pep (w )
\~, ( j -  ) • Ge ,e2 (w)  + Gn~ n2(a (6)

and an overall power spectral density funct ion ,

• G (a )  Ge2 (a )  ~ Gn 2 n 2~ a~ 
(•
~ )

~~~~~~~ T 
~~ 

Pi+ii~

~~~CEL~ RAT ION °~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

l i . 2  ~~~~~~~~~~ _ 
SMOOTHED

Figure 9 Complementary Filter Schematic

It is necessary to identify a function Y 1 (S) such that

*G( w) Y 1 (jw) . Y~~(j w ) (8)

*where Y 1(jw)  is the complex conjugate of Y 1 Ijw l . It is then possible to obtain a funct ion ,

Y2(s) = Y, ( s)  . (9 )

The function Y 2 (s)  may be expressed in partial fi-action s some of which will  be realisable and others
imaginary and hence unrealisable. The realisable component of Y2 (s) is designated Y~ (s) -

-V 
~
( s)

Y(s) 
~ (s) (10)

Having thus  defined the optimum filter transfer funct ion It is then possible to predict its performance
by computing the power spectral density of the output noise component and hence the rms amplitude
of the output. Ihe power spectral density function of the output noise is given by,

G(~~(w) (Y(s))3 Gn s na (w)+(1-Y(s))~ (Hs))1 Gn1 n1 (w) (11)
s j w  s j W ~ S j W

4 
3, 2 Power Spectral  Density Functions

From the foregoing it is evident that the key to the Success of this technique is the correct’
identi fication of the power spectral density functions of the noiae on the radio height signal and on the
normal acce le rometer  signal.
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3. 3 Acceleromete r Noise

In the absence of statistical data defining accelerometer noise it was decided to use a simple model of
amplitude lim ited white noise.

The power spectral density function is given very simply by

2A3
Gn~~n 1 (w ) —r— (12)

Where A is in the half amplitude of the noise.

3.4 Radio Altimeter Noise

A great deal of effort was expended in trying to identify a satis aetory power spectral density function
for the sea noise contamination on the radio height signal. A co .siderable study was made to
establish sensible limits for the bandwidth and amp litude of the worst  case sea states likely to be
encountered. Material for this study was obtained from reference 5 and led to the initial choice of
maximum peak to peak amplitudes of 20 ft. with maximum wave period of 15 seconds. Correlat ion
between amplitude and period was not assumed. Af te r  some difficulty in designing a realisable filter
to cope with these limiting conditions a more realisable worst case wave was defined with lower
amplitude and shorte r period .

References 3 and 4 give estimated power spectral density functions for sea wave motion.
U nfortunately these functions are empirical , based on observation and in general are not analytic
functions. They cannot therefore be used directly in the Bode and Shannon filter design technique.
This problem was solved by using computer based curve f i t t ing techniques to the empirical functions.

To obtain the fina l func tion considerable estimation , approximation and assumption was required, thus
it represented a somewhat devalued version of the functions quoted in references 3 and 4.

Evaluation of the transfe r func tion Y (5) was found limiting in as muc h as a significant element of the
function Y3 (S) was found to be complex and hence unrealisable . It was found that a much simple r
bandwidth limited white noise power spectral density function for the sea wave noise gave almost as
good results.

3.5 initial Filter Designs

After considerable investigation and des ign attempts using variations on the powe r spectral density
functions to obtain a sensthly realisable transfer function for Y (5) the following form was found to be
acceptable.

Y(s) K (s + a) 
— (13)

s2 + b s + c

The performance of the filter was evaluated by comparing the e r ror  6 on the output with the error n2
on the radio height input. For sea motion represented by white no ise of the appropria te amplitude
the attenuation met the requirements. However, for sea motion with the power spectral density
func tion defined by the curve fitting technique , the result was less satisfactory.

The prelimina ry complementary transfe r function for obtaining a satisfactory smoothed height signal
was of the fo rm :

K (s + a )  ‘1. h,, + .1(_.!~
_ ) 1 )~ 

a~ (14)
~ s2 + b + c  J l + T s  s~ + d + c J

The long time constant washout was included in the accelerometer te rm in order to wash-out long term
thermal and drif t  effects whic h mig ht otherwise prove undesirable . The long time constant was

— necessary In order not to influence the behaviour of the filte r at the frequencies of inte rest. The
analogue realisation of this f i l ter  is shown in Figure 10. It will be observed that the height rate output

is obta ined by picking off height rate at the appropriate point and feeding it through a lag.

The optimum design of a complementary filter to produce a hei ght rate signal was carried out along
the Line described for the height signal. It was found that a very good approximation to the optimum
complementary filter for height rate could be obtained simply by adding the lag term into the transfer
function, as shown in Figure 10.

3.6 Further Development

Considerable difficulties were encountered when attempts were made to Implement the sea sta te filter
design, In general the performance was found to be reasonable , but the washout filter on the
accele romete r input caused significant problems in particular at engagement. it was also found

4 - -
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i-’igure 10 Prel iminary Sea State Filter Design

difficult to construct a repeatable analogue filter with the long tii le constant. Further, totally
unacceptable problems were created by having to matc h the duplex lanes of the filte r in the dup lex autopilot

Further design effort  was of an emp irical nature and was based largely on simulation exercises using
the Westland Helicopte rs Limited simulator facility . In itially, most effort was concentrated on
modif y ing the washout filter suc h that the sea state filte r could be engaged immediately afte r significant
rnanoeuvre s which was previously not the case . Extensive modifications of the sea state filter followed
in which the gains , time constants and the general order of the filter were changed . In gene ral
the performance improvements in the modified filter were neglig ible , but the engagement problems
were largely overcome at the expense of filter complexity .

When fl ight tested the problems of engagement offsets and t ransients  and lane matching were found to
be satisfactory and acceptable transition profiles were obtained . However , excessive short period
noise was getting through the filter to the height rate output. As the noise was thought to originate at
the radio altimete r output the suggested solution required that the height rate output  be complemented
independently with the normal accelerometer output signal. The resultant sea sta te filter control law
is shown on Figure 11.

4. AUTOMATIC SONA R DEPLOY MI-:NT AUTOPILOT

The automatic sonar deployment autopilot is operated with the helicopter in a hover hold mode over the
sea , The sona r device is suspended , immersed , on a cable beneath the helicopter and its depth and

• attitude are controlled automatically by controlling helicopter hover height and plan position. The
hove r height autopilot  controls exposed ‘dry ’ cable length to a preset value , normally less than 100
feet. The plan position of the helicopter is determined by controlling the angle of departure of the
cable from the helicopter , (cable angle) to a preset t r im value. The theory of this method of control
is that in the absence of w ind  and sea dr i f t  effects , if the cable angl e is zero the sonar device will
adopt the required upright a t t i tude in the water .

The design of the ‘ dry ’ cable height control law was relatively straightforward since the conventional
hover height  hold autopilot had already been designed In conjunction with the transi t ion autopilot . The

4 
control law was modified accordingly using ‘dry cable length ‘ in place of radio altitude.

-
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Figure 11 Sea State Filte r

The design of the longitudinal  cyclic and lateral cyclic control law s to provide the plan position control
was not so easy. To evaluate the design the entire system was modelled using the Westland
Helicopters Limited analogu e simulation facil i ty and depended very heavily on selection of a suitable
simulation model for the cable.

4, 1 Plan Position Control 
-

Throughout the design phase both the longitudinal ~yclic and lateral cyclic control laws were of the
sam e form at, as the control reqt.irenient is very similar in both axes in what is nominally a steady
hover mode. It was found that dynamic differences could be taken care of by suitable choice of gains
and time constants for the relevant control laws.

The geometry of the sonar device deployment is shown in Figure 12. Although the geometry sho wn
relates to the longitudinal control axes it applies equally to the lateral control axes .  The displacements
occur as the result  of turbulence effects on the helicopte r and cable , steady wind effects on the cable ,
sea drift and sea motion of the type already discussed in the transition autopilot context. The net
result is that the cable defines an arbitrary profile between the helicopter and the sonar device.

In the ideal situation, in the absence of external effects , the cable would hang vertically beneath the
helicopter and the sonar device would naturally adopt an upright attitude. This condition defines the
datum and is also the condition that the cyclic control system must  try to create despite the above
mentioned exte rnal effects. The refore , the control system roust attempt to reduce to zero the cable
angle and the residual horizontal displacement which are re lated by the c able profile. It is the refore
nece ssa ry to identify a model def ining the cable profile which will obv iously be different for every set
of exte rnal conditions, It was found possible under limited external conditions to define a continuous
cable model. Howeve r , in the interests of simplic ity and the simulation requirements the init ial
model stud ied was of a rigid cable followed by a piece-wise linear model, both of whic h were easier to
simulate and proved adequate in the long term .

The initial longitudinal cyclic sonar control system is shown in Figure 13. Cable angle error is
obtained by comparing the computed cable angle with a preset value, the erro r is then passed through
the gain stage G9 c and the proportional plu s integral stage , to form the longitudinal cyclic pitch

4
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demand. The inclusion of the necessary integral term was found to be desta bilizing, the refo re , an
additional damping term was included.

Rathe r than use a doppler derived rate feedback term it was decided to derive a suitable signal from
pitc h a ttitude.

By considering the transfer functions,

e
-fl- and ~~~-

for the aircraft with autostabiization it was possible to identify

G~~~ -

~~~ 

(15)

which was essentially constant for the conditions defined by the sonar hover including steady winds.
Therefore a speed damping term was obtained from pitch attitude by feeding ethrough a pseudo
integrator and the gain G .

The stability of the inner loop was evaluated and could only be maintained for a limited range of values
for the gain G1. Similarly for f ixed values of G 1 within the stable range and a fixed value of k, the
stability of the outer loop could only be maintained for a limited range of values of G~~ . Choosing
suitable values for Ge,, and G~ would not ensure stability at all conditions as , with a fixed value of k ,
the loop gain is implic’ltly a function of hover height. Consequently the stability margins were very
small for the range of potential operating conditions and so an improved control law had to be
established.

The control system was improved by increasing the gain and hence bandwidth in the outer loop at the
expense of stability. Stability was restored by including a phase advance filter in the feedforward
path in the inner loop. The resultant control system is shown in Figure 14. The inner loop damping
feedback path was modified to include a washout filter to remove steady sta te tr im offsets which would
otherwise modify the system performance. The washout filter chosen for this also cancels
effectively with the proportional p lus integral term now included in the feedforward path of the inner
loop, thereby maintaining the correct form of damping feedback.

e C SET 
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FIgure 14 improved Longitudinal Cyclic Sonar Control System

• The performance of this system was evaluated and it was found that the bandwidth was not generally
suffic ient and also that the attenuation of cable angle disturbances corresponding to typical operational
sea state s was also insufficient.

Evaluation of the control system defined was carried out on the simulation using the rigid cable model.
ft was thoug ht tha t the use of a rigid cable model was a significant factor In the poor performance
obtained; it was therefo re dec ided to continue development with a more realistic cable model using a
number of discrete elemi’nts,
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Figure 15 Longitudinal Cyclic Sonar Control System

A number of changes were made to the control system , the result being si .cwn in Figure 15. The
control system conf iguration show n is for  the longitud ina l  control axes however , the lateral control
system is similar in concept although the gains and t i m e  constants  are chosen to suit. The main
change in the control system is the method of obtaining cable angle $~ . In this case a direct method
is used in which a fork device senses the angle of departure of the cable from the fuselage and is
compensated for pitch attitude variations. The impl i c i t  change in system stability with variation in
height can be compensated for by adjusting the time constant T 2 in the phase advance fil ter as a
function of dry cable height. Otherwise the control system is essentially unchanged.

Noise on the fork angle signal was found to be a prob le~a necessitating incorporation of a smoothing
lag w ith t ime constant T 1 in the cable angle error  signal path. The engagement fader  in the sam e
path prevents large a t t i tude  t rans ients  occu r r ing  on engagement. The damping feedback term s were
retained unchanged except for the gain G

11 
which was adjusted to obtain the desired performance with

the new system. The feedforward inner loop was changed to op t im ize  performance. The stability
restoring phase advance ne twork  allows for a variable t ime constant to compensate for stability
degradation with dry cable length or hover height. Also, the proportional plus Integral term was
re-optimised to suit the new control system.

The performance of the above system was found to be satisfactory for all operating conditions as far  as
could be evaluated by simulation. In all cases. f o r  all combinati ,ns of hover height, sona r depth .
sea state and wind speed def ining the operating fli ght envelope the control system could maintain the
cable angle wi th in  the required ± 5~ Howeve r , the addition of cable noise, reflected as noise on the
fork angle signal could under certain conditions cause the system to fall outside the requirements.
However , real cable noise and simulated cable noise dif fer  by virtue of the type of cable model
employed.

4. 4 Hover Height Control

Cont rol of hover height in the sonar autopilot mode was found to be relatively straightforward as much
• work had already been carried out for the hover hold mode in the transition aut opilot . In this case

‘ heigh t’ refers to the exposed or ‘ dry ’ cable length and a suitable signal is provided directly for thi s
eliminating the need for the use of the sea state filter. The collective dry cable angle control system
is shown in F igure 16.
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Figure 16 Collective Dry Cable Length Contro l Syste m

rhe control system computes a dry cable lengt h error  from the actual  value and the preset value , the
error signal is then passed th rough the gain stages Gd and - and the proportional plus integral
stage to demand collective blade angle. The preset dry cable length signal path includes the lag with
time constant T which prevents adjustment  t r ans ien t s  get t ing through the control system . The error
signal is limited by limiter L1 to prevent saturation at engagement and is also passed through an
engagement fader , which prevents large trar ,sients  o c c u r r i n g  on mode engagement.

The inner loop normal acceleration feedback is modified by a 10 second lag stage to provide a pseudo
height rate term for loop damping comparab le to the technique used in the cyclic control laws. A long
time constant washout f i l ter  is also included in this path to prevent steady state accelerometer offsets
from modif yin 1 the performance of the control  system.

The performance of this control system was simulated for all conditions and was found to be very stable
with a performance well within the requirements .  In this  case the requirement  is to hold dry cable
lengt h to ± 4 ft. including the case where the cable is being deployed at the rate of ± 1 ft. /sec. As with
the cyclic control system it was thought that cable noise might prove troublesome , but the inclusion of
a suitable filter in the dry cable length signal path would overcome this with little effect on performance ,
as the stability margins were more than adequate in this control axis .  
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DESIGN AND TESTING OF A REDUNDANT SKEWED INERTIAL SENSOR COMPLEX
FOR INT EGRATED NAVIGATION AND FLIGHT CONTROL

by
R . E . Ebne r

Litton Systems, Inc .
Woodland Ilil l d , Calif .

and
W . E . well

NASA La ngley
Hampton , Va.

A BSTRACT

Requirements for a redundant strapdown inertial sensor comp lex applied to V/ S T O L  airc r aft as
developed by NASA are presented . Results of a Litt on stud y fo r p r e l i m i n a r y  des ign of such a system
are then shown. Flig ht test data of a redundant , skewed axis st ra p down iner t i a l  sys tem are given ,
demons t ra t ing  the feasibi l i ty  of the pr imary  design aspec ts  of the  stud y p rog ram . This data c o n s i s t s  of
parity equation responses through var ious  f l i g ht cond i t i ons , showing res idual  noise l eve l s  on redundant
gyro  and accelerometer compar isons  as a measu re  of minimum fa i lu re - l eve l  detectabilit y, plus failure
isolation and navigation pe r fo rmance  through severa l  s imulated ins t rument  f a i l u r e s ,

INTRODUCTION

The use of helicopters and V/STOL aircraft in ap p l i c a t i o n s  in v o l v i n g  extended complex m a n e u v e r i n g
with limited pilot visibili ty places severe demands on th e  v e h i c l , ’ fli ght control system . Sensors used
b y th i s  equipment extend beyond standard rate g y r o s  and acce le rometers  into more nav iga t ion-or ien ted
devices which provide velocit . and posi tion outputs in o r d er  to achieve the des i red  disp lay and control
functio ns . Redunda nt sensing is then r equ i red  because  of the total re l iance of f l i gh t safety upon t hes e
sensor output s . Avionic s costs could escalate to unaccep table l e v e l s  u n l e s s  hig hly  efficient d e s i g n
technique s are employed .

This  paper desc r ibes  the p r e l i m i n a r y  desi gn of a r e d u n d a n t  s t r ap down i n e r t i a l  nav i ga t ion  un i t  and
subsequent flig ht testing of these concepts with existing strap down navigation ha”dware . Tho redundancy
concepts have thus been shown to be feasible and can lead to the av ion i c s e f f i c i e n cy  r e qu i r e d  in hig h-
perfor mance VIS[’.)I, applications .

APP[.ICATIONS

Redundancy  and rel iabi l i ty  re qu i r emen t s  for a f l igh t -con t ro l  sensor  comp lex  are a f u n c t i o n  of the
fI ght  control  modes employed plus the natural  stabil i t y of the a i r f r a m e . Table  I i l l u s t r a t e s  the g r o w i n g
importance of redundant i~ ertial data as SAS. CCV , autoland , and improved hand l i ng  modes  are  applied
to the a i r c r a f t  F C S . The equi pment  desc ribed in this  paper appl ies  to the more  demanding veh ic les ,
such as VTOL and ( ‘CV , w h e r e  r edundancy  is r e q u i r e d  for mos t  i ne r t i a l  f unc t i ons . Then , an i n t e g r a t e d
set of i n e r t i a l  s e n s o r s  w i t h  s e l f - c o n t a i n e d  r edundan t  p r ep r o c e s s i n g  can p rov e  v e r y  cos t - e f f ec t ive  over
separate , r edundan t  ra te , at t i tude , and navi gat ion se nsors .

T A BI .E  I IN E R T I A l .  DATA R E D U N D A N C Y  R E Q U I R E M E N T S  VS APPLICATION

r —

~~~~~ I 
-- 

FCS , ~~~~~~~~~land ,
Conventional  Yaw 3-Axis SAS, Reduced All-Weather

Redundant I n e r t i a l  Data I A i r c r a f t  SAS ~HW , CC’- - ’ Pilot Workload VTOL

At t i t u d e / h e a d in g  X X N N X

Y a w  rate N N X N

Pitc h / r o l l  ra tes  x - x x
Body acceleration X N X

Gr und speed/track 
- 

N X

Po s i t ion  coordinates I N
_____ _____  _ __ __ _ 1_ _ _ __ - - - -

SYSTF:M REQUIREMENrs

A preliminary system d e s i gn  was per formed by Lit ton ~ unde r  NASA c o n t r a c t  number  NAS~ - 13 8 4 7
f o r  an  e f f i c i e n t  i ne rh a l  sensor complex capable of mee t ing  VTOL re l iab i l i t y r e q u i r e m e n t s ,  V a r i o u s
d e s i g n  concepts  were t hen  f l i g h t - t e s t e d  with NASA sponsorsh i p us ing  a redundan t  st rap down sys tem
developed under  L i t t on  I R A D .

The motiv ati n f i r  these flight t ” st s  and the ea r l i e r  work t h a t  led to them was the foreseeable

- 
r e q u i r e n i e n t  fo r i p r av e d  scheduled operation of commercial  he l i cop te r s . in a typical situation th~-4 helicopter will depart a busy o i i t l v i n c  ai”nort , navi gate narrow terminal area corridors to avoid air

Lb _
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traffic delays, wend its way through a complex flight path to avoid resident ial  areas and obstacles such
as buildings which may be higher than its fli ght path, and finall y land on a small pad in the downtown
area. A typ ical flig ht might la st 9 to 12 minute s with a 5 -minu te  layover .

This ope r ating re gime is continuously within the most hazardous flight phase — t he takeoff , landing,
and ter mins.l area operation . Such operations are difficul t under the best of conditions;  however , under
poor visibili t y this  places an undue st ra in on bo th p ilots and schedule re l i ab i l i t y. These operational
cha racter is t ics  and pilot workload considerations require that ultimately these operations be la rge ly
automatic, par t icu la r ly  in category II and ill conditions . The resul tant  automatic fl ig ht control , guidance ,
and navigation system characterist ic s requ i re  velocity smoothing in the final  L anding phase and co ntin uous
navigation data during potential data dropouts  from external sources . This re qui res  inert ial  data. The
basic requirements for this terminal area navi gatio n are shown in Table  II (reference -~ I .

TAB I . E II — CIVIL HELICOPTER R E Q UiR E M E N T S  FOR T H E R MIN A L  A R E A  NAVIGATION

I . Req ui rements  for operation in proximity of To wi th in  153 m (500 f t )
obs tacles

.~. Accuracy  requirements :
Range 7.8 m (25 ft)
Velocit y I mi s  (2 k t )
Angular 0.05~

3. M u l t i ple a i r c r a f t  r e q u i r e m e n t s  I l a n d i n g / mm
1 . 75 km ( I  nm) long i tudina l  spacing

4 . Mult ip le pad r equ i r emen t s  12.? to 244 m (400 to 800 fu spacing
- 5 . Inert ial  smoothing r equ i rement s  I mIser  (2 k t )  INS for ve loc i t y  control

6. R e l i a b i l i t y / r e d u n d a n c y  requi rements Ca tegory  II dual autop ilot  or autop ilot p lus
independent monitor
Category UI tri ple redundancy

7 . Update  r a te  r e q u i r e m e n t s  I sec

8. Data link r e q u i r e m e n t s  8000 b i t s /s e c

i . R e q u i r e m e n t s  for si gnal cont inu i ty  and No m u l t ipath
f i d e l i t y ,  i nc lud ing  p rox imi ty  of obs t ac l e s  Use  ICAO ILS standardsL 0. In e r t i a l / r a d i o - i n e r t i a l  r e q u i r e m e n t s 1 n i/ s  (2 kt i iNS for velocity control

A sys tem which  depends on automat ic  op e r a t i o n s  and p r e c i s e  navi gation to the ex ten t  desc r ibed  above
must  have hi g h l y  r e l i ab l e  data so u r ce s~ t yp i c a l l y th i s  r e l i a b i l i t y  is obtained th rough  redundant  s enso r s .
The degree  to which f u t u r e  s y s t e m s  will depend on th i s  data fa r  exceeds any other system in use today;
t h e r e f o r e  c e r t a i n  s t r a t e g i e s  such as p ilot  se lect ion of a l t e r n a t e  equi pment mus t  a l so  be done a u t o m a t i c a l l y
because insufficient t ime  may ex is t  fo r  the pilot  to d e t e r m i n e  t h a t  a f a i l u r e  has  o c c u r r e d , wha t  has  fa i led ,
and to mak e an a l t e r n a t e  s e l ec t ion.

T h e  degree  of r e d u n d a n c y  r e q u i r e d  is  d r i v e n  b y t w o  f a c t o r s :  f i r s t , automatic r e d u n d a n cy  r e q u i r e s
at l e a s t  t h r e e  (in it s  to provide a bas i s  fo r  log ica l  dec i s ion  making and second , the ove ra l l  sy s t em f a i l u r e
ra te  m u s t  be acceptabl y low . This  l a t te r  f a i l u r e  ra te  i s  g e n e r a l l y  taken to be at leas t  as low as 0 ( 1 0 - 6 )
l a i l u r e s  per  f l i g h t  hour .  The p e r f o r m a n c e  of t r i ple u n i t s  can be obtained from th e  same ph ys ica l  hardware
as two uni t s  if the redundancy managemen t  In so f twa re  is p r o p e r l y  implemented.

An additional requirement is that the r e d u n da n t  sys tem b~ separated ph y s i c a l l y into at l e a s t  two
un i t s  which can each sta nd o lone  as an operat ional  unit . This  is  to p r ec lude  s imul taneous  loss  of the
en t i r e  4 y s t e n :  f rom a c c i d e n t a l  causes  such as a minor e l e c t r i c a l  f i r e . For c ivi l  appl i ca t ion  t h i s  separa-
t ion  should be in the  o r d e r  of I / 2  me te r . The impact  of th i s  r e q u i r e m e n t  is  to make the au tomat ic
r e d u n d a n cy  m a n a g e m e n t  much n i o r e  d i f f i cu l t  b e c a u s e  of the l ik e l i h o o d  of d ynamic  m i s a l i gnment  between
the t w o  units lie to vibration and flexure of the i n t erven ing  s t r u c t u r e . Add i t i ona l  s e p a r a t i o n  could have
an impact  on cont ro l  sv~~t e i  d e s i g n  since physical location in a g iven aircraft can i n f l u e n c e  g a i n  and
f i l t e r  char oct . ’  r i  s t i  C ii ,

‘\ut omati - a l l  v r e d u n d a n t  s vs t . ’n  -s for inert ial m e a s u r e m e n t  ‘y e n -  f i r s t  ~ t u l i e d  at M i l  in t he  l o t , -  i 0 ~n. f . r . ’n i ,’ ii . I h. space p r o g r a m  has been  the  f i r s t  to  use  r e d u n d a n t  c o n c e p t s  w i th  the  Shu t t l e  a vi o n i c s
r e p r e s e n t i n g  a b e t  t he  u l t i m a t e  t h a t  can be a ccompl i shed  t o d a y .  L o n g - t e r m  space m i ss i o n s  which rel y
on r e d u n d a n t  ~ ‘.- s t . I i  - g e n e r a l l y  c o - m t on t h e  a b i l i t y  of the v e h i c l e  to m a k e  c e r t a i n  m a n e u v e r s  or use  long
:t e g  r a t - n  tin-m e~ to i s o l a t e  a n i b i g i o u s  f a i l u r e s . The major  c o n c e r n  f o r  f u t u r e  a i r c  r a f t  avionics is rela-

t i v e l y  q u i c k . - lI m it  i , m m n o n l m i g m i m m s  f a i l u r e  d e t e c t i o n  and i s o l a t i on  ( 1 1 ) 1 . For f l i g ht control purposes,
s ~‘l~l ‘iv he a d - 1 m i c . ’e s m .  f l i g h t  con t ro l  a c c u r a cy  r e q u i r e m e n t s a re  r e l a t i v e l y  lax. However , fo r

p r e c i s i o n  n a v i g a t i o n  a r o u n d  obst .-ieJ, -s . t h e  l - l ) l  l . ’ . - l n m i q i . ’s r e q u i r e  r e f i n e m e n t . l i i , ’  p r i n c i pal p rob lem s
are the r .’’I i i - n  of false alarms and nj  s~~ , ’ m l  a l a r m s , I’he f a l s e  a la rm prohlei-n must he solved t hr o u g h
sop hi s l i m  .‘ ite’ l I ’ m  l i n i q i. - -~ - ‘ - l i i i ’  i : ,  i n t o  1 1 1 m g  a low a l a rm  t h r e  s h o l d  for early d e f e c t i o n  of t r u e  f a i l u re s ,
1. e., low missed alarm rat .’.
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Sys tem probabi l i ty  of fai lure (POF 5 ) may be divided into three catego ries:

POF’~ Probabil i t y that a fail ure occurs  and Is detected ( true a l a rm)

POF f = P r obabilit y that no f a i l u r e  occurs , but one is detected ( fa l se  ala rm)

POFm -~ Probabilit y that a fa i lure  occurs  and is undetected (missed  a l a rm)

Therefore POF = POP PCiF + POP = 0 (10 1
)s t f i i i

or on the  o r d e r  of i o 6 .

It is reasonable to expect the equi pment of a ma tu re , t r i p ley  redundant  syste m to achieve a true
fa i l u r e  rate on the orde r of 10~~ , ~liat is

POE’ + I’O F (1 ) l 0
t n-i

T h i s  means  tha t  f a l s e  a l a r m s  mus t  be somewhat  le s .  than  t h i s  number  if the p ilot is to have any con-
f idence in the r e su l t an t sys tem.  It would se. ’nm appropr ia te  that  the f a l s e  a la rm rate be at least  as low
as one in 10; tha t  is . if the f a i l u r e  indica tor  conies on , 9 t i me s  out of 0 there has actually been a failure .
This  implie s

POE
1 

o

In order  to ~ g I i i e ~-t ’ t h i s  sys tem l e v e l  p e r f o r m a n c e , the r e l i a b i l i t y  of any  one r e d u n d a n c y  t e s t  mus t
be si g n i f i c a n t l y  g r e a t e r  than  the r e l i a b i l i t y  of i i i , ’  h a r d w a r e  be ing  t e s t e d .

The exper imenta l  r e s u l t s  obta ined in these  f l i g ht t e s t s  ( a n d  o t h e r s , re f e r e n c e  4 )  would indicate  that
additional effort i s  requi r ed  in t h i s  a rea .

SySr !-:Nl )l-:SCRIPTION

The n a s ’ m g a t m ) r  des igned  to meet the p r o c e e d i n g  r e q u i r e m e n t s  was  c o n f i g u r e d  to consist of four inter-
c h a n g e a b l e  pl u g - i n  u n i t s .  Each unit conta ins  one of the redun dant  channel s of h a r dw a r e  c o n s i s t i n g  of a
T D F  t u n e d-g i m b a l  g y r o s cop e , two linear acce le romete r s , a computer with I /O , and a power supply.
The gyro/accelerometer axe s are skewed within each ghassis as shown in I’ i g u n , ’  I so that  when the four
channels are insta lied , as in Figure 2, the four  gyro  and ei g ht a c c e l e r o m e t e r  axes are  d i s t r i b u t e d  in
space . This  i n s u r e s  that normal  operat ion con t inues  r e g a r d l e s s  of w h i c h  two s e n s o r s  fa i l .  A c c u r a t e
i n t e r c h a n n e l  a l i g n m e nt is ma in t a ined  b y the a i r c r a f t  mount ing p r o v i s i o n s .  For appl i ca t ions  r e q u i r i n g

physical separation of units, channels may be separated by pairs . If s i g n i f i c a n t  a i r c r a f t  flexure occur s
between pair loc a t ions , however , redu ndancy n ianagent ent  p e r f o r mance of a t t i tude , heading,  veloci ty,
and navigation out-puts would degrade .

A simplifi em i sy s t em  block diagram i s  shown in Fi gure  3 , Each c h a n n e l  c o n s i s ts  of: one T D F  g y r o
wi th  p u l s e  r eb a la n c e  e l e c t r o nic s , two a c c e l e r o m e t e r s  wi th  p u l s e  r e b a l a n c e  e l e c t r o n i c s , one GP di g ita l
coniputs’ r , ex t e rna l  I/O , i n t e rna l  and in tercomputer  I /O , and power supply.

-- ~~~~~~~~~~~~~~~~ -
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The amount of cross-strapping between channel s has been minimized for reduced cost . Inertial
instrument data are transferred to other channels after computer processing; power supplies affect only
one channel. lnterchannel I/O and software synchronization are provided for sensor redundanc y corn-
parl.ons and to allow selection of sensors for further processing.

The system characteristics are summarized in Table Ill. Values are approximate, especially In the
area of computer requirements , navigation accuracy, a nd t h u s  sys tem cost , since they  a r e a function of
speciLc .~aer r equ i remen t s .  Some increase in weight and volume may be expected In a more demanding
thermal environment requiring hig hly efficient heat exchangers rather than impingement cooling.

TABLE III — SUMMARY OF SYSTEM
CHARACTERISTICS
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F i g u r e  1, S impl i f ied  System Block I)iagram

C O M P U T ER  M E C H A N I Z A T I O N

The f o u r - c h a n n e l  computer  m e c h a n i z a t i o n  which  has been selected is shown in Figure 4. F o l l o w in g
compensat ion of the  c h a n n e l ’ s local  i n s t r u m e n t s  for  cons tan t  e r r o r  c o e f f i c i e n t s , m e asu r em e n t s  a re  c r o s s -
fed between compute rs .  Each computer  then  p e r f o r m s  F D I / R N I  to select In s t r u m e n t s  to be used  for  sub-
sequent  c a l c u l a t i o n s. i able I\ ’ shows  i n s t r u m e n t  se lec t ion  log ic based on PD ! f a i l u r e  ind ica t ions  w h e r e
each channel  uses  a d i f f e r e n t  pa i r  of g y r o s . The advan tages  of t h i s  approach are  tha t  I )  er r o r  b u i l d u p s
w h i c h  occur d u r i n g  FDI in one or two c h a n n e l s  may be e l imina ted  by r e s e t i n g  to  a k n ow n - u n a f f e c t e d
channel , and 2 )  v e r y  s m a l l  d r i f t s , i n si de  of FF3 1 t h r e s h o l d s , can be detected and isolated by r e f e ren c e
to ex te rna l  da ta  such as pos i t i on  upda tes  or t e r m i n a l  e r r o r , for  subsequen t  n ’ia i n t er i a n c s ’  a c t i o n . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Figure  4. F o u r -  Channe l  Sof tware  \ t . - ~ l i a n i z a t i o n

T A B L E  IV — GYRO PAIR S E l . F( ’I l O N  VS l i e q u i r e r n e n t s for  M t r a p ( l o w n  n a v i g a t i o n  a re  not
FAIL UR F INI1I cA rION linu sal  in the r e d u n d a n t  impl e m e n t a t i o n . C o m p u t e r

— _________________________ r e q u I r e men t s a r e  for  a c o mpu t a t i o n a l  speed of approx-
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sYSI’EM FAII.URE PROBABILITY

The probability of system failure depends upon the basic component failure rates , redundant element
interconnections, and the probability of recovering from each failure condition through FDI (coverage).
Two failure rates have been calculated, one for ontntercial environments with a channel MTBF of 4000 hr
and the other for more extreme environments wit a channel MTBF of 2000 hr . This latter quantity is
equivalent to a full INS MTBF of 1600 hr. by adding one gyro and one accelerometer .

System attitude and navigation failure (NAy) is assumed to occur If gyro  er ror  exceeds I ‘/hr. Ang le’
rate output failure (FCS) is assumed to occur If gyro error exceeds I a/sec .

Figure 5 shows the probability of exceeding these two performance levels (NA\’ and FCS) without
recovery, i. e . ,  these system fails, as a fu nct ion of channel MTBF and flight ‘ •‘ i e .

Further detail on probability calculations is g iven in re ference  5.

“
I~I L  

~ i, -  

- 

H

Figure 5 . System Failure Probabi l i t y v s  Flig ht Dura t ion

FLIGHT TEST SYSTEM C O N F I G U R A T I O N

Several of the techniques employed In the preceding redundant system design were demonst ra ted  in
a NASA-sponsored flig ht test u ling Litton-developed equipment in November 1977 . These t e chn iques
were:

I , Four TDF gyros  capable of strap down naviga t ion , were in operat ion simul taneous ly .  The gyro
axes were skewed relat ive to one another  so that any combinat ion of two gy r o s  could be used to
provide the full three axes of rate information needed for Inertial navigation . Thus complete
failure of any two gyros could be tolerated .

Z. Six accelerometers wer e used , also skewed relative to each other . Toler ance of onl y a single
failure was demonstrated due to geometrical  limitations of the test sample .

3. Parity equations , f i l te r i ng , f ailure detection and isolation , and reselec tion of ins t ruments  for
data Input to the etrap down inertial navi gation based on the resu l t s  of FF3 1 were solved In real
time by a GP digital computer .

4. Two navigation sol utions based on a different selection of inertial instrument were maintained
simultaneously In the digital computer. Reinitialization of one solution to the variables of the
other was performed in flight, demonstrating a means of elimination of transients which can
occur In navigation while faulty Instruments are being identified and eliminated from the
navigation solution.

The redundant test system was configured on a Litton IRAD program and consisted of two orthogonal
I N - S O  inertial measurement units, one of them skewed relative to a i rcraf t  axes.  Fi gur e 6 shows the
installation of the two IMU . on a fli ght test pallet , and Figure 7 show s the pallet installed in the Litton
te .t aircraft , a Me r lin IV. along with the fli ght c omputer.

Figure 8 showi the geometry of the instrument axes, The skewed set of axes, X’, Y ’. and Z’, are
rotated b y 90’ from the nominal X , Y , Z set about the R axis . Thi s results in the four gyro spin axes,

I .a ~ - e,5.es.- ’tS. . .** “ - - - - ,S’ .‘ .~~~_ ____~~. ...‘q _.._ _. -. ., . — — se  “ .-.. -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1~~~ !T~~~ “~~~ a~ 
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Figure 7. Two LN-50 IMUs on Test Pallet
Figure 6. DuaL IMU Installation Installed in Test A i r c r a f t

Y, Y’, Z, and Z’, being equally spaced on a 90’
cone. Adjacent spin axes, e. g., Y’ and Z, are
60’ apart, a satisfactory separation for 3-axis

1 navigation data. While slight ly  less  optimum than
the 71’ of the octahedron shown in Figure I , nay-

x ’ R igation and fault  detection performance degradation
are negligible. An accelerometer is oriented

/ along each principal axis. Since groups of three
accelerometers lie in the same plane , e. g . ,  Y,

/ Z, and X’, and X, Y’ and Z’, and many inter-axis

________________ V —~~ F O R W A R D  :~:: ::: 90° . it 
~~~e

o 
~~~~~e

e
t~~~ 

unambigiously

For convenience, the input axes of every gyro
/ are labeled X and Y. A following subscript then

/ identifies the ph ysical gyro  involved . Table V

/ 
shows the r elat ionship between instrument  axes and
the bod y axes of Figure  8. The outputs of the two
lMUs are input to the same LN-50 computer, soft-
ware processing is structured as shown in Figure 9.Figure 8. Dual IMU Geomet ry

The predictable errors of each instrument are removed by compensation at an iteration rate of 64 Hz.
Simulated gyro or accelerometer errors  are manuall y Injected by means of the LN-50 control display unit,
The resulting redundant measurement s are compared in fai lure detection and isolation equations to deter-
mine which measurement is in error .

TABLE V
AXIS IDENTITIES

_____________ — -  - - - - m h t i T  
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Figure 9. Dual IMU Mechanization, Software 
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Two completely separate strapdown solutions are then formed . One is a reference solution using
the nonskewed IMU without instrument faults injected. The second solution is based on selectable
(manual or automatic via Ff1 results) pairs of gyros  and sets of accelerometers.  Design equations
perform coordinate transformations and account for the redundant measurement data containe’i in two
2-degree-of-freedom gyros. Two separate sets of quaternion coordinate t ransformations and inertial
navigation equations are then available for comparison. Transient s induced into the second solution by
manual fault Insertion prior to FDI response are th u s d i rec t ly  ob servable .

FLIG HT TEST RESULTS

The flig ht test consist ed of five fl ig hts of over 2 hours duration . During these flights, simulated
gyro and accelerometer faults were injected into the second navigation solution according to the timing
shown in Figure 10. The reference solution, undisturbed by these simulated fai lures , pr oduced excellent
navigation performance, ra ng ing from 0.4 to 1 . 2 nautical miles (radial)  per hour over the fiv e flig hts.
Velocity errors were allowed to propagate on the ground after the flight. Peaks of the Schuler oscilla-
tions are shown In Table VI, again Indicating satisfactory inertial navigation performance .

TABLE VI — RLN-50 FLIGHT
TEST VELOCITY PEAKS

- - i  - - ,, - ~~~~~~~~~~~~~~~~~~~~~~~~ e m ,  ‘ m l  00 i I m l  
(REFEREN CE SOLUTION )

I I IIS - - m  I (light X-VeIosul, ‘I - \ ,’ I , s i I e
l~~A i i  t - ;

,
~ 

I Psi tern  i l l  el- e l  i I l ~~~~i
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m m -  ‘ 5 5 •  S S O N  - - I - -
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Figure 10. Test Plan for NASA/Langley Flight Demonstration

Figure II shows the navigation perfo -Dance of the second solution minu s the reference solution of
one of the flights ( 14  November l 9 T ~’I . During the first hour of fli ght , the second solution was operating
with gyros  and accele rometers of the skewed IMU (60 ’ off level). Navigation error growth is less than
1 nm/hr per axis.

- -  
When a Z.4’/hr failure of gyro number 3 is

r r .- 1 4 5 ( 1 • 
injected into the computer, approximately 300 eeC-
onds elapses before the fa i lure  is det ected , the
correct  gyro  is Identified , and gyro number I (from

- 

~~~~~~~~~~~~~~~~ 
the level  1MW is substituted for the failed gyro.
During the detection and isolation time interval,

S L A T  tilt and veloci ty  e r ro r s  not removed b y simple
I subst i tu t io n of gyros  cause large position errors

(000 000 t si\ 10 “ to accumulate.
i _ S t E . — 

The simulated 1 .9-mg accelerometer failure
was detected and isolated in approximately 43 0 sec-
ond s . Some additional tilt and veloci ty  e r ro r s
accumulate dur ing  this interval , inc r~ asing the
navigation t ransient .

At a time of 4846 second s from en t ry  into the
navigate mode, all variables of the second naviga-

S t A T  t ion solution were set equal to those of the r e fe r -
ence solution during an a i rc ra f t  tu rn  of 180’ ,
including position, navigation direction cosines ,
velocities, and quate r nion e. This technique Is
possible with redundant systems due to the multi-
plicit y of inst rument s and computers. Note the
minimal bu ild up of navi ga t ion er ror  shown in
Figure 11 fo l lowing the reset .

Figure Il . Delta Latitude/Longitude Throug h
Simulated Failures

.4

L _______________________________ 
~~~~~~~~~~~~~~ ~~~~~~~~~~ 
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This is fur ther  i l lustrated in Figure 12 , which shows the difference in velocity measurements between
the two solutions.-: l)uring the 10 minute s after the reset , navigation equations use one gyro  in each IMU ,
the accelerometers of the skewed IMU , and initial condi t ions f r om the nonskewed solut ion — a complex
set of conditions which still resul ts  in excellent navigation performance . An operational redundant sys-
t e i N  would thus employ such a computer reset mechanism Immediately after  failure detection and isolation
to avoid most of the transient s shown in Figures I l  and 12 .

E ach of the gyro parit y equations represent s the combination of the outputs of two TDF gyros along a

cornn-ion vector d i rec t ion  so that vehicle rotations are cancelled , exposing e r ro r s  in either gyro.  The
parit y eq uation output , i l lus trated in Figure 13 , is then fil tered b y a f i r s t  order  f i l ter  with a time constant
of ~ I 2  seconds . For short t ime durat ions, the f i l ter  acts as an integration of the angular  rate error  of
the two gyros  along the vector direction.

Filtered par i t y equations for the 4 November 1977 flig ht a re shown in Figure i 4  throug h 22 . All  six

gyro equation output s are shown, and th ree  of the nine accelerometer equations. 112 and 134, FIgur es 14

and 19, are direct comparisons between redundant axes of the same IMU. Dis tu rbances in the plot s ar e
the r e su l t s  of normal g yr o  e r r o r s , such as bias , noise , scale facto r , g- and g 2 _ se nsit ive e r r o r s , and

residual dynamic e r ro rs  acted upon by the a i r c r a f t  environment  and fl ig ht prof i le . They present  an ideal

lower bound on the detection of failures .

113, 114, 124, and 123 involve compar i sons  of gyros  in separate IMUs so there are additional sources

of fluctuations including four axes of noise instead of only two, plus angular misalignm ent and bending

between IMUs . The largest  t r ans ie nt at takeoff is caused by a misalignment in yaw between IMUs , cal-

culated to be on the order of 0. I. ’. A gyrocompassing method was used to derive yaw alignment, leading
t o this limitation . FDI thresholds  were set at 0 . 1’ to avoid false alarms .

The effect of the simulated 2 . 4 ‘ / h r  failure of the XI gyro  ( F l )  i s shown in 113 and 114. FDI time for

both functions to reach the 0. I ’  th re sho ld  is l isted in Table VII . The second gyro  failure (F3 ) with an
amplitude of 0.9°/sec into the Xl gyro was detected and isolated much faster , 0 . 14 second s, and is

representative of the switching time which can be accomplished to avoid f l ig ht control transient s when
the ine r tial angle rate dat a are used for  st abili t y au gme nt at ion .

Accelerometer FF31 th resho lds  w e r e  set at 2 . 44 r n / s e c  (8 f t/ e e c ) ,  TABLE VII — FDI TIME VS

well above the t r ansien t s in a cce l e rome te r  p a r i t y  equa t ions , as shown F A I LU R E  AMPLITUDE

in Figures 20 through 22 . FDI t i m e s  for the 1 .9 mg and 0 . 1 24  g f a i lu re

amplitudes are g iven in Table V I I . ( si lo, ,

CONCLUSIONS ‘ I 45(0 . 24 °  hi 19( 4

I I, , , 09°’e~, 0.14

The successful flight testing of skewed, redundant st r ap down 
~~,, -  ~~~~

iner tial measurement unite of navi g ation qu a l i t y  has  shown the feac i -  - -

bility of use of these methods in achieving the hig h r e l i ab i l i t y  needed ~~~~~~~~~~~~~~ 4 5

for flight control sensors. Data showing the noise level of redundant

comparisons is presented in relation to FDI thresholds. Ihe  p r imary  remaining task is to define methods
of achieving stable alignments between sensors and means of measuring yaw angle misalignments ac-

curately at a reasonable cost.

NOMEN C LAT UR E

CCV control configured vehicle I/O = input or output

CEP = circular error probable KOP = thousand operations per second
FBW = fly~by~wire 

LRU = line r eplaceable unit
FCS = flig ht control sys tem MTBF = mean time between failures

FF31 = fai lure detection and isolation RM = redundancy management
fo-fo = fail~operativeffaIl_OPeratiVe 

SAS stability augment ation system
GP = general purpose SDF = single degree of freedom

IMU = inertial measurement unit TDF = two degree of freedom
INS = inertial navigation system VTOL = vertical takeoff and landing aircraft
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*The scatter of data point , in Figure 12 Is due to a time skew of 3 •econd e In data recording, and
aircraft heading changes.
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Fj ,, °e 13 Formation of Gyro Parity Equation

Figure 2, Delta Velocities Throug h In-flig ht Reset
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Figure 14 , F i l t e red  P a r i t y  E quation ~~ t put , Gyros I and 2
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Figure 15 , Filtered Parity Equa t ion  Output . Gyros  I and 3
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Figure It. ~ F i l t e r e d  Pari ty Equation Output , G V r N S  I and 4
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F i g u re  17 . F i l t e r e d  P a r i t y  Equa t ion  Outpu t , Gy ros  2 and  3

-, 
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II

Figure 18. Fi l t e r ed  P a r i t y  Equa t ion  Output , Gyros 2 and 4
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Figure 2 1 . F i l t e r e d  P a r i t y  E q u a t i o n  O u t p u t
Acce lerometers Y1 , X2, Y2, Z2
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Figure 22, F i l t e r e d  Par i ty  Equa t ion  Out put ,
A c c e l e r o m e t e r s  X l , Yl . X2 , Z2
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- u i t ,g b ,y -hi g I ’  1 ,:- - I image  iI,, - n. : ‘i : - t i  i i - - ’ : ‘ _ I; h i g h  : - - ;  - ‘ I ’  n -- i ’, , i s  a -u s  a 1 ,1 5 13  
- t  - r’ I ri ’- ,: i : ’ -  ± ‘ , i  ye n .  1 h :  :~ w I  ~ l 1 t ’ I ’ i , ‘ i n  : 1  s~- ~

,‘ v:: ‘“ r I ,  l o t ’  Si ; 1 3 , 5 ’ I- ’~± ’ e:i
• : ‘ ,, - r t a  a l , c t t  - - a - -~’ ’,I ‘ I , ’ p u - - a - : . ‘ a t - u nd I - - I : ;  , - . 5 O ~ _ i r t , - s / 5 ~) I i :  o t I  ~ in- -sI,.~ 1

a I ’ .: , ‘.1 ‘‘ - b - ~~~’ ‘ ri I 1 . 1 . ’ 10 3 - : ’  - -71’ : , ‘ -
- - n i h  1 - 1 1 , - . , . . ~~~~~ h . ±  I - I’ ,

‘ u , .r~’r ’uh-  - ~, 1 r t ’ - _i l- ~,’ 0 1 a ’. ‘- a  1,03 - ~‘-r ’ u’ u s ’. e n— l il ies  O~~ -v  ‘~~~ ‘ - n ; -  I - ‘ 1 rt I 15, I I ’
nil g t -  - 1 , ’ t u : ’ , - .

:
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,‘i I ’ ,- : ’ ’ l : i s  cx - - u r ~ ~ ~~~ u t -  ‘ u ’c t t f l i ,.’a l : I e t : i i  I s  . ,-‘ i s  u ’ei  u -  a ‘~~~ - ‘ I~~- : i ; i ~ - _ i c  0. I -  ni , I . u - . ‘ i t . ’
hel ic  ; • e r  - 1 1 h I ’  I - li ’ ::v:n ’t ’ t : ,

:- ~ 
, 

~- .  
~~~~ a l l  ‘ t i e ;‘ i I - ‘ needs :u s~~u - .‘,- n w h i c h  ; n -  v i i i ’ s  t i l i ’ i  w j ’  13 ‘ li ’ v j u i u : i .,, s ig h t ’ . I u , - - : i i t ,  - :~~‘

: the  ‘- y ;  e n m i ss I ‘n in  - - : I u : , l ’ he n u t c u ’  W, I’ 1 U ‘a i 11 be sensed by :i v - u i  ‘ - i l  i i  u- I i’ n ‘ n -  —

; ‘ Ic 1 sen:s  :‘ . I’ w i  1 1 I -~- C n : v t ’ r ’ t u ” il I n :  :i sc ni :‘ i l iv e r ” er ‘n d  t i s p t : i y , - ’ J  I: ‘ t i -  ‘ I-  I : :  ‘ 1
b , ~ 8 ‘1 ’  u - u  .~~~~‘ :, ‘:n ’ I ’~’ l ’t O U f l ’ t - l  1-1’ II  u - ,-± ; ’  n t , - I  l’l acu  i n  ‘ l i t ’  , - - i .- P ;  : 0 , I n i 1 u ’ ; - u - i i i 1 u - ~t ’ .1~” W t i u ’ l t u ’ u  i t

is :i ii  . 1 5 ;- 7 i ’ ’, _ :.- - - I ’  i i l u - - , I ‘ ‘ W I t  D ’ . s p  h: t y  i’ - -<a i t ;  I - : - a :: i , — l i l i an ’ - F l ’ ~ - i t i S  I Sp : I c e  in
‘ i i . . i_  u I : F

_
’ _ i l _ u , 

~ a b : I ‘ i t  i i  i v -  e n’ ‘ I , ’- , ‘ 1 . - e u - u i  used  t o r  ‘_ hu ’ i ’~- ~ n ’ ing  I - ‘ r I o - u : ’ i -  u :  ‘1 ni:: ’ n ’u r t , - n ~’, - i —

Ft ir ’ ti ,.rn , r e  ‘ h t u ’ p i , ‘ w i l l  Ii - ‘ be i l - I , ’ ‘ o w : I l . i 1 1  a 1:iu’ge n : : : :l ‘ u  - - 1  ‘ l i r c u - - h ’ ’ pa n - - i n - :~’’ e u ’ , t
w h i  .~~

- I l y i n g  i .a .  u i ;  o h  ‘ :u ’ - u ’ 11 u t  n i g h ’ w h i l t - ‘iii h i s  i ’ ‘ ‘ u . ’ i I:  is  ‘ u t c u ’ n i t u ’ i t  u- - I i n i
‘ he ; I c ’ , :u ’~ - ni ‘ I i , ’ a ,.’ u ’ ,’ u~~l , .

i t l u ’ I l o t ’ 03 1 ni  in  ; u r ’  I : i p t c ,  i s  a,-  ~ s ‘ I : -  I : i i  i b i  ‘ he p i I - ‘ ,- u i  1- u - i - - ed 1 y s i t ; - u - u - —
; i_i l ’  . u ,  I ‘ i i ’ : - ’ .,,~~‘ ‘,‘ :: ‘ t ’ t l n l t ’ I - i t t  ut  ‘ I t , -  ‘ ‘ - : - ‘ I .  : j ~ ::- i t i ( i n  1: 1 : : ;  _ 

i

~

’u: a se - u: ~ t~ n , : t o r , a - I ,  1’ 1 1 :1:. ‘ i o n  I I s p t ’ II , , W h i  ch i  w i  . 1, i. , :i 1 r ’  x i -  1111 ’ ed i r t  ‘ he ;- . t n u ’ I ,
F ,.i k I : :  ~ I ‘ i I ; tI u : :: t - : I c - I - i ’a can be :111 ‘a r : . T h i s  1 I :1; l ay  t’: i~, ‘ u s e  1 ,- i : : t u ’ , l  ‘ 0 ; l ’ P : i , ’ h i ’ u l i i ”
‘ ‘‘3 ’ DI : i - u - : - - -  , 11 : 0: u rep u ’  w b : i  i - l i  ‘o u ’ i v u - -I  v ’  : .  ‘i - I t ’ t c u’: i ’ : i tn l  ~- - ~ t ion  I l u i P  u , s m i S s  I

I • 
‘‘ ‘ 

‘ I s m in ‘ ~“ . 3  n c-ni i ~‘ 3:u ‘ : 1 - u - , - ’ , a’ I ‘ h V I i t ”  a~u :‘ ‘-g  u 1:: ‘, itt,’ ::tu ‘ I i ri  . 5:- h -  ‘ i- n ’ t n t - I l
0 u u ‘u’ ’ . j s si  ‘n: ‘ I : : u .t ‘ : 1 ’,’ u , - ~ p ’ - ~k , ’ ‘ i i ’ - - - I c ’ -c ’ ion 01 ‘ l i t ” : : ’ -  , - 

~t ui  u t ’  d . I u i C i , I ’  .
- I ’ : ~, ’ I i l u t  - ‘ i - u: L i i - t p l  ‘I- ’ c - in t I _ s 1 - -  u , : - ’ l  ‘ 0 t i ’ I I i i  i t y 1 u’ u ’ :t , ’ I , ’ :‘‘ ‘ ,i ~~~u I n u  - u - i ’ : , ’ I r : i t :

1 03gt :’ :~~
‘ -

. ::~ , a i 1 ’ ~~’’ 1 ’ :‘ 0 3 - i s , a - - - ;  : ,:‘ ‘ u - g - ’ ’ S t’’ S . .  1 1 1 - 0 3 ,  i i ’ 3 1 - , _ , 1 ’, ’ , - 01’ u he dl : : —
- I , :u - u - i l -  : : i r s’ ’ he  “031’. 1 - . , :- , ’ - :3 - 

- a; — v can :t - - u -v , ’ a u t - ;  .n.3-- r i ’ -u ,t . The
I u: a — , I t - I in S ’ u - - I  ‘ - ‘ I ‘‘ n i ’ s ’ I : - .; - ‘ 0: ’ I n t  t n , ’. j

A, ‘ l :j : ’ I n i - I l l ’ u’ as a :1 u - I ,: u : ’ al, .‘itu ‘ ion  Dis ;-I 1 1, 1 : ;  :-r ’’ . u i ’ ,~ i,’’ I u : ~~, ‘ ak: ’

o i r u t ’ 01’ ‘ i c y :  S ill I ’ ’ I i s : -  I_ -I; - ’ I - i s g u  ,‘ ‘ u : - - ’l :’ - ,ge , w h i _  e n t - u - - u - e u : ’ , ’  p i n ’ :: - u -  ‘ u - g e ’ :’
c u r :  : , u ’ , : ’ :, ‘ - ‘ 1  1 0 : ‘ _~~

- ‘ I - - I -  — u- ’l- ’ . I ’ ll ’ ’ n t ; ’  ca u : t -- ’ — e n — - u ’ - ’, ’ - ‘ I  i u - — u ’ t ’ l :- ’ C c i t t - I I I ’ - _

in ’ - - : - “ i u n ,t -- ,‘ u : - - ’ i s  - ‘ ± S C , ” ’ t” syt Y u-n o ,

F l . ’ . ‘ F
’ . 3 : ,  as  ‘ u t -  S h e - k  t i - , ’u ’ ,nn :-  01’ 31: in ’ ,- ,n- - ’ - i t  d i s ;n _ -I i ’ :1, ’ :’ ’ ’ -‘ . ,  I ’  co n sj : ’ ’ s t~ - - u : _ ~ ’

i s ; — l ’ uy s  : . ‘ :: I s  l a i n  n u : . ’ ‘‘u ’ ’ ’: ’  
- 

- ‘  - _ u :03 i ’u ’ i g u ’ , ‘i :‘vn:l a’: g e t i i ’  u ‘ u - : t : i l — ’ ,a’,’ :t ’ — r i
— -“ nit ni ’ :~~:,‘ 01 :, 1I ’ l S ’ r - , ’ ’ S u ’  S - I S u O l u ’:’ ’. ’ u - ,: I in -u:::’ ,- I - : h . er  - i n  I a u: n t - -  u -  o r ’ l u ’ - r I  - c - n i

I ’ - v i  c’es . ‘ : ‘ : ‘ - I , -i ‘a i I I  a 1~ a ‘ he c rew ‘ a ;- e u ’ ’u ’ - - the  a ye ’ e n .

i~ I ’S: ‘ i ’ ~ t’ p l i ; :  . : ‘ ,l ’ .:- ::: c,,-i , I ’  ‘ a - I l l  I i  ‘ v - I l _ u - ‘ a n : ’ u : . v  1 :, - ’ - ’. ,‘uli  u ’ u - ; i i i ’ ’ - - r u - n , ’ s in
• ti e Ii a; ,y ‘ u u ’ e :u b-u ’ r a — u t -  - _ ‘ h i ’  u’s- u - ,

113’ l o t ,  w u : , — ’ a : _ ,‘ t m ’ ,’~- u’ me - r u i ’  u : -— u - - S  -1 :- u- u i :

‘ h e  I n - ,’e 1 - : 1 1 , -n  ‘ i .  - - t:: ‘ - - n i -p  l - - y - r t i n : . i g u ’  u t  i i  d i a ;  l ay  sc reen  over
ut- i ’ n— t r y  — u : , ’ ‘ inn — , Tb i s  t - - - - u : ’ -  n:: ’Ii’ : t ; ’1 ‘‘ ‘ ‘ 11- ’ cu -a in  so tSr  ‘ l i ~~ u I ’ :  115 -~~~

S i  5 :n ’ I: a I ‘ l l ~ ’ - ‘ en ’ :,‘ ‘-Id in i g u -  , :t s ’ - ‘ - a i r t i t ’’ -  Ca rl 1 - -  a c tu i -- vu u by
r n c - w i ’  Si I ‘ - ‘, W e , ’ : ,  , - I . - ’ ’ ’ a : ‘ i c i l  in cu s ’  and b u :  u - - u - . ‘h i:: , ‘ I t ’ ’ I : : t : ’ , in  ‘- i c  cafl V I . ,~~ -

ii , - I -‘ : , - - I ‘ r o u ’ u ’ ‘ - u i ’ S ‘ n’ i s  n - n i - u - — I : ’ u” : .  - i - :u at-ic : ‘  i ’ t u e - - n  1’” u’ I I i  , :u ’it w i n - u i  - - I r : g  Ic
‘ : 0 1 -  u - i  a : ,  ‘ - - - t u c ’ k - -u, I u: 1 -i-—i .:; — : ‘ , I ’ ’ . :m n c e  ‘ i -  e v - i . i I  - ‘ i n i  c : i l I  l u  ; , - u - u  u’ : ’ , ’ :  1 ’ . ’ ‘a n : :’
h- ‘- .s u - ‘ - , u ’ ’ ‘ ‘ i nc  c u: 1 - ‘ ‘1 1 1: 1 u’u i _ : ‘‘  I

I I ’: - ,‘- - 1 i i  1 , - u ’  iu i  i , 1 I ,’i ‘ ih u: . ‘II,: , : I’ 1- - c  on u s p : 1 3 1 1 _ u - ‘ a’ ‘ u - ’ i r ~:~r : I ’  ‘ t i ,  I : : : i g u ’  v 1: 1  :i

- t , o  : I n k  i n  a S i ’  u .  1- I ’  n - n r : ’ - u - . :‘he u - u ’ - ‘ ‘ l y i n g  a ’ S I i i  w h i  St S i l l  1 . - u ’ ‘ - I ’  t s r  a gn
:‘- r’ he tic -, ‘ “n’ al 11 , ; - a - -  ‘ h: ~ I u’t:igu-’ . I- ’ u -  a - 25 h u t ’  ‘, I u -  ::~,‘ :~ ‘ ‘ I -  ‘ l u

u : :b eu  - 1  5 1’ .t ‘ - - ic : - , u ::u’ I ’ ’ u- I ‘a I — Ic I n ‘ 1,- - o u -  I - - u ’ 1 1 Mit 1 - wi  ‘ Ii 1 SI  - - ‘ V rue S i ’  S
I u’ u ’  - ti r i x ’’ I .  A ‘‘u” I , ‘ ‘ - u ,  - - ri 1.-’’ a -li i . - o - u” 1 1 y c i  ‘ h e r  a :~u ’:a i 1 e l  : : t t -  ~~ ‘ ‘ :-  v - u  gn’ l” ’ n i -  h i ’
-‘i a ‘- - - ‘ u —,- , n l u t i - o n I - I l : - ’ : n a t  I 0 3 1 3 ,  3 I - h ’ s r u  g r ay  n i l  a 1 c c - n , ’ ~~C fl i i i  I i - ’

- o r  ‘ I : , ”  - - r I , i  u : i  1 ‘a 1 1 p :- _ — - - i d e  a u -i ’ - : ; u t - i t -  I ’ — I no , u a i ‘ h i i  03 15 El -  I ’ . o r  iu :t u - —
- -  ‘ ‘ . 1, w h i  - I t  nor- - un, a ‘ - ‘ -  l~ t - ’ i - u ’ , 01’ ‘ h i —  ‘ u - ’i n s r : i s s i -  u:  ‘ 110’ by ‘ - i , ” h ’ , Pro - u ’ ’

:‘ u - r r e n i u L - i ’i i - u i  c : ‘ ;  - ica ’ - - s  ‘ t t - ” ' v - , I u - u ’ i - - u i . As :i Ci a ’ : ;- : ’  t i l e ’ -  ‘ hi ’ 1105 ’ c i i  ‘i l l  a: In: -
n : n : : , s s i  ‘~~ 01  ‘ he I :- -- ,’u ’ al l -b  p , : :5 :51: i n  1 gr ay  ‘ ‘ri -- s a-h I i u  a - - ‘ u - ’ - i n  :1:- u— - i

car t  be t n ’ ir : : : :- :j ’  to-I w i t h  u - ,l — re:n ’ - j i l ’, I n n  i u , t  311 g n i y  ‘ n- - s .  i t i t i v - , ‘h e  ti’ - “'b - i ’ can ge ’
i i  in : , sin i - -n u ’ h i ’ - ”  u , v  I u ’au :u”u -ui ’ - i n  I ‘i t .  - I”  i i  Is -n ‘ ii- - sal j  i ’ ’’ :1 I i t , ’ ‘ ‘ u i - - s O ,

h’S , — . 1-’ 11. ’ ,: - ’  u - - t O e s  ‘ I i - - ; n’ c’’ . l - t r ’ u - . ‘Iii ’- ; - i c ’ a u - u ’ sh - -wa ’ a h i g h  w y  - u ’  so- ui , ’ a :  ‘ h i  u ‘ n i t - k
hi ’ c x i ’  u ’ - u - I .

In  c’ us ” -  ‘ - : ‘g ’- ’ ui u: ’ - ’ .1 :, ‘ ‘ a 1-c I - - n : ’ e I l u :  I - - ’ : uj l , l u  n iv I-” ' m,a : - k ’ - ~I , a 51 5 ’ h i I C  : :Vn , —
S I , u - ’ - ’’  I t ;  Cr: Wi j I ~~ ’— a :  u I - u —  . I ’  - - i r: l’’’ ’ u - - i u : i n n  I ‘ ‘ - - I I u : ,- 1- ‘ ~~ ‘ - ‘ l i e : ’  w I ‘ Ii  ‘ 11, ’ ‘ - u — - ‘

c u - u I : , : ’ ’’ ii . ‘I _ l a i n  - u ” ’ i t  I w i l l  u ’ ’ ; i i iu - ’’ l i i ’, :‘: ‘ u ’ ’’ ’ t t - i h l  ~ i i  l i  :‘ ‘
I , : ’ ’ c i d  u ‘ i i ’  i t  200 oh - ‘

in ‘ l i ’S. Vu ’ c - u s c  tot ’ ’ l i e  h i g h  u - u ” s - ~ - 03  - ut sec ’ n r .

i -v  u ,  -a -a u k  w I ’  i i  ‘ hi  ~- : - , ; - “ ;  resen ’.s a n o - j on ; : -ob lern  - a r e a  i - - u -  ‘ I t - -  r : i  as  i o n s  Iu : m i n d . An 
‘ 1’t 10 C me tp  W I ’  ii n i p s  w1: r ’u ’ - i i ’  I - ide c - ’ n i ’ i ’ i i I ’ u i  a u ’ - re ; : - - : ‘ - u , ’ ‘ -  I 1-v s i  I ’~~~ —

u t ”  1 . h ’ t i  i s  k I n i l  0 1’ I’ u n  be a ’ ored on a ‘ - i ;  u.- in cod ,” - I I -  u’: -: , Pre: : an: I I : , ’ u l l  un ‘ n 01 a
- ‘ w rk  , u : , ’ w i t h  t h e  a m u ’  n ap  1’. b e comes  p i i s s i t 1  , ‘‘ ‘ I t o - u ’ ‘ I i ’-  u , ‘ :i ‘ I ’  n s mi s u n  i on
j  ,:: ‘ Ii :n r: - I~ nuhi be r  1’ g u - - ;  h i  a s y r nb i ’k i n  w h i - - i t  re p r e s e n t  u -u ’~~-, ’ i ve  ; ii i ’  1 ni oI ’ ’ h : ’  a i r —

c r - u t ’ ’ s i n ’ .’ , -ac- - 1 • 0 ‘uu’gr ’ ’ p0:1 1 ’ 1 t i c  , - i  in ’. - is les  u ’ ’ 5

-~ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 
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‘l’he c- -~t , ’s :i r’e u-i t ’ew L : ‘,s long , - t n  iy , c i - u : i ; ’h u mess : lges ‘sr i  l u  ‘ u ’ ; , l t n i t ’ : i  t ’  , ‘ - I i t i o: u - >, ‘ u ’ ’ —

in ue ly :t l o - : ’ t .  ‘ 1:1, ’ . ‘I’hu s iu ’ n i i ’ ’ hi y  ve r b : i l  i ni t ’orma ’ 1 — 0 1  u ’x~’ h i : , : i gu ’ , i : i u t  13,’ :iv - : l u - h .

‘ 113 , - ‘ u ’ : u : l s u ’u i ,s:u i -u i  l i n k  i’:un :u lso be used in  ‘ I n ’  : ; i p i i : r i t e  d i  l u _ c u h u t ,  i~ I I  k ’ I n~I u! t : F t a  S I n
be g, ’ n i u - u ’ , u t e d  ~ ni i ’~” :i~’d and be ‘:r a r t smi ~ . ’. n e . - r -  r : i u ’ u - u ’ u - , ‘ , ‘ I v : n i , ’. :i ’ ‘ i - - r i : :  , a i : ’ :’ ’ ‘ l i ’  i n —
I ’ , ” b ’ i u t : i t  i o n  w i l l  be ,I i sp l ay e d  -n the  M u I ’ . i l ’u r u c t i o n  i I i s p h : u y .  ;i~ ;- l i ’ i n i i i i : : u - n - i i —s :11 ,1 /  n ’ 1’ t ’  , ; - l t i c S
_ ‘i’ :1 c o t n u b i t t :u t  i s o  n t  bo th  ‘an be t n - : i n s n - i t  ‘ u ’it in coded L o a m . This  r iu ’’. I i - I  u t ,  , w ::  j i t ’  : i
‘01: i t t  I v - t I  ion 01’ ‘he ~‘;‘t’I - : t t  j i ” t i  ‘, i i::e - - I  ‘ ‘ h i , ’ ’ , - : i , l  I o e q u i p m e n t  : , r u t ‘ I t  I S i ’ : : , y  I t ’ -  , ;-  0 1 0  i : : i k u -  ‘

, I u ’’ u” ,’’ 1i~ bi fl10V~~ ii i t ’ t ’ iCu l t

‘ ,\ I p t i inuu’ tu ” n ’  I cs I a -i h a s  a ve ry  e c o n : , ’n :: i c and p ow eb ’t ’u l  0 ool in I n t ’~ t~ - i : i . u  ‘_ i - n i  e x i ’ I t :u n i g e  • t ’l :ic h i

S l i i I ’ i : ’ t u” u ’ ’o ns i sO ~ - - U not more • han  1.1 b i t s  i t ’ :u ‘h u ’:;n l i i ’ : u u a l  - i’; u - d i e ; ’  t~ n~ u - I I ’  - n is
used ( e ,  g . A SS I I ) .  The I l i t ’ t ’n ’n : i : i t  i - u :  ‘ - i  he ‘ n ’ :uni: ,n: ii u ‘, ed :- : iu i  bu ’ - i ’n::;—o:n u — i ‘a i ’ .hi  — I t - ’  h - I ;  - 1

tar- Mu I’ i Funct j un  Display . b-Su-nti: i ’ ~~t i5  of rep: i:-ts m d  o’ hu b’ regiil:ir’ n:ies:-:- ,1 — ,-:: uui g~’ l i t - h p  ‘ 0
1’”' u s” u - I ’. u - ‘ 13,— i : :

i I i u ~ ku a v Ii s i nai  shown in  E i g  . a ’ :i u i - I s  t o t ’  a l l  ‘ h i t ’ i u : p : t ’ - I u ’Vl -es such  - : u  key 1. -oau ’~I . 1 :  y
i c k  , h ’ S  I I  h : i h i  , ‘ c .

j ’  i : :~ - l w - v  : 1, - s  1 i ’ l g u ’:i :‘ i n ’ , I - u -  done j u t  :1, - v , ’: 1 w ay : ; , F i g .  15 : :h : - a - , : 0 3 t u  ima g , -
- 1 ’ - i  I t  I gI t : ’ u ”:r , ~~t i i ~ _ b - u :  sensor in  ‘he — - w u - u ’  L i i ’ ’  and ut ; -  - u -  t - , ’ : ; -  to ’, i n l i i : : : , ~ ’u Ifl ‘ 1 - - I t

I u - ’ . ,Stp t ” u - ; - - , :; i ‘ I - ‘ i t  IS  d o u t , ” I t i  I he i :- : : ig€- St  - u ’  i t ’s” W I ’  Ii - W - - I l h e n u ” l i t  I h t l e t t  S’ III~~S , - i S ’

u - u i’ i - .Si 01 ‘ lI t ’ t e n s  - u s .  The su’ntso u ’ lo u - ‘li t ’ I - - w i - u ’  n - a : ’ ’  u o i y  : I l i , a u ’: O  p t - u t  - - u ’ n , I : i u ’ in  ‘It u- ’
St - u ’ :- u i g e  wh : Ii ’ t h u  - - ‘Siu ”r ni :iv be a t i n  u - i n :gu ” :;u ’r : s  - :  , In  i- ’ig. . 1_ -ni. ‘.1:, : ‘  ‘:0 ’ l i  -- .i - 

-, it  i o u i  is i 1hit ~ tu -i t ,’uI wti, -u’ u ’ ‘inc hi I g,h u ’ - - o .  I t t ’ .  i - - u i  y t ” g n t u ” h i ’ ~- : i l t  b , S t -f  I l u ’ :1 1. 
~

- - u

i i i ’ s;-;-  ~ i . - - ~l i i 1 - l ’ . y  a t ’ ’ h’ ’ - I - - y e  u” ,- h u : i - ; u e s  w i l l  :1 ’ t - - - u : t ’ . I y  - I t - ;- u - u : . 1  u : ’ l i u - a ; ’: : i  I t 1 1 ii’ 
~ 

t~1
W i t  iS ,,” I i  uniW , :’,’. - 1g. l i  I t t -  W i n  in i- I v: iu t ’,’ I u : . -S ” l - l  - -  l- :us ’ u ’r ‘ I i u : ; - :iy  ‘cu: ’.  :dfleh’,

- ‘I 5r -b i ,’ 1’ , ’ ‘i’ whi i _ l i  ,- , -n t a i n s  :11:1 ‘ h t , ~ r ut:, i - u - , - l  ,“u’: u - u i ’ :— I - _ 
u I i:: - ig t- - ‘ a u :  i p u  I - ‘ I ar t . t I n ’

:‘‘ t up “ui: ;  I :o  a cx — u - - nt  to  1- -k  — ‘ 1 o ’ i - i l :  I a ’ I c- u ’ - - , l  v i  l u - a  ui < u - I ’  I ) , - l i t -  i:’ :age h - i t : —
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A LI NE BY L I N E  TYPE GENERATO R SYMBOL GENERATOR
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Fig . 8/9: TYPICAL IMAGES GENERATED BY A CHESS BOARD TYPE GENERATOR
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APPLICATIONS OF PA’ ‘TEt~N RECOGNITION SYSTEMS
FOR DAY/NIGHT PRECISION AIRCRAFT CONTROL

l -y

Alfred Kleider
Ph y s i c i s t

US Army Avionics R&D Activity
ATTN : DAV ,-’mA-E

Fort Monmoutlu , NJ USA

SUMMARY

A wide variety of mili,,ary and civilian tasks requiring the ;-ru-cl slon control of
helicopter position and movement can be addressed by the judicious emp loyment of pattern
recognition systems, This paper explores the philosophical and practical foundations
for the utilization of advanced technological developments in lasers and Charge Coupled
Devices (CCD) to provide li ght weight , low cost solutions to Ihesu- problems in day/night
operations. The spe- ’tal case of weather limited visibility is presented and projected
operational parameters ire discussed relative to near term availability - i f infra-red
devices (IRCCD) .

The concept of foi ture extraction is exp lored using the com l )lime nt ,uI’I one dimension-
al charact~- rIstics of wjrt ,- w t r e—l ike obstacles and a 1728 linusa r CCD Array as the found—
,ation of the Wire Obstacle Warning System (WOWS) presently in development. In this in—
stance the appropriate geometrical , optic al , and electroni c u i ’ nI ; ’ Il ibi l i t it’s w,- ri - combin—

f usd t ,  provide a real time automatic pattern recognit ii- : :  system for Nap—of -tb: ,-—Earth
( N u l l - S  h e l i c o p t e r  o p e r a t i o n s .

I n ,i s i m i l a r  u u a i b u n e r  c o o p e r a t i v e  “ ta r g e t s ” ar t ’ cons : - h t ’t  1 w i t h  a; ; ’ u -; ia t e  sensor
- t u - - - : s et r i e s  such t h a t  r e c o - n u u i t i o n  s in  be eft i-cted di~~it ,ilIy, Thus , u ,  con j u n c t i o n  w i t h
,m modest on—board i ’oull p u t e r  composed of L SI s e m i c o n d u c t - - r  S t r u c t u r u ” s , p o s i t l i u i  and p i l o t —
age .h , ~t a cun  be px - : - v i d u ’il a t  modest  C o s t .  The en u n ; - l o y i : i e n t  o f  a low power , u s ’ - l u l a t u d  i ll—
u c i i r t , u t i ’ r  p r o v i d e s  i c o m p a t i b l e  day / n i g h t  s y s t e m  w i t h  h i g h  bai’ k ’ ir u - u u: l t - -jec t uio n ,

1.0 BAu , K S tto(’ N I ) :

The r a p i d  advances  in  tech’aol qy ,  s p e c i f i ca l l y  i n  t he  a b c - m s  oh  t , a r - u e  S~’ , m l e  Ii :ti’ur r , m t u ’ui
( L S ! )  silicon It-vices and lasers , have provided the aviation - ‘ u ’u n : u i i : n i t ’ , w i t h  a w i d , -  va r i e t y

Of ‘t u -i tt i a l l y useful component-; and concepts. Snue’c if icalt \ ’ tht- :1,-; ’ ,’ l : ip u : : , ’u a t S  in  C h a r - n e
C, ’a; l ed  Devices (CCD) and micro urocessor—basod microcomputt-rs are of p articular int crt-st
i n  this area, The uses of these components are only limited by our imagination , and as
ah- . - ~’n in  an e a r l  iu - r p a p eh  ~ i n O t t a wa , C a u a - t u a , t h e  ~l , i t a  - r i - c u ’ s s i n g  c a p , I l . i l  i t  y of  CCD ’s
can be i t t  i l i . u t ’d u accomp lish pattern recu ’-;uaition and p a t n - - n : :  d i s c r i m i n a t i o n .

Time and the i n t e n t  of this conference does not lend itself to a discussion of a
physics of CCD’s, h ;w, ’v , ’r , one simple comment is :nemmane n t he  concepts  to be addressed
in he remaia-tt ’r of this paper. Whereas the components normally ,‘i uu- -,unt ,’r ,-d in an elect-
ronics lu-vice usually provide ~a controlled variation in current , voltage or frequency
and thereby result in the transfer of informa t ion in terms of modulation-demodulation
signals , t b ’  CCD is uniqi” ly  different. In the CCD it is a data Stream which is out-
p u t t e d  by t h e  d e v i c e .  In  essence the  CCD is t r ud y a d i i n i t a l  device  w h i c h  can be v a r i a b l y
~;u in t i z ed  to y i e l d  e i t hu ”r  a d u a l  or mu lti li- vu ’ l logic depending upon th~ tl~~çsholding tech-
niques employed. Thus , as in the Wir i ObstaCle W arnin n System (WOWS > ~2) a t  a binar~,u
logic is used to develop an algorithm to recognize the presence of a wire in the field
of view of the system . Similarly by selecting a suitable CCD filter to follow the CCD
sensc a shades of grey device can be developed to impart three dimensional information
to a scene in a two dimensional display.

To d a t e  the CCD has f-u ’ u’n employed in an imaging system in e i t h e r  an NxM m atrix
of elements or in . t  li n u ’,ir format which senses the scene in swept stri ps which are refor—
matted in a scan - :-- uai’ ,-rte r. ~ second broad use of CCD 5 is in the area of a tapped fil tt -r
which can be readily shal-u”d and tailored to f i t  specific systu ’m requir u ’nui - ’rits. In the
broadest sense t: u - concepts if pattern recognition must focus on dissimi larities; i.e.
those charactcristics of u it o-t ry and ~- lac’e’,,iont which provide a means for identitjcatjon .
In  ‘i simil .ir mann”r pat t ern recognition techniques can be utilized in CCD sensor based
sys tems  to ‘r u - i - i d e  m w i d e  v a r i e t y  of a i r c r a f t  u;:ii ~J ,muc ’ , - and cont ro l  f u n c t i : i n u s :  The success-
ful anti per bti ;is simple st s’,’stem matches the sensor -n i- -nun -try to compliment the target
asymmetries. To illu s tr it -’ , i f  oat - consi-lu ’red a one dur uu-nsiona l object such as the image
of a w i r e  i n  t tau ’ foca l ; lane ‘~f an op t ic i l  sensor it can Lu,’ i’t a a r , n c t t ’ r i zed r e l a t i v e  to re-
solution Is ,a:i orthogonal s t  with exclusive hi - n h anti low u; ,at ial frequency requirements.
Thus in s d - -sting .i au-nsor a single linear CCD with a ln rge number of small size elements
(8 , x 17 i , )  was c hc us u ’n  to p r o v i d e  h i g h  fnu - -n u u - ui -y resol-it ton perpendicular t o  t h e  ar r a y  and
i t  had -1 low f r -- -;:i us n~’y r es ;-or se p a r a l l e l  I - -  t h e  array. The low frequency response was
determined by ‘he un.-ch , i n a i c a l  scan mu ’ ’h , in i s m  and the scan to scan separation within the
t o t - i l f i e l d  of view .

Whe,’n w” address I- l i”  a r ea  of a i r c r a f t  ~ t i t d a n c e  and C o n t r i - t  w i t h  an eye to ut ilizing
a p a u - u - - n :~ ru’u ’iu -; n l t  ion syst -ri , ‘- 1 ’ ’ norma l ;-h- d i Iu ’nu:lasSocjat -ii with pattern recognition are
at - n e and ‘ (iF- 5- f l u ’  time nmru n e x l s ’- ’a ’ and t i - t a l l y  u n : l u - r  t he  c o n t r o l  - f  the system des igner .
To i l l  t a t  r i t e , in  a rei ’-- -p i i ti o n sy stu ’ui - t h e  - ;-‘ al may be to distinguish a tank from a truck
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so the presence of a large projection in the middle of the vehicle can be used as an
identifier since most tanks carry a large turret mounted gun. However , in a guidance
and control situation it is not an object which must be distinguished but rather a posit—
ion or a set of conditions. For those applications it is an apriori assumption that the
“target ” will be cooperative . In essence both the target itself and the target placement
can be counted as system elements which exhibit a synog istic relationship.

2.0 APPLICATIONS AND SYSTEMS :

In arriving at an application for a pattern recognition system it is required that
(1) a need must exist , (2) the need is unfulfilled or the solution is costly and/or
significantly raises the pilot workload.

The applications herein considered are related to helicopter aircraft because in the
first case the problem is unique to nap-of-the-earth (NOE) operations; in the second , the
operation is only meaningful for a helicopter , and lastly the update rates for a helicop-
ter are sufficiantly slow to permit an optical evaluation and interaction in a man/machine
interface. These applications in the order given above are (1) Wire Obstacle Detection ,
(2) Precision Hover and (3) Formation Flying .

2 .1  WOWS :

The f i r s t  i tem , the W i r e  Obstacle W a r n i n g  System (WOWS) has proceeded beyond the
concept stage and the system fabrication is nearing completion . The contractor , the
Fairchild Camera and Instrument Co. of Syosset , NY is scheduled to deliver WOWS on or
about 1 Dec 78 and flight testing is projected to begin in Apr ‘79. In this app lication
the object to the recognized was not within the control of the system designer , however ,
the unique signature of the wire was the forerunner of the concept and provides the key
to other applications.

The WOWS is shown conceptually in figures 1 and 2. It is a night vision device in-
corporating a GaAs laser illuminator which is synchronously pulsed with a gated image
intensifier. The system is designed to operate over a wide spread of light levels , how-
ever , its maximum effectivity is below 10-2 ft candles in a cli at weather situation .
Operation at 1.06 microns is also possible with a ali ght improvement over the .85 micron
GaAs system for light haze operations. The most promising low light level , all weather
system would use a pulsed 10.6 micron CO2 illumination system , however , the present status
of infrared CCD’s (IRCCD) is l imited to arrays composed of larger size individual elements.
For the purposes of w i r e  r ecogn i t i on , the elemen ta l  si z e lim i t s  the spatial frequency
capability of the device and thus negates the pattern recognition feature paramount to
the WOWS operation. Low reflectivity of wire materials at 10.6~ similarl y reduce the
usefulness of this wavelength for this type of system. As will be shown in the following
paper by Dr. DelBoca of US Army Avionics Research & Development Activity , Fort Monmouth ,
NJ , a successful lO.€’ it system requires refined detection techniques such as heterodyning
to provide adequate signal to noise. However , it must be remembered that in this app lica-
t ion the target is small (approximately l0~~ radians) and is non cooperative .

The WOWS is classified as a non—imaging system . As is shown in figure 3 WOWS is a
feature extraction device in that the objects imaged at the focal plane of the scanned
linear array are processed by a digital algorithm corresponding to the pattern of a
wire. Thus the system is blind to the trees and even the towers that Support the wire ,
and the on board computer dedicated to WOWS can only recognize and display the presence
and location of the wire.

This then is the key to other signature sensitive systems. For a given purpose the
target must be specificable in a unique digital format which can be filtered by the assoc-
iated computer to provide the necessary sensorial outputs to der ive  the necessary s igna l s
for aircraft guidance and/or control. The -~ystems which are treated in the following
sections are still in the realm of conce~mts. It remains to be seen if they will have
sufficient need or Cost effectiveness to be built and tested.

2.2 Precision Hover:

In a variety of situations , both military and commercial , i t  is h i g h l y  d e s i r a b l e  to
position a helicopter over a specific ground point. Even under daylight and calm weather
conditions the pilot is severely taxed to maintain a precise hover without visual corrective
inputs from the ground. To illustrate , in the installation of roo f mounted cool ing towers
and other equipments in hard to reach places, the helicopter has been used as a flying
crane. In fact , in the final placement of equipment , riggers such as those employed in
conventional crane operations are used to provide the guidance function for the pilot in
the form of hand signals. A system Capable of providing this “guidance ” function indepen-
dent of a ground crew member would be advantageous.

The utilization of a pattern which is readily described in a dig ital forma t , and one
whose asymmetry is deliberately included in the system design , can be matched to a CCD
sensor to provide a hig hly sensitive positioning system capable of both day and nigh’
opera t i on .

4 The selection of a CCD format should reflert ,in interplay with the target design.
For the precision hover sensor a target design , as shown in fiqure 4, has been selected
with a mixture of asymmetries and cueable symmetries which will allow the sensing of
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orientation as well as positionally corrective diognostics. The target design conforms
to the coni-,’eiitiona l 3x4 aspect ratio common to television frame format, This selection
of signature is thus consistent with an area CCD such as the Fairchild 211 which is a
244xl90 elemt-nt matrix whose photosensors are l8u by 14u w i t h  a center to center spacing
of 30w. Using a one (1) meter target whose design is implemented with cat eye retro-
reflectors about 3mm diameter and a 244xl90 CCD in the foca l plane could be effective
for heiu jht s up to 30 meters. The target image in the focal plan would encompass 165x220
elements at the maximum hover altitude ,

In operation the Precision Hover Device (PHD) would be mounted on a low grade stab—
ilized platform. The requirements for the platform are simple since the expected varia—

F 
tions on the thr t u - axis are small and do not involve rap id responses with incumbent hig h
G—loads. A dua l lens system which would accommodate an acquisition field of view as well
the higher nna qn in ic a t ion optic for accurate position mainta inance would be used to put
the aircraft on station . For both daytime and ni ght operations a low power CW laser ill—
utn inator  is used to ) - r o v t d u ’ both  su f f i c i e n t  s iqna l for  the CCD r ecogn i t i on  sys tem and to
alloW narrow band optical filtering to accommodate the background conditions in daylight
operations. The Pill) is not intended to function as a long range acquisition device and
t h e r e f o r e  no p r o v i s i o n s  , m n ’ e  i n c l u d e d  to t n h ~i i u c u , nav iii ,ati on to or s e l ec t i on  of the  t a r g e t .
Thus . the maximum operational range of the system is perhaps twice the tu t ,mximum hover
height , tu ’. 60 tuuu - t t -r s. Olii’iou sly ,i these short ranges the laser power requirements are
l~-w and well wi thin cost and salt -ny lim it ,itions. A 10 milliwatt CW system should con-
st -rv atively y i e l d  ~i ~i0N of ap8roximatr’ly 6db for dayli ght operations with a simplt ’ - ,-~~n i c a l
system employing a hOA t~~ lOOt s op tical bandpass filter. Initially it was fel t that a sophi—
s to - ,i ted f i l t e r  su ch as t h ~- ( t t r t ’ f r i t u , i t - n t t  O p t i c a l  D i s c r i m i n a t o r  ( D OD )  would  be requ i red

( for day 1t-~ht c ,t t ions. However , si ns,- I havt- elected to limit the acquisition require—
ments , the BOB , which is den -ed hr ~ u -t the L’,’iat f il ter , is no longer necessary .

it~u ’ritiona lly, the pilot locates the target visually or via other external clues and
wi th the PHD in its wide field of view mode the pi l ~-t views the target on the PHD display .
When the ta:clet is within t h e  proscribed bounds the pilot moves to the high magnification
:su ide positioning the aircraft until the tar u lu ’t intercept coincides with the display reti—
cule. These are shown in ti - t ure ~~ .

N t  Ut t h i , - ,i i ri-r a ft in posi tion and the bt o i’ u -r hu - i g h t  selected to k e e t -  t he  t a r q e t  image
size smull er than the CCD sensor array, the pilot enables the PHD. In the enable mode the
PHD diq i tall y locates the k- -yed in tersections and stores them in memory. Sac,’ so f i x - i ,
displacements and/or chanqes in image size and position are seen as aircraft - 

~t evi~ut ions.
Ha su ’i upon these pe rceive deviations correct ii’ signals can be either displayed tu ’ the
pilot or f e )  d i r e ct l y in to a flight control system. The sensitivity of the system is
such that it can - h - t e s t  uliqi t a l address changes of one element which t rans’iates as posit-
tonal cb t , u n i q u ’ s  of 6 mill im eters on the utround and a change in altitude of 10 centimeters.
Fo r p r a c t i c a l  r-tir ;-uises t i e -  vectorial rates i f  change are sensed and samplu -J over an ,upp r i i—
p r i a t e  t i m e  i n t e r u .- ,u l  t i )  p r o v i d u ’ thi - i - i  lo t co r r , -ct t i e  signals which c , m : i  be m e a n i n g f u l l y
imp lemented. However , the basic systu ’t -i s e n s i t t i - i t y  p e r m i t s  ant ic i ; - , mt o r y  d a t a  i n p u t s  to
permit pr’s ise hover where it is crit ic,i l t - a given mission.

The PHD is similar to a closed ,- i r c i i u t  TV u ’xi,-e; t that the target image is tra nsl. tt ,-d
to a set of a s y mme t r i c  d i q i t i l  coord i t t a t e s .  In  the pattern shown in figuni - 4 t h u - t i - ar-
t en  ( 1 0 )  keyed i n t e r s e c t i o n s  w i t h  a pr u-c isp spat ia l and qu-ornet n c  r e l ,u t i i - : t s b i i p ,  Thus ,
the si- a t - -n ca n be -~~ ‘ e r a t u -d wi th a hig h prob,-u b i l i t . y  of ul ,’t, -ction and a h i - n h  f a l s u - al a rm
ra t e  ( co r r e s p o n d i n g  t ’ - low ‘N i for each of the points and still n- - sal t in an ove r a l l
system whose detection probability is high with a v e r y  low f,clse alarm rate. In e S s - ’u i u ’ u ’
the TV i r n a q t - is dually sensed. In one tuis t ,io , ’u ’ I hi- raw v is combin,’d to yield a
conventiona l scene and in the other instance thu raw v iulu-o is filtered non dt ’sl r u -I ti-e ly
to perform feature ext rou t ion according to - u prescribed a t  Oh insh b u s t  ions ent - i  - fd t a t - -

t h ~- PHD memory. The incorporated n-t’o;ram is flexible t o  the ext -n t that i t  is c }- ah i lu ’
of scaling in size as well as for i n i t i a l  x , y o f f s e t s , howi -~- ,- r  ‘i i i ’,’ t h u - s i -  f a c t - - r s  a re
determined the act of enab lin— n the system sets the specific dat ,i addresses and changes
an- - sensed as deviations to be rep -- rt u- d to the  d i s p l a y  or automatic flight c o n n  r i - l a ,

2 . 3  FORMATION FLIGHT A I D  ( F F A ) i

S e ve r a L  years ago helicopter rotor-tip lights were developed to ; r o v i - l , - v i s i b le  cues
for n i g h t  t i m e  f o r m a t i o n  f l i g h t .  ( ‘ )  It was shown in -a t a t  p r - - o ar  conducted a t  t ’ - - i t  Hood ,
TX t h a t  in c o n j u n c t i o n  w i t h  l i g h t  p a n e l s  p laced s t r a t e g i c a l l y  ,il~out t he a l- cra b t , such i t t
o;’er’it ton was feasible. The apparent size and shape of the elli ptical p,’ ,t crn descr ifii - - l
by the whirling rotor tip lights provided the pilot with both range cues and position
cues. Since the rot-ir blades have a fixed and known diameter t h ~- size is d i n - s n  ly ru - lat—
able  to r a n g e  in a g iven optica l syst - and the  s i z e  of the minc n d i , i n un u - t , -r - i i  the elli pse
gives an i n d i c a t  i -u i  of t he  p i l o t’s p o s i t i o n  r e l , a t i v u -  to the p lane of the n - i i to n blades.

While the rotor tip I i - u b i t  u s ( - s t - - ri seemed u s e f u l  i t  was  l u s t  t u - i h  i n  a; c u t  ion because
of the variabi l t t y  in  the  human f , u u - t - u r ~~u area . Contrary t o  the PHD , the t ar - ti-I Oh i n t e r e s t
possesses a high il ’ - -;ree - i f symmetry and regul arity. Thus the Formation Flight Aid S~ - s t u - r n
(FFAS ) c ap i t a l i z- s  on t i t - ’  u tt e rn regu lari t-1’ to i u i s - ’ r ; - o r , u t - -  a simpler sensor bo r n at , Here
again hu - sensor is -u CCD , h--st-v u -r , t h e  nuto tlu ’ i - a t u- i -aol u t  i - - n  of a ser i ’ S  oh lx i 00 linear
arrays are used in a ort h - i - n -- n - a l high and coarse resolution mode similar t o  the WOWS . In
the FFAS a series of such linear arrays ar u - used in the focal p lane and no mech anical
scanning is regu i r ---i, The form - it is shown in fi - n ire 6. The system i -; , t ics are designed
to insure that t h u  i n - i - n ’  of t h e  u S r  t i ;  circle -i r elli pse covers less t h a n  t h e  f u l l
u ’xt’e’t t of the seas- n’ . I f  t h e  mau ~ i I  - u s i u  of the  e l l i p s e  g e t s  l , a r - u e r  than the image size

I
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a p p r o p r i a t e  to a 13 m e t e r  d i ame te r  rotor  a t  a d i s t a n c e  of 30 me te r s  t he  FFAS provides
warnin g to the pilot. Actually it is possible to set both  m a x i m u m  and m i n i m u m  a l a r m
limits to aid the pilot in maintaining his position in the formation .

In operation the pilot closes to the preselect range. The target image then falls
on the sensor array and the system is switched from an acquired mode to a lock—on Status.
For the lock—on mode several things are caused to happen. First , the image of the target
ellipse is centered in azmuth such that an equa l number of arrays on the left and rig ht
of the sensor “see” the target. Thus as the lead aircraft varies in direction the FFAS
sensor tracks the change and a rotary shaft encoder provides heading information to the
pilot. Second, changes in range , as sensed by changes in diaiueter of the major axis , are

— 
compensated by a change in system optical magn ification , In this manner the image size
remains fixed and the range variations which are inversel y proportional to the magnifica-
tion are provided as pilotage data.

The FFAS is a nig ht time device . It is not necessary for the entire ellipse to fall
on the sensor. The location of several adjacent rows in the region about tile extremes on
the major axis are used to provide data to the system microcomputor which in turn caicu-
lates the minor axis dimension and displays the full elli pse .

3 . 0  C O N C I , I t S I O N S :

The concepts and systems which have been described perform a wide variety of tasks ,
however , throughout there exist a physical commonality which is the kernel of this pre-
sentation . In each instance the task to be performed has been matched to conform to the
charact eristics of an array cur matrix of quantized information elements. The tasks have

4 been reduced to a ;iattern which is digitally described and processed in a multi micro-
processor based system . In this manner the microprocessor , LSI hybrid semiconductors ,
and the CCD, all of which are products of a sing le technology, have been exploited to
perform necessary tasks for helicopter control and ’or guidance. While the tasks described
are representative , the future application of this methodology and technology can go far
to reduce the pilot work load while simultaneously improving the safety and utility of
the helicopter.
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HETERODYNINC, CO2 LASER RADAR FOR A I R b O R N E  A P P L I C A T I O N S
by

B. L. Del I3oca
US Army Avionics Research and Development Activity

Fort Monmouth , New Jersey 07703

R. J. Mongeon
Uni ted Technologies Research Center
East Hartford , Connecticut 06108

A n a l y s i s  of t a c t i c a l  s c e n a r i o s  i n d i c a t e s  a number  of radar requirements that are
op t i m a l l y solvable wi th low power 10.6 micron laser systems . Specifically the high
detectivity realizable with optical heterodyning receivers coupled with the efficiency
and versatility of 10.6 micron sources makes C02 heterodyne laser radars uni que candi-
dates for airborne app licit ions , This paper addresses the characteristics of optical
heti r r uiuh yuiing radars and considers the a;-;ilications pertinent to p u l s e d  and CW sources.

E xp l o r a t o r y  d e v e l o p m e n t  e f f o r t s  b y t h e  US Army A v i o n i c s  R e s e a r c h  and Deve lopmen t
A c t i v i ty  i n  c o n j u n c t i o n  w i t h  t o t t e d  Techno log ie s  Research  Cente r  have  been li r e c t e d
at  idva u ,cem u ’n t of the  s t a t e - o f - t h e - a r t  in a i r b o r n e  CO 2 h e t e r o d y n e  l a s e r  r a d a r  sys tems .
This paper will discuss the design considerations , hardware configura tion , and  tes t
results of flyable breadboard models which have demonstrated the feas ibil ity of emp loy—
t u t - ;  CO2 scanning laser systems for I c i r , - d e t i - c t i i ’ t t , p r e c i s i o n  hover , Dopp ler  n a v i g a t i o n ,
and  t e r r a i n f o l l o w in i a .

LIST OF SYMBOLS A N D  A L B R E V I A T I S N S

Sm i n  — M i n i m u m  r e c e i v e r  du - t e c t a bl e  a i - t n a l  for a given bandwidth
h — P l an c k ’  s ~~~~~t s t  a n t  6 .  t,-3 x 10  t - ~ ,Ici u l ,  sec .

— F’ ru - , u u , i u -n cv
B — Aa: tds- tdth
a — Qu~i nnsi :-t e f t  ic lency

— Wa ve lenu;tlu
Po — Peak t r , u n s n i  t si -t rial

S N - Signal to noise (t i ,-wu -r ) ratio
a - P u l s e w i d t h

— i \ , - 1 r a - n  w- -r
PRF — Pulse r’e p - t i t i o n  f u ’ ’ - ; i i - n cy

- ~t i n i m u m  r e c e i v e r  Je t  - - c t ub l e signal for a given PRF
T 5- ,-5  — S y s t e m  t r a n s m i s s i o n
T atm — A t n n o a ; - h u - r i c  t r a n s m i s s i o n

R - Range
DT , r — D i a m e t e r  of t r a n s m i t , r e c e i v e  a p e r t u r e

— Cross sect ion
- 2 u a m e t - r  of  w i r e
— T a r - ~ r e f l e c t i v i t y

g — I l e t e r n u t y n e  e f f i c i e n c y
I N 2 — Li q u i d  N I to-ten

1 . N’rp- t[-i t ,’i:’i~ ION

1.1 i ; - e r , u t t o n , a l Scena r io

In - i r d i - r  t - -  a c h i e v e  m i s s i o n  e f f e c t i v u - u t e s s  in  t h e  p r u - s e n t  t h r e a t  e n v i r o n m en t , Army
h e l i -  i t - - n - op e r a t i o n s  have f - t c u t t ; - - h  on t , - r r i i n  f I y i t t ~n. Specifically, terrain fl ying is
the  t a c t i c  of empi  l y i n g  a i r c r a f t  i n  such  a m a n n e r  as  to u t i l i z e  t h u -  t u r r a i n , - - - ‘ u n i ’ t o t i ” n ,
and m a n — m a d e  ob j ec t s  ‘ u - - - n h - a n t - r u -  survivability F-; degrading the c u l t - m y ’ s ability to vis-
i t a l l y ,  - i t i u t i l v ,  ‘i r  e l e c t r o n i c a l l y  S t - - c t  or loca te  the  a i r c r a f t .  Th i s  f l i g h t  r e g i m e
is l i v  i - l u - I i n  t h  u - a te q ’ ’r i e s  as  s k e t c h e d  in F i t ; .  1. N i p — o f — t h e — E a r t h  ( N O E l  f l i g ht  ( A )
i s  - ‘~- n - b t i c t - - u I a s  close t - i  I t t - ’  e a r t h ’ s sur f a c e  as v e g e t a t i o n  or i hs t , i c l e s  w i l l  ; - e r m i t  w i t h
var i l u ions i n ;u ircr i ft air spu -ed in - I a l t i t u d e. C o n t o u r  f l i g h t  ( B )  c o nf o r m s  un ’n i ’ i , i l l y  to
the  - - ‘ u u t o - t r s  sf t b ’  ear’ It , a t  low a l t i t u d e , and  is a l s o  - u c c o u n t ; ’I i s h e d  by v a r y i ng  a i r speed

.- and a l t i t u d e .  :~~- - ~~ l evel  fli g ht (C) occurs  a t  a g iven a l t  i t u d e ,. g e n e r a l l y  a l o n g  a s t r a i g h t
~ line , and with constant airspeed.

1.2 Problem f lu - f  i n i t i o n

In -- r - h u - r  I n  u-nhance operational effectiv u -nu-s s throug hout the f l i g h t  r e - q im e  desc r ibed
ab-,’,’u ’ , h i g h a c c u r a c y  s e n s o r s  i r e  necessary since warnin g t imes can be small , and room for
maneuver l i t - i t -  I . Additional l y, t h - ’ number of cues are far less than those available at
hig her al t itu-jes . Rivers , r- i ,ud crossings , and h i l l  t ips  can  o f ten  no t  be seen simultan—
ec u - o i l y  i n  a l a rge  a e r i a l  v i e w , b it t  r a t  he r  a re  c rossed  ( s r  m i s s t - d )  s e ri a l l y .  N h i u - t t  -‘hat -ac -l es
ut - - included “is ha z-ir - Is ti ’ t hu- a u’ low a l t i t u d e  f l i q h ts , t he - i v u i n ’ ,al l sensor  r e qu i r e m e n t  be-
comes that of achieving high r u ’ s c u l t i t i , u n  over modest  l i n e  of si g h t  r a n g e s .  As will be ite-ut ion -
‘S i - i ’ u - u i  shortly th is is the expect nil ; i e r b o r n a n n u -  capab iHt-’ i - n  o p t i c a l  r a d a r s.

4
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2. OPTICAL RADAR

Some of the overall characteristics of optical radars are noted in Fig. 2. In this
paper the term optical radar will generally imply radar wavelengths from the visible
throug h the infr an’e- ,l portion of the spectrum . As contrasted with microwaves , these
shorter optical wavelengths permit hig her spatial resolution for a given antenna aperture ,
better Doppler sensitivity, and increased temporal resolution. In order to select an
appropriate optical frequency, however , one must consider the factors pertinent to total
system performance (Fig. 2)

2 . 1 A~Iv~iu t t a g e s  o f CO 2 u~P t  ica l  R a d a r

While a detail ed ana l ysis of each criterion over the entire spectrum of optical
wavelengths is beyond the s~’o;-u - Ot this paper , a bri e f summary is :- r e .serited to indicate
the advantages inherent in CU’ heterodyne laser radars. The characteristics of low power
10.6 micro heterodyn i nq radar are show i in Fig. 3 wit the con- lusion to be drawn that
Co2 provides the optimum wavelenqth opti ‘al radar with res)-u~~ to source , receiver , and
atmospheric c o n s i d e r a t i o n s .

2 . 1 . 1 S o u r c e

~t i i i t t i n n ; ’ c n ’ t u t t t l y ,  10. 6 m i c r o n  l a s e r s  a re  v er s a t  i l t a  t r a n s m i t t e r s  p e r m i t t i n g  m o d u l a —
tion techniques fam iliar fr - i t t  microwave systems to be employed . The ability to operate
i2W , S~l-CN , p u l s e’w i d t h  a u n t  ~-n  p u l s e  r a te  v a r i a b l e  e n a b l e  t h e  s yst em  d e s ign er  to choose an
e f f i c i u t t t  source with an --;- t imum tra n smitter format matched to a given airborne scenario.

2 . 1 . 2 Rece i vu’r

P r e sen t  10 m i n t , - l ~ - t  u ’ct or I u - , ’ l ’ t u u i l - n v  has  made , l v ,u i l a b l e  d u r a b l e , h i g h q u a n t u m
e f i  i~ ’ i , - u t ’y ,  w i d ,~’ t ’ , in ~tc,’ i I t  , phot~ i v u i l t ~ i i c  d e t u - ,, - t t - i - a  f i i t ’  i n c o r p o r a t i o n  i n t o  i i ; - t  i t — a l  h e t e r o —
d y n e -  r ecur t ‘,- , - i - 

~t . ,\t -; a c i iu i se~p i u u ice ’ 0 1 i i, ’  t ru u ,i ’ t i i t i n  , r u c u  i ‘,~~~n s, ’n i s  i t iv  i t y i 5 not  1 im i  tedby u ’l u ’ct  r , i ni c  or ( - - n  n n o i s e  , or by h ,u , -k  n i t  o u r n u l  p h o t o n s  , w i t h  t h e  m i n i m u m  d e t e c t a b l e
( -ow,; r be i u i - -I de s C I’ i l ie I b~’

Smin _ ~~~ ~ 
helt a, ~ x l 0 ” 2 ~~W B = 1 Hz  ~~

‘- --- _ , ,
n n -  n =  .5

f - i t  ,i 1 ~~ t - , i t i l w l l t h . i u t I a F t  i - n t  i ’r  ~; uan t  t i n - ,  el  f i t - i c - n e c  , if  5 0 % .  I t  is t h i s  ne ’ i t ’  t h e o re t i , ,- a l
r e’C ’,’i ’.’’J r se’i i sj ’ ~~~~ t ’~

- , r e , u l t ‘ t i le ’ in  u - r , u c t  i c u - , t h a t  m ,ides m a n y  l o w  ; -u iw u - i  10 m i c r o n  m i s s i o n s
po ssible - .

In  ce nt  r a st  m u ;  10 m i c r o n  i r iS  ~ l i i r t  ~- n - ~‘ u ’c ’ - I - - t u - n t h  i’ a d, ir s  i t ~s a p p r o p r i a t e, t h e r u - f o ru ’ ,
t - - c o n s id er  t I n -  t i :  r i c a l  , i u i , l  ;‘ n i ct  i i i  a sp u - c - t s  a s s o c i at , -d w i t h  a c h i e ’’, i n q  u ’ f f j c i en t
h e ’ t ’ ~ , s u u l ’ , t i u  I - u s - n  n , i d , i r s  . I- i r s t  , i e c~’ i ‘icr s, - n i s i  t i ’, i t v i u t ; - n o c ’ e— s w i t h  w i v e  I ‘ t i g h t  because t l i u

~~~~~~~~~~ per U n i t  - - w , -u  a re  ‘ i u ~~( - i i  I i - n i l  to  w a v e l c - n u - n t  Ii  S u t ’ , a n S I , , e f f i c i e n t  h et e rod y n i n t i
it t _ - u  ut ~i a~ - , u t  u )  c ohu ’r , ’nc, ’ at  l u , a s t  u - - ;u a l  t i  t h e  n , - ,’, i v i n t - n  a ; ’ e ’ l t  t i r e ’ ,

,, ~f t he  r a d a r .  A i r
tu r b u l e n t , ’, - m d  r e - s u l t i n u - ,  i t i , l e x f 1 t i n t  n i t  i o n s  ( ‘ I i  t i , u  1 ly  d e s t  r o y  t h e  I r a n s ver se  cohe rence
,i ~ the  n c ’ t I ‘a -  n ,- , I a i - u n a  I . l ’hu ’ I u - n t - n , -r  w i v ’  I ‘- n i - n  t h s  a ru I e S S  sens  i t  i y e to t Ii is a t m o s p h e r i c
- i I - -  i i  i t  ion , ~is  shown , Li y t h e  f o l  l o w i n g  L u ,- p r u - s e n  t a t  ion . Cons i d i ’r  a a n n e  k i l - - m e t  - ‘ r o p t  i , s i l l  y
heterodyn inu .t n ,u ,i,u r i ; - u ’rat i i i - ;  i n  m i l d  t u r b u l u - n i c u - ;  i t  w o u l d  be r e ’st r i~~t , - l  t o  a .1 nest u ’ n

u’- - r t - u n ’ ’ u i p e u . u  t j ag a t  .6  3 m i c r o n s  wliu ’ ru ’i a a 10 m i n i  - - t i  r u d i  n ’ coo I d  i n  u i i  ze ci;-  n a 3 me - t e -r
a n t e n t t , i  f , ir  I i i , -  same r a ng e  and  t U r t n i l u ’ t i u u ’ , I i, - r ’ ,us,-d u- m t -; - ao,,1 on turbulenc e ’ di - n r u - i u i e a
t I e s  c o t u e r , - u u t  -u ;-~-n - I - i n - ‘ b e t h  w i u - - I u - n - j t  l i e  b u t  t he  i- i t  io i u r t 1 - n i - v u — i t n ’ - t r t  t i — n  t h e  I _ i n , ;  s a v e ’—
Iu - ninth s remains a ( - u - n - - x i r ” i t - - ( ’  ( ‘ 1, - a )  1 ’ ’ . A t t u l , f i n a l l y ,  f r o m  a pr ,mct i s i l  vi ’w;- , i i n t  t h u

m u - u t t  u n i cu i n - u n ’ i e l i t t , i l  i - iu t n ’ -r i t , a o l  s t a b i l i t  v - — I  t h e  a ;it i ’ ’, m l  l v  h u t  i - r i i ,l\ ’ t i n n q  n u ’uS i ver  I r e -
- ‘ a t t u u - r  - - n - - i l  j ze— u ’ ‘ t i u - - — r i - n - - n  w av , - I e t i - i t  h , , u ;~, i n t  i c u l i a n ly n u i i ; - -— rt u nit , — , , u u i s i d e r u t  i a n  f, i1 -
, u i r~i - - n - u i ~’ ’ - ’~ - I i c ’_ u l l  v to— t n  - ‘, I ’ ’ r r  i n i - i  u u I u  i t ;  n ‘I  j u g  u i t  i n n  , - t ase v i  bra I i — n u n  1 en ’,,’ i n - - u i u u t , ’n i t s

2 . 1 . 3 A t t - ---s ~ ium’ r l c s

The above  ~ - m r ,u in u;’hs - S lined i t t ’ -  f a v or a b l e  10 m i c r o n  sou r c e  m i n d  r u e s u ’ i ’,’u ’n-  - - l i i  r , u , - t  ‘n  —

i t t  ics ~una d it n w  remains - -  cu -n si lu -r the fi n al ma - - r  f a -  - I - i n -  i n n  - t u ’ t u ’r n un i n u i n r n i ; n  i ca l  rad,a r
teasibi It ‘ V .  nnarr i ’- l y  u - t o n - i c  ec,u t tu ’r in S  u ’ r  - u h ’ t - - ’ n  ~- t  inn , For 10. 1- n u i i c u i — n  r a d a r s , mole-
c u l a r  ul i s- i r ;- t ion - ‘ m t-;- - -1 by ‘‘t i - -u i - i l  or t 1 0  i s  e n i s u - I e n , u t  u - n i ,  b u t  a no t  uiu ~ n i o us ly

f e — u t i - - r I  i - uni t,’ coast I- n ut ions. F r  ex ,anu n ;- lu ’ , ,u 30°C I m l  t i n  - - i u i , l  ii 90 c u - n t  r e l a —
‘‘c a- - , I t  ‘ : re -s a l t s in I SR kin i -  -t , - - — s’my at I u — u u t i u t  i-at . The lim i t  n i n a ,ut n m i s 1 -tr--i i t ’ cons i S —

,‘r a t  i - - u  i t  a I l  - (  t i c al  n ’ i , h m u - ;  is I - - i , w i t  It  l - i n u t ; e - r  w i v u - l u - u i - ; t h s  once m i n i m  fin — c m -I to  I i ,

; t , u - - ’ u  t o r .  A I - - r i se  f - - n  - ‘ u n  u - i - - u - , - t i n  u i  l y l i m i t  it , - n , w i t h  100 I i i  P ut t i t t  u - a u n t  ions , I-u t moder—
l I e ’ fogs h,u~ ’ i n - i  v i r n i b i  l i t  t n t ;  u f  a I - i - n ’ - u x i m a t - - l y  - 2 - 0 - i _ - I _ - i s  ( 1 1 r - t - u  r, I i ;rm i ul 5,ite ’r 5 - n t - u t
r,’sult in o nu l- _ - la,II1 knur u t  t u - u i t i u t  ion I t  l O . u i m i i i  - - a s .  I t  i s  i u n i ; - u - n t m u t t  I i —  n u - ’n,~~~ 70 t h a t
w h i l e  t - -t t e - -  r ; u ~r f un n , u n i , ’e cann I I t  _ u d ~- ,1 l i v  ut t r t i t ; I l u - n  t - - ,— oni ,li I ~- — nis , t o  t l i e  i i l u i t  a t  l i t  lI ly

- 1. - I  ‘-a t i t t  n I ‘ ‘ n i - n  r i  ui - n u ’  - i l l  wu -~u ‘ her - ‘ ; i  ica 1 r a d a r s ,  t I i  u - r , - -u rm - many shor t ran ne ( c 10 km I
t a c t  ‘ i l  -.u’ ’ - u r , u i - i o s t h a t  can be S - ut t t a ’ t - r i l y  i l l  n - - t u r n - - I . As w i l l  t ’,  s l u - - s ’ n ,  t u b - - n t  l v  this is
pr -- - un i ly  - i n - r ; i i l  I - - f  n u a . i  I i i ng ii a e n , t u o n -  s -it ‘ i a lit - nm - ci e a r  ~- - -at t i n  m a n  ni u t ,

2. .! Cu ) 7 S - r i - -u - - n  C O n f i u ~~i r~i u u - - u _ S

For t i n - I t  r a i n  f l y i n g  s c e n a r i o  I -sen (bed e a r l i e r , a number  i i i  a;-e’cific t;i ’ns,-r t us ks
i d en t t n t i e d  as u t  n u u t , i l l y  so l v ab lu -  w i t  Ii ‘‘ - l a - n  ‘ n u t  CO 2 I , u u - u -r techniqueS . F i g u r e  -1

p r - - ide s I t i n t  i i  l i s t  s - l i t - - t i  s-ill su ’r v u ’ as I i i , - I - i s is  f o r  dj a , ’ , m u ; u ; i , an i n  t h i s  ; - a ; u e r ,  As
shown , ‘ he  n m , u u t s m j t t ’ - r  - a - u 1 i s  s e l u ’ ’ t ’ e l  (I ‘(s u n  h u n t on I i i - -  I u t j . ,  h u n  l u n g e  n u - t u - - l u t i o n  01

r n - u . i r t  i - - r i l ar l y  I t~~’ ’ ~~-~ c l — i ’ ’  - ,i laa - k ’ i r i t i u e l , a e l i - — u t  ;‘ nil at ’  system is i - n - ‘ t u - r r e ’d .  A h igh
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t ret ltiu ’i ut ’y clock , synchronous with the transmit pulse , provides accurate time of fli ght
r ,n n n, n u - measurernt’nit. In addition , a short pulse system (1) simplifies the i le-si-g i n of the
Doppler tracking receiver which tunes the narrowband intermediate frequency (IF) ann i~’ l m f i e r
section , and (2) provides temporal isolation of transmitter feedthrouqh in  common ( t r a u t u ; -
m i t  ‘n e cu ’i ver )  a p e r t u r e  s y s t e r u r s .

Since optical wavelengths permit order i f  m ag n i t u d e  i m p r o v e men t u u  over  u n u i c r o w , u v e
I) , i ; ’ ( - I u ’u sensitivities , ,u CF CO 2 s y s t e m  can y i e ld  the  h i g h resolu tion nhr ,’e- axis Doppler
velocit y informat i - u i  n e ce s sa ry  f o r  a c c u r a t e  hover , and NOE naviq a ti mu n ’i . P. system desi gn
employing an acousto—opt ic ce ’l l  as a f r e q u e n c y  t r a n s l a t o r  p r o v i d e s  a I re ’u ; i i u ’u i c y  offset
local oscillator beam w h i l e ’  r e d u c i n g  the  comp l e x i t y  of the tnan sceiv i ’r . In order to
i, hn i e.’vu isolation from transmitter feedthrouqh a dual (transmit/re’ce- m ve) aperture or
a;-e’rture shared design would be incorporated .

.!.3 H e t - r o d y n e  Sys tem D e s i g n  C o n s i d e r a t i o n s

t’ u u ~Iu ’r st a nd i n g  the  f u n d a m e n t a l  h et e r o d y n e  se n s i t i v i t ie s d i s c u sse d  p r e v i o u s l y ,  t h e
sy s t e m  d - s i ~; nu e r  can now p e r f o r m  a n i a l y s u -s p e r t i n e n t  t - -  p e rf o r m a n c e  m u r t ;  i n  f o r  t he  set  of
ce n s o r  t a s k s  ou t l  m u i e d  above. For a pulsed hot u ’r o u t y u i u ’ system , the ;iow~-r r at ic’ of ;ie-a k

m , u n s m c t  s i g n a l  ( f i n )  t o  nnu i n u i m u m  r e c e i v e r  d e t e c t a b l e  s i c ;n a l  Sm i n  (‘NOIStS is given by
(S ~~~~~~~~ = f m S m i n  = Po/hfB/n where B is the bandwidth of thc matched f i l t u -r 1/ n
It = pul s u -w i d t h l .  Relatin g peak power to avu ’raq,’ I iwu~r by 

~av = Po a t x PRF = Po x
I B x PRF where PRF is the p u l s e  r ep e t i t i o n  I re’ u ; ; i en i c y  yields

(S ‘Nt L~ = ~~~~ 
~min 

hf (PRF)
- hf(PRF ) 

~m i n
I ’ n

For a 10 s-itt ave u - ti n , - l ower system , a PRF’ of  1 lIz , an,i an itle,m 1 (100 ; ‘ e ’ rc - r ; n  ) ~ t a t t u m
e f f i c i e n c y  d, - t u -c t t ir (n = 1) dete - c t - r ; the value of this r a t  i -  n - u ’ ; ’r - sen a 207  lii - f gain
I F i ~;. 5). If we assume t h e  target iun t i -r;: - pt it the m;nt i t o  lie -ann , . then I lie t e u ,  u ved u i ~~~t ’ - u t , ’r
s i g n a l  ( P 1. can F1 - den i ved f r o m  

~ av and  t l ie -  r o e , ’ ived si gnal I - - ui ~u i se u w c n i  I t  mu ’ n a u n
be - x ( - r e s 5 m a J in t e u u u i s of  

~~av by

( S  N )  = 
Pr 

= ~~~~~~~~~~~~~~ 
‘

,~~~~~~ ii-
R hf (PRF ) hi (PRI- ’)  4 g . -

n n

D ‘I i  atnie ’t  en  ,a I rece u vu- n i i- - r t u r e
R = range to I,a n g e ’t
o = target ru -f lu-c tivity

i 5\~5 sy st em  t r a n s n n n i s sj o t i
T~~t it = atrno sp tiu - r i c transmission

g = h u t  - r ~ u d y : t ~ - eff i t ’ ten icy

i :x ; - n - ’ssed in decibels this can be w ritten u

( S N ( dB 10 log P ay + 10 log (T 5~~5 g n n )  + 10 loa
(
Dl

) 
+ 10 ( log  Tat m  +

4

log ~ + log
PRF

For an ,nssumed u - vst u - uun h a v in g  t h e  I-el l i w iu t-n values

~av 
= 10 w m t t e

n = .5
T5~~5 = .1

o . l
= . 1

f l = l 0 cnrr

substitut ion yields ,

In ; N (dB = 207 dll — 33 da - 26 dB 4 10 (log Tatm — 2 log II — log PRF)

where the log formalism has bee n used on the r n - i h t  h a n d  Irr,ick , - t terms to th monstrate that
losses wi ll be ,ua- tus ’ i , i t u ’ I  wi th Tatm ‘ 1 , range , and PRF. One additional factor must be
- n t - - r e d  t -- address the probability of  false alarm . This term can be considered a signal
threshold I - s  noise value which provides a level of noise immunity , thus decreasing the
n -st - an false alarm r u t u ’. The r e m a i n i n g  ti -N after all of the above factors are taken n t t i r
account is ru- ’ --rred to i s  the is NI dB m arqnn; written ,

( 5 - N ) 111 ( S  N ) ~~8 — ~~~ N ) ,1~~ —

MA P e l I N  THRESH

Assigning a value of ( S  N ) dB — 15 dB as r e pr e s e n t a t i v e  f o r  t h i s  a n a l y s i s, y i e l d s ,
THRESH

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . ~~~~~~~~~~~~~~~~~~. -



~~

---“--- --- — ‘--

~~~~~~

- - — “ - ---.- --—

~~~~~~~~

- - - -  _—‘-—- _

~~~~ ~

— -,-----—- -_ ‘- - 

~~~~~~~~~~

— --

I~4

(S/N)dB = 133 — 20 log R -4- 10 (log Tatm log P R F )
MARGIN

The semi—log plot of fig. 5 is intended to graphically portray the physical and analytical
considerations examined above. The crosshatched area represents the (S/N)dR marg in avail-
able for weather and/or PRF considerations as a function of range. For a P~ F of 40 kHz ,
the remaining weather margin as a function of range is shown as doubly crosshatched .

3. CO2 WIRE DETECTION SENSOR

As mentioned earlier a prime app lication for CO2 pulsed hetuarodyne airborne laser
radars is the area of wire detection. Safety statis ’ics to date indicate that the US
Army and the Civilian Aviation Community are each recording over two aircraft wire strikes
per month.

In an ana lysis formulated according to the previous recipe , a low average power
(2.0 W a t t )  high PRF (40 kHz) system is anal yzed as a wire’ detection sensor (Fig. 6).
The various system and target characteristics have be’en folded into the calculations
with the’ resultant atmosphere/weathen - margin egual to 16 dB for norma l incidence and
5 dB for a 45° ang le of incidence ’ at a range of .5 km.

Lunde r in exp lora tory development program a Laser Obstacle/Terrain Avoidance Warn—
inq System (LOTAWS ) was developed and tested by the US Army Avionics R&D Activity and
United Technolog ies Research Center. The ru-suits obtained in ground and flig ht testing
are consistent with the previous analysis. The hie’terodyne CO~ laser radar utilized a
2.0 watt av e r a ge power , single- frequency, pulsed laser tranu smitter and a CW local oscilla—
tor wft -,,’h was slaved to the transmitt ,’r. A hiqh PRF (40 klIz) system was dictated by the-

‘ necessity to scan a wide field of view for the wire - detection task. The system was in—
stalled in a Cll-53P. helicopter and demonstrated the detection of .32 cnn fiu ’ld wire at
typical ranges of 500 meters and power lines at ranges to 1.6 km.

3.1. Major System Description

In its most basic form the LOTAWS mission consists of the identification of wire
threats and the incorporation of this information into a disp lay format for presentation
to a pilot. Figure 7 presents the major LOTAWS subsystems and their functional inter-
relation. The pulsed transmitter , delivering a 340 nsec pulse at a PRF of 40 kHz and
an average power of 2 W , is coupled via the germanium dup lexer to the common tran smit /
receive telescope and scanner. The electronicall y programmable wedge scanner is capable
of directing the 250 urad beam anywhere in a conical field of 30 Sea , wi th typical scan
pa ttu - rn s consisting of sp iral , cir - -i m l ar , or lir n- ,ur scans. The return radiation is mixed
for heterodynint; with the C( lacil oscillator at the duplexer and detected by a LN2-coolu’d
HqCdTe photovoltaic diode . The pulsed rf curr ent is amp lified by a wide bandwidth preamp
pri or to initial ~-ri)ce’s sing by the narri-w Inunidwidth Doppler tracking ru semver. This de—
sign enables amplifica t ion to occur it a ban dw i - Ith of 3 MHz while aircraft velocity in-
duced Dopplm -r shifts as -t re ,u t as 20 MHz are- tracked. After video detection of the pulse ,
the signal processor determines the range to the t a r a u -t return and discriminate ’s wire ’
returns from other background signals. For the initial LOTAWS tests a n d  as an a id f -- r
flight testing and evaluation , the I,OTAWS n- - turns were displayed on a storage monitor
wi th the’ scanner posi tion - -nnti ’ uall in q the azimuth and elevation coordinates. To furl Ii ,-r
aid the visualization , the stora-;e- display was scan c u i t - i v , -n  ted into TV format and electric-

‘ a l l y mixed wi th the view dc -t asted from a nose mounted TV camera. In tlais manner , a visua l
scene with low na tural ru-solution is augmented with high resolution wire information .

As shown in F m - n. 8, the - I,OTAWS system was divided into three functional inroups for
installation into a CH-53A helicopter. Thi’ optical transce i ver consisting of lasers ,
telescope , o p t i c s , an d - I e t , - r ’t o r s  was mounted behind the copilot ’s com ;-artmennt . The s c - u n u n , - r
was moun ted in the nose. The optical path between the transceiver and scanner covi - n i - il a
totu l d i i u t , u u i , - ’  o f 3.3 m and utilized three folding mirrors. The si-nnal proce ssor ant i t I n s —
;- i - i y were stationed aft u t  the observer/data recording station.

3.2. Transmitter

The I t T AW S  transm i tt u’r is depictu- it in Fit ; . 9 . The CO2 gain l ithe is a u ’ o n n v u ’u a t  i - - n u n  1
I - u s pressure , sealed—off , CW pumped , Brewster-window configuration. Pinsive- Q switching
is realized with the SF6 cu -I l , and the pulse width is determined primari ly by the dynamics
of the CO2 medium. The PRF is determined by the available - la in in u ’x cu -ss of loss with the
latt,’r largely detu ’ruunined by the unbleached loss of the SF6. Since op t-ma ting fm’ e’ l ueni -y
,l , - tm’ r rnm nes the’ available gain for a selected SF6 p ru- s su ini ’, b o t h  PRF  and  o ; t  i c a l  f r e q u e n cy
- - u n be -introl led by i - a c e r  - ‘ iv  i t  y l e n g t h .  A qr a t  n u t - n  is i n c l u d e d  n mu t h e  c,a ’s i t y  to  p n ‘‘ce i t

i’W oscillation at lines where the  SF 6 has  low or no loss and to u;, lect t b -  P2 0  O I’ u -ra t in g
l i n e .  To r e a l i z e  a li r -tu’ band wi -Ith len gth control servo , t h e  - n r , u t  i i i’ ;  was m o u n t e d  i t n t ,o a
s p e c i a l l y  d e s iq n u - S  , r u g - ; u ’ tl , t i l l  f n  us , i ’ZT d r i v e  w i t h  a n a t  i i r , u i  r e iu - - n a n t  f r e q u e n c y  ‘n- u --i t m ar
than 2 kli z .

A r e s o n a l - - r  w i t h  m i n i m u m  a n - n i i l m r  sensitiv ity m d  hi gh transverse mode- d iscn ’imina
tion was used in m inim i.el n -n the vi lri i t i o n u l  suscu - ;- t . m l ~ u l i t y  i i  t h e  t , r a n s m n t t u - r .  The s t a b l e
oper u t  t o n ,  bo th i n  t ru’-;uency and PRF , n ’ ’ p u l  m u - i l  that t t n ’ ’ laser op- -i t I -  s in g le mode . The
r e s o n at o r  f i n u l l y  used w a s  t t n ’  “ nm ’ ;t,ul ul e ’ ” resonator depicted in t’i - t  9b.  T h i s  low n u u a , n n j f —
icat ion , transmission coupletl configurat ion was realized by a comb mni t ion ci a “ Il , a t ”
LITTROW -t ra t inq, -u f l ,mt - - t u t  p u t  coup l e r ,  an d t he  w - - m k  l u - - n u t  iV C  lu ’ns ru’s ilt m g  from the t e m —
perat i n- - gradient in t h u  CO 2 ~;ain unt ’-el ium . Without the s-t v ,- guiding effects of the 5~~~i- mm —
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gain tube , the losses associated with the magnification would otherwi se be too great for
this relatively low gain a~iplication . With the wavequide enhancement , this confiquration
proved competitive in efficiency with stable’ designs but provided considerable improvement
in transverse mode discrimination in addition to increased tolerance to angular alignment.
A secondary characteristic of the unstable configuration of some importance was the large
in tr icavity mode size , which reduced the power density incident on the low thermal capacity
replica grating .

To provide an appropriate housing for the laser resonator and intracavity components,
a cylindrical invar structure with excellent stiffness—to—mass characte-ristics both in
deflection and torsion , was configured to force any acoustic resonances to be hig her than
300 Hz ( F i g .  9 c ) .

3.3. Scanner

The optimum scan pattern and field of view required for a specific obstacle warning
scenario is determined in part by the aircraft’ s operational characteristics including
craft velocity, maneuverability, pilot warning time , and the radar constraints including
spot size and scan rate induced phase lag. For the system dep loyed in the helicopter ,
the maximum scan rate (for a 50 percent pulse-to—pulse overlap, a 40 kHz PRF and a 250
rad divergence) is 5 rad/sec . Since the program emphasis was exploratory , a versatile

scanning capability which would enable a flexible flight evaluation was selected . To
enable the electronic selection of a variety of scan patterns and fields, a pair of indep—
endently driven rotating optical wedges were useil .

To aid in the visualization of the scanning pattern , a pair of visible transmit ting
_ # wedges were assembled on independeu t motor mounts an,l a HeNe laser and Polaroid camera

We ’re used to capture some of the simple patterns. A mechanical chopper was utilized to
provide a beam modulation of 2 kHz so as to provide an evaluation of the instantaneous
scan velocity. Figure 10 portrays a few of the scan patterns that are realizable. In
general, counter prism rotation produces a line scan for equal prism speeds and rosette—
like patterns for slow relative speed differences , while common prism rotation generates
sp iral scans for low relative speed differences and slewing circular scans for large
relative speed differences. For LOTAWS , 10 cm diameter qermanium wedges were independently
driven by shaftless DC torque motors , the reb y realizing a compact gearless drive assembly
with high torque-to—inerti,a ratios. For the wedges used , the full angular field was 30
deg and , depending on the scan complexity, a full field could be scanned in times ranging
from 0.1 to 10 sec. As initially installed , scan generation w,ms realized through velocity
servos controlling the individual wedge rotation speeds. Present p l a n s  i n c l u d e  incorpora-
ting position control of the wedges so as to enable control of t hus instantaneous scan rate ,
dynamic con trol of the scan field , and the addition of ,u track—while-scan mode .

3.4 Vibration Considerations

An overriding conside-ra t ion in ‘lu -signing the- LOTAWS for helicopter operation was
the vibrationally intense environment , stability of heterodyning alignment , and the laser
frequency which had to be maintained during flight. To minimize the effects due to flexure
and vibration , the optical transceiver components werm - designed for stiffness , and hig h
stiffness—to—mass ratio so that a n y  resonant frequencies would be- t;ru’ atm ’r than 300 Hz ,
beyond the range of significant aircr aft vibrational energ ies . The vibrational susceptab—
ility of the transmit and local ,~ . ; c il la t or  l a s e r s  W e - F e  further redeicm tI by incorporating
wide bandwidth laser length control servos with closed loop bandwidths greater than 300 Hz.
F i n a l l y ,  to minimize impulse noise due to Shock e’xt ’i tat ion of the hi gh frequency trans-
ceiver resonances , visco—elastic damping ma terial wjns ut j li t ’ e-d at the m ntu ’rface of the
honeycomb optical table’ and the rig id welded suppo r t rack.

3.5 Test Data and Resul ts

D u r i n g  the  LOTAWS f l i ght tests , data were obtained which showed the- effect of vib-
ration isolation and electronic compensation in maintaining transmitter and local oscilla-
tor-optica l frequency. Figure 11 shows the frequency broadening due to vibrations during
hover within ground effect. As p r e v i o u s l y  d i scussed , a transmitter optical frequency shift
results in ~u change in PRF , which , for the flig ht data , is approximatel y 8 Hz in the 40 kHz
PRF . The’ maximum relative optical frequency shift between the local oscillator and trans-
mitter is approximately 100 kHz , which is well within the 3 MHz IF bandwidth.

The main target of interest for the exploratory tests of LOTAWS has been .32 cm
Army field wire . In considering a wire tar qe -t in the radar model , the signal or carrier-
to—noise rat i uu is expected to fo l low a h R 3 dependence (Fig. 12), s ince  the beam i s  i n -
tercep ted comple-tely in one dimension and only partially in the  other dimension . The
static data have been plotted for normal incidence , bu t this range dependence should be
independent of ang le. The maximum target range indicated represents a signal-to-noise
ratio of approximately 14 dB f o r  t h e -  .32 cm wire at 1200 m.

D The a b i l i t y  to s u c c e s s f u l l y  de tec t  these  sma l l  d iam e t  -r  t a r gu -t  w i r e s  in  f l ig h t  was
a major result of the initial flight test program . The results of static tests performed
in the aircraft , but on the ground , and the data from the flight program indicate that the
LOTAWS system performance did not deteriorate ’ in the airborne environment. This outcome
is c a nS i ~~~t e f l t  w i t h  the very small ui l- t tc a l frequency shifts measured in flig ht. A p lo t of

f wire retu- ’na s as u function of anqle of incidence for .32 cm field wire at 400 m (Fig. 13)
i n d i c a t e s  t h e  d a t - i  a n a l y z e d . I n  a d d i t i o n  t,O the agreement between the data sets , it is
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worth noting that the rap id fall off in carrier—to—noise ratio occurs within the first
15 deg from norma l incidence and that thus ratio is reasonably constant from 15 deg to
40 deg from normal. This angular dependence is the result of both the specular nature
of the w i r e  scat te r ing , r e s u l t i n g  in the rapid decre ase at small angles , and the d i f f u s e
scattering , resulting in reasonably constant values over a broad range of increasing
scattering angles.

In order to incorporate’ the detected wire information into a disp lay format which
m i g h t  be mean ing ful to a pilot , the location of wire detections was combined with the
video disp lay from a camera mounte’d en the nose of the aircraft. When detections which

: satisfied the wire identification logic occurred in the scanned field of view , a brig ht
dot ss-ntld be superimposed at those points on the TV video scene. This was accomplished
by vies i nug a storage’ display with a vidicon and video mixing this output with that of
the forward looking TV camera .

The following sequence of figures shows the scene (Fig. 14), the employed scanning
format , and the sequential wire du~uections which occurred for transmission lines at a
range of 1.6 km (Fig. 15). If a sp iral scan is employed , a series of wire detections would
an-pear as a horizontal linear anray of dots. The display storage time can be controlled

!‘ such that detections over a certain number of TV frames would indicate a horizontal wire.
Photos 1 through 6 of Fig. 15 indicate - sequential detection of the wires for the arcs of
thus spiral scan using the assumed lines. Although the storage aspect of the disp lay was
not e’mp loyed for this video scenic , when Vie -we’d at the TV frame rate of 30 frames/sec , the
linear aspect of the detections is quite pronounced .

4. CO2 HOVER SENSOR

In order to experimentally assess the potential of employing a CO2 system as a
mulmifunction sensor applicable to the tasks previously depicted in Fig. 4, we undertook
the Multifunction LOTAWS effort aimed at design fabrication and testing of the necessary
exploratory CO2 airborne -ensor configurations. For investigation of Doppler navigation
and precision hover a CW frequency offset homodyne design was adopted. In the initial
exploratory development Multifunction LOTAWS effort , the hover aspect was selected as
representative of sensor performance , since the total navigation problem required con-
siderations beyond the scope of the tests.

The m a i n  components  of the CO2 transceiver consisted of a one watt average power CW
tnansrtitter , an acousto-optic cell for frequency translating a portion of the transmit beam
to provide  a f r e q u e n c y  o f f s e t  local  o s c i l l a t o r  r e f e r e n c e, and a photo v o l t a i c  HgCdTe detec-
tor with a quantum efficiency of 50 percent. The transmit/receive apertures (~ 1 cm)
‘ aperture shared” a 7.5 cm clear aperture germanium wedge scanner. The beam was scanned
c o n i c a l l y  (12° half angle) at a 100 liz fnu -u luency , about a boresight at maximum depression ,
and the thrust axis velocity was resolved utilizing F.M . discrimination and phase sensitive
de ’t e c t io n .  The CO2 sensor derived velocity information was integrated to obtain position,
and both the  v e l o c i t y  and p o s i t i o n  i n f o r m a t i o n  were  d i s p l a y e d  s y m b o l i c a l l y  to a sub j ec t
pilot via a CRT.  The symboloqy was developed by t he  US Army Avionics R&D Activity and in-
cluded additional information consisting of filtered attitude derived from the vertical gyro
and altitu- le derived from the radar altimeter (Fig. 16). With this sensor and synubology,
p ilot—in—the—loop hover a t  a 50 meter altitude with approximately 4 meters radial excursion
over a period of several minut es was demonstrated . Doppler velocities of approximately
1 cm/sec have been resolved with this configuration. The above test established the fea-
sibility of Doppler laser radar to serve as a sensitive Doppler navigator , and high resolu-
tion clay /night hover sensor .

5. CO 2 T E R R A I N  FOLLOW IN- ;  SEN SOR

F u r t h e r  efforts in pulsed heterod yne CO2 airborne laser technology are presently
underway in the Multifunction LOTAWS effort to demonstrate the terrain following sensor
capabilities of CO2 scanning laser systen~ via pilot in-the—loop terrain following tests.
Earlier work with the LOTAWS system previously described , yielded data on the signal to
noise (power) ratio for signal returns from grass as a function of range , for various angles
of incidence. Figure 17 portrays the result that even for telatively grazing incidence
(75.5°) it approximately 1200 meter a S/N of 25 db is achieved .

For the new multifunction configuration a short pulse 30 risec variable PRF (20—60
kllz) transmitter should provide range resolution of 5 meters for terrain and also permit
the de t ec t ion  of w i r e s  c lose to a b a c k g r o u n d . The exp l o r a t o r y  t e r r a i n  f o l l o w i n g  f o r m a t
will scan a vertical field of + 25°  about a boresight which can be varied from approxi-
ma t e l y  +15°  ( e lu ’ c - u t i o n )  to — 3 0 w (depress i o n)  f rom the  l o ng i t u d i n a l  aircraft axis. The
fr- t une time can be varied from one-half to one second per scan and the sensor outputs of
elevation angle versus range will be interfaced with an SKC-2000 airborne computer for
processing in a terrain following al gorithm . The sensor information is thus converted to
cl i m b/ d e s c ’-n - i  “ c o m m a n d ”  i n f o r m a t i o n  f o r  g iven  a i r c r a f t  v e l o c i t i e s  and load factors.

The symboloqy disp layed t i  a p i l o t on the CRT i s  shown in  F ig .  18. This  c ru i se
mode disp lay presents tb ,- climb -lescend command via the triangular symbol at left edge of
the screen , with additiian,a l flight cues and a forward looking image completing the CRT

4 information .
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6.  CONCLUSION

The concepts and techniques associated with 10 micron optical radar have matured
to the level where feasibility demonstrations of flight hardened breadboards are occurring .
Specifically low power (c 10 watt) 10.6 micron sources can be configured to perform a number
of short range ( hO kin ) tactical and operational scenarios of interest to low flying air-
craft (Fig. 19). Flight tests have confirmed near theoretical performance for a number of
applications including obstacle (wire) avoidance , terrain following , doppler navigation and
hover. The versatility of the sources argue strongly for an expanding range of applica-
tions , particularly in the areas of target recognition and identification.
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• SOURCE (< 10  W AVERAGE POWER)
— 

. WIDE SELECTION OF TRANSMITTER FORMATS

• EFFICIENT (~ 10%)

• APPROACHES THEORETICAL PERFORMANCE (DIFFRACTION UMTED,
SINGLE FREQUENCY)

• RECEIVER

• P*GH QUANTUM EFFICIENCY , HIGH BANDWIDTH DETECTOR

• HETERODYNING ALIGNMENT LESS RESTRICTIVE THAN SHORTER
WAVELENGTH SYSTEMS

• HETERODYPING SENSITIVITY: S~j ,1m (hfB /n)~~4x 10~~~ WIB” l HZ
n=0.5

• ATMOSPHERE

• CO2 AND H20 (HAZE) ABSORPTION: (30°C, 90% R.H.) ~~ 3cc/km

• FOG ABSORPTION AND SCATTERING: (400 m, v is .,
13 mg/rn3 WATER CONTENT) i~~- 10 dB/km

• WAVEFRONT DISTORTON - COHERENT APERTURES ON THE ORDER OF 1 m

F ig.3 (huru ctcristucn of ( ~~ optical  ra d ar

APPLICATION CHARACTERISTICS /ADV ANTAGES
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RANGE FINDING TIME-OF-FLIGHT RANGE MEASUREMENT
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TEMPORAL ISOLATION OF TRANSMITTER FEEDfl1~OUGH

FREQUENCY OFFSET HOMODYNE

NAVIGATION CW TRAI°SMITTER /A -O OFFSET LOCAL OSCILLATOR

PRECISION HOVER MAXIMUM DOPPLER SENSITIVITY

SIMPLIFIED TRANSCEIVER
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A SELF CONTAINED COLLISION AVOIDANCE SYSTEM FOR HELICOPTERS

by S. Bloch, G. Hoefgen and D. zur Helden
Standard Elektrlk Lorenz AG (ITT )

7000 Stuttgart 40, Germa ny

SUMMARY

The paper describes a proposed solution to the prob~esi of obstacle detection and collision warningpertaining to the operation of helicopters at low altitude and within a formation.
A simple yet effective algorithm is used in order to assess the collision hazard posed by stationary

obstacles as well as other helicopters in the proximity of the protected aircraft. The raw data needed
(range and closing speed) is provided by a 35 GH2 versatile low-cost FM/CW-radar that has been originally
developed for the protection of road vehicles . With the exception of the antenna assembly only minor
modifications are needed in order to make this radar fit the requirements of an airborne anti-collision
system .

1 . INTR ODUCTION

Apart from their traditional roles in reconnaissance , cons~unication , and troop transportation etc.helicopters are Increasingly deployed for ECM and weapon delivery . Attack helicopters nowadays may carry
guns , rockets, and anti tank missiles , as well as anti surface vessel and submarine torpedoes. This
increased significance of helicopters in modern warefare calls for improved night and poor-weather
capability .

The high vulnerability of helicopters often requires the pilot to maintain a flight course at
minimum height in order to avoid early detection. This task becomes extremely difficult when performed
under conditions of deteriorated visibility . Without appropriate assistance the pilot will have to climb
to a “safe height , clear of potential obstacles , thus exposing himself to the hazards posed by un-
friendly air defense. The two dimensional FLIR information as well as Low Li ght Level TV are
certainly useful tools in helping to maintain a flight course at lower height , but they cannot , how-
ever, provide complete information pertinent to collision avoidance. Another si gnificant draw—back of
optronic systems is the reduced performance , particularly when penetrating (smoke) fog and precipita-
tion. In such cases an anti—collision radar would be more appropriate , as microwave propagation Is
considerably less effected by adverse weather conditions (and temperature gradients) than light and IR.

A very significant advantage of a radar system is its versatility, providing slant range , azimuth ,
elevation and doppler (closing speed) data thus permitting highly effective hazard assessment.

The price paid for this augmented capability is the Increased vulnerability to ECM. For this reason
appropriate measures need to be taken in order to minimize the risk of ECM detection and jamming.

2. THE ASSESSMENT OF THE COLLISION THREAT

The requirement for a small-size , low-weight and cost—effective airborne collision avoidance system
dictatesthe need for a relatively simple method of threat assessment.

A sophisticated signal processing system, in which a multitude of different data (e.g. range,
relative speed, elevation , azimuth , height , fli ght course, wind correction angle etc.) is analysed may
well provide very reliable collision warning. Here, however, the cost of the airborne equipment is
going to be prohibitive.

In contrast, an over-simplified system, Indicating a collision hazard whenever the helicopter nears
an obstacle , would be easier to implement , the performance, however , would be quite unsatisfactory .
A viable compromise between the two options mentioned above seems to be a radar using the so called TALl -
hazard assessment.

The factor TALl is defined as the ratio: TAU cTos~~
’
~~peed

Using TALl, no angular information or flight course data is needed. The system will operate on a real time
basis , with the threat evaluation being performed instantaneously, with no need for tracked data storage.
The following simple examples demonstrate the performance of the TAU-criterium :

Figure I shows two helicopters separated by 100 m. The relative velocity of 20 m/s, which is identi-
cal In this specific case to the closing speed, indicates that the two helicopters are on a direct co l li—
sion course.

Figure 2 depIcts an almost similar case, but now the relative veloc ity and the closing speed are
no longer Identical. This situation will lead to a near miss with the two aircraft reaching a mininsim
distance of 20 m. At the given closing speed this configuration could still be regarded as hazardous.

Fi gure 3 shows a situation where the two helicopters will at no point be closer than 45 m.
Figure 4 shows the behaviour of TALl vs. the range P. As long as the helicopters are sufficiently

L separated, TAU decreases almost linearly. For configuration #1 the linearity will be maintained until
the impact point Is reached. I~ this case, TALl represents the time-to-go to collision .For the two other configurations , TAU reaches a minimum value followed by a renewed rapid increase
(with TALl reaching Infinity at Rmln). An alarm will be initiated whenever the calculated TAU falls below
a pre-set threshold. In the example shown In figure 4, collIsion warning will be given for configurations
#1 and •2 only. The geometrical shape and size of the protected space determined by TAU will automati-
cally be adapted to the magnitude and direction of the relative velocity and the closing speed Involved.

The choice of the alarm threshold determines the sensitivity of the collision warning. It should be
set so as to provide sufficient time for evasive action . The sensitivity has to be matched to the
maneouverability of the helicopter and the reaction time of Its pilot. Setting an excessively hi gh
sensitivity, on the other hand, should be avoided as It will cause an Increase in the number of m ap-
propriate alarms.

L L
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~~~~~

//~3 sec

2s~c

lsec

— ~ t I I t I I I I I I I 
~~ RANGE

20m 45m lOO m

FIGURE 4 TAU HAZARD ASSESSMENT

The performance of the TAU-hazard assessment is degraded in cases where very small relative
velocities are involved (while hoverinq or within a formation). In such cases small errors in measuring
the closing speed might cause a significant inaccuracy of TAU. This deficiency necessitates independent
range monitoring that generates an alarm whenever an obstacle is detected within a pre-determined space
surrounding the helicopter .

3. THE RADAR CONFIGURATION

The choice of a simp le algorithm for the threat assessment is the first step towards the realization
of a low cost anti-coll ision system. The second step is the design of a simple and ri gid radar capable of
providing hi gh resolution , in range and doppler , whil st being insensitive to ECM and jaming. An FM-CW
radar apears to be the best possible choice , with Its relatively low peak power permitting the implementa-
tion of a completely solid state system tha t will need neither a stabilized high-voltage-power-supply nor
fast RF-swltch lng devices.

The transmitted power Is almost undetectable by alien ELINT receivers , thus making the radar much
less susceptible to ECM , than a pulse system of corresponding capabil i t ies.

4. ANTENNA CONSIDERATIONS

One of the crucial problems facing the designer of a collision warning system , is the question of
coverage that Is to be provided. The unique inaneouverab ility of helicopters basically requires the
monitoring of the entire space Surrounding the aircraft. Unfortunately this aim is diffi cult to realize.
In particular the “illumination ” of the upper hemisphere is expected to be technically difficult. An
appropriate confinement of the collision protection to the lower hemisphere will help to simplify the
hardware Implemen tation without causing excessive degradation of the overall performance . This statement
Is based on the assumption that most critical collision hazards are expected to be at moderate or negative
elevations. (In case of formation flights some helicopters might be “blind” to hazards posed by higher
flying aircraft. Here , however , the higher helicopters will adequately monitor the collision threat.)

Despite the fact that the TAU-hazard assessment does not require any angular resolution , the radar
wIll still have to use a scanning directional antenna . The following main reasons explain the need for
antenna directivity :

a) The angular resolution reduces clutter and cuts down the number of targets that have to be
processed simultaneously by the radar.

b) The additional angle Information is very useful In deciding the evasive action to be taken
once a collisIon hazard has been established.

- —~~ — 
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c) The directivity helps to achieve good isolation between the CW-transmitter and the receiver
front-end (by using separate antennas).

d) A narrow antenna beam , along with a sufficiently good side-lobe—suppression is a very
effective anti-jaumilng measure.

In order to compensate for the helicopter pitch and roll , the rotating antenna platform will have
to be stabilized , thus maintaining antenna rotation in the horizontal plane. This stabilization does not
need to be unduly accurate,

5. RADAR SENSOR (Fig. 5)

The transmitted CW-signal is frequency modulated (saw tooth—FM). A hi ghly stable modulation frequency
is important for the determination of the closing speed and it is therefore derived , by division , from a
stabilized crystal master oscillator located in the frequency synthesizer,

According to the range and the closing speed of the target the incoming si gnals will be time-delayed
and doppler-shifted (Fig. 6a). Instantaneous hetrodyning of the transmitted and received signals yields
an output representing the frequency difference between the two signals (Fig. 6b). The ampl i tude of the
difference si gnal of close-in-targets is attenuated by means of a hi gh pass filter. This measure, cor-
responding to the automatic sensitivity control (STC) of a pulse radar , prevents the saturation of the
receiver by strong si gnals at close ranges.

The spectrum of the difference si gnal (with the sweep return f* blanked out) peaks at a frequency
~ f which is proportional to the target’s range. The side lobes of the spectrum are si gnificantly sup-
pressed by applying simple amplitude wei ghting at the output of the hetrodyning mixer.

The periodic FM-modulation implies a discrete spectrum with the main si gnal energy ~.cr~centrated in
very few spectral lines. These lines are basically the harmonics of the modulating FM-frequency. Any
relative mcition will cause a corresponding doppler shift of the spectral lines thus permitting determina-
tion ot the target’s closing speed (in magnitude and si gn). By means of narrow band frequency fi l tering
the range and the closing speed information can be extracted as two independent parameter. Figure 6c shows
the spectrum of two simultaneous targets separated by 10 m. The frequency axis corresponds in this case
to the time axis of a conventional pulse radar.

The processing of slant range inform ation is performed serially using a second mixer. This permits
the use of a sing le steep—flanked filter for all range elements. The synthesizer provides all local
oscillator frequencies required by the individua l range elements.

In order to achieve a very hi gh range resolution (in the order of 10 a) the FM-modulation will have
to spread the si gnal spectrum over a frequency band of ~~

. 50 M~z. This will not only provide the necessary
resolution but will also help in rendering the radar insensitive to ECM and jamming.

The range of the radar should not exceed 250 m (under adverse weather conditions). This restriction
permits a reduction in size and cost of the radar and increases its ECM resistance.

The close range operation and the requirement for a small-size low-wei ght system make the Ka-Band
(35 0Hz) or W—Band (94 0Hz) most appropriate for the collision avoidance task. Broad—band narrow—beam
systems are readily achieved at these frequencies , whilst ECM detection and jamming become very difficult.
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FIGURE 6 FMICW RADAR PRINCIPLE

6. HAZARD INDICATION

The threat evaluated by the system ’s computer (micro-processor) will raise an acoustic intermittent
tone alarm which becomes intensified the further TAU falls below the pre-set threshold. The azimuth of the
threat will be simultaneously indicated on a display consisting of a circular LED array with its elements
spaced in 10° increments. For formation flights it mi ght be useful to display all the adjacent helicopters
on a PPI scope or an equivalent 9 —b-indicato r . In case of a collision hazard ,an acoustical alarm will be
sounded and the threat will be shown as a flashing blip on the scope.

7. RADAR PARAMETER

The helicopter radar will be a derivative of a Ka-Band automotive anti-collision radar that has
been developed and successfully tested over the last three years at Standard Elektrik Lorenz AG. This
project has been sponsored by the German Ministry of Science and Technology (BMFT).

This FM—CW-radar , dubbed RAS , has shown its merits in numerous tests and under a variety of different
traffic situations. Over the next two years extensive testing of 10 vehicles fitted with RAS radars will
take place , In order to demonstrate system operability under norma l traffic conditions. The RAS radar is
light and rigid and its project price (large scale production ) is In the order of $ 500.

Fi gure 7 shows the two small 35 GHz RAS antennas which are barely larger than the car ’s head li ghts.
Figure 8 shows the RF unit , using modular integrated techniques . The module incorporates the trans-

mitting antenna (rear view), a gun oscillator with its modulator (left hand side), as well as the RF-
mixer and video pre—amplifier.

The photographs give a good impression of the compactness of the RAS radar . Due to its high resolution
and accuracy, as well as its mechanical features, RAS is ideally suited for use in an airborne collision
avoidance system.
Following parameters s unsmmarise the proposed anti—coll ision radar:

CW power 50 mW Closing speed resolution 2 ,5 kt

Operating frequency 35 0Hz (or 94 0Hz) Dwell time on target 0.01 5

Band width ~ 50 MHz Antenna:

ModulatIon FM/CW 3 dB beam width 3.5° (azimuth)
15 ° (elevation

Maximum range 250 m +5°/ ~ 1O°)

(range of) closing speed -15 to 160 kt Rotation 60 RPM

Range resolution < 10 m Weight (without antenna ) 10 lb
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A EBLICOPTER HIGH DEP II QTT T ON
ROTOR BLADE RADAR

by

C.M. Stewart
RADAR GROUP , FERRANTI LIMITED

Crewe Toll , Edinburgh
Scotland

SUMMARY

By installing a radar aerial within the rotor blade, a sensor having unique capa-
bilities for the operation of helicopters in darkness or bad weather can be provided .
A description of such a system is given outlining the factors affecting the choice
of the principal radar parameters and their interaction with the helicopter rotor
design.

Examples of the high definition pictures from the radar display are shown with
the appropriate section of map for comparison and some suggestions are made on
operational roles where such a radar system would have particular advantages.

1. INTRODUCTION

In an effort to improve the operating capabilities of the helicopter in poor weather
and bad visibility considerable efforts in recent years have been devoted to sensors
which , in general , have attempted to augment the visual scene as it appears to
the pilot and crew . Consequently these sensors are usually operated in the optical
and infra—red wavelengths where the limitations on weather penetration , field
of view and range can be significant.

Radar with its longer wavelengths offers unique capabilities in all these respects
particularly when advantage is taken of the scanning property of the helicopter
rotor to mount the radar aerial within one of the blades. The map—like presentation
available from such a radar , even at the lowest altitudes , can be an invaluable
aid and the high resolution , 360° uninterrupted field of view and high data rate
obtainable enhance the performance to a level difficult to achieve with any other
form of airborne radar or indeed any other sensor.

To investigate the potential of the rotor blade radar and to assess its capability
in the field , Ferranti Ltd . under contract to MOD (PE) constructed an experimental
version which was coupled to an aerial desi gned by the Royal Signal and Radar
Establishment and installed within a special rotor blade by Westland Helicopters
Ltd. Flight trials are still being carried out by RSRE utilising a Wessex helicopter
but it is the intention in the later part of this paper to show samples from the
results achieved to date.

2. SYSTEM DESIGN

In the selection of system parameters certain constraints were imposed by the
static and dynamic properties of the rotor head , in particular the rotor rotation
speed which in the Wessex is approximately 230 rpm. This represented a refresh
data rate fr8m a single aerial mounted within the blade of about 4Hz and a scan
rate of 1380 /sec.

The refresh rate therefore lay well within the flicker rate detectable by the
eye and this had to be taken into account when selecting the type of display to
be used wi th  the radar.

A high scan rate interacts wi th the azimuth beamwidth (Bw) of the aerial and the
pulse repetition frequency (p.r . f .) so that for any patch of ground within the
r a d a r ’ s feld of view ,

hits per scan ~ Bw x p.r.f.
scan rate

Clearly the number of hits per scan should never be less than one and preferably
be higher since the returning echoes from each particular patch of ground can
be integrated to give improved detection sensitivity.

I .
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However , for a high definition radar it is essential to use a narrow azimuth beam—
width to achieve good angular resolution , despite the penalty of reducing the
amount of time the beam can spend illuminating each patch of ground .

For this radar an azimuth beamwidth of 0.50 was chosen and a minimum number of
hits per scan of 2. Inserting these numbers in the above relationship shows that:— ‘ -

p.r .f. (mm ) = scan rate x hits/scan
Bw

= 1380 x 2
0.5

= 5 . 5 2  KHz

In practice a minimum p.r.f. of 6.2KHz was used .

Since the interval between successive pulses fixes the maximum time for a transmitted
pulse to travel to a target and the echo to return , the p.r.f. determines the
maximum range or more correctl y the largest range scale which can be used. Allowance
must be made for settling time in the radar and display between successive pulses
and taking this into account , the maximum range scale became 10Km . This was
supplemented by further scales of 5,2,1, and 0.5Km.

A fur ther  consequence of mounting the aer ial within the rotor blade is that the
ef fect  of the application of both cyclic and collective pitch on the elevation
pointing direction must be allowed for in addition to the usual aircraft pitch
changes . The simplest solution was to ensure that the elevation beamwidth was
sufficiently great to encompass these variations since in any case the available
elevation aperture was too small to allow much control of the aerial pattern in
this plane. This was not necessaril y the most efficient technique since some
aerial gain was sacrificed but it had the m8rit of simplicity. The elevation
beamwidth achieved in practice was about 40 but as can be seen in figure 1 it
was possible to produce a sharper cut off on the upper side of the beam than the
lower thereby concentrating most of the available RF energy on the ground instead
of dissipating it uselessly above the horizon line.

The choice of frequency to be used lay between I band and J band i.e. covering
the range 8—16GHz since lower frequencies make the aerial design increasingly
difficult (in particular the length becomes excessive) and higher frequencies
incur significant losses both in the waveguide system taking transmitter pulses
and received signals to and from the aerial and in the atmosphere itself , particularl y
in rain.

These considerations led to a choice of I band at approximately 9GHz which for
0 . 5 0 beamwidth resulted in an aerial 4 metres in length.

Since a primary ~im was to achieve a high resolution radar map , the good angular
resolution of 0.5 had to be matched by similar range resolution and two pulse
widths of 50 and lOOns were provided giving equal range and angular resolution
at 0.8 and 1.7Km. These were paired with p.r.f. ’s to maintain the mean power
as constant as possible in the interests of easing the transmitter design problems .

The use of a short pulse also permits good minimum range provided the recovery
time of the receiver protection system can be kept short. This problem becomes
increasingly difficult as the peak power level is raised and some design difficul-
ties were encountered as a result since a peak power of 80KW had been chosen to
give good signal/noise ratios on a single pulse basis without relying on integration
from scan—to—scan.

Nevertheless careful design permitted a recovery time of SOns to be achieved ,
so that the obscured area of ground close to zero range did not exceed 80 metres
in radius from this cause.

The choice of display took into account several factors:

(1) The need to choose a system which removed the 4Hz flicker resulting
from the rotor rotation speed.

(2 )  A high definition capability was required to match the good range and
angular resolution of the rest of the system.

(3)  The range scales , particularly the shortest implied very h i gh wr i t ing
speeds on the cathode ray tube face. These had to be achieved simultaneously
w i t h  high br ightness.

4 The requirement to remove f l icker indicated a need for storage and the two most
promising possibilities appeared to be a scan converter feeding a television type
display or ~i direct view storage tube (DVST) which incorporates a storage mesh
wi th in  the tube i t se l f .

I
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The 4Hz refresh rate and high definition requirement made the specification for
the scan converter very demanding although just within the state of the art at
the time . On the ‘~ r .%~.ds principally of economy the D.V.S.T. was chosen although
it is doubtful if , in view of the rapid decrease in the cost of digital components ,
this would now be the best choice. A small sacrifice in resolution was accepted
on the longest range scales as a consequence but full brightness was retained
by the use of a short term digital buffer store which enabled the read out to
the display to be at a lower rate than the input from the radar receiver.

3. SYSTEM IMPLEMENTATION

Because the radar was intended for experimental purposes only, provision was made
for varying many of the parameters in flight from the control un it although this
also resulted in a larger and more complex system than would be necessary in an
operational eqi.ipmen t . In add i t ion , a special airborne photographic recorder
was develop~d to retain permanent records from the display.

A block diagram of the major units of the system is shown in fig. 2. The displays
o f f e red a wide select ion of operat ing modes including , ground stabilisation , north
or headi ng stabi l isa t ion , PPI and offset PPI, marker facilities and four different
range  scales. This  necessi ta ted a conside r~ b1e amount of processing of angle
data mainly in digital form and this was performed in the Angle Generator Unit.
A v iew of the r inc ipal un its in the helicopter is shown in f i g. 3. The only
units external to the radar which were required were a doppler navigator to provide
along and acros’~ tr ac k r a te signa ls toge ther  w ith dr ift angle  and a compass b e a r i n g
inpu t for north stabilisation . To establish the pointing angle of the aerial
beam in azimuth a shaft encoder was fitted to the main rotor shaft but this angular
output was modified by the lag angle of the aerial rotor blade as measured by
a separate sensor to arrive at the true azimuth bearing of the beam.

The problem of providing an RF connection between the aerial and the Transmitter/
Receiver was solved by running the waveguide up the inside of the hollow rotor
dr ive shaf t. To complete the path across the rotor hinge assembly to the aerial
was however more d i f f i c u l t bu t by the use of a r o t a r y  join t and a ca re f u lly sited
flexible waveguide a relatively simple system was evolved which has proved to
be en ti r ely sa t i s f a c tory  prov id i ng good l i f e  and low R.F losses .

The rotor blades of the Wessex helicop’-er are normally of all—metal construction
but it proved possible by taking advantage of the newer fibreglass techniques
used in later helicopters to incorporate the aerial within the trailing edge of
the blade without in any way changing the weight or mass balance characteristics
to the extent tha ’ the radar blade was completely interchangeable with the normal
blades.

A cross section of the blade aerial is shown in fig 4. The ,~se of a trailing
edge aerial was permitted by the use of I band in contrast to the higher frequency
leading edge aerial used by earlier workers , g iving the significant advantage
t hat this almost completely avoids the deterioration in radar performance caused
by erosion of the surface of the fibreglass.

The aerial itself which is a length of waveguide with angled slots cut in its
• n a r r o w  side can be withdrawn to permit inspection and to allow it to be re—used

if a blade change becomes necessary.

To assist in fault finding on the radar an extensive built—in—test facility (B.I.T.)
was included from the beg inning . This provides not only test signal injection

~ut extensive monotoring of parameters to localise the fault to a particular unit.
further diagnostic indications within each unit allow fault tracing to particular
modules or printed—circuit cards.

A very important facility is provision for simulating the rotation of the rotor
to allow the radar to be tested without the ~ccessity of starting the aircraft
engine and driving the rotor blades.

4. TRIALS RESULTS

In the first phase of the trials the purpose has been to Study the radar profiles
of as large a variety of terrain combinations as possible within easy flying distance
of base , which in this case was the Royal Aircraft Establishment airfield at Bedford.
Later phases of the trials programme will examine other aspectc of the operational
use of ~he radar equipped h~ licopter including the assistance to be afforded in
lan d kng , control of other (non radar—equipped )aLrcra ft and the possibility of
obtaining station—keeping situation displays when a number of aircraft are operating
i n conce rt .

I
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Since all the flying to date has taken place in the south of England where the
land is fairly flat but manmade landscapes are both widespread and varied an
extensive range of terrain situations has been available for study.

A selection of photographs taken from the radar ’s photographic recorder is shown
but it must be emphasised that the lack of the dynamic effect resulting from the
use of still snapshots robs the display of much of i ts e f f e c t .  Moving objects
such as cars and a i rcraf t  are much more obvious in reality.

Two ~ientical displays are available in the ai rcraf t  each using a 10cm diameter
D.V.S.T. one visible to the pilot, the other in the rear cabin. The special
photographic recorder uses a repeat display which appears on a 2 .5cm CRT optically
coupled to a camera. The radar operator can select single shot , continuous bursts
at 2 frames /second or dwell times of 2 or 1 seconds per frame.

Some aspects of the accompanying photographs from the test flights are worth
high—lighting. At lower altitudes such as 350 f t .  it is interesting to see that
shadow ing can enhance a terrain feature , in some cases creat ing almost a 3— D image ,
so that identification is particularly easy. This can be seen , for  example in
Flight 21 w here the annular shape of the earthworks making up the ancient defensive
works called Old Sarum in the bottom right of the picture is clearly vis ible.
Similarly the road on the left side of the photograph shows up as a bright line

• edged with black , i t  is thought because the road is lined with trees.

The contrast between grass and concrete is very advantageous in the location of
a irtields as seen in Flight 24 and this makes it even possible to detect a i rcraf t
on the runway itself.

• Roads , and to a slightly lesser extent , railways are almost always visible particularly
on the range scales below 2Km/rad ius.

The high defin ition of the radar is clearly ev ident in the views of coastlines
and estuar ies in Flights 21,23 and 24.  Even with a scale of Skm/radius. buoys
and small c r a f t  can be d istinguished and this is even more evident when the scale
is increased to 2Km/radius as in Flig ht 24 where many yachts and similar vessels
can be seen at anchor .

Th is standard of presentation suggests that coastguard applications might be a
particularly suitable role for the Rotor Blade Radar.

This view is strengthened by the fact that a high scanning speed is a well established
technique for the decorrelation and suppress ion of sea clutter.

CONCLUSIONS

Although the fl ight tr ials are not complete , suf f icient data has been gathered
to suggest that the w ide field of view , high definition radar displays obtainable
from the Rotor Blade Radar both over land and coastal regions would offer significant
advantages for the operation of he licopters in darkness or bad weather.  The equipment
installation has been found to make very modest demands in terms of space and
location wi th in  the helicopter when competing with other avionics and the aerial
and rotor blade assembl ies have proved to be relatively simple to build and maintain
and show good operating lives . It is believed therefore that a Rotor Blade Radar
is an entirely practical and useful sensor for modern helicopters.
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DESIGN PROCEDURE FOR A I RCREW STATION LABELING
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SUMMARY

Guidelines for crewstation labeling contained in several military documents are
subject to diverse interpretation , thus leading to inconsistent labeling. The purpose of
this paper is to describe a design procedure for the selection and abbreviation of labels
for crewstation controls and displays. It is asserted that this improved procedure for
increas ing  information flow between an operator and the systems/subsystems with which he
is engaged will contribute to improved mission effectiveness , safety, and tra in ing by re-
ducing opera tor errors , response times , and learning times.

The design procedures set forth require the identification of specific operator
involvement with displays and controls. From this identification , functional statements
are prepared for each control and disp lay with respect to what , where, when , and how the
operator should act upon gathering information on a characE~iIstic of a system/subi~stemor componen t.

This report describes methods of preparing these functional statements , the usage
of coninon labeling of associated controls and displays , as well  as speci f ic  procedures for
abbreviating disp lay/con trol labels.

INTRODUCTION

In modern aircrew stations the increased employment of new sensor/display systems
and sophist icated onboard compu ters have presen ted opera tors with increasing amoun ts of

• , data in new and unusua l formats.  These evolutions have considerably altered the tradition-
al man-machine information transfer process chat existed in older aircraft. New equi pmen t
techno logies greatly extend the human sensory , motor , and ~iobi1ity range and provide air-craft/environment information and resolution of fli ght/ tactical dynamics which would other-
wise exceed aircrew capabilities. At the sane time , they impose time-critical challenges
to operators to cope with information generation capabilities far beyond the wildest expec-
tations of information needs. To minimize this discrepancy between data needs and data
ava i labil i ty, it is essent ia l  that methods be developed to provide aircrew information ac-

• quisit ion . process , and transmit ta l in the most rapid , accurate , and re liable manner .

Limited space in airborne c rews ta t ions  necessar i l y  d i c ta tes  some form of compres-
s ion or abridgment of system information . Experienced p i lots , in general, represent a
re latively homogeneous group with respect  to famil iari ty with aviation language . This
group becomes less homogeneous when di f ferent levels of training, exper ience , or ot her
types o f crew members are included. This heterogenei ty expands when support personnel
(ma intenance and servicing) are considered. The diverse needs of d i f ferent personnel with
v a r y ing functions brings about a breakdown in standardi;~at ion goa ls .  The development of a
systematic procedure which will result in suitable labeling selection that can be effi-
cientl y ut ilized by this diverse group should be of major benefit in crewstation design.

Currentl y, various documents (e.g ., MIL -STD-783B) covering the labeling of air-
crew stations or airborne equi pment serve as guidelines for making and identif ying the var-
ious displays and controls in aircraft. These documents do not contain objective rules for
the generation of suitable labeling, and provide inconsistent direction for the establish-
ment of abbreviated crewstation labeling . A review of labeling in aircraft cited in an op-
eration.d survey in 1968 (Reference 6) revealed a total lack of standardized procedures  in
the label ing information , composition , and abbreviation that have been derived in accord-
ance with these document requirements. A recent unpublished survey of the crewstation la-
beling in four aircraft verified these earlier findings and concluded that applicable stand-

are :

a. subjec t to varying interpretation ;

b. do not result in consistent labeling structure , and

c. in the four aircraft surveyed , mor e than 50 percen t of the abbreviated labels
did not conform to the intent of the design criteria specified in these standards.

4

‘ Opinions or conclusions contained in this paper are those of the authors ’ and do not nec-
essa r ily ref lect the views or endorsement of the Navy Department.
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In current aircrew stations , display , control , and panel labeling provides too
much or too little detail which is irrelevant and frequently misleading . Speed and accu-
racy of information acquisition and required control response , even by experienced aircrew ,
is severely affected by this improper device labeling.

Most often , the labeling is structured in engineering terms , which describe what
a device is , rather than in terms of the functioa it is intended to serve . Thus , the oper-
ator is required to determine or recollect functions and , then , translate these into direct
information inputs and outputs. These interface deficiencies have not stemmed completely
from an absence of adequate control and display hardware technology . Rather , they have
emerged from the lack of a systematic methodology for determining and using the functional
operational requirements assigned to the operator and the detailed operator information
and response requirements involved in his task. Display and control terminology from the
hardware engineering development for each system (often carried over from previous systems) ‘i
is used in place of device functions , reflecting a lack of human factors engineering anal-
ysis and evaluation during the design and integration phases , which could provide the ap-
propriate information requirements for aircrew decision making and control actions. Pre-
viously cited studies of crewstation labeling have identified a number of common problems :

a. Unnecessary or redundant words in display , control, and panel labels leading
to clutter or illegibility.

b. Labeling content that identifies the equipment and not the direct function
that the operator is concerned with .

c. The use of inappropriate adverbs and verbs that do not provide explicit in-
forma tion or the desired function .

d. Individual labels for display and control groups when a single label for the
group would be adequate.

e. An excessive use of acronyms and symbols in lieu of proper word descriptions
that facilitate information acquisition and response.

Ideally, the labeling for all aircrew station equipments should present the com-
plete word(s). This is not ordinarily practical given the cri tically limited crewstation
space available for label presentation . Labeling abbreviation will frequently be required;
the shortening of the label should be minimal within the limits of the available space.
Recent U.S. Navy studies (unpublished) have shown that the relative t ime to read labels is
a function of the extent of their abbreviation. More extensive abbreviations require more
t ime for the operator to absorb the intended original-word information. Figur e 1 depicts
this relationship .
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D E F I N I T I O NS

For the purpose of this report , the following definition of terms apply:

Abbreviation - a shortened form of a word(s) used in the label.

Acronym - a wor d usua lly formed from the first (or first few) letters of several
wor ds.

Control - a device that permits operator inputs to the system/subsystem hardware.
These devices include levers , knobs, switches , etc. that are either continuous or discrete.
The continuous control has values and the discrete control has settings .

Display - a device that provides system/subsystem activity information or outputs
to an operator . These devices will include dials , lights , readou ts , radar scope s , etc. and
may be continuous such as a fue l  gauge , or discrete such as a warn ing light. A continuous
device  has values , a discrete device has settings .

Labeling - refers to the choices of size , type , and location of words , abbrevia-
tions . acronym s , and symbols to:

1. identify the information being conveyed from the system to the
operator and back to the system from the operator; and

2. describe to the operator when and how the various displays and
contro ls are to be used.

- a wr i t ten or printed mark or let ter standing for or representing an ob-
ject , quali ty, process , or quantity that is usually a widely accep ted and utilized infor-
nat ion designator in one or more special ized fields .

System - the col lect ive ent i ty that is the major independent element (machine)
which the operator is controlling ( i . e . ,  a ircraft , helicopter , shi p ,  submar ine , e t c . )

Subsystem - the col lect ive components that provide operator capabil i ty(ies) ( i .e.
communications , nav igation , flight control , e t c . )  to accomp lish the system purpose(s).

LABELING REQUIREMENTS

In the crewstation design displays and controls (devices) are usually arranged
on pane ls as functional device groups and/or sub-groups serving a common system or subsys-
tem purpose. These groups are intended to provide the operator with all of the information
and control required for the employment of various subsystem capabilities (i.e. • flight con-
trol, propulsion management , navigation , communications , etc . ) .  In most L ,.~es , the display
pane ls that provide the status or directive information concerning a subsystem are located
apart from the control pane ls that contain the operator action devices associated with these
syste1.~is. This design pract ice is primarily due to the highly limited space in the crewsta-
t ion and to operator considerations which dictate placement of displays in forward areas
for rap id viewing , and control placement in areas of e f fec t ive operator reach. As a result,
it is essential to provide clear , concise , and consistent labeling to enhance rapid and ac-
curate association between information acquisitions and appropriate control actions to over-
come problems crea ted by ph ysical separation .

A major difficulty encountered in the design and integration of crewstation dis-
plays . controls , and panels is the selection and presentation of the information the air-
crew will need to effectively accomp lish their assigned tasks . The specific requirements
that are identified when operator roles are established form the basis for defining dis-
plays and control requirements for throughput of information between the operator and the
hardware he employs. During this phase of identif ying, operator interface requirements , op-
erator functions (tasks) must be broken down into finer sub-tasks until all information
the operator mus t absorb (from disp lays), process or transmit ( through controls) is iden-
tified. It is from this information that labeling for both normal and emergency flight

• operations must be derived.

~ major requirement of labels and legends is to identify for each device the in-formation being transferred to and from the operator so that he does not have to rely on
memory for this purpose. Proper labeling will greatly reduce the amount of time needed to
tra in an operator as to where each information transfer point is located in his crewstation
and will also increase his understanding of how his system may be contro lled. A second and
equally important function of labeling is to inform the operator when and how various infor-

-. mat ion can be transferred.

The incorporation of computers in a i rcraf t  has resulted in an ever-increasing de-
gree of system/subsyste ms integration with a concomitant increase in quantity and comp lex-
ity of information transfer between operators and the system . In earlier less-integrated
sys te ms , the relationships between information and control responses were fairly well-de-
fined and comprehended . The current emphasis on integration has resulted in a major change
in the man/equipment interface. Advanced systems with tabular message formats, tactical
and strategic situation plots , and multiple sensors make it essential that an ef fect ive
and cons istent labeling methodology be developed.

LI 
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LABELING DERIVATION PROCEDURE

Purpose and Application

The purpose of this section is to present a systematic procedure for the deter-
mination of appropriate labels for aircrew station disp lays and controls. It is antici-
pated that this procedure can also apply effectively for operational and emergency instruc-
tional p lacards .

It is intended that these procedures be applied to major subsystems (e .g . ,  com-
munications , flight control , navigation , radar , sonar , etc.) during their integration into
crews tations in the aircraft design and development program as well as individual subsystem
developments for which no specific aircraft app lication is immediately contemp lated. In
this latter development case , application of the procedures should result in display/con-
trol/panel labeling which will minimize change due to different labeling philosophies when
integration with a specific aircraft platform is made .

Further , where possible , this labeling procedure should be employed in conjunc-
tion with analytical methods that serve to determine the required panel space for displays
and controls as a function of information content , criticality, and frequency of usage
(CUBITS) (Reference 7) .  During this design process , adequate panel space for the most
appropriate labeling should be allotted. Also , since crewstation panel sp,~ce is normally
at a premium , it will be desirable and , in many cases , necessary to cons ider the substitu-
tion of shorter words (e.g., “SEND” vs. “TRANSMIT) without sacrificing meaningfulness for
the labels selected in accordance with the procedure specified herein. The Aircraft Cock-
pit Environmental System Control Panel shown in Appendix A was designed with the consider-
ation of the above factors.

Types of Information

Display and control labels should be derived from the following types of infor-
mation :

a. Entity Terms - The word or word combinations which unambiguously identif y
the physical element (system, subsystem , component , device , e tc . )  about which information
is to be transferred to or from the operator .

b. Attribute Terms - The general and specific features or characteristics of
the entity which is being presented by the disp lay or changed by the control.

c. Setting/scale Terms - The word , word combinations , and/or numerical desig-
nators which identify the particular settings , range of values and/or the units associated
with the displayed information or control action .

d. Time of Usage Terms - The words which identif y the particular mission seg-
ments or s ituations when the specific display/control should be used.

e. Method of Usage Terms - The word or word combinations which explain how the
operator uses the display or control device to gather or change the information of concern .

f. Information Source Terms - The word(s) which identif y the source from which
• the information being transferred is derived .

Development of Functional Statements

As a f irst step , operator involvement with each disp lay, control , and disp lay/
control grouping during normal and emergency phases of flight should be determined and the
appropriate types of information , as defined in the previous section , should be compiled.
To obtain the pertinent key information listing , functional statements of the specific in-
formation or transmission/change the operator is to obtain from the displays or perform
on the controls shall be prepared. In these statements , answers to the questions of what ,
when , where, and how the operator is involved with the display/control should be cleafl~~
~~~~

‘readily apparent. With displays , the operator is concerned with gathering information
on the s ta te /se t t ing  of some feature or characteristic of something . With controls , the
operator is concerned with taking action on , or changing, the state/setting of some fea-
ture and/or characteristic of something. The ’

~
Tentity,~ “attribute ,” and “setting/scale ”

terms provide the what information; and the “method-of-usage” is the how information.

In these statements and in the subsequent key information listing (Table 1), the
appropriate term words should be arranged so that each succeeding word is part of the term
(terms ) identified by the preceding word to facilitate the analysis. Where app licable ,
these statements sha l l  include all the types of information terms as defined above ; exam-
ples of the above procedure may be noted in each of the defined terms in the following
paragraphs and in Appendix A.  Following the preparation of the functional statements , the
appropriate key information terms shall be extracted and presented in tabular form as shown
in Table I.

Entity Terms

The words which identify the information transfer involved in the display/control
utilization shall be selected and arranged so that each succeeding word is part of the e-
quipment identified by the preceding word (e.g., “Helicopter Radio Receiver ’). These terms

—~~~~ . 
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TABLE I

DISPLAY/CON’lROL INFORMATION LIST

Displayf Information
Control Device Entity Setting/Scale Time-of-Usage Source Method-of-Usage

(Indica tor , (System , (Discrete , (Mission Seg- (None , if (None , if obvious)
Toggle Switch , Subsys- Continuous) ment , Emer- obvious)
Pushbutton , tern , gency, Pri-
etc.) Compo- mary , Al ter-

nen t , nate , e t c . )
Device)

iden t if y the control/display requirement for the operator ’s acquisi t ion or selec t ion of
the “Frequency” whL.çji is the attribute of the “Receiver ” entity-component which is part
of the “Radio” subsys tem which in turn is part of the “Helicop ter” system. In the exam-
ple shown in Appendix A , the entity term for the “Aircraft Cockpit Environment Control
Panel” describes the panel as a grouping of controls for the management of the “Cockpit
Environment” subsystem which is part of the Aircraft.

‘Kttribute Terms

~ 
Words shall be selected that describe what is being changed or the state of the

char~c~ eristics (attributes) of the physical element (entity) of concern . Examp les of
attributes are the “sweep ra te” of a radar antenna , the “attribute ” of an aircraf t , the
dis tance “range ” selec t ion for a sonar disp lay control. In the example in Appendix A ,
the “pressure ” is the a tt r ibu te assoc ia ted wi th the cock pi t air.

Se tt ing/Sca le  Terms

The words selec ted should des cr ibe the discre te and /or  con tinuous aspec t of the
particular display or control. In the case of the cockpit temperature selector control
in Appendix A the setting terms are “cool” and “heat ” with a continuous operator selection
capab ili ty between these two limits.

If numerical units/symbol ic de signa tor ( s) are to be used , particularly for dis-
p lay scal es , the pr ope r uni ts shal l  be de term ined from the req uired r eading and/or  setting
accuracy requiremen ts associa ted with each disp lay and control. Numerical/symbolic desig-
nators that are widel y accep ted or easi ly understood should be selected (e.g., 1000 me ters ,
7. RPM , Hz , etc.). In Appendix A the units selected for the cockp it pressure presents cock-
pit altitude in 500-foot increments from 0 to 50,000 feet. The unit labeling is “Feet-
Equivalent Altitude .”

Time-of-Usage Terms

Information concerning times during which a particular device or device-setting
sho u ld be used may be important to the operator . Usually these times correspond to vari-
ous mission segments (e.g., start-up , taxi , take-off , c limb , attack , etc.). Appropr iate
words for this purpose should be selected.

Words shal l  also be included to descr ibe  the spec i f i c  situa t i on ( s )  of designa ted
display and control functions , so that upon setting up the control device properly. the
system performs all the required system functions to enable the various subsystems involved
to be adjusted for that mission segment.

Where control devices and control settings are used only in emergency si tuations ,
the selection of the word “emergency ” is desired. It is also desirable to use the word
“normal” as part of the control setting labeling to distinguish it from either the “emer-
gency ” situation or from other special situations which are not emergency ones but rarely-
occurring ones. However , “normal” should no t be used for  more accura te words such as “pri-
mary” or “in-flight. ”

Information Source Terms

Where operator confusion may exist , words which descr ibe the source of the in-
formation of concern should also be selected (e.g. , altitude obtained from the radar, dis-
tances from sonar. etc.). In Appendix A the various sources of cockpit air are listed and
provided for opera tor control.

Method-of-Usage Terms

In mos t cases , the method of disp lay/con trol is readily .apparent to the operator
by the display/con trol configuration . Where specific action is not readily apparent (e.g.
“pull ,” “push ,” or “turn ” to accomplish a required action) word(s) describing method of
use should be selected and employed in the labeling . Also , where operator action proce-
dures in the use of displays/controls is complicated or not readily apparent to the opera-

4 tor , describing word structures shall be formed and appropriate labeling presented to the
operator .

In those cages where word structures will be required to inform the operator how
he is to emp loy the display or control , modif y ing or ac tion words such as “a , ” ‘the ,” “it ,”

.4L .  
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“to ,” “ turn ,” “ set ,” “adjust ,” “ con trol ,” “enable ,” etc. , shall not be selected ~hen they
do not provide required information or are obvious to the operator .

Where the title of the device , and the appropriate operator action is required
in the labeling , the verb (describing operator action) selected should convey the most
direc t and maximum information possible to: 1) obtain the shortest possible verb-entity/
attribute term(s); and 2) convey the most direct information concerning the required op-
erator action(s) in the verb.

Disp lay s and cont rol s ar e usually grouped in to major  as sembl ies ca l led  panels.
These panels are considered to be discrete components which provide the operator with in-
formation (through displays) and action (through controls) required to fulfill a specific
subsystem capability. There may be one or more than one d isplay or con trol panel grouping
for the various characteristics (attributes) associated with the specific system/subsystem
(entities). An example of these multip le disp lay /con trol groupings is a communica tions
subsys tem which has several major componen t divisions (UHF Radio Transmi tter , UHF Radio
Receiver , Automatic Direction Finding , Voice Security, Intercommunications , etc.). In ad-
di t ion , dual independent equipmen t (versions) for one or more of these en ti ty/ a ttr ibu tes
may be provided.  In these cases , they should be grouped and labeled No. 1, 2, 3 , etc.
The type of information to be listed for these panels for labeling consideration should
include descrip tive titles of the component (entity) that forms the panel and the major
attribute associated with the component. In Appendix A the entities are the (aircraft
cock pit air) and the attributes are the (temperature and pressure).

4 LABELING SELECTION

For each disp lay , control , and di sp lay/con trol group (this may be either a major
component in a subsystem or sub-groups of displays or controls in a large group such a:~ acontrol panel)  the comp iled lis t of types of info rma tion (Table  1) are used as the basis
for appropriate labeling selected in accordance with the following procedures and require-
ments.

GENERAL REQUIREMENTS

Labeling should not include words that identify the system , subsys tem , componen t ,
or device when the shape or other obvious feature conveys this information .

Where possible , the labeling shall  con tain words tha t iden ti f y the appropriate
display or control entity/attribute (e.g., Radio Frequency , Fuel Flow , Compass Heading ,
An tenna Sweep Rate , Cockp it Tempera ture , etc.). Major equipment titles should not be used
(e.g., Air Conditioner) .

The same words shall be emp loyed in the labeling of disp lays tha t are used to
label their associated controls.

Where possible , only singular forms of the labeling word(s) shall be used.

Punctuation marks such as periods , hyp hens . apostrophes , and slants should be
minimized ; if used , they should be consistent and should correspond to the punctuation
meanings under the abbreviation section .

DETAILED REQUIREMENTS

From the types of information listing prepared for each display , con trol , and
display/control grouping , appropriate labels shall be selected as follows :

DEVICE GROUP LABELING

The label for the disp lay/con trol group should include the entity and attribute
word(s), where app l icable , tha t iden tif y the major component and characteristic the opera-
tor is involved with. Where the component (s) (panel) title is very obvious with respect
to the system or subsystem involved , the entity term should not be included in the label.
For exampl e , in the disp lay for  a i rcraf t a i r speed , “Airc raf t” should not be included un-
less confusion with the speed of another entity such as target , ship, etc. can occur . In

• the example shown in Appendix A , the entity term of “Aircraft” was no t se lec ted because
“Cockpit” sufficiently identifies the aircraft interior location and the entity term “Air”
when used with cockpit is the major feature of the aircraft interior environment.

In many cases , there are display and control sub-groups within a panel that can
be iden tified with an adequate label that will apply to all of the devices in this group .
An anal ysis of the listing for each display/con trol will reveal this label-device relation-
sh ip. In these cases , one appropria te label should be selected for the title of all of
these rela ted devices. For examp le , if a number of displays and/or controls which display
or allow oper ator action for the testing of devices A , B , C , D , etc . a “TEST” label with



appropriate bracketing shall be used in lieu of separate “TEST” labels for each disp lay
or control as shown below :

TEST TEST ‘lEST TEST TEST

‘q ç ç ~~~~~~~~
q
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Generally, onl y en tity and att r ibu te terms fo r the display and con trol groups
will be in the types of information listing . However , where applicable , “se tt ing/scale ,”
“time-of-usage ,” “information source ,” and “method-of-usage ” terms should be included.
In these cases , as shown above and in Appendix A , the labeling shall include clear , con-
cise , and consisten t word(s) which describe these terms .

Individual Display and Control Labeling

Labeling requirements for individual disp lays and controls consist of title la-
bels to iden t if y the display or control and discrete or continuous setting labels or scales
for operator action. Appropriate words that describe the attribute and/or the entity shall
be selected for the title label. Where the device grouping (panel) title adequately iden-
tifies the equipment , the entity term should not be included in the title. This label
should also include the “setting/scale ,” “time-of-usage ,” and “method-of-usage ” if this
information is required and is not to be included in the displayed scale or control set-
ting labeling.

For the disp lay scale or control setting labeling, the appropriate entity, attri-
bute , se tt i ngs / sca le , time-of-usage , and method-of-usage word(s) from the types of infor-
mation listing should be selected in accordance with the requirements outlined in the pre-
vious paragraphs.

Labeling Des ign

The sty le , siz e , and arrangement/location of the letters , numbers , and symbols
used in the labels should be in accordance with the requirements of NATO STANAG 3329AI ,
“Numerals and Letters ,” and U.S. Militar y Specification MIL-M-180l2 , Markings  f or Aircrew
Station Displays.

LABELING ABBREVIATION

Purpose and Application

The purpose of this section is to establish requirements and guidelir’es for ab-
breviation of labeling on aircrew station disp lays and controls. The guidelines presented
here attempt to reduce the time required for interpretation of abbreviated labels by pro-

¶ viding consistent rules for the formation of abbreviations .

General Regui’~ementsS
Wi~ere poss ible , sufficien t disp lay and control panel area shall be provided to

eliminate the need for labeling abbreviation .

Sinc e label ing  abbrev iation sha l l  onl y he employed where there is insufficient
space to present the comp lete labeling word structure , this may result in the same label
being presented in both complete and abbreviated form on the same disp lay/contro l  group .

When abbreviation is required for two or more identical labels with a display!
control group , the same abbreviation shall be used for all such abbreviated labels. The
same label shall be used for the singular and p lural forms of the word(s).

Punctuation marks in labels should be avoided except for selected marks used to
indicate abbreviation structure in the circumstances described below . These selected
marks are: 1) the dash ( - ) ,  used to identif y compound-word abbreviations; 2) the slash
( I ) ,  used to indicate rates and ratios; and 3) the period (.), used to separate letters
or acronyms .

• Detail ed Requirements

.5 Shor t Words - Single-word l,abels of  four letters or less should in general not
• be abbreviated. Such short ~ords appearin g, in multi ple word labels may he abbreviated

when an approved abbrevi at ion e x i s t S  and when context is sufficient to ensure that this
is entir el y clear.

Approved_Label Abbre~ lations

Single word and word combinati’n abbreviations , particularl y those associated
with critic al and/or emerctn cv disp lay and control uses , th at have received long standing
use and wide aircrew acceptance and ~e ’ne r illy conform to the abbreviation requirements
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speci f ied herein should be compiled and considered for adoct ion in future aircrew stations .
A forma t for this comp ilation is shown in Table A-Il . The use of these abbreviations
should be based on the lack of sufficient space to present the comp lete labeling structure.

Formation of Labeling Abbreviations

Formulation of abbreviated labels shall be based on available panel space and on
the guidelines described below . Where abbreviation is required , the longes t abbrevia tion
consistent with available space should be used , subject to constraints imposed by o ther
uses of that label on the same display/control panel; e.g., requirements for standardized
abbrev iations.

Sinj~~~~~ord Labels

Although “ approved” abbreviations are contained in several U.S. Military stan-
dards and specifications , many of these are inconsistent and are not efficient in the sense
of transmitting information to the operator. The basic goal of abbreviation is , ‘for a
~iven amount of space , to maximize the information input to the operator and thus to mini-
mize the time required to translate the abbreviation into the parent word(s). Among the
pr inc iples which  hel p achieve this goal are : I) consonants carry more information than
vowels; 2) letters toward the beginning of a word carry more information than those toward
the end; 3) letters toward the beginning of a sy llable carry more information than those
toward the end ; and 4) specific suffixes on a label are of little or no utility in convey-
ing the function of the control or disp lay being labeled. The rules which follow incorpo-
rate these principles. Abbreviations derived from these rules should be given precedence
over label abbreviations derived in arbitrary or inconsistent ways .

ABBREVIATION PROCEDURES

Gen er a l  Rules

1. Break word into its component syllables.

2. Delete any suffix listed in Table II

3. Retain first sy llable intact until all succeeding vowels and consonants have been de-
let ed.

, . Vowe l Deletion Operations

Sta,~~~ I: The following operations do not app ly, at this stag e , to those vowels which
are themselves syllables , or ire the first letter of syllables .

a. Go to the right- m ost (last) sy llabl e of the word , del ete the right-most vowel of
th is syllable.

b. Proceed to the next syllable (to the left) and , again , del etc the right-most vowel.
• Continue this leftward-moving syllable , right-most vowel deletion process until

the first sy llable is arrived at. Retain first syllable intact.

c. A g a it ’ . go to the right-most sy llabl e of the word and delete the right-m ost remain-
ing vowel. Do this until onl y those vowels which are themselves sy l l a b l e s , or are
first letters of sy l l ables , remain. To repeat , leave the first sy llable intact.

Stage II; Should further contraction be necessary , dele te in a left-moving process
remaining vowe ls , except for the vowels in the first sy llable.

5. Consonant Deletion Operations

At this point , the remaining word structure will consist of the intact first syl-
lable and rema ining sy ll ables containing one or more consonants.

Those sy llabl es that contain onl y one let ter shall be retained until multip le-
consonant sy llable structures have been reduced to single-consonant sy llables. This
will be accomplished by the following procedure.

a. Look for syl .lahles containing three or more consonants starting from the last of
thes e sy l la b l es . delete the left-most consonant (provided it is not the first let-
ter of the syllable), continue this process until the first sy llable is reached.
Repeat this process until remaining word structure is reduced to the fIrst sy l l a b l e
intact , and remain ing sy llabl es consisting of one or two consonants. Delete the
right-most consonant of any two-consonant sy l l abl es . movin’~ in a right-most to left-
most fashion .

b. Now onl y the fir st syllable and single-consonant sy llables remain. Delete the re-
ma ining single-consonant syllables in a right-most to left-most fashion until only
the f i r s t sy llable remains.

6. First Sy llable Opera tions

If fur ther abbreviation is necessary, operate on first-syllable vowels and con-



sonants as out lined previously until first letter is reached and retained.

TABLE II

SUFFIX DELETION LIST

1) -s 14) -ure 27) -able

2) -izer 15) -ance 28) -ible

3) -ating 16) -ence 29) -er

4) -izing 17) -ince 30) - ing

5) -ization 18) -ment 31) -ic

6) -ation 19) -er’.t 32) -al

7) -ator 20) -ical 33) -ate

8) - icate  21) - i t y  34) -or

9) - ize 22) -ater 35) -nes(s)

10) -matic 23) -ency 36) -eou(s)

11) -at ic 24) -ed 37) —u (s)

12) -mum 25) -ary 38) -y

13) -tude 26) - ion

Note: I. (-s)  is dropped from endings of other suffixes
2. (-er) is not deleted for words of six or fewer let ters
3. (-y)  is not de leted if precer led by vowel , b , d , or p

Appendix B gives an example of the use of the above procedure.

Co~p,ç~ind-Word Labels

Frequent ly labels wil l  consist of words which , a lthough wri t ten and treated in
normal usage as one word , are actua lly compounded from two or more complete word or words
and pre fix modifiers. Examp les are such words as infrared , mega hertz , etc. Since the
information contained in these compounds requires both words , the deletion of letters on
a r i ght-to-lef t basis is sometime s inappropriate. Such compounds require special han-
dling. The general rules for compounds are: first, avoid abbreviation if possible;
second, attemp t abbreviation as if the compound were a single word. If this results in
an ani~iguous or unrecognizable abbreviation ; third, abbreviate each part of the compound
separatel7 and comb ine with a dash (-) (one-stroke width) . Thus , under approach two ,
“infrared ’ becomes “INFRR ,” “ INFR ,” or “INF ; ” under approach three , “INF-RD” or f ina l ly
“I-R .” S imi l a r ly “af terburner ” becomes “AFTBRN ,” “AFTBN , ” or “AFTE ,” then “AFT-BRN ,”
“Ar-SN , ” or “A-B. ” Note the substitution of the ( -)  for the symbol (/ )  previously used.
The latter mark is reserved for rate and ratio abbreviations .

The d istinction between compound-word and multiple-word is not always clear .
The two differ primaril y according to whether the compound word is treated in common
usage as a single word . For handling multiple-word labels , see section entitled “Multi-
p ie-Word Labels. ”

Lab els indicating Quantity and Units of Measure

Words which ire compounds composed of a prefix indicating quantity and a word
indica ’ ing units of measure require special notation for abbreviation . Typ ical p r e f i xes
of qu int ity are “mUll— ,” “micro- ,” “dec i- ,” “centi— ,” and “kilo- . ” Typ ical un its words
are “meter , “ “ cram . ” “Hert7.,” ” vol t .” and “ampere.” Rules described in “Single Word La-
h e l.s” will not provide .s.irisfactory abbreviation for these quantity unit compounds since
‘~~~t ’ uni’s term will he deleted before the quant ity terms . Optimum abbreviations will re-
quire sp eci al not .tt ion system which is onl y pa rt i a l l y comp leted .

Wh , ”ieve’r sp ice permits , labels involving quantity-units compounds should be writ-
‘en ~)U~ in full. Where abbreviation is essential , use onl y well-known and widely-recog-
ni . ’t d notation . Avoid inconsistent usage (as in mm for millimeter and rnfd for microfarad).
Ret tin NATO ~l’ANA ( 3647A1 Nomenclature in Aircrew Stations .

~\ spec ial notati onal system for quantity prefixes which utilizes exponential no-
t a t  ion is current lv being developed. When complete . this notation could replace other
guidelines fo r  quantit y-units compounds . The essence of this proposed new notation is
the us, of a subscri pt at tached to the units abbreviation to indicate the quantity in-

L. I
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volved. The subscript has the meaning of “10 to the nth power ,” times the units of the
abbreviation. Thus , if “meter ” is abbreviated “M ,” millimeter become s M 3, (meter x 10-3 );
centimeter , M.,2; kilometer , M3. For “second ,” millisecond would be SEC_ 3 ; microsecond ,
SEC..6; and nanosecond , SEC ..g. One goal of this notational system is to avoid special
Greek symbols for terms such as “micro” and to reduce confusion resulting from the use of
one le tter for mul tiple terms , such as “H” or “m” for “micro ,” “milli- ,” “Mega ,” “me ter ,”
etc .

Like all labels , those devoting square and cubic measures should be spelled out
whenever possible. When abbreviation is required , two forms may be used. The preferred
me thod , space allowing , is to precede the units abbreviation with “SQ’ for square measure
and “CB” for cubic measures. For more compact abbreviation , a superscrip t (exponent) may
be attached to the units abbreviation . Thus , if inches is abbreviated “IN” square inches
is SQ IN or IN2, or , under the spec ial no ta tion proposed above , SQ M3 or M~ .

Labels Indicating Rates and Ratios

Labels which denote units as a function of time (feet per second , revolutions
per minute) or ratios of units (pounds per square inch , grams per square centimeter) will
gener a l ly require some form of abbreviation due to space limitations . The symbol slash
(/ )  should be used to separate individual units abkreviations , and should be read as re-
p la cing the word “per. ” Thus , “FT/SEC ” and “LB/INZ” (pounds per square inch). This is
the onl y appropriate use of the (I) symbol.

Multiple-Word Labels

4 When space does not allow presentation of the full label , abbreviation of multi-
ple word labels can be formed in one of two ways- - individual word abbreviations and acro-
nyms . For individua l word abbreviations , each word of the label is abbrev iated according
to the rules for sing le word s and combin ed , with spaces separating individual words . Thus
“Power Amp lifier” becomes “PWR AMP ,” “Cabin Pressure” might be “CBN PRES ,” “Alternating
Curren t” mi gh t become “ALT CRNT .”

An acronym is an abbreviation formed from the first (or first few) letters of
s i g n i f i c a nt words of the comp lete label. Acronym abbreviations can be indicated by indi-
vidual let ters either with a space (two-stroke width) or by a period ( . )  (one-stroke width) .
Separating by spaces is consistent with the rule for individual word abbreviations . “Al-
ternating Current” might be “A C., ” or “A C ,” but not “AC ; ” “Outside Air Temperature”
migh t be e ither “O .A .T.,” or “0 A T ,” but not “OAT .”

Abbrev iations formed from the individual word rule may combine any of the types
of abbreviation in previous sec tions . “Shaft Horsepower” cou ld be “SHFT HP ,” or “SHFT H-P .”
or “S HP , ” or “S H-P.” Appendix C gives examples of abbreviations formed by the rules of
this section and preceding sections.

Inappropriate Labels and Abbrevia tions

For sys tems a l r eady in existence , a lack of appropr iate guidelines has resulted
in labels and abbreviations which are less than optima l and which are frequently not in
compliance wi th the spir i t of exis t ing documents and standards . Separate and independent
developmen t of systems and component subsystems creates an inconsistency of labeling across
panels within a system and encourages an abundance of separate pseudo-acronym labels to
describe individual system components. Frequently these labels are developed primarily
for the pronounceability or buzz-word characteristics of their acronyms , ra ther than for
the communication of functions in a fashion consistent with labels for other displays and
controls of the total weapons systems . Typically, such labels include words such as “d is-
play, ” “ indica tor ,” or “control. ’ Use of these terms is specificall y counter to the guid-
ance in STANAG 37O5A1 and U.S. Military Standard 14728. To further complicate the label-
ing and abbrevia tion structure , componen ts with the same function developed separately
may have different labels. For example , both “Vertical Situation Display” and “Ver tical
Situation Indicator” are more appropr ia tely labeled “Ver tical Si tua t ion” without the dis-
play or indica tor tags , and abbreviated labels should not reflect the VSD or VSI nomen-
clature,

A key purpose of this document is to provide guidelines sufficient to reduce or
elimi’a ’ . inappropriate and inconsistent labeling and abbreviation in future systems de-
velop •“~~s. A single poor label or abbreviation assesses a small , but definite , t ime
charge on the operator in terms of increased familiarization and training time and an in-
creased time to read and transla te , and increases the l ike l ihood of errors of opera t ion
which can cause accidents and system damage . These small inefficiencies , multiplied by
thousands of system elements and thousands of operators , represent a substantial and wholly
unnecessary degradation of total system effectiveness.

CONCLUSIONS AND RECOMMENDATIONS

4 The following conclusions and recommendations as a result of this study are
made:

a. Modern aircraft weapon systems have considerably altered the traditional
man/equipment information transfer process that existed in previous a i rc ra f t .

‘ 4
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b. The operator/equipment interface in the determination of the information
requ ired by the operator and categorization of his control response must be optimized to
meet the ever-increasing information transfer requirements in modern aircraft .

c. Current U.S. Navy human factor eng ineer ing guidel ines  and requirements in
regulation documents do not result in clear , concise , and consistent aircrew station dis-
play and control labeling.

d. Ongoing research should be comp leted and the data from such compiled.

e. The design procedure and requirements for aircrew station labeling selection
and abbreviation contained in this report , and from findings from ongoing research , is
recommended as a depar ture point in developing a military standard for use in the design
of effective disp lay and control labeling in aircrew stations .
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APPENDIX A

AN EXAMPLE OF THE DESIGN PROCEDURE FOR LABELING SELECTION FOR AN AIRCRAFT DISPLAY
AND CONTROL PANEL FOR AIRCRAFT COCKPIT ENVIRONMENTAL SYSTEM

Display

Five digit numerical readout,

Contro ls

The following controls are to be grouped on this panel:

1. Four , pushbutton (“ON”-”OFF”) switches (interlinked so that only one switch
is activated at any time)

2.  One , two-pos ition (“ON” - ”OFF”) switch

3. One , two- position (“ON” - ”OFF”) switch (one position is lever-lock guarded)

4. One , three-position (momentary “ON ,” “OFF ,” momenta ry “ON”)

5. One , Thumbwheel Control (continuous)

To determine the appropriate labeling for these displays and controls , the fol-
lowing steps shall be taken :

A. Prepare operator functional statements on each disp lay and control as follows :

1. Indicator

Read indicator to obtain aircraft cockpit air pressure altitude in 500-foot
increments from 0 to 50 ,000 feet. Since the reading accuracy must be 500 ’ , the tens and
unit sca le markings are fixed.

2. Four Pushbuttons

Push one of four pushbuttons to select aircraft cock pit air conditioning/
pressurization air sources from aircraft external (ram) door , or both engines , left engine ,
or right engine bleed air valves.

3. Three-Position Switch

Move toggle switch from center off  pos ition to one of two positions momen- a
tarily to open or close the aircraft external air door to increase or decrease the air
flow when the autc-’natic engine air flow source is not being emp loyed .

4. Two-Position Switch

Move toggle switch in one of two positions to either obtain automatic air-
craft cockpit air pressurization altitude or dump the cock pit air pressure to exhaus t air.
Since this latter action can be critical under some situations , this position is guarded.

5. Two-Position Switch

Move toggle switch in one of two positions to either automatically ma intain
a ircraft cockpit air temperature at the comfort level selected by another temperature con-
trol or manually select the cockpit temperature as airspeed and/or altitude changes occur .

6. Rotary Control

Turn control to increase (heat) or decrease (cool) the aircraft cockpit air
temperature.

B. Analyze the operator functional statements and extract  (or revise to more con-
cise word(s)) the major entity, attribute , setting , information source , time-of-usage ,
and method-of-usage terms as shown on the attached Disp lay/Control Information List
(Table A-I).

C. From the functional statements and the information terms in the attached tables ,
identify those displays/controls that are related and have the same entity-attribute de-
scriptive terms . These displays/controls should be located in close proximity to one a-
mother and one appropriate label title with appropriate bracketing over the related dis-
plays and controls shall be selected.

D. From the display/control information list for each display and control , select
the mos t appropriate labeling for the device title and scales/ sett ings . The display and
control panel labeling extracted for this sample aircraft environmental subsystem is

• shown in Figure A- I. It is to be noted that the control for automatic or manual air
temperature selection is directly related to the air temperature level selector control.
Accordingly , a conun in label title for these controls is used.

5’
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The four pushbuttons used to turn on the air conditioning/pressurization and
selection of the source of cockpit air are interconnected so that the activation of one
disengages the previous selection. Accordingly, only the source term information is re-
quired for the setting labels of these controls as may be noted in Table A-I and Figure
A-l.

It is also to be noted that the entity-attribute description of “Aircraft Cock-
pit Air” is contained in all of the individual controls in Table A-I. Since these con-
trols are grouped in a panel , the panel title label selected is “COCKPIT AIR” and is not
used in the label title for the individual display/control labeling . If these controls
applied to other crewstations , the term “Interior ’ would he used in lieu of “Cockpit ” in
the group title .

I COCKPIT AIR
SOURCE I

I E N G I N E  1 EEXTERNAL 1
LEFT BOTH RIGHT INCR

LOFFI [ON ~ 

~
p
~
j  ~or~~ ~~~~~~

DECR
ETEM PERATURE1[ PRESSURE I

AUTO HEATfl AI~,LT~O 
_ _ _ _ _ _ _ _ _ _ _

MANUAL 
CckL ~J ~~~~~~~~~~~~~~ FT - EQU IV A LT~~~

Figure A- i .  Aircraft Cockpit Environmental Sys tem Con trol Panel Labeling

TABLE A-I

DISPLAY/CONTROL INFORMATION LIST FOR AIRCRAFT COCKPIT ENVIRONMENTAL SYSTEM

Display/
• Control Time- Information Method-

Device Entity Attribute ~~~~~ng,~~cale of-Usage Source of-Usage

Pushbutton Aircraft Source External (Ram) Alternate N/A Obvious
Cockpit Air Door “Push”

Pushbutton Aircraft Source Both Eng ines Normal N/A Obvious
Cockpit A ir “Push”

Pushbutton Aircraft Source Left Engine Alternate N/A Obvious
Cockpit Air “Push”

Pushbutton Aircraft Source Right Engine Alternate N/A Obvious
Cockpit Air “Push”

Toggle Aircraft Flow Increase Alternate N/A Obvious
Switch Cockpit Air Decrease

• Toggle Aircraft Pressure Automatic Dump Normal N/A Obvious
Switch Cockpit Air Emergency

Indicator Aircraft Pressure 0-50 ,000 feet Normal N/A Obvious
Cockpit Air (equivalent) “Read”

altitude)

Togg le Aircraft Temperature Automatic Normal N/A Obvious

4 Switch Cockpit Air Manual

Thumbwheel Aircraf t Temperature Increase (heat) Normal N/A Obvious
Control Cockpit Air Increase (cool)

I ~~~~~~~~~~~~ ~~~~~~~~~ 
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TABLE A-Il

FORMAT FOR
APPROVED LABEL ABBREVIATIONS FOR AIR CRE W STATION DISPLAYS AND CONTROLS 

-

.

WORD(S) LABEL
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APPENDIX B

EXAMPLE OF ABBREVIATION PROCEDURE USAGE

TRANSMISSION - WORD

Trans•mis sion - SYLLABLE BREAKDOWN

Trans’mis’sion - PRIORITY STEPS

Frran~.mis’si6n - Protect first syllable , right-most vowel of right-most syllable
is deleted

fl’ran~•mLs’sin - Next syllable vowel deleted in a left-moving fashion

fTran~ .ms’sLn - Return to right-most syllable , delete remaining vowel

rrran~ •ms•s,~ - Right-most consonant of last syllable deleted

~Tran~ ’m~ .s - Right-most consonant of next syllable deleted in leftward-
moving fashion

rrran~ •m’~ - Final consonant deleted

- Remaining consonant deleted

Trans - First sy llable

Tr4ns - Vowel deleted

Trn~ - Right-most consonant deleted

Trp~ - Next right-most consonant deleted

Ti - Last consonant deleted

T - Ultimate abbreviation

4
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APPENDIX C

EXAMP LES OF ABBREVIATION FORMULATION

FOR MULTIPLE AND COMPOUND WORDS - ‘4

Label Abbreviations

Airborne Early Warning A . E.W.
A-BR N ERLY WARN

Automatic Direction Finding A .D .F .
AUTO DRCT FIND

Auxiliary Alternating Current AUX ALT CRNT
AUX A .C

Undercarriage UNDCAR
UN-CAR
U-C

Supercharge SUPCHRG

S-CHRG

Miles per Hour MI/HR

Automatic Flight Control A.F .C.
A F C
AUTO FLT CNTRL

Kilograms per Square Kilometer KG / SQ KM
KG / KM 2

or
G3/SQ M3

4
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SUBJECTIVE ASS~~sMEN’r OF A HELICOPTER APPROACH SYST~ 1 Fl)R I~~ CONDITIONS

by

H Howells

Flight Systems Department
Royal Aircraft Establishment

F~rnborough
Hants

UK

SU?4MA.RY

This paper outlines the contribution of subjective assessment techniques used in the flight evaluation of
3 azimuth approach guidance laws presented on crosspointers of electromeohanical instruments in a fully
stabilised helicopter. The flight evaluation conducted at RAE, F~rnborough, UK, was reporte-i in 1974
(Ref i). Attempts were not made to simulate IFR conditions but the pilots were instructed to confine
their attention to monitoring the instruments within the cockpit as a safety pilot was carried. The

~~~~~~~ contention is that the use of subjective assessment techniques, in conjunction with the inter-
pretation of radar plots and comments of an airborne trials observer, provide a type of information not
obtainable from other sources. The technique, althou~ t used here on electromechanical instruments, would
he equally appl icable to an assessment of electro—optical displays.

4 INTROWCTION

Equipment denigners tend to consider the use of such subjective methods as interviewing or questionnaire
techni ques onl y as a last resort when it has not been found possible to measure or quantify the performance

~f the equipment. In terre of the normal academic and professional training of desigtiers this is under-
standable so that if the desi e-ner has to r’c~r to using some form of subjective assessment , the results
are often disappointing to all c,n~,’rn~’1. Perhaps unknown I many designers of airc raft systems, persons
engaged in certain fields of r .’e”urct: and ire.as t’ ctud,y, coo h as clinical psychol .~ ists and even market
researchers, often possess no ith ,’r ‘.ool other than some form f systematic subjective assessment. In the
hand s of such pr~ct iticners , it is often a f-kr more syster.atic id precir’- tool than when used by an
equipment desi~-ner who lacks an appreciat ion of the \ Irious rating scales, checklist techniques etc
,-ivailable. In th ’~ field of aerospace R&D, it is usually possible to find a specialist with experience in
the use of such methods and it is advisable to reek such professional hel p if available (Ref 2). In the
c-ice of assessment of ‘quipment by t o r t  pu ~ts , the insights into equipment performance which the
experienced test pilot can , f f , -r ir” ofter . not readil y assimilated by the designer as he usually does not
possess the systematic means of categorisin1’ and codifying such assessments. The flight evaluation by
RAE test pilotS of approach guidance infor~n t i in on crosepointers appeared to be a suitable contert in
which to apply a more syst~”iitic means of col lect in g such pilot opinirr..

TR IALS APPROA CH TASK

The aim of tI:’ trial (Ref 1) was to  eval ’a t te  3 types of azi muth presentation by assessing tracking accuracy
from radar pl~ ’s. The trial was based in the earl ier discussion of the imp l ications of operating hel i—

p t er e  in poor visibility (Ref 3). Tb’ 3 types ~f azi mu th present a t i on were:

1 Raw guidance signals.

2 Rate aided display.

3 Ccmposite ltw formul ,ited to improve joining of approach path by constraining the intercept
angle to a nominal .~~ ‘° with an associated demanded bark angle.

These ioimuth display laws were used in conjunction with raw elevation error signals and the 3 lawe were
examined for a fixed glideelope angle of 60 to establish wnat approach accuracies could be achieved and
whether qualitative differences in pilot workload between the guidance laws were experienced. The
approaches w’ re initiated at 1000 ft , at a constant descent speed of 60 km and with a break.-off height of
100 ft.

DISPLAY CONYICIURATION

A Newmark type 4O5’~K Attitude Director Indicator (ADI) and a Smiths type S6 Horizontal Situation Indicator
(HSI) were fit ‘ed to the starboard instrument panel , to replace the standard inst rument fit , and modified
to display approach guidance information on crossp-iinters , data lirked from a Bell SPN 10 lock—follow
radar system. The ADI presented the usual attitud ” information together with elevation errors on the
h~rizontal -‘r sspoint°r and the azimuth guidance sigmal on the vertical croeepointer. Similarly, in
aclditic n ‘c basic heading information on the I{SI , the elevation displacement signal was assigned to the
horizontal pointer moving vertically agains t gradua ted dots on the instrument face whilst the azimuth
r~isplacement pointer was located or , a central carriage which moved left or right of a course maiter.

The technique re~ruir.d f ir  following an instrumen t approach with these disple,ye was to fly the ADI
central aircraft symbol and the circle on the hSl , towards the intersection of the crosepointers.
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REASONS FDR USE OF SUBJECTIVE ASSESSMENT

The main means of assessment used by the team running the trial were tracking accuracies from radar plots
together with comments of an airborne trials observer. A quectionnaire previously used by the trials
team during the early stages of the study was lim ited to such details as date, time of day , trials number ,
meteorological information and the pilot was encouraged to make any comments he wished to make on the
conduct of the day’s fl ight programme. Understandably, this method did not provide adequately detai led
information to supplement the interpretations made of the tracking errors indicated by the radar plots.
In a similar type of helicopter crosspointer evaluation conducted by NASA (Ref 4) where radar plots formed
the basis of an approach aid assessment , findings from pilot opinion were ri-por i’d but the method if
opinion collec tion was not reported. The author was approached to obtain a more etrui’ t ural me ine of
obtaining detailed information on pilot opinion for the RAE trials I

BACKGROUND TO CHOICE OF SCALING M~~HOD

A t the 18th Conference of the Human Factors Society (1974), Helm (Ref 5), po inted out h i t  in in
increasing number of system evaluatione , the operators wI- ri ’ required to :a-,ki’ complex judgements using a
variety of scaling methods on such factors as: operator workload , task difficulty and man—machine
effectiveness. Helm indicated that perhaps the most familiar rating scale in the field of aviation was
the Cooper-Harper Scale (1969 — Ref 6) with the McDonnel Scale (1968 — Ref 7) bern~- probably the next most
widely known, although many Human Factors specialists constructed their own variations of non—ordinal ,
non—adjectival rating scales (ie tO cm lines). To obtain the final numerical rating in the Cooper—Harper
Scale the qualities being assessed are considered ordinal in the sense that they are ranked in order of
decreasing acceptability and adjectival in that adjectival phases are used t o structure the deci sion
process (Pig i). The disadvantage of the Cooper-Harper Scale is that being an aj~-re~mite scale, it is no t
considered to be linear and so was not designed to facilitate avera~”ing -If ratings. The claims made for
the McDonnel 7—point scale appear to overcome this limitation and so permit the performance of mathematical
operations on the ratings due to he greater linearit y of the scale. The object in this trial was to
ident i fy  the range and type of problen c associated with using the guidance displays and so produce
recommendations for acceptance , modification or re’—~iesign of the equipment . Precise mathematical quanti-
fication of pilot opinion was not therefore a realistic goal and so the Cooper—Harper Scale was considered
for its potential to form a basis or starting point for the study of a suitable method of subjective assess-
ment which would suit the needs of the trial .

TAILORING TIlE BASIC SCALING PROCEDXJRE TO MEET TRIAL A [113 AND TO MAXDtISE TEST PILOT INVOLVEMENT

From anecdotal evidence it war known that test pilots often believed that their expertise in assessing
airborne systems was not being fully utilised by the desioo:ers. To expl oit this aspect , the syllabus of
the Emp ire Test Pilots School , Boscombe Down, ‘OK , Wa:; examined to discover just how the pilots were
instructed to evaluate airborne sys’;’no. The c-o -arcc syllabus stressed that in spite of attemp ts to
quantify aircraft handling qualities , pilot opinion still remained tho most reliable source of available
information on the subject. ~ti explanation of the develop.’oi’ nt and use of ttn Cooper—Harper Rating Scale
for the evaluation of aircraft handling 0unlities was al so containe d in the syllabus to 1cether with a
ref”r -nce to its possible ext ension to the assessment of avionics systems.

It was this familiarity of the test pilots with the Cooper—Harper type scales which influenced the author
in the choice of questior.naire format to be used. The Cooper—Harper Rating Scale was to be used for the
overall assessment of each azimuth approach guidance law and the scale ’s sequentia l decis ion forma t for
the questions on the more detailed — -‘sects.

The attractiveness -of using the decision format of the Cooper—Harper Scale war hot as the pilots would
be conversant with i’s operation, it would form an acceptable method for systematically collecting the
detailed opinion over the questions covering the i-in n areas of interest had been constructed . The list
of questions was drafted from joint meetings between the pilots and the trials team where anticipated
problem and interest -Ire -no were discussed. The draft was circulated for corriroent on accuracy and
acceptabil ity of terms used and question wording.

The pilot version of the .l’,e-s ti - -I ulaire was used in the very early stager~~ f the trial t c  identify any
areas of bad questionnaire design. It essentially consisted of rowe and columns on an A3 sheet. The
first wide column contained the question being asked , followed by the forced choice responses , with
sufficient branching as required to ‘ov”r the broad dxr ,ensions f the particular question , (ie using the
sequential decis ion aspect -f the Cooper_Harper Scale wi’h which ‘li’ ‘‘c ’ pil ‘ts were acquainted). The
nex-t colu~~s were resorted f r  the jil its to reni ct”v their preferred choice cate,-ory to each question
by reading through the tecision chain and ticking the final r ’cp nc’- which corresponded t~~ their opinion
to any given pi es ’ ion. A column was provide d f r  each i;’ i muth ~ui±iiie ’ law under t~’at that day so that
the test pilot was making a “orpar’tive assessment in reading fr-or th - initial qoleIt ’ ion , through the
decision chain, before making his fimal response by ticking the appropri ate row in the respective columns
for the guidance law under consideratio n. Under the column heading for cich t-uidance I iw , the p ilot was
asked to allocate a Cooper-Harper numerical rating as an ‘vc”rall aseesrro ont of the guidance law being
considered. The final wide Colur,n , whi h extended to the edge ‘f the paper , pr-u id”d an opportunity for
the pilots to qualify the force chcice responses jar’ ‘~i I - .

MODIFICATION OF ~JESTIONliAThE FtLLOWING PILOT RI NC

During the pilot runs of the revis,’rI ~ui’rt i nnaire it was found that t pilots were a lit tie reluctant
to -qualify their response categories th y had ‘icked by e.ppl ying wr-i t ’ en details in the qn~ l ifying
comrients colusm r vided but they w ”r” puite irepared to discuss ouch explanations at I ength. This
rd a tance ‘ w r i te  down det iils had been exper ienced by the t rials team on the earlier ‘report ~~~~~~
I’ had been hooa-h ’ that  by struc’-i,r :i,- ;oier t i ons by which the t-iloti w”r’- to review the day~s f l ight
pro~ ramme , ‘his difficulty experienced in p revious trials would he overcon’- . This had been achieved in
‘f-road terms is ‘h-a’ by rorp--nding ‘ the forced choice categories of the branched questions, the pilots
were evaluating ‘ho system in fir - -re dot-i ll than before. It had been noticed that whilst the pilots
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were completing their questionnaires up to the comme nts coluisa, whilst not filling in the c ,a5o-~ ts cot non,
they were more ready to explain to the person administering the questionnaire , the reasons for their
choices rather than writing them down. They were the re fo re  asked if they had any object ions to their
comments being tape recorded. Having estabi i~ he1 that they possessed no such ob jec t ion :- , it was decided
that the comments column be deleted from the questionnaire and substituted by a tape i -cording of these
comments. The procedure then became one of the pilots reading aloud th:- ou~ b: the questions and associo,t i’d
branched responses , ticking the final i’e’oi- ’cc- - cate ’ories correspondin- - to th’ir opinion and the 

~~L-
:oii’rophone ’ on the tape recorder ensured that all their oh - - tailed c occi -n t ;o and i’xto] ’inations were recorded
at ainirum inconvenience to the pilo4 . In this sense the re—designed questionnaire resembled sore a
self~~dsiinistered structured interview soh’-dul o , wit h taped respo: co -c . (Fig 2).

~~ST DF~BRINF ANALYS PS

Do - t a i l e d  -ox:tent analysis ias performed ci: t b: ’ t a r - e d  ‘:q ba:a’,l ions for 11; boxes ticked at the end of each
branched question. Findings were present ed t o  the ~1es io- no- rs in tb; fo rt;  of tnr charts (Fig 3) of the
Coo p- ’:’—bl: ir~-cr Rat ings for eac h pilot and each -ui-,un ’ - la:: toO for the responses to  the f r i ed - c ho i ce
questions (Fin o) t o-e t he r  with the :outu--x ry sheets outlining the - b 1 - - ; : . - , limi’-at - c , :idvco:tage s and
recommendations from the content analysis of the taped expl:ina t lons 1 iv-on by each it o t  (i”i~

- 5a , 5b). The
pilo s were far more enthusiastic in particib00 0 ion in the c ’ ruc ’uc’--d , t - o d b o - —t : ’Lcf  ::b;ich evolved froc.
the shortcomings identified during the pilot run of the -ot ’ i~-i:ia 1 sel l’—:iO ; : i : : ie t oo rc-J questionnaire.
Depending upon the experience of the test pilot , the taped b — b r i e f  lasted f:’ -or . t o  1~v c isc. Ion -ri-or —

ion of new pi lots not originally assi~ t:eil t o ’hc trial did not present any difficulties a:’ an introductory
leaflet explaining the assessment proc-ad ore t~ h~t foll-o ,- ; o 1  a-is read by each p ilot before ~art ic ipaating in
the taped dc—brief.

Phis oc mbi iaat ion of varying le;els of detail ft or:

I Overall Co c”er— ‘i’ Rat ings- fo r  e~ ot: nuloloince ia , Pit ’ 3,

2 Ito:’ - t i -  of responses to the branched , f-c reed choice quest ions to illustr ate any diff’- :’ oonc e
in answers t o the ques tions l-etween diff ’ -:”ont 1a:idanc-e I - i- -- ’. ,  Fig 4,

3 Ooor trairies of content analysis ox’ the ‘ape d exp lanations to such questi ,,:o , Fi g 5b ,

provide;! -i hierarchy of e-cp lanationr and - 1- -tail so tha t the d,-sint:o ’x’o were able to decide which level roost
ed the Ia- requxrecw’nic .

( °N-IILLISI NS

Th- ’ eoic - ’ o r o - -tx o aspec of the use of the subjective assess:nent r”thod ovent coolly evolved from the initial
pilot r’uoo ;-;ith  the mor- -‘ ‘or:~ ‘;t- ional set b_~~i !r,inistere t c:- ’ r t io :cxci ros  and finishing wit h 0:, - t a t - -cd
dc—br ief was ‘h, ’ it al lowed thi - : pilot to desc rite in 0 - reo t - -r Jo - t d  aspects ,ol’ display design and
- p- c r- o r i~’n without fo oling - nobo i ly restrained by a riej .i uesl i-  - :l—r”oponoe fo rraat . A f t- -r co:-;çoi ’tir~~

- t he
- b y ’.- fl it -ho r-onr -ir’co - , ‘he pilot woul d be xrk o’l to consider all the i— rcac he~ ;-e rforrr;ed that day by
addressing himself ‘o ‘ho ’ mmcc quect toO; , -: “xs e tO - ’d in the same seqoi, - nc; , wi th the rare c-coin - - f  responses
but with t he oo ,ossibili y of -ies’ril i:~ ’ in b to i l  hi:’ con4oa: ’ rit ivo assessment by v- - o ur 01 t he taped dc—brief.
The )r.mense detail - h t - c i i c - o t h-,- ’  his roe ’rcod was t h e r t - f - r - -  °asy to oh’-; xx; and when r-’ --to:ced by -‘i° t t t c i t
‘o nalysic , categor ic-ed into :‘uffi~ ient de °-iil t o  :-r vi b - - - tb,: dec - i2 .e rs  wi ll; easy ‘ - arr-i,-;ilato- information
on the probI- -- a - , lir:itat j - to - , advantage :, di:oadv ,nta ,roos and :‘o - c - - r- .rcendationc of the display cystem and its
ope ra- : ii. 41, -n taken ‘ - - -- ‘ i - -v a-i’ . the r- ,- : cr p l o t s  and the 0cc-ac::’ :‘- of t b;o - a ix-i- c:-: - - trials observer , a

- I far mcr-o comp le te  assess -cent -f t h -  sys tem woo s possibl e than wiib: the pro’ cousl y loosel y c-truc’urcd mhcet
used on early occasiomo; by lie t x’ i l s - . It is Sugge ’otot d t ha t  at il c-- this aethod of using a structured,
taped dc—brief — -as used to urs-u’s an d cc’ r - . - ‘: 1 ,—uidanco display in a hel iCopt  “r , the principle
would be equally appl icable for assessing an d e c o r —  ptical aid in sitcilar eil-°’utcstances.

Copyright ~~“Cc::troller It’Otl - , London, ) ?~~
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Adequacy for Selected ~~~~ Demands on th e Pilo t in
or Required Operation* Aircraft Characteristics Selected ‘l~ sk or Required

______________________________ Operation* 
Rating

Excellent 
Pilot compensation not a 

—

Highly desirable 
factor for desired 1
performance

5 )00 Pilot compensat ion no t a

Negligible deficiencies fac tor f or desired 2
per formance

Fair — some mildly Minimal pilot compensation

unpleasant deficiencies required for desired 3
performance

Yes ____________ ____________________________________________________

,/ \\ Minor but annoying Desired performance requires 
—

deficiencies moderate pilot compensation

Is it
/ S,t )cfao

, or ~~~~~~~~~~
hi0 D ici~~~ j os 

- Moderately objectionable Adequate performance require:

Wi th o ut  / - ~~~~~~~~~~~~ 
considerabi lot

:~ rovIaco :. compensation

\ / Very t-je ;’t jonj ible but Adequate performance require:

tole r-mt 1’ deficiencies extensive pilot 6
compensation

Yes

/ 
Adequate performance not

/ 
attainable with maximum

i’tde u,i - 
Major d0- f io I e l m’ ad-u tolerable pilot compensation. 7

P x ’f -or’a: ts”  No Defi;-c-n,’ ~~
- 

controllability not in

‘ - - - ,j t h  a Re ;uir ’ - — 
question

‘-iler-iUe Pilot Improvement
4orkl o i ~l? Major deficiencies 

Considerable pilot cc ;pensa—
tion is required for control

Major deficiencies 
Intense pilot compensation 

—

is required to retain control

Yes

Is It No Improvement - - 
Control will be lost during

Controll able? Mandatory 
Major deficiencies some portion of required 10

operation

Pilot Decisions

*Defifljtjon of required operation involves designation of flight
phase and/or subphases with accompanying conditions.

Fad- 1 ThiN COOPES—HARPER RATING SCALE
(For assessing aircraft handling qualities)
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~~~A5Th111T’I LAW -g RAW

I1I4VER 
______ ______ _______

1 ad,e ,lJf r ‘- st ‘ Glide P: i,? y ’-’ S0I~Pt’IME~ _______ _______ ________

c
~ ‘

-i-i -t ~o -b c ’ , — ‘l”PEN _________ ________ _________

.iit,’ o c t uri,’ 
— NEVER 

_________ _________ __________

2 r ‘ - t’ 1: - u it:- -? — S0I~~~fl”~~ _______ _______ _______

OP?EN 
_______ _______ _______

‘~ ‘-1 i you ’ basa-ify ‘:. 
~
‘“  -,~-4h { ~A I:, - _______ _______ ________

3 - .o’:- - ”wot ,t ‘f  the ADI ‘- — r-iEDII’T’ AT ’, 
_______ _______ _______

r.cur:o - c a t e r s  as : 1,- . lAiN
Di ,‘,‘:o. ’t x ,te r , - t ‘ t P - - -  a: 

________________________________ _________ ________ _________

.0 ’  ‘ . : ‘ .- a- rng v- i - :  to - -?
A :  - ‘~~ o - - , 

________________________ ______ ______ _______

- - o r  0 - I : ry ADI u :‘c~ -i ‘ - t o ?

‘ - -mc- i’rio need 
~~ 

‘. ‘~~~- ‘  Cr ’’o  b’~~1t.~ or:’ mod YNS 
________ _______ _________

:0cc:: it, ’- -— it to~ ll’~ -: 
—~~~~~~~~~~~ ________ _________

7 , , °‘ 
. 

- IDI t , 1  1151?
- ‘ - c , ’ -- t . - r i- . ~- ,I ver t .  rt’

( : ‘ ~~~~~~~~~~~~~~~ ,~ :, l? - :
‘he ‘o t’  en’ i °n r - - - t , :,‘ - - , 

____________________________ _______ _______ ________

10 ADI/HSI dcc t lay , to - -  ‘ o ‘ri’i ’ 1 . .  
_______ ______ _______

the desir~ d ft iyimt ‘ - : • I “-il ’. - - -

K—v the to - ‘ a’o’iil a ll ‘ ‘ : NECLIGIPLi-~ ________ _______ ______ _______

11 1, - usual r vi: me -’ . t m ’ i t t  _____________________ __________ _________ ________ _________

‘-c c-ks: 
________ _______ ______ _______-, tor i 1 r or - h-~~~ - ’  lJ’ Cy r— ~~~ ‘1:-A ils- 
__________ _________ _________ _________

13 t -  . 0or’ l Pt-c . tI: — ~ :hi a l c i - ‘ or , —

- r- on- 1~_it.,,’_ int_“re_0” : FIN] 
_________ ________ ________ ________

O c t  ‘ho - f f  r’ r-— mired ~0 I~~~~~ L 
_______ ______ ______ ______

14 . - - ,iiu, - to’ ’ a ’ vim- p d  DI, ‘SiTU ’ , 
__________ _________ _________ _________

t~~ ‘hr ft iN], : V. DI-~.’IANTIN0 
___________________ ________ ________

II r’ rol l ‘ - t  ‘ t,f11” ev~ t’ - t  - ‘c : - ‘ - 1 ~~ ______________ ______ ______

h’ - eeen ‘~- ur~, , it,d, - Ii :, ‘s c?

~— MOtIF DIFF 
___________________ ________ ________

‘I’d Ic a ‘-r ________ ABOUT SAIT 
___________________ _________ ________17 t: i~ would ,c - r-m ’ it 

~~ 
- 

~~ ___________________ ________ ________i } ,  ‘ask icfI’c c ‘ , ‘

low 
I ii 

~~~ 
0 

—__________ ______ ______

Din-it,,’ local ic-”u - : ‘ u’’ , was
20 deto’uidcd asic-c-oi l , c”cf fu ‘j  :0 -~~~

--— —

- t o-or sttxoo°b i~ t s ‘ mox :? AL lA YS
C c-Ns’red w i ’ h  ho- ac-i l n o n , - -a l)  r— IIJCREA ,’ 11) 

_______ _______

21 a’ cntion ~“ ~tadr ’— 1 1’-’ i- : I ABOUT .ad: 
________ _________

‘luriag b — i  iser o -- i~ - a- : DEPuN A0 
________ _________

Ft ~
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Major Deficiencies 10

COOPER—HARPER

RATING SCALE 8

7

Defic iencies 6

Warrant 5
Improvement

_  1 -i _

Exce llent 1 PILOT B PILOT D

1’ - 1 c h oRaw 12 Bank Rat o’ Raw t2 li nk 15 Bank 22 Bank

Trial Condition Trial Condition

F:,’ 3 SPECfliNN OF PRESENTATION OF OVERALL Assb-l;sIiFCTi° OF DIFFERENT TRIA L CONDITIONS (AZ]Yum
LAWS ) BY TWO PILOTS USING THE COOPER—RAIIJ UR RATING SCALE.

11’ 35° 22°Iliw riank Bank Bank

APPROACH PER1~DR14ANCE (GENERAL) lfl 0-n

Answers 1 Question 2 on c’oo ::t u-i’ ii: :e jam i u:t e Ian:”’’ C o — n ’ - : i::oe s ____________

difficul t to ’s.

M- r’ - - Ii ffic- :I ’

Al- - - a t  same
u t Question 17 ‘-ip,:rl’- ~ith GCA 

u i i e 
— _____________________

DISPLAY DETAILS

Answers t Question 3 on crosspointer ,~mu: .. M’ -~ iuc-o ;ati~:

k ’I’rENTIC fl/MONITOR INC RE EIIIEPITS
- ‘ - - - Vo-r-.- demandingAnswers t0 o Question I on at tcnti . ; - n necessary

I,- maintain guide 1ritb:. Dr’c-~and1u-
~-

N- ’gli,-jFle

Answers to Question 11 on available lun-ciffic m o b
monitor ing t ime . 

Suff ie ie::t 
—

~R° 22 °
Raw Bank Bank It-ink

Fig 1 SFECTh~ N OF PRESENTATION OF FINDINGS IIIOM RESPONSES TO PORCE CHOICE ~~ESTIi)NN BY
PILOT D TO ILLUSTRATE ANY ~ ,IALITAT 1VE DIFFERENCES BEI’WIbIIIN ‘I TR IAL CONDITIONS
(AZ D4UTR LAWS).
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APPROACH PERR)RMA~,SE (GENERA!

eg Glide path main tenar-,te (Q1); Centroline ruaintensnce (Q2); Comparison with GCA (Q17); Cc o u on p mt ri :o oiu:
wi th ILS (Q18).

LOCALISER CAPTURE

eg Adequacy of azamuth demand ( QT’ o 0)  ; A t  tenti~iu: comparison to,-t i.uee:: t:,~om::: hal di::,’ -: u,oI in, ii i c r  ,‘ , 1- t in’,-

(Q21); Reasons fir overshoot (Q22).

A’N~EN’rION/MONITO’l ING RE~~JIREREW1’S

eg At tention ::eu -s o i ly  t o  maintain IN igltt 1,ath (c~1~~) ; Av ailable 0 , - u i ’ -1’ : ::~‘ t it::,’ (Qi 1); i’II’ fcrt  to
maintain airspe,d along flight path ( , t.:).

DISPLA Y DETAIL

eg Cr-oss 1o~- iu:t e r  gain (Q3) ; ADI/HSI iu: t c  u’al ma: : ( ,7).
SUPPLEMENTARY IhiFt)RMATION SOURCES

e~ Vi:: i-u : mu:d trio t ion cue confl ict (;,it ) Iln, I - o n i t  ‘ : 0  ,1 : o , , - i u t - - r c - a l : o  (,, i o ) .

- - ,,XA ’S’l,:’U OF oj1 - IANl’ ,oF (A N] tiN’S) ‘Nitli W1IICH THE lAI N])
DEBRIEF i1:.’I’1~’~ ~ :- I °~~: w11Rt ,:‘‘lI,’A RI  sb-ID

Trial ~~~~~ ~~~ I~ ’ ad ot;’/ I, i - ; ,t ionv- A l ’, ,::t :n”:o II - - - ‘n~’ - a o l.~ t i- c r iB i i ~ ; I ,tcic-d - u

ad-1 1,,i t to1N]1l R,nj n,u:d 3 AN hio ’ ,- a io  t hou: A t a ri :1 - - - -- l-’u’ , o t  - umimI -L :o- ~ -ing
- - - l’ I • I - Ut:- - - - r o t  r,0d so ‘ti;,( - un-so- : - ‘i : :to- r ,,m on I’u,:,k 

‘ -, ~~~ 
- - -- ADI I::,’ :n :,- l:o ’ u: - - — , - ::,:,~. p o : o t ’ - r  i-; - ‘ :ld

t o  :1’ - - -b , law n , : o .  - I  f ’ u ’  I: v o ’ ,:’’ t .  move o:,
when : o o , t  : .  o t~ I - : • W i t , 0 ( 0  t :0:0:: - in , :::‘‘ t o -
IO~’ Bank :mt ,, — l ‘ - , : : - ‘ - u’::.: 1- - t~, t n t  ‘ - - 0 1 
S t  ~ X m uO, ”- r i t  ‘ - .1 vi t~~ u o - o . ’ t o -
too  b:i ,’l: ,c,cn k t t n ~~~,’ ’u-, 
Ij u::0a 0 isfied - , u no b or ,l i : —
l i i i  t .~~o: ’ ( : -  u’
needlle booo : i : i” .

S1’I’F!,S’.lh’TiAto Y B,,; ,t,,l ‘1 A l - -  coa t o m: : no i lx ; - : :td iu i , ,- To u- - I  I,c- ’:’- :o ’ - s c
N - - - Bml ’ fi - ’oi l t y in S c a le  1i:op l~~ - h f  - -

u- l is t :,,- 1 - fo i n , — u - , ; ‘ -  I once t b, - laws have

Radio A 1’i - ; ’ ’’’ - , 
1- u - - ok — I’f h - - m o — b: ’ ‘ a- lee:: to -r I d - ‘o il ,

- - . l o u ’ - : , :  ‘ u- : , to - ‘:,- b : t  t o  be
h-c-al in,- I::t” r’,’a lu o - -

1:0 ’ -l 0 run  . - : ‘ 1: -00 t ‘ ,l :1 
- - was ‘ ‘u: rind ‘ b-i c ho-I :—

1 jo,,’ - - - -°t ‘ u’ leve l  1~’d ft
cu~~’ u - ’ 0, 1 110 P 1 ~~ f~t

‘- v - n wit h ‘ii::. ’ inc 1 w i t b o o o m t
-
‘ : : o .u, i u t -  t -

o w ’  -r

Foe ‘~l ; - X T b ’ A i’U I’ 1 11’ lA NA 1 0 , , ‘ - ‘ltdbo ’t SIlENT
(1-t i ‘‘ILO.’ U ’) S I R W I N  j t - U I -T A I PROV IDED TO Dl-FIGNURC
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THE lMt A:’l OF A I. lb’LTI—I - :NC l ’ l - I lj FR :0 HAMMA1cI,E (I0Il’l’R:J L DISPLAY lIlT
IN AFFECTIN IJ A REI) 1J: ”T l ; ;N OF E’ I I , o o ’l’ WI R E a d - A l ;

by
n-c r : :a r ’d  C . 01 ururlan

U.S. Au’: ’:y Avionics Research and Development Activity
Fort  l’I:i:::o,auth , New Ic :‘aey 0 770 3 ,  U . S . A .

SUI 1M A FII

This paper’ c h o o o u ’ l ioeo three recently developed di~~1tal1y— ’mddu’esseO Mult l— lu- ,’cr:d Dis—
i- lay Swi tohe~ (:0l,ad—~:) wh ich  v’t ’ :ploy dl f t ’ ,- u’ o ’u it  mechanizat ions , ‘,::;l t he in ‘or’~ - u-al lou, , - I ’
t bm - S e MUD/S’ s i t t  a t: ;IAlt l—l ;::‘~~- 5on’ , pro ’r’nit ’it :.alol , ’ ~‘ - - t o ~ j ’~o j  Dbarl::: ,’ Unit ( P T ) .  ‘t he ~- nm ~ - -i-

‘ - - 1 ~ as 0, -c ’ ,’ pc i 1 
~ t -  I nto - U w h t oo ut l a’  I cal ly li-i to t he B--  co o ’ J ii~~:0.c ’ ::t ot ’ I h e  l. - , - 1 t I -- 0 ’  : : - h  ° i ; : 1  10,1/

~ -w 1o ‘ f l ea  an i  the ~~- t : t  sQl Display Unit , des :’rlb e:’ I ho - r o e ;:Ia:,’r~ m::;oc - u t  : i ho c u S S e s  [o:t ,n lL l i’
appl - :a t  b o o .  l u t :tJdlt Ion , ne ro o t ;oe r  ;— - : i nt s  ;iU t t b - i t I ti - nc - ,’ i)o ’v,’i: o l - s n o ’ t : ’ S cau :  l , ’ :m o i t. 0 u_ h’ -
re luo ion ou ’ u l l al work load and I rU t’o ye overall 110)- 1:0 1 - - pe u ’ h ’- i t ’ : ’  :,:,ce

l h , F~~~~~ ’a d  1,

s u ; m ’ e b lo a t - as i~~~’::’ l  - roi l i - - i , ; have i -come : na- uI’ .’,
o sc ie: :oo - has i o ’en :- ib I~ ’ to p s tore novel so l: ~ ¶ -n on , a l b e  I t - , Soc - .,-l l:’,’ os ’,’ o - : ’ y  So phl s ti  - -

~~~
‘ - - : -

n c- I’ ’ et : Ii :,’, , - o ’ :,t ’o cia t:on: ’ t , the ne’- - 0j rio-’ b oys cia a t ‘coal : c-f a ‘- - ‘ t o : - l o a d s ’  — B -- v ’ - - I - i
solut ion,  I:, o n - ,’ - ‘ veOt , as cu iu ’ cu ’ n , :’’ vi - - r a t Io na l  u’ ’ a I’ ’ ’” ;, ’ :t o ¶ n ’ u - ’ -n : - ,:e , a - - I n O  t - - u ; S  a:’-

~:‘coiua 1.i,’ fcu t oct _ adn:w , - t :o - n - - ,~ B t o  Plo :, i — - : ’ — ’ It - — e a r l  1: , 1:,  ‘ - :  : ‘ — l o .a. ~~~~~ h e r  0, u, i
o., -~- B v i., I till ‘ c h,ts I u :~ i - t o e d  e ~, u - - i :- :1 na:’ , t o  00 0 tS l~ 0 Ia - Cc- ’- -

Ic- T o I l

,tin - ’e I - ‘5, W t(c ’ t t  ho .:c.at : - ° n* ;ee u’ i: ;- ’ I, s al- i  ;,- h : mV, - ho ‘an ,  as a Pont - - i :  h i s c i {  l1t ,~ -
10) , - ,h- ’ t” - :’; ri ’ at ion - h e a l ’ :. to h Ivoo  ‘ r ic h  :-:any woo’ s I ,, l o o n - v ,  t h e  lot ’ s lob . ‘I bo-

i r n ’ t ’ i : - . : o \ N 1F )  :~ - a ; h~: j 0 0 5 ) , - n’ .uo l : :o - i t w  :‘ ‘ -on:: ’ ’, e  M ’a to : ’ a : - o;
n- m: ~~l r o v h - _ Io -’ i  the :‘ l rot .  ‘ - a ,bor  el ’Por - I t o  S i : - :: I t f y  I n — I ’ ll ‘b, ’ n’ ’m: , :o i ’e:’:o ° : : t  t hs-vim~~b; dis; lay
t o . ’ ‘ ado :, Pi ,t ’ - - 1). i’Bol le ,: o ’- .- ilNi b . a - : - h l ’ s ( ‘ )  ‘h  ho a P v i ’ - o u ’ :o c ,u ;d c~~ ’ I t : o - v : ’ —
1:;o) it , v - -oo t 1 ’ ’ - - 1 con’ u - a d  1’ ,:: ’ 10,0:1 00 , 

- t o -  ‘a d  ct’ , ’ 1, :’ ,.o t  ,. a: -~i ~‘ - ° n s - °~ :to ad I - - ‘,

adi vo - , ad i,~ ;:i-: was  u’ - - :  - : - ‘ - 0 ‘o AN T I t o  19: 0 au:d 1 9 0  ( , ) .  l-Iat:y of
t o - ir- - C - t i ’ ’ - :  ‘ 1; ’, - ,’ - : o - - - :: ‘ ta -i,’;:: lot o’cl i t ,  — .0 :  - ‘r u  ‘‘ i °O. o- ’ — 1 )y- - t I n ’ h o ’ - so ,  a i_ c ’ - :‘:a ad - P

n- - t I e s  0: thotr~’ - ° :~~ - S  otr ’ -: ada’
. l B- l et  - . _ , : ; i - ’ :  _ i - t , m o , ‘-,‘x - r ’ l - : , . P- ’ u ’mt l :,

DI,;: lay , i ’ -  0,1 - ‘ l~~.; n m t ’ r - c :: H st - lao ’ , : ; - :  t hy ’  1 0  - ‘ O ’ o ’ i - i  - - 0~~ 5 0 1  ‘ nc - , :  it ’ ‘vi’ o ’ o - p 1~ 1,- i t ,  -

i :t’ :c’ - - t  m l  ‘s -h ’ no a i ’ r- ,’ ‘ o’ - ’ h n t - : , ’- : ,  ‘ h ’ - : - i.i’ ,° , to~o - -i a,no Fb i ’ Oau :’-l I t s ,  l e o , a:’’.- rot Iii
t o :  j ’;c - . , ‘ - , uo ct r  1 - ’ - , l i t’ , - I; n o - ’ - O  - 5 ’/It ~ ’ 

- hi: ; I I  I::; el’o ,r I rol , I : . ’ :  cent t :;aterial.

I’ i,- t , _ : s b, ,’ ul , ‘, o - h  b o o :  w , ‘:o, ’ w l ’ :. : ‘- -n b a d o - I --n u- o - - ’,- , i t ’ - : - °u v s , t b , ’-
l: ’ t ’ ; l v it i o : :;  ‘ - n ot ’ ’ - So~- h ’. o~’ I c :, t - - )  - ‘ 1 : 1 1 - - - : : ’ , a::d 1:o t 0 1, 1:. - - 1 - ,- - t o o , -  w , - :m t  t o ’ : ’ ,
t h e  Ii ’t’ ’ - - ,,;’- t  to o- ~- : - - j s o , , , j  oa B m’o-r:te’ly ,. ,‘t , ~ u , - - - n - ’ .’

Ti:’ - - - - 1: ’ A : ’ - - . -,- — N- i vo ’  Al rcr- ”’ 1:0,0: :’ , ‘ a ’ on t:p,r , o t o h (:c,II fi Ip, o ;°:‘ - ° , r:::: , s:: c - - - ’ - o - o o - u ’
ac A I.IF , a dr”o ’ e :  - , ; , n n h ’ - r  -o f’ , a r : i e s  a r t  1’ ’:’- : 1 - - e l  :0 ho-aiim’ wi :, :ivli .:::l o , t o m t t s o u ’ ,
- a t - u  t o — a ’, - :  ,o ° ,’t’, te t r,S )  It ,  - - :  1- -r - o ‘ 1 , 1 - - v  re 5 1 l a o - ; OP L I  t o t w n r k j o a o l  t b ’  ,- -  a 1 ’ t o ’ ,- r a t  lo u :

:1.:: n , : .  a ’ ’ . ‘ - ‘ ni b s ~,:,I ‘F’ itO - - - - o ’ t r .  - - I ’ so - Ic c ’ c o o k s .  l’ho ’ It ’ ,n ’ u’ oi : ,— - :  00 ,0 0 I t
t o ’ -  ‘ur is .  N , 11 - - m t  u ”o x o o e  1 ‘1, ’- r u -  1 b o~r~. I’ to -: , k c - ii mit In -a cot i~~ct  ‘ at a d ,- : :

-lear-rh i an 1: ’~~- - ’m’ ’ m t , ’oi ‘ c - t i l t  1 — t ’ :’~~’ I  n r: o rm t I c - I : 1 :0 rPm ’ :  - t o t b  w n i ’ h  e ’c - ,~~l - ‘,‘ - b  r h a o , : ’o o a b l ’ ’
.nw-had , l o : _1 l - ’ O n :’3 ,00 : whI r - b :  to l b  t- , - m : ; h : -  t O O ’ 0 ,  — co’ ’ ’- ’- . c ont ro l fu::- - ’ : O t i s  l i - i ’:::’: 2).

lab - ’’:’ , cm:: ”- Ic-i ; ’ l iii 0 ’ ‘he 1: ‘ ‘ ‘ne - ’ 1 Soto,-:: It Re :c’’nmrcl: Procedure to r i , a de ll :- ’ -
c - i c - :  I’, c :- 1 -iOu i I , ; ° t ’ i ’, ; m i : ’ o c - ’ n o o f - o r- 0 1 - c  I:’ n o: ’~ to ’ 0 0 c r - t a t  i c - I :  u ’. I l I t y ’ t ’o .; ’o
h e l l - ’ 0 - - 0 ’  - i t :  to t ’  cat ,. : i : ‘ - u ’ - ,: 1:;:: hO - he Ar - n ’,’ (1’). ‘I b I s St , ty u 0 - t - - i 0 , - ; :  - ‘ e t ’  I auii -V - —

— p l t .’~ 1 ; 1 i - r : i o  : : : _ c _ t  1111 ’- u ’ -- .’ -°mv l o u : i i ’s ‘ :1 , uo ~ ‘1: 1 i l l u s t ra ’ I al’ - - i ’ :;’c’.e r o ’C i oO : : ’ o rot —
a ’ I-aria ::, a 1 , 1  :~o c - il’ - mo -n oB , :  I ‘ h o : ’ : : ’, t v ’ ’ h b o - l e .  A c - o n :  rol m u. : o h i o :  Ic - m y n’ U . i l r °  —
‘net : : ix rin-r i l,  ‘ Ox was  - ‘ ao l- ; - ’’ ’ : ba , - - .‘o n ’h’ - h ’ —u’ b s r ,t I Mi oP :~~° ‘ c  I ‘ ‘ 1  ‘ I;m:;’ ’ 1 s necess’~:-o’ P.:

* ‘1- ’ - n an;: 11 :1 ; I n , ’ t~ ~0’ vi - Is:: 0~ ) t ( ~ £ 0  I , ‘t i  , -°~ -no O f l t  u- t /cl ¶ :; - l c - ,v r e - -h:,: I c - to ’ I - n ; to .0
- I - tV v e B  I:’  nt - - : 1  P l c -  - ‘ lam: P , ‘ lon ro ,  F -u ’ ’ - ,° r o : o  u’ o ” , ‘‘ I o : v i ’ o : t  lor - s’’ to’ :‘‘ - : : ‘ - t ,  it i t - i ,
I. e ., - ,  ‘ —rob ; ‘ l i - i’- , c o I n; ’ It: ’— , i . e . ,  I t ; 1’ ’V e l  0’~~ ’- ’ t i l -r I ’ - — : :- : . 1 - a , . 0 0  t o

w i , ;  F-c - 1 ’ - ‘no ’- ; - , 0 - h  . 1 - - n::’.’- of --i  ‘ i:’, ‘ - 1  s o o t : °  u— I : 0 , ’  is i i o ; 0  too l , ’,’ : ‘-  ;- ,I 5’ : i j (  O N ’ :.’’ :
pa n - b  ,: u - ’i°’’ o~,er 

• h’- I - — i ,  I ‘ t ’ ’ - : c t t -  0 i: . high o c o u ’ B I  ‘ :  ~~1 ’ ~ o: :it 1 - u : S .  ‘11:1: :

t

wo, to P u ’ h o e r  - : 1 . , . -  t h/ a ’ ’ j r ,  -
- ‘ - t u ’ ’  ‘i-no ’ I 0)0  ‘ I - - o  -s , m u : ’ 1::’’— ;  - — : ‘ . ‘ - ‘ 0 - i c  - s o o t  I - t o ’ t j  ‘ 1 , , ; 1 ’ to —

10 . — 0 ( 0 :~~’~~~~~0 , Oj t, l a c - y r - I a  I °r -‘-‘ -i j ,00 ’ - - rr-~1

WhI i— °  cx ’ , o r i O l o ,’,. t o o ,  - ‘-- ‘s t : n , - l  u ’ ’ ’  0 a r - - I  i l ohed 1:j ’ - - - :’b, l’: ’c - - - r : , t  - -  I h l S ; ° l r i V t o , o h ’ - -
b r ’  I- :, or :  ‘ t~ ’ I t o M . ‘toot s no , ’. : I ’::I r i  h I : , -’ ; ins ’ c a l  ,ii :1’ ::, 1 hou,;’’k ‘c : 10 - ’ ‘—I: ’ u - - i l  was even

o 0 ,0” ’ 0 . 1 0 1  V - o , t . N -~m - m o: cv i i- -n ’ t b- a ’ m need ‘ - x l ,  ‘ ‘ - o h  Po t ’  :i ‘ - u  ~ l1v t o - - t o  appror~ no h t o  so r t’ ;  I :

~ 0 ’ 0 , 0’ 0 ’ I o n  , ‘ 1 - ’ : : — rv~ 1 1- g -  - -m ‘ , a u i - I  I: ’ - ‘:a t l o u : .

11 .
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17-2

One proposed Improvement called for a multi —fun ction control unit which would handle
n:ost sub—sys tem control funct ions.  Severa l mechanizations were proposed. A key element
was the use of a chanfleable le~c-end display s w i t c h  as the principal Input/Output (I/O)
device. •1

Subsequently , the Cockpi t  Sw itch inp  ic-I udy was funded by J A N A If l .  This study
develso ; 0-d a ;- u ’ocr ’dut’C iou’ i c - c ;  I -ui amid appli o :m t  liofl of mult i—f uua.’).ion switching c o n c e p t s
to c i ,rk; It controls , thereby reducin g the uuumber of cockpit switchen required and the
“:o w i t c - b: lo :g ” w o u ’ k l , : d of the pilot ic- u ’ c r o w , Thobt o nc -t Udy led to a published procedure ( 14 )
which was validated through s i t - o u l a x  h - -u: (ad . The key device required was a solid—state ,
c- :ultni— le,tend display switch. (While 25 Into ; round CRT’s, and incandescent — pro,i ’~’otIo n
la:r:;:—dlsplay switches were available , the CRT volume wao too large and expensive and the
pr’o ,i cot ion dev ices  did u:ot o c - . l t  sufb’i :’Ien t ll,’hu to be seen in even moderately bright
:mr ’ nlo I eu:t s )

A s t a t e — o t ’— t l : e — -iu’t . rev iew conducted as ; ;‘m rt of the  Cockpit Switch in,’ Study con-
c luded ‘ h-m t “ f lat panel” t e c b : t : o l o ,’ l oc - :’. such as lIquid crystal , ; - lass ,a , t h in  film e lec t ro—

• and fiber :o pb t o o t , a l t  b ; o u , ’h a ; -pm ’ o ;o : ’ I r I t o ’ , were u:ot l e t  u-o’oi d,y for this
ap ;- h oot I n-n -

1,11 :;1i—l.tadI- ID D1i0 1°l,AY SWI ICII (MLD/S)

I n  1-1 ’6, the author initiated ‘.t: m- ’- o’~~ :‘o ’:’- ,o’ :; t o  ,i ’ ’ r oo c - t :n ; ’ rat  ,‘ t o e  b’ r’- :slbilit. y 1’ a
.:o-l j t ~~so :lta “-.ulr I— le, ’-ui:t B l o t -l ay ow l is h .  Each ;  ; -  : ‘ ° ‘ r - r - . toru s to ,‘ -.o ” nL In , ’  a o w l t 0 -h and a
s o l l d — s t : i t o n o  n i l io too _  u c o - o ’ o ’ ’ r c  ;i lsplay t to ; roc’ i-im’ O w - :  r- -~ w o  o f  P c - u : ’  characters whi c h ,  co lu be
o uiau°, -ed I’ r c ’c -  a p t n o cr a n :c - . ab l e  source. Tb’- - switch t o - o c t  lo t  ;°r -v 1:1 ’ 000n :t o a r :d  or ‘c h o i c e
se lo ’ n’ t l ° :o ” t’on’ ,-’il a s k  to t b c  r-t’ - ,c- r rmnc -o :a1 - : le c - c -a m - c e .  Feas l i - I l  itI,’ ’wrm:: nhro ur,onstrato ’ d by all
th: o’ o ’ r i : o ru ’ o _’a,’ b renc

l’’nr’ P t : ’ o - r  l-:LD/i’- is aul :uLl s o l l I —  tr ite -i b nno; - l : u o’ o :w t t . o I ,  - r ide .q 0t’ 2 four character
i l - - n t— e : ’ : l ’ c - l t : - - BI:i,Ir ’ -oh lpto I F I. ’- 

~) .  Each c h o : - - , - c - c ’ r  is a 5 x ‘ dol . ::::,trix alo -ut 3.8 nun
( 0 . 15  lun ch ) 1 . 1 - - b ,. The l.ll,D/,I t :m- r ;-  : - u - r : t ’ s  a Ha l l— — a l l  ch and ‘ b o o ’  fo rce  feel  o’a: . be

o.’ o : n o r ’ o: lled to ;o u ’ c - ’,’l(I,.’ as -‘a - ct: as ‘0113 , ‘ra” .s o m ’ 0 o - .c- .:, t ’c , If ,u’°:;l: ’ o - : :. ‘l’he do -vi e is approx l—
- c e  ci’,’ 25 tot. wLl,i- , ~T run:: 1:1, -h ~ u:-i 10 :r’ui he r’ :- . The : bc - I ‘ to c ; no ’ ’d are Sb c,o,iomrd cc .o’.oc-ercial
disp lays ( 0 )  and , ant such , are nou :‘o - o , - l : m l l o - I:, t - r i , ’l:t - t ’ , y ll.- b , l . A l l  :- l::s are bu’ o iu,’b:t -out
c- c— - b o — 0- rca: ’  of O ao~ - b - y b ’ ’’. Except f -u ’ b - h’- o h h n t r l’: ’,’ , - he ant ’ can sect ad ‘- n ’ ’ cessary
tn ’~lltary ;:wltoh sr—enol :’lcat i - - t i , ;.

To: , -  ro e - - - :-  11.-’ ,’ also ~“I 11-1, 0 LEL-:: (Fl-are t ) .  The :lIo; 1°i I” ,-h- r- .erc r Is an Il- B c - a s a t c
no iu le hc,v i n -  ‘a resolut l o u ,  0:’ ~3 i : h O c -  ‘- r  I t c h , ,  l I e  actual iI :oplay ‘li- id So ’u ,‘on,s l s t s
of cm arm s of  t l  to o’ -to,: vi’ C;c-ur c t , r , : ’ - i c t  0 - so :  e:a,oh. i - : -a s b n  charac te r  is for:’ , o ’ :t by a 5 x 7
-h o- :e ‘ - a ’ rio’: w i ’  h a - c - t :o ’ — - u lode tO[0u o0~ bet  - w o o ’ :  i h- : s r m c t e r s  . The d i  o~ l’a I,’ field is d iv ided
1::t c- - b o t ’ o a fuu:ct l - - o : - , I bc , ’onoo i o I  areas - t ’ -wo rows ol ’ f - - m r charactero . ‘The switch element is
‘ - : 0 -  .:‘ - : of -m three c- ,’ r , I a n o o  ; ; o i o ; l  :‘:‘0”L - u ’ ) t , -, - no tolt ch to n i  a ;:‘o -s sn.u ’ o- p l a t e .  Each c o l I c - lOt

‘Is Ceu:te:” d over : :- ol ’ ’ b;” ’o ot” e I - - a  : I o : ” - as  a t ’ I h o ’  .1 1 ’; la y . a : ,  11” t h e  display
0 , 1 13 ac t  - ; -a I l v  a :::ono cml c -c- : l.~ ~‘ to leo ’ n’ n- : : t  , on ly ’. l:e ’ o - : .  t :~o , I  :1500 0 of 2~ x ‘a7 ele:::”uits

0’ r - . - c iS ’ ’ I P -r ’ ’ b: I t o  h o c - - : : . :‘ :‘ :0 1 - o - . i t : ’ - - - Ii to ; - : v - :o- ’’ a s I n - ‘ - 1 a 38 :: :r: to I do’ I-v 7’: o t t ;  hi , ‘~~,,

The ‘ t l u ’ b i ’ l t B .’.O °,, ; na b ’ - o r  of  an - - 1” ” o i l  ; ‘ - l : , e s c e : I dis ; 1’: ,’ module and -in over lay
s w I t c h t a d - on’: 5). t h u ’  t I o ’  s w b r  c - b : .‘b’ - .- u r ’ n . - :r i m i l cm :- II/ t o  ‘ h i ’ tr”.”olous -:u, ,’ , it is not

lb - ic  ,t o W i t . ’ b ;  v l o i b - i l i ’ o’ has 0 i- ’ : 1 ’  1’ ’ -~ ’ o - b  w I ” b o  t b : r - a- ’ :o’;o ’t a b l l i t l ,’ , (il u c til
at ask ‘.1:,’ arc - ’ :‘ his o; o , i  o u t : , a c c ’ ;  - at  t II’ Is i - f ; ’ ’:; not a Pa c t. —r ’ . I he display eleooient

I. : a c- i u :ve t i : l - -o : ’ii t- w - b ’ - r - ’ d  EL, ;o h o : o : - h ;o : ’  w I ’ t ,  , ‘ b , l r . — t i l  — ‘ - c - - n o  1:0 ’ -c- u’ circuit addressln,—
l a ye r  on ‘ h’s b : ’k. Each ol i n:; lay at-ca ( 2 0  :r:m w i t ’  t.- y  - 1, -h) r’ou :ocist . s of a stoi c - so d
,‘nIoI “ ‘a ’. t’bw of ‘0 h- I ,- 30 l I o :o - ,n . As w ad h t i ’ -  other l w - -I,’ vices , the charac te rs  are a 5 x 7
“ -i ‘ u’ i x - , u , -1 each d i s pl ’ iy :,c l tn o’ l ,  ci:”:, ; u - - c - v ides ‘ to o - - t o t ’ - o f  chri:’:a ;’t e r t ; .

As St - i ’ - - I o’e:’l I --r , feasil 11 it v w- ,o-~ i c - u ::’- ’ m a ’ mu d. As ; - u ” - o ” n t  1 /  c o n s t r u c t e d , n o n e
‘- ‘c ’ cV’i’- no ‘ toe  :r: i 1 1 0 - i to’ envi ni - c- r:: - I  , h u t  ‘ ‘ P f o c - u ’ ’ 0: ar’s underway to -io ’ve’bo ;-- a fully coun-
T-: It- 1 ’ - .levjce which w ill “c’’’ 1-he ‘ o~~:,l ;i:- ;lo 1€ -u : ’ and ‘— t ,v  I u ’ t , ’ o i c - ; m.- r : t  a B requirements.

In ml I I ’  i -a , , here o~ u” other :nc~’1 :- :o , 1 ‘aticons which 1:omv ,— ta’ r - f l  ;c - , ’o ;- 1o nt o ’ .1 — at present ,
‘Ih€ ’l,’ are c-i ll h l n O - l i O ’  ic;I;’ ’ ’ l I ” i’ ”- t .  b , ’ 1:0 :,:” - is not. - ‘ 0:00 u’ciilicol ‘ 0 any ;o t i t’x lcu la r
hbs;-l’i y c b , t :  01-c - ic - l / , ‘l i t  bl :;ch , at n”o’s”uib , the mo ot lik:’ly c :m u :dldate In : a black field —

b : l , ’ l ,— ; ’ - - : , ’ n- m o’- ’ ‘ b : i n — f l l m  ‘ — b - - c ’  roc - lu: ’: I: ; :’roo’,’t: r display.

‘‘1 D/, t A l l - - A l l  ‘T O

h,-r’o ct’” c o ’ ’ v o ’ u- rm i p - t .o - :: t i al  appl lc’ ,t 1 °::: ’ — f  t b- :’ l-I:,l’ 1— Lecr ’ : : l I i ’-; 1:11/ .c- w l ’ ch .  The
l’ - s c r l : - t i  ‘u: - o f one f:ollows:

‘I’b :e ‘: 1 ’ ,’ ,:; ‘“‘ r o t  - F  o h l O t t O l  t. ’vi’hui °l .- o -y has been rn m; - I d; m I c - u ’ oop r o - c ” s s o r s , r’ .er o ; , on leo , t b —
- a o ’ - ’ m u: - l ‘~v”n se:-,o -- - r -,’ . ‘IF” II , ’ :’ -lu ct lon of t b - : e  - h a lt  l -1 :1 ’ : f - ia , ;  t -, oc -w all - tot ; 1’- ’:- a ; ,n c t : 0  mo’

B’; :‘- °v ’— ” - ’ o : ’ in a I n c - r u t — : :v a t  ‘‘:‘; iu, t’ : , - r - a t . lon ‘,l:u’ o -n i ,- t :  NOV ’ 0 1  d l- I  t :,l mys tic - c - ; archite ct ure:;
: h , ~ ’ . - ; o l o i ’ ; c - . e u :t of tb:’ .1 ’- . l’ibi, — , ’: ic -_ 15 ’3 i drit  om bus Is Cu:’u’, - u :t by  t - ” i u : , c- ; iron, ,  1 by all three

U.  lot . a” y ’ v b o : ’ - s
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The s o l i d — s t  - , ‘ ‘ - o n : u b ’ l — l , ’ ,’o ’ u: i I  11t ; ; lay  - w i t  oh :t:: I ’ :,’ i- . ’ - v :1, - y b . ’,’ In the : : : i1 ’  1 — u t : ,  - t iout
‘ t o t ’  hi ro,.’,’dure to ,:‘ h lse : , n : ro , ’,t oc t ’ 11, ’ : ’ , h~ - t o  ‘to 1: :tv ’  nu l l  t h:, I , ,  :‘ - - ,uI, ’ o : t  no I’ r o t t ,  h u t ’ ’ . : -  , ‘

;‘co n ,t m l  b ) b o ~- l : t y  ni l’ — I t, ’ - u ° t ’ n m u n: I c  1 1 : 0  - ‘ u ’ I ’:o’ ’ -  w i t h  I h:o ~ n;y. :t ,i’ :t, ( F l  [~~ .‘ ‘ , l ° — l ’ - ’ I cl: t t . : m b m  -

‘he - -  - . , u :s ‘ 0 b i t t :  11,  t I: - .1’~ ’ ‘a i’ 1 :oi’ma~ :‘ - o . ’ o ,‘ ;:i u’ :; ) , noa h ‘ l i - r n , : : , : ‘ o i: ’ ‘ - 0 - t n , . ’’ ’ - w I t h, ‘ hi ’ ’
pu -nat ci’ .~~ it b — I  o ’ o ‘ ‘ t i - b t a d ; l:iy o w  I t :. -

1:: ,‘ ,‘; t o ’ ’’ ; l. , ’ t ’  ia ’’,’, u b: ’ U, . .  -‘, : ‘ ‘- . v A v 1 0 n I c S  R&D Ac ’ : i vt : y  1€ ’  m o ;  a u ’ - t o ,  I:: I’ - ’,,’ i  -;  a
I:, :‘ t o - a t  i~ ’ - - : : t  t o  1 1 :;; lay Unit, (i ’ l O l ) .  i t : , ’ i r l  o ’ t : l  to’:,, t o o  t o ’ ’ - . n : , , O ” t ’ ’ , t  a t b o o ’ 1 i - : ~~

~tu 1x i— Ia’ ”’:: I l°I:;~ 1:11,’ ‘to I t  clii:, , ,°I :o ’ 5 ;iUi,b u ’ ,’v i ,lo ’ - i t ’ - ° - ’ t ’ : i r , o u : b  1’ - l o b  i t t  - - ‘0: ’ u- i l ; n u t - I
- - ,l u h o ’ c i t - , o , , a ’  I ‘ - — - , l u  I. ,— : ho : 1,,’ v - , u ’ v b m u : — Pu:,, - ’  1:0 .0 t o 1 : I . ’ l _  010 , 1  t o  i i  c o :,  :‘ h o - I  ,:,d

‘he ; ‘ n t u ’ ’  I.- : 1 - t n ’  i t n ’ t ’ ,t ’ t o : . ’ t a i l- - ’ 1 : 0 : .  I f  : nuo ’ ’ o ’ ’.’ .o t ’ i l , ‘ t o ’ l u ’ - ‘ :‘ , c ’ ’  i t  b ’  ‘be ° ,-, - , : o x - v I - , ’
:0 . :, - 1 0 : , - t b  I - 0 ’ ’ 0 So t : ’ :‘ 1 00 ’ 1: ’ ‘: 0 : 0  ‘ l x  t o  ‘to 00 0 o_5 ;f l  I t ’ ’ ’ c - ,  o f  u Ii’’ c t o u t n ’ -ade

a rea .  01’ on’ ;u:ul 1 ; t ’  o r , - ’ ’ ’ , t , - - r, t o l l  ‘ t i _ l i -  t o  l t o o : ’ : : t  i y o ’ l ,’ pn~~’t ’ : ’  s- e l  t i  o; tut u .’’ ’ t b:o -
a _ - c  P t  to o ; , :’ i ’ I 0: , ev~’ua o f ’ ’ - : ’  b , - : o ’ , l tor :u’ ,- t o - v o l t  ‘ o t t .

u, ,. c’n iu x bo ’~~ Ig:: a n , t : o ’ l - u ’  ,< O r  S t  n , t l - - u ;  ta b : , :’ ’ e : ,:’t ,  a w l o  :1:/d isplay ‘ ‘ b o o ’ :, - is
d e dj ~’:t :  , : ‘ - - t  51 : ,  ‘ , - - ‘ : it; -

~~ l ot : ;  - v I _ -o, n : ly a:: is; u’- : ’ ’_ i ca l ; o ’ ,’ c r o - o i : , : ’ ’ - . At  :1:,’  : I t o -u ’ l i — i t
‘i s t u i , ’lt’ t lo ’; i ,  o w l ’  c l i  (o r  a ’ lo’:t o; I :, Vo  t v  t ’o -:a , ‘ - : 0  1 be c o ot ;  I~ - - - I  . t ’ i u , o ’ ,’ ;i u ’ - i o i ’ no l ’ iw

t v: ,: ’b ,’ u: :  ;‘ O ’ - ’ , t ’ , b , ,  ‘ 5 i t o )  s : i v t o  “w b i : o t  -,‘ -o i  ‘it’,’ lo,011u: - t ’,o: ’  L-; : o b w o V , - :,t ’ b i , ’ ‘ ‘ I
‘ O , o ’ It; :,b:o - ’ c oo ,  t o:’ : ’ ’  I ‘ i l ‘i; ; u’ , . ‘h. I ’  Is  at v b o u s  that  -a - I I 11,’ u u t o b ‘‘ ,:it;I. o ’ o 1 ~~ ’
IF:,: ‘ ‘ r,t I ’  ‘ a t ’  - b . 1 r : c  i t ’ - - ‘ - - ‘, a - - - ’ - . o ’ t , t  I t a - I  ,‘:i:’I 1c r 01 , i t ;  - t ’ : - V l - I ’ -  :~ - - , b o  b h’ - i - b O b  , , : , l
w o o — - t I  1.01 , i t : ; , : ’ t , b r ’ ’ I . ~~~’:’ o - ’t ’ i r - ,

‘I t,’’ I u’s ,’ r i ”  s - m I l e  ‘ :0 u’ . I 1 1 : : ;  1 0 , 0 _
r i  I ‘ • a o l  c b ,  i , ;  I -c :, u - - v ,  I ; ‘ ‘ I, I r. ’ ‘ ‘ ‘:‘ ‘, t u’s ‘ In’ ’

I c-u ‘ 1 s i x  d’ t t c : i ’ - 1 ‘ - 1 , 1 ’  , o ’ v  : t v b  0 : 0 1 , ’:: ‘ - o. ‘ O ’ I ,n . I’  : . ‘jo ‘: 0’- ; 11:::, t 1,1.; t o : l ’ ’ ,’ : ’ o t —
I,:, , - - u - h  t o _ I l  - , ‘ , I , :t ; l ’  w:t,: - ‘ :r ’ , I u : , ’ ,l lui u’ ’ ‘ii’, 0 , 0  t I l t , ,’ :ill - o - 0 , 0  1 . ’ ,. - ‘ l u i s i t ’ ’ t b , , ’4 :a 11. 1’ o s  I b - - u,. ; - - ., I I 1 - - o~ : P  - t - ’ ’ - , mu:  1 1 a I ,n:u:” c - -na b o ’ ’ ’ , r i c -y  c u t ’ - :‘ : ‘ 1~ o, , ‘ i , ’ s. , ill

S i t ’  I l o t : ’  ,‘r l I w :’  lo i n : , ’’ I u: ,- ’ ’ ~ - :0 u 0 4 ,— u ’ : , : ,’  1:, a s lo ’ r t i i : ’  :‘ 1 I i-:,’ : , : :o , , ’ : ’ . I:: a d u l t  i & u t ,
- o r ’ oi l:, 1- - , ,: Ic ’ ‘ m I - t o  to - o ’ - - ,  ; ; I l i - I  ‘. 0 ,1 1  t ’ o c t  j , ’ u :n -’ ’ ,’ t i l l  :1:11’ s to ,l -u 1 - r i ’ ’ - i l o u - i  , ‘ ho -

;oz . ,o s , ’q:,:- , - :‘ - b ,  - - , 1 1 1 0 ’  u’ ho ’s 11” 0 ’: t I - - I t I’ - u’ o.’ o ; ’ ’ ’ I ’ ; ’’:’ , ‘ I 0 ;  , ; u’ ‘ 0 1 In, ~~~ ‘ ‘ I: - b ; t o ’s
F ,o b , , 1 1 t o ’  -o; ; 1 1 . - u  .ab . - - : ’ ,- vt’ ‘‘ 0 : - a c ’, I,’ a b b ’ ’ , ma ‘ ,c~~,o:, 0 - - ‘ 1 1  0 ’ - r I :  1 .1; .  1 , 1 b 1 ’ :o ; ‘ t o u t  ‘ o : ’  . 0  m l , :

o i I w ’ i v, : Ku: -  to 1 110 ‘ st ‘ 0 ’~~~
” o r  0 -

‘ o ’ ’- : i ’ ’ -  I :0 ’ ’ ; :  r b , , 1 u t o  a ; ;  H’ 1 to ‘ ,o - - ’ ’ ’ ’ r ,I ; s a I l  ~~‘ n i t ,cI
:‘e’ ,, 0 le

Il:,’ c Dt ’  , -“ ,; 1 lo t; ‘ i., .‘ I -P t u: , -: , , ‘ ~
_ 

‘ - o - ’ ’ - I I,:; I ,v - ma I’  - u , ’:: t , :;,’ ’, ’ f i t  ear l  I ’m ’ .
I.’ u’.— ; s ’ - u : t l ’ a d l ,’ ’ u:o - :‘ mo - ’ ’ i t , ;  l v ’  .1,’ ,. . - - ‘_ I ’ . I t , ’ - It: : , -n ’ :a , ’ t a d ’ -  D i n ; l ’ tv  -

-
.ieo ’ ’u’ l t’ - u b y  I , ’ ’ ’ - :  :io ,l no e l r i . : , - : :  ( 3 ,  ‘ ) ,

t h I s  ‘Lad i i :~ a ’ I  0 : , ‘ r . ’ - - ’ - t’ .o~~- : 1 - .; - , o - . c - o t t o , ’ :  t o  v I o l - h  - , 11 , ’: br,’ o; ; u’ ‘ c t - - - u ’ e ly
‘.0’ . ( 0 . 0  b )  h l ’ b :  I I~ 

1 - i  . . - In) a 1 o - , - t  - ,: ‘ o ’  ) , ‘hue 1 u - - ,r~ to i t  cli ‘ r i ’ o x  0 0 ’ - —

ow I : sF1 , - .: o t t  1~ ’ . - ox : . 1/2 1 : . .  ) . - ; - - I t . , ’ , ‘ b - - ,  - - ‘ill ma t o  - - ‘ I’o u ’ - , - - to It - b - 1 N u ‘ I -

I o r : ’ ’.’ ’  1 ’ .’ .10 ‘ 0 ‘ :‘ Wt ’ I t o - - ad- — I  .0 ’ - - t i a ra  “‘ ‘ - t o ’ . l o :  ; u t i  Ion , - ,re atc - - :0 ; i s’ ’
11: ,‘ - -h i o , , i ’  1, m ‘- 0:,: ’’:’ as 10 y t -  l;l .00, 0 : : , ’  1 . - : -  0 v : i o - , l m , ,  0 : ‘ a ’ a (F l  ‘ u ’ ’ ‘ad. b”l  . r ’  8

b ,, :a_ : It : ’ -  ; o ’ I ’ : m u — y  o x ’ -  - S I’,’,,’ ciOr , ’ t ’ -l 5 ’ 0 m .: ‘icc’ , w l : I  , o : 1 ,  ‘ ,u’ , ’ n ’ ’ i t b . : ’  ,. ‘t. it , : c - : ,  -w ’ b , o ’  t o ,  I —

‘‘ ‘ 1’’ so:’ : ‘ Io ,c I ; - 1  c o o , ’ u’ - 1 , i t ’ :- o’oich r i ’  , - - i- I Ii’ t o t , , each  o , :, i’  lai r: a St - ‘ t . -
- I : i r — ’ b  :‘ - VHF , a ’ ,, ; ‘i, ’ ’ I- l ust ’ 15) i t  - I • 1:’ - - : : ‘- 0 - u -  - ‘ 0 ’ , - 4 ‘i’ (0.’ I ,‘ it ’ - - 1’ . ‘I

c~ :‘.; b ’ ’ ’ ;- ‘it i,’ l Inc I ,I I :  - 10 P 1~~ : — l  - ‘ ‘ . t o - W I  ‘ ‘ t o’- ‘ . , - I :  o w : .  i t :  c - I — m : ’  1 7 .

- h’ D’’ - ‘ m O :  s’ ‘5’’ m o  t . ;  10 u ’ - ,; ‘ - ‘ 1 ’ :’ ’ -  ; t o o ; ’ i ’ ’  S ‘‘ o ’ ‘‘:i b: cc- ‘ ‘ O  I 0:0 Ions  n o  ‘ as  .~~
- 11 as

10 ‘ h i o ’c ’k; a l t , ’ S and 10 ‘ i : ’ ’ : , ; l~- r - F:, - I  ‘; ; 1 ‘ - r ’ r , , v 1 - - I o n :  t o o - u  . , b, : ’  - m o b :  I Ii,’ use ci 0 ’ ’ ~ ’, —

In :- ’ :aoo j  ., ;  u ’ ‘;— :‘i’ :’ - - t i . ; - 1 : t V  I’ ’ ’’ ut o k , ‘ b ‘ ‘ t o - t O  u’ c a u :  ,o ,’I - - ‘ ‘ b : ’ ’  ,‘ I’ , ‘ o I ,’c ’’ - t ’

5’ s,’ - :‘ C ‘oil - i t :‘ - - : - ‘ o ’ ’ ’ 1 1 ’ : - - ‘ 4  a c t :- ’ 1 oN I’ u’ ; I, - i’ ’ ’  ,: - l o u t  lotus ’ ’ : - . 1 ;- ’’ - t  , - r ’ C b , -  - - , :  ; t o  - ‘ S
‘b id I it ’ ,’:’ t - - fan ‘ 1, ’ ; : : 1 n ‘ tori o ’. ; o ,  1;;’ . : ,  , o 0 .  b ,‘ ‘ i o t ’ o ,  I : -1  a - -  :0 : : , : ,  1 m o  o i l ’  ; - I’ - ‘ ‘ a t  us u ’ -v I to

Al l  ,lt ~c~r 0 u  in - ,  - ‘:‘ c an l::iv’ - ‘m l  1 :- ‘ ‘  , - - ‘ a - -  - -  - , o : 1  :0 1cm ::: it o - I  navl , - n , t  1 - : :  t a t : ,
‘ : 0 1  i~~1 ‘ t o a d ,’ b y  us tu , . ’ ,‘:i,~ta , ’ ’ ’ , , u ~ u b : ~ t ’  bulk I a h i u g ’ ,’:’ 1 m b , ’ - : t o P l o t :  w o m b  I o ’il . i o : , ’

‘‘ to ’ . :,:: I ,’ ;- : ‘ o : t ’l 1 , - b , . 
; -  :‘ o - ; - i : ’ - i’ i t , ,  ‘il:;,:: i - — f l I to ’ Ii ’ - : ’ ’ : o t  u’y ,‘ : i m o  1 ‘‘ t o - ’ I ca l ly  u’

I F ’  - ; r i  tOo t In , l a o  - - ‘ 1 :, - — I’ I b:’ CDI ’ ‘ ‘ it ,  : , o  to 1 o - ‘ t ,  0 ’ I 1 iS C 0 ’  tO I, I c O m u : — ‘ . 1 ’’; I t :’ ’
,o , ‘ _ n on or ‘ ‘ , , o ’  I - - — - I:,,’ , t ’  - - i 0 ‘ I t  , - — ‘ - - I o s , .’’.’ I ’ - ’  ‘ in a :‘r :‘ b : ’ i o  - - — I t o  u— ’ ’ t ; o - ’ t u ’ :- ; m o  0 :  ‘ 1 - -  on’
- u’ ‘ t i ’ ’ -  - i t t ’ - - . it :” b’ : , o:o ’ t l io r t a  1 c ‘ 1 4 - o i l  I , 1 ‘ t o - ’ , ’ al l  , o:  I ‘ a In : t o  t :i I u: ‘ - 1. 71 m - - : , u , - b  ‘ n’ ‘ 1’ - m o o  I’ - -

w h  —l i  coat ,  I- ’ - ’ - a’ u’ 1 1 , _ h i _ n  l I o c - I t ’ ’  I ‘ o ,  II.’ hnl , ’ l:’’ O i O  - ; ,o ,  1 01 ’ ‘ . , t V  c’ I - 1~~- 
0 

~~~~~~ -
- , - ‘ I I I

I’ ’d l c i b’ ’ I ,;‘ ‘ u ’ ’ ,t ‘LOnS ro’ ; o m b : - o ’ ; h .

- .. ‘ . ,\ ,y, Navy  ‘i - I  ,c, In I-’ a’ - ’’ ’ i:’ - - ‘ o h , ’ ’ 1:,, ’ 0 ‘‘ o ’ l , o : ;  I 0 ,— v :t:::1 ‘ 0:, ’’ ’; ‘ i’ -

- - ‘ u - i ’ i c- t i  0 t ’  - 0 - :  . ‘ I u’ I::’ ,- ,vi ’t .’  1 - ‘s - - k ; i n II - ; t n t ’ ,’:; 1’ - u’ 1’ ,’ u - , ’  a l t  ‘u’ :uft ; ‘ t’ :- o a’  t o ’ .; ,:. . 1o
‘ 1-:’’ - ad- - I l ’ :,, I’i , o l , b  ir Av i  o r : i , ’ t :  I :‘o c - ,’:’’,o- , , AIDS (A d v o r ,  ‘ o -  I l u I  ‘ ‘a t ’  0 ’ -  I 1 - 1 : - i  1
‘ ‘ s tem S . an b ‘ ‘~~ : ,‘- I ’  11: 1 — I’ al A ’  1 - , I ct:  1’ . 1’ rma’ I ‘it ,  , ‘ :,- s ’ o -:o, ) ; u’ :- ’ u -- i ’ -  n ’ . I t : o  . 0 ’  pt ’ , m , ’ u _ - i ’ -  5

‘ F,’ - 1’’: 1 . 1 :  u t ,  I -1 ’ - v , - l  r ib  01 ’ a u: ’ -w no ; ;  ‘ - - i -h to ro ‘ -0 ; l’  I:,, - t  u’ ,’ ’ : ’ o u ’  I - - t i  0 , o I ’ ; : ’  v ’
1 u , t ~ :5’- ii 1 0 , ‘ u’ :,u,,; I’o - u ’  - o ; 1:’ ( c r o w )  1:.- u. - ’  o f ’  a li m I t  ‘ - -1 t u o , ’ : t ’ o - t ’  of 1’ ‘ t i ’ . ’ 1 1’ ’
e I - ‘ ‘ t r ’ ’ u :  I 0 ; - 1 - i , . : . A : ,  b o h r ’ ’ - : , ’ 4 - , t ’t  of a 11 ‘ ho u’ o - ’ ’  -0 ’ ,‘ ; I s  0 ho ’ , itc - , ’  uf’ I t , ’ - ‘u’ - , 0 -
nut ul’  i— f  m u: ’ ’ I a: - :0 ‘ t o - i  .11 , : ;  1 - iv it t ,; . A s e u ’ l - -::  :0’ ,‘‘ n , - I I ’ ’ , . ‘ ,tncl I : ’ ’ ’ -1 1 , 1,’ ’ “ o l  :‘ ~‘ - ‘ 1: :

u t  o t  ‘ he 1 A l . ’ ;-:‘ o ’ :’ I ’-  rot .t ‘‘x:, ’’: 1:: 1 ‘ b:’’ 0- - 5t ’ ‘ . o i  I t  I — 1’ ’ ,— ’ - r : , 1 II .‘ ;- l  ‘,‘,‘ awl ’ ‘ h i ’ ’ :
F’’ 1 , 0 1 : , , ’ re; - , t ’ ’ ‘ -  i l t ,~~’ ‘ ‘ I F  i’ ’ ; t ’ - - ‘~~ u~ u~,0 I — — —  1: - t o -  l w - u t ’ - ’ - ‘ c - u : t ’ b o ’ ; , o - ’ u ’ h o ’ ’ I’ - ‘ t ’ ’ , o ’  k; Ii. n u: c -o -  I.’- - -  m o -
I t , w ’,l - h ‘ F ’ — b e o ’’’ndtu - t; ; ‘‘a u ’ :  , u ’ - a ’ t o - u ’  t 1::iui :,,l . 0 a - o ’ o : ’ ‘ ‘ ‘ 1:-  , :,a I - ‘ 1 : - s . ’’ ( I  -

In - i - I l l ’  1 o , , the Army - , n o - ’ - : : ’ iy Fu n: I : ,  1’ ’ ’,’ ’ ’ b o o ; 0 0 0 n o ’ n t ,  ‘ 1 : ’ -  N~t - - ’ : ’ - ,t - - - 1 A v t  : : Ics - - ‘ - : 0 1
‘ -- .01 ‘ - - -  ( l A O. ’ ),  t o o t  b In, ’ ‘‘ ,‘u’ ,’,’ ‘‘~u I h~’ ‘ u , u  u - a l  of up to  10 : 0 : 1  t S i to  I n , ’ ‘ :u u’s -u t 1’,’ oio ’i llahle
ad’ ‘hno logy .

Inn’ 01 t’ul ly pro,:r’0100:r:able C’ r u t  rol - 1 h ’ ;o I  Oly xir:I I a - m u , ’ awal ’ S 0 i , ’ ’ O ’ ’ oh’ - o ’
- h i s ;  - i ‘ ‘‘ ‘ I t ,  1, ‘-i .
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OiliER CDU MECHANIZATIONS

There are two other CDU mechanizations Usirim ’ display switch technology which should
also be considered.

i-ic-cause the urxosaic display/swItch provides little or no physical feedback , a pro—
,‘u’ao rnr :table 010 0.’ employlnp’ a matrix of Sing1e—nuult i— ie 1~end display s w i t c h e s  nr:ay be more
applicable to the helicopter environtuxent. Flob uu ’e Id shows one possible configuration.
.1°:: ‘,he so t  her hand , a combination of both the lar c’or inter—active panel and sinotle MLD/Ss
‘boy ciI’Pex ’  flexibility in the way that information and control functions may be handled.

oliad. I’lj boI R A b ’ i I  1- , ’,’i’FlJN° ° ;t ’ MULT I—L it- tb- ND
__

DISPLAY OWI TCH I  10

l’hie o a t  t oo t ’  princl ;:al applicat  ion for the  l’ Iult l—O. - , ’ o ’t : ; I  1: 1:c - ;- lay nfo ’ uj t c h IS for Fault
.~ci :’to Ing o’,,l’,’l ot -nc-: ’y Panels .  : 1cc - o n e aircraft have 60 ~ u’ 000 ; m ’,a- l’- ,’etm , I  lamps , taki::c an
t r u c ’ r , I t : c c o t e  :ir’,o un~ or ’ space. Fur’t boo t ’ , ma’h ’ - t :  moo’ ,.- I bai rn a v-N’,’ few are lit , I he appearance

a t : o - w  t ’ u ’ : l :. :’,.’ o y go n m: : o .:o ’t e c b  cd ,  l:y l’o’;:lasi::, ’ IF, - 1- ui’ ’,: ;-anel w i  h a s o m a l i  ::u:- ,beu ’ of
o h:, ’ d’L s ; - i r m v  ,:ts’ ’,’ ,rl::’S — say 12 to it ’ — the c:o ’ ,:sc, , ’o - :  , 00 i : : b O o ’ p u ’ I o . c - u ’ t t  iooed , .a,o k o : s w l e d , ’o- ; t  by
o F::’ s r - o w , ciuud tb tos n : :illle:1 l’s:’ pos t  — f t  1, - b c - : .11 - ,. r : , m: ; t  t s : : :,:, -l 0- cu ri o o uuc l : : : ’ c

it is our l::t,on ’ t :o  t O  expose the ;- : ‘ c :, ’r’n:o :,:’ : :ob o lo .’ mID :. o - . e x t  o n - r i c - o l v e  ov :, 1,t:ut 1,.::. First , to
assess  acc o .o ; tcu b- ’,l t o y  op the user c c : ’n r ’ : u t , i ’ , y t ,ü it : ’ ‘0: 0 , 0 a’- l  c r - u S  r’ol:: and se - ’nond , to deter—
ni t : ,  t he ):-‘::‘:.uo 1 ;:::ul 1:’ ;; :,,a

it boo ,:: t o o , :: ,j0 ,-:’ :O:Is r’a ’.. ed 0 boa: t he  c;: - I mon o ’s can - -pena l e the CDII w i t  bi speed and
ac n O - : : ’ c u  s ,  . 0 - o i t  sa t ,  : b ,- .- ,ou’ ,’tv c ;n’ :odo:: t  all :, ‘ L- oz ’,:,t, 1. -tu c :  t o t  t t :o~~t mu i-lit I anal burdenf WIll the
1.0’ I o n ,  b e  ,l’ ’ . - : ’ m ’ o , s - - ,i’,

Ihu’cu -b, :i:~ ful a; l t s a t i o n  of t h:— l’ b: ., b t i — b - ° u::co.ion :‘.w l’ -h Y u - - - ,ro:’ o.I- . , u - o ’ , t he o n l : n to l ,’ncu ’
cat : avo id  t ” nt : ’ .I .Il:,o ’ ,ret - ,In P , o n - ’ ’ b - - t o o t  ‘ - a - 1 . -c ’ ; ly in t h e  opesat . i.:r ’:. I b i s  concern was
aj j :’ -s, osos d 1 ,’ - a t ’ ’  r e t ’  a:: I blo t ‘ b , r i o : ’ - .’ :c - . .. “A l ’ . b :. n c:m - ’n a 13:-ce ::;,- - : t - er  of sw l u  .o l t l o c - : ’ fund ions
c an uc- e c~~:’,i:l::e.b t::1 a ci re lab 1 , - lI. l’’ ’ w r ’ ,uI ‘ I — j o - ’’ ’ :: sw i ’  - ‘h’ s , sc: t 1 . c t o t n ’ ’ on ly e : , ’o m : t o ’ r - .ic
desibo-’rn s  - 1 ’  j :tt o. - , c - a °  ‘i s o o t ’  -sb :l:,, c o t ’ nn i ,,’s- 0, t ’ ’’ 0 - t b ’  o I l I ’ t’ I , o o c - l b  t o  . a c b : l o - ’sr’ b - - 0’ :,::tc- e 0: - n ’ all
s - c I t  ‘a funco ba t s ‘mu ’ ,- ‘,‘,‘- , ‘ L I ’ iL I ,-  -0 an oy 01 ’ - : , - , I’t O o ’  ‘ - e - : , o ,o t  0 <:01 ’ :oo r - .o- ,‘ w lt ’ h  funct ions may
not I-- .- av-u i lo t :  1’ t o t s - : , nee d o ’ ,l , “ 3), -

- b:o s a l - m b  ic - n  t l :~~ c oh u os,: , I . e • , us t o : , ’ a lari-.e a c c e s s
sa:’ P nuce does ce o x . i  It s e l f  0 - s :i u o i 0 i o t f c , ; s t .~ - u ’ ,’ soc - t o u r  Ion. b’,s , :’ t : t Ia liv , ° ti ~:-’ c - i c - u ’  au , d Heinchat iroen
us- ’ I  --:0 5-5 ‘ l,a:n a “ t o - l o o t  i vom i ’ ,’ f - - to ” ‘:. - : lt l— i ’ - . ”’nd ow l i  ,thrs . t o .  la i d , as n - c - t a d  earl I o n’ : ’ , ‘ here
iso a no Id d ie  cu ’ - ’ ::: I. it Is ao I <n ,nw io o i com i  ‘ hat, the 0: :;”  P nc - -c - bo w swItches wIll not work.

I’ booc - fo nt .ms .51 ’ iec-t i,~:: ‘ - iso t b n ~~: t om , .- t o : — : ’ 1 .1 i’t , t  ; t ’  - ‘ i ’oh m

— o s l O  t o - o t t o  r o t . ;’ 1’’ - t o ’ .; le c c c l  it  :‘-a: r

— ;;- ..- r’ t - c - : , l l y  I - - n ’  error r’ ,u:nI b ’  :;- °Id t o  a oo , 1 : :i r ’ o : t : ’ c .

— b o t : o - t ’ ’ - eu-i - s t- s c-t, occur ’, o h , -  ; u- ° -- se , t uu ’ e  f o- :’  . ‘ - u’u’e ; ’t .jon ‘ c u : : ’  be obvious and
S m  I ,‘b ‘ 1 : 5 w  :o v .1.

— b u m — f l  - ‘l:t ‘ ci n to r t I o n - o t t o  toh i o h t :‘~‘~~I t o )  I- ‘‘ - I --t I - ‘ 0 , 0 ad ‘r access- cl quickly tnu t O t
l a y  ‘ 0 : 0 0 ’  hI,’hos ’  ad’ I - u - I ’  y

— Fromp’ ,I r : , t r t u - .,ci be - i m : o c - , 1  o s  n o t - - li ciot ;
~

- -ro tc- Ible it: - ‘-t ’ oI: ’u ’ for the operator ‘ 0 0
n o I w ’ i,’s k’ :a- ’t-,’ ’ l , ’ -  5’. :’ it t :  o - f  t t:- - t o o - u - i ’ 1- m o o and ton- i ’, t o  010 ne - c t .

It Is e r  ‘‘ .0 ’ <‘ .1 ‘ boat 0.1 : - ’ l I t - h ’ . — —  ‘0 1:, , - ‘tot e c - u ’  consol.-loi ’ ,- f n m : o o ’I i,’nt; lu; a a
conu’io:m - r t o , ’,:’ - i : 0 , 1  ‘ — —  m a l I  1 n oa t  I ‘ -  j e t  o -r~o I rt e , u b ‘,‘ ‘ hi ’ ’ - - I - 0 o - ’ ronI Cs , but rather , b’’ an 

rote ‘ - -s - it t, T h r r ~,.iIj I- ,: a h a’ It - - n  rd , c ‘ 1 ’ -:’ - -1’ o t l f l ’m’ r j r : , ’ 0 0 0 : h sy s t  ,‘:-o s which can
to- c l:m ,’- or ; :‘°i ’ - ’ -  I it - b a I I - t b  ot t  b: n.m :- .l ‘u’ o m f o .i : mc t  ions -c - u ’ :; i ’ : ’ : ’ 1 , ’:::: , For o n’~~r’g : ; i bo~ , It
ri. ’:, ’ be ; 05 :11- I”  : - o  1::’ ‘ ‘tO ’ e as so o i I ,° as ?0 a m r.o .; ,nx teSt ions 0 , 0  to b o o - c o o - i . :,’ of ‘ he
sI :’ .Il ,o ’ l ’  -

‘ 01’ - .c- ;- - ’rat ions. l b  :aI, ’b: ’ - n t ly t o - -  ; - s o ’  lis le t o :  I:;’ o ’ - u ’ r ,t  ‘ . .o:oi ’J I:’:,t Ions
n.o ’’’s , o t o  r , : ’,’ I  - i t - c - u i  ,;e’ S , and -c - u: : ’  to ol; - o r i o n  (:0 ’ -u’ -- -’, 0 0 0 i ; I  ,j,’ll’,’’.’ n— v )  set .

There ‘cab,’ also In,’ a limI ’ to ‘. 1:’ ’ - mr - b r of I i n ’ :’ ‘ - n l .’i n’ - ; - ’ -  u’at ~~~~ a - - t o w o - o e t n .bo ’ ’r o’ ,’oy
t o m  tie ‘toI t:; - m ’ ‘‘‘I t t o : ,~ ~10.~ I t :  t lie ‘ ‘12’’ noyro ’ ‘ no . ; t ’ - .- ed u t ’ ’n’ . f t: ,~ ‘- oc- ; m o o i  t h i s  w I l l
hi- i ,’ - ’ ta  1’ ’ l.- ’ ’ ’ r l:, ’ ’ b t h  :‘ - t ’ h. nc - t re 00 0t .ot : : i io ,o _ I t., 01’ b - o t t o  s I ’ ’ ; : , l o t  I .  on 00 ’ ; I a — ’  ual 1 o o — I ’i .I,~ht

li l A  , . - - ‘ad,AR:

4 The u ’ - i p l o f  o u . h v a : m - : ’ - ’- , ’.- ru l  01’ - hI - -Ita l t ec b , u m , ; i , o , ’y has  t o - i - b c - - F t h e  :;t ;,‘ o -  where new a v i o n i c
, :I , s t .eO . , a r : b m i ’ . ’- - - - ’  n t ro - s are h ie In g 0:: ’ a l l  Ished , , t ’ o i i t rd - I I , ’ I Ia l  .1’ ,’ :o 1- moo - ‘ - a : -  ‘ 0 - p t  s. While
a l l - - w I n g  an al :c - c - : : ’ ;u— .oui ’ i- . t o ’ .; t ’ c - ve” : ,’ t i t  In o - v : n ’ em i o n  o ’ ’t ’ : o ’ l o u , t h’- t r i l l ’  I- - o : :o i role of
rho  - , i : ’ :o rci ’’ crew is 1 ‘ ‘ l m u ~ Seveu’’-l y o o t ’ I’. ’ -o ’ - -0 1 . ‘- ° f r u im ’ ,’ t o o  “ : 0 : — P u - ’’ ors u’ - o ,-u ’ - o: - .s have laid the
to - m o ,  Ii ’ ions P- o r  ;‘ Iiot lc :’ ’’ - w ) io :F  : m r d e u : i o : , ’ . H,- . - - - t , ’ h o ’ v ’ - l  -. ; - “° , ‘ t i t o ;  have ui - to , h , ’ n ’ ,on t t t  rated

- —i--- — 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~&. - ‘ - - — - .  £‘ -



1 7-5

t - : a b : l ; ’h in—Ni b: :  : ;y t c - t ,”r: : u rm , b  suI-a ,’,’~~t , - ‘ -  d i s o p O, -’iy :i::d ‘00 :1 u’ funct ions soc- ri to o-
,“t ’ o.’:it 11,’ t m  t a c o - il

A l u b t : o; i , ’h i I:: t he ;oa.: ’. b-he uuuajor e I ’t” :u’t - wo o : :  - l I re  ‘ 1 - -m b ‘ o . w : o u l io :t e p r a t o ’ ; l  ml ln o ; i t n t y o : , the
:‘r::;oloasbs is now on the ,couitt’ol of c t o ,x . a a r t - I  f’uu u ct io .n -: o: : .

The p:’ :o ,- ’ u ’ at o ,::;cut’los CDV whIch has t’ o.’e ui ~t ’ - o - .’ u ’  i t ci is - o n l y  one of many possible con —
:‘l , ’- ,mu’ o~tiouxs . Althou gh the display prese ritat 1 ‘ ::tc- a;° fc -~~03I’ sonruewhat similar to CHT
“pci ’:’ in ,” on a no ;,c- nu basis , virtually all c- 0 : 0  ‘ - ‘ 1 l’ tunct I , r m t ;  are performed via .‘perat Ion
,‘P I”ml t . i— l , o ,’ ,’,’t ic i  Display/Switches.

ib is ; :u;-en has cited several — u ’ o o ’u ’ n l o ’ . ,: w h i c h  l a’ lc al l y  led to the development of
“lilt I— c , ’ e :m d L’°t s p la y / S wit o -’h,-s which , 10 :  t urn , - - n . n;oc ,o :d t h e  I/O capability of control dis—

I n,~ ,,uilt t O .  ‘I’Fonauo -Fx versatl le prot -. i’ol r 0 0 0 ’ 1 : o ,’ t echn I ;ctc:o , “ un iversa l ”  CDII’ to ran b o o tal honed
P o t ’  varying functions , varyln0  ln—flIrthil pucc ,’ o ’ ,luu’es , or varying aircraft applications.

i’hu’ , c - ouo ’h rep ro,-u’a:rino: inj ’ o f ’  the f : t t i o - t  l o i n  Pl~ - ‘ma procedures , new opport .unies are prov l-b ’ -d
l’s:’ pi l o t  u o mt oo or ’ d E: r o i rm o ’ . O i u : ce  many of b - he - - ; ° ,

~ 
u ’ o m t inj’ procedures can be autoo::ou t Cii , the

~~i 1 :0. (crow) can assume higher orders of’ ,‘ c 0 00 : :r : : , uud : i tm m i  c- c -n t  so l  of the vehic le .

IhIs :o - ’vel approach to ccc-ritro l/displ:u y - i t :  It desl , - ro and operat ion w i l l  prov ide w -u ’ I- : —
- ~- ,o o ’ed us ’ Ion u - I  id ’ o o u , . I  e ru h niu :ce ;I 1st ; o : : ’ f o t ’ : r , , a u c - c’ c - .

H~ PERiI 11:’ h,

1 . AII I I ( ,‘o ,’’” . ’,’ .,n,o’ ,’ In.: t :- - o — 1 , 0 1  ‘ : t :’e. ’r’, r , )
I° ec : m o : b s a l  2 , m c. : r , c i t ’ v , L ..° . :c i  o~° ‘c i  o ’ -.’ o ’  :f t  0 ’ 0 • ~~

Ho ’ ;  - u ’’ ‘.. , - ,, , .‘1 , ‘ci:i~’ 1~~ 0 I , Al ° 0 1 ‘ ‘— 2 97

1 , 1u-- ,or,ciry and y,::’’,’ Io -w Pt’ o - : -;et : t :,t Ions
‘I’loe 1i:u C o m- ’ , lb - I I, - - t ’  I , r , o b  :0 , ii’
‘ ‘4 “ r n  u - - : : , , -o - : m oa ark, 1-9 -8

A ’  b :o ’:,~ , ;.,t ’ o :’ - ’ ’ ,

3. ~n’ t  0 , ’’  t’ , K - P. o ,: ,d h o c -  1:01:01:::- -u ; , K.  P. 
,n i’_ t : ’ l t :’ ’ , - s t o m , ’ 1-2,-a iii ’. ion 01’ a - - -n; i t  Di::; l - c -,’,’ i : : ; - c m o

b c - - v I s e ma i n , ’ a ‘b ach .‘ e u t s l ’  lye P o n t - - n , ,  0 : 1  u - u o , c e  ‘ o u c - d
‘ ‘esigt :  c .’ootn ’so il- - s - u t  I s P o’ I -to A l ’, it  , , - u o ’ Fli:’ht.

A . IAH I ° — ‘~ — - :~ o t  -.:- b- t ’ t’ 1977

n~ u - o t t o - u - ,, i’ ’K ;‘o - w ç -  I’ Sw! I chirug ‘ ‘ ‘ -i :’ l o g  ‘, .0 un:  F ic - ’ : :  i , n m
i t ,  . ‘ ‘ i:: ’ - ‘Pe ve lcp oo :eu : t  In 1- I o u II I — f  ma , - ’ um b-I -Ic’ .‘ :clt . ,’ hi ir :g :‘a r: t  u’o is
‘A I i A I R  ho p - t b  ‘,°~~U’ 01 ‘c l i ’,’ ~ 0 O ,’ < , AD 7 b h t i 7

5. u ’ - i toa: - n D. K ., CocIc ; 1: ,‘ -ma ’ ’.:’h Ino ’ - ‘ to b - .’ ‘cc’s’ - l t d  ,‘O i t  b - l a b  I c o n :  of a
[c- 05 i,’tt  i t ’ . , - ’ I c - t o ’ b’~- : ’  ‘- 1 , 1’ I — P  : o : - ’ b, ~~~~~~~~~ .o : b t :0 ‘ ..ntrols ,
,t,’- l IAIR 7- ~ 0 7 0 1, ‘oIl.’ I ‘ ‘ - ‘ At-

6 .  o u’’o. :u:: , h..h . , l:g e,o’ :ited - ‘ - - - Ic ; It , .‘ ; : c i . O o o  loot: ’ ’ -  u m o u o i t ICS , I, -v 1967,
pp s  0’ - — :

7. .i,”mn. .’ium , I- .8. -oi: ,.t hus; :0 1, , J . V.  , 0 1 F:on ’ I t :  1 - - ’ . u n i t  on- - I  -1b o .oe kp it Procedure
P : ~ I- I ” t o t  ify t r i g  ‘0:00 s - c l o , o : - I  ii::; I- , ,’ Ho - ] i : t  u ” - o ’ . o ’ r : t  :: of A ln ’cr a f’ in
Advoi u , .’,sl ‘ I t o ,,- I’ :’u ’  l.:d:; , A ; IA IID , 1 i t t :  i’yo- .po s l : , - - . Co nt ’ o - r o s e  on - i ; : 1 i : : t c ce
and —I - o t tO  r io; otum ; I  Disp loty ts , Fin n: , o u ’ o i t m o n o o -  , O oc- ’ 19 .1

~~. Sol id St ci ’ e A 1; ’ ha t m :u: - ;r’:’I s DI.o : - 1~~v ic- cit a .‘ l m ec t  IIDI ’ F — ,° f l OO
Four (character  Display
Hew lo n- t o. , F’ o t c k : u u ’d  Co .
Fa i - o  Alto , CA 9443014

I :
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ETUDE D’ I N’l ER1 ACE ECUI I’! ( ‘L o— SY ST E~iE
DA!SS UN H E L I ( O P T E P E  I N ’ ; I - C HI R Pt N UIT

Par

C. FER LE T
J . L ,  !‘IASCLF
GIE 1b0i’}o IlI

11 V illa Croix ‘ii’,’c xot
‘15 (0 15  P!RIS — FRIONCI,

RESUME

La coruop lexit ~ cr oissar t  dot ,  r , i a u t c u c - s conf i~~cs au x :o ( - rc . ra - f s  t o c c cn r . e : :  a pcur  ct r o o t ’°’
quence d ir ecte  us accroiu- s o’ui r,t do la ch a rge  ole t r , ,v a i l  tIes t~-qai~ - a eI o  ro gui peu t

~ t t c i n ,Iic dans biero des cas or. seuil cr i t ic ~uc .

11 eat  Ito ~~ m t a n .  t ole co - u s 1o.êr 01 0- 0- of I ~uo t- at s ic do ut cc Li pt c oo is (;e d( f t  i-i tic n
‘or, a~~ror,et at i r-i de I ~s p o m o e u  , pu :.x 1 ‘ 1 l o t ,  i f  o’s e (0o -,u 14 iii -- syr. t~ r , ot t  to, solutic Ins

vêr itollentt’x-ut lr,t(”-j x O e - t ’ . c o : m j  oara rt io,sor; t u ris cff .u o’,,c i t O  c- u ’ (r, i t l nnelio- nuax i ra lo .

Lne tells déraarche r.(os&-s,., l t o  l’ icc ; - t i . r :  o ’ u u -  nt~~t l,o-ue cc travail riccureuse et
s y s t C- no ~c - t loico , g u i  th it ~ t.re c~ip~ L.l o- otis p ut  rc , r o- o r ,  ~-c r~; t o - do:- oc’r.n .& ourr’ i c° iv e r ro s
que les co r,t ra i rtt . o, t c c l :u igu t ’ ,; c-c lea t w i - t o n c o n - - c - p ( - r . c - t i o r . r o- i l es  pour aI.cut ir it Ia
a~ fj ~~i tic r,  de sos luticos n p o t : r a b e s .

La ur,êthode ue t r a v a i l  r e ter . u t o  p- , c u  uo-ent,’r 1’(too o d’ ,t r c t , - r f aco  (~ bo i i p a g c - - r y o c t~~uco’ d ’ o, .r ,
h~ hicopt~ re ant i-char capoLl  n o n  r e a l m ’ s r so r i c o - i :  r cc jcur car- u- ; - , ic -c  uni t  eat f.I’~~- ’
sentée i c r  ~ t i t re c ’ e X t u ; I - i c.

La n’At b :o ice d is t i ro ; ue- clog ( t ~~‘~-s c a r s  10 000, r s’ U ‘ uro u - c t - ,  sun i t O r a t i f  (j u t  pc- ninoet
d’ axumêllorer p rogress i~’ r:cr. t la u & fi n it ic r ,  cc 1’ ’, r t , - r l , , c o -  (oui paco— ryuot ~Ixune er imrc t ion
aes d i t f o 0 ’,,ltês c c ns io b (- rOc& aux cii ff~~r -u .t o: ; ~~t,n 1 t - ~~ .

1 - Ii~T 1cLDUC TI ON

Le role ole 1’ , o v l o r.lguc ~ b o r d  des cn~’n( n t-f’: r ‘a i.- 000 ;(  de c r - i t n -  c - t n ’  dera i~brcs
, r n r t cs  ,lu pc -j r  t do d o  V t :  in C n : t s o n - n . t  i t -i  ~‘ Ia s a t i s f a c - t  l e n  d ‘ ure r : i a n - 1 :-u et do pcser
den  pro f - l Ou - - c s  u n n f. o. r t a r , t o - oi cr.cc- r h , :o - r c - r , ’c- , o t t  ; ‘ ‘ids &t do coOt.

r e  i n teg r a t i o n  des ,,ii f1.~~r o - t  t :  : ;v u ’ t 4 °o ’ i s o t  est  oO f - I  ,‘,rut r o O c ea s a i r t - . t, ’app ar ~ t m o n o  des
c i lculateuns o ly i ta : , x  a pou r  is ur I r s - o r ? ;  l rj - o  u tar. t d~~u a ce o - r,r or. au tcor isari t
us ~, t , 0 i m  ju t ’  iE-3 U5ct4  ~:1uto t ruct ue ux  c - u . t r e  ic’s c i i f f C ro ’ u - ,t s  ( - o:u t ;-cut c ’ r t n .

us la n:? con’::si t ( ol ‘ ..:.e, it t,(. - n at icr: c- s t  (yc -  i t O ’  s r  t ap f - a  ru’ ia r t ~‘cau ole 1 ‘1 r,terface
(,‘o ,~~t p a ’ J e— s y s t ? r c , l’ s o.,p u o 0 ; o d i c  r s’, :m tOun c ? ° t , u t . t  j - r :  n t  u c ’l daics us ness tree general ,
do’vor,t 1 ‘en co. u- f iet~~ n t SO’S ~~, o t e s  d ‘( ‘ ,u 11 - o c  0 1  (. 0 : 0  t icr char,:’ uc t rava i l  c ro is—
sar,te :o ’~,-: :;?‘on- A 1 ‘ (-c ,uu ; ,,‘ s’ .

tr:e tehle in téc j r - atoo- r  c i t  t i s r u r  o u r - I - t O  d ’ ur. certa in n. c r t r c  do c - r ; t u ’amn tes  d’ c’ r—
dres om ivens b ’,ia b i h i t (- , coat , sêcurit (t et  o l o r a r . t i r  ur.e r reml leure e ff ic ac i t é  opé-
rot ionnel le.

Or 4 0 u t  U?- t . i r, i r  ~j ..,,tre ,,i I r o n ’ c t r i - r , s  p n i r c o l - a les dans loro i ,u ellco: p-cut porter net
e f f o r t

- ~b : s t  au j o  in,t do nc-omveaux v—c- de s err at i h is a r o t largero erit les pc-sst lc i l itCs
::, t ra I t  or or t de I • I r,frrrnuat tar , — Ixourn ; It : 1” mh do pilot age Cu do n-isv I --

~~ t, l( 0’.,

— f u t  n ra t i sa t t i  to des tA ches répét itiv c- s,
— Aiirêl t o  r o t  n o r ,  E’r’,c-r ,o un i que dcc p- st , -:- c’ ’ê qu l page ,

- :,;;crs’r, t des v ist ra l isat  t o  u~s et comrnuar,dcs ,

Len- d o - n o  I” r e s  rl’ , o lr:,, i t u u . r,oo techns-log iques  ,b, - ir ,n ; l dorr,alr’ den v h~~ua1ieat icr ,s
C l e c u r -  t :g- ,mt~~ ou des corTnmandes multiplexees perrnuettent , er-n p art lcul icr , d’ c r,v i-
sayer la  co .,,rru r,j ts cu t j o n l.o v r - o c - y s t~~ruie sous arc autne j o - u n . L,es travaux en cours
~ ,o r. s 1, ’ ots r ,,ir, ’- ,. en  v i seu rs et vu o n e  is de caso;ome , - t  do la cor ~ andc voca le vie s -

- t n t  t - c b , l r , eruocr,t ci r.~ b O t t ’ r Ce j - o - t ~~ u : t  tel.

4

-. ~~~ I-~~~ ~~~~~~~~~~ - ‘..



~ ----— .--- 
~~~~~~

‘c- ‘ 

~

IS- ~

Mais deux dif fj cult (s  nbajeures , dues A is nature m~ rre de l’ètre hurnain , doiven,t
être surn,ontCes

A/ La premiere ett ha rCsisturcc ntmtureiie de l’hcrnrrie au changeroier~t. Cette ré--sistar,ce est d’ autant plus iuup c-rt cr rute que Ic-s (-changes ermtre i’Oc~uipage etles systCmes rev~ ter,t uris ircper tarCe considCrah-le dans icr aOrcnc-f s et  qu ’ il
est Lien plus d if f ic i l €  ole m o d i f i e r  d c - t o  ref lexes ou den autorratisr,es acquis
par uric b rogue pratiqut,- que do rc :: .p-lc-cor , par exerno ple , ur, ca lculateur ana lo”
gique par un r.uicroprocesseur .

B/ La deuxième diff lcel tC aj-j.a:ait h.-rsciue- l ’ c~ic cherci e A dC fir i r u r c inter facco
Cquipage-s~’stCme dars lagcc- lic le dialogue en.tro’ 1 ‘ (-i cipage et lee syst~~rr-es
sc-it sir-nple et f a c i l e  to u t en ( ‘o. ’ it ar , t ~ 1 ’ ( o ’j u i p a c,e dc so so-stir exciu du tra--
vail opêrationnc-l rCalisC par lee matCriels c-r-) congu(’s cot Ce vo i r  act :  rO le rO—
duit A celul ae siuc c p le exOcutant. Ii s’en suit , A i’éyard do,. o..ystèmes un ma-
laise et ur ,e méfiance  gui nuiseu t ~ , l c o f f i c c r c it ê  do 1,~ ~-ission. I] eat doun c
essentiel que cc dicrlc’~ ue scit o r ’ -s r n i s (  olt uocar .i?-re ~ j-rC~ ervcr le pcuvoir de
contrOle Ce 1’(quipage sur lee syrtOr-es o’r f ,,uc~:n(o c o n - t x — c - i  doivent rester
les assistants do i’(guipage dans is rOalisatic ’r tIe la no-Lit -icr..

Devar,t is nature des d,fflcuitCs ren or.trées et ha diversitC dat- solutior,u- A
envj scuue r , on corn çoit qu ’~~l soit nécearraire d’adc’pter une uco?-thc-cic ole travail
r igoureuse et systOrriatique t€ ,. ’~o u n  tone approchc roysto l r.’.c’ do prof l(’ru c pc-sO .

i.i. CAS DE L’ HELICOPTERE ANTI - CHAR

La def init ion de l’ i r,ter face équi page-syst?u’n e d’ ur, hOhiccptErc ar ,t i -c I - -,ar Ca pa-
ble de rCahiser sa nissj or. do jour conir.oc do ruit cor,stitue ur,c- etccel lt-r ,te
i l lustration ces problOmes évoqués.

La mission anti—char est par elle-m~ne , ur,e rojssjon difficile , particuli?rc-r.c-r t
par les contrair,ec-s qu ’elie irnpcsc A i’&jui js~- r-e du fait ole la rOcessitf ole vc—
ier A très Lasse altitude pendant la pf,ase tac ticce . Los difficult?’s sent accrues
lc-rsqu’ii s ’ag it ole réalisc-r is nissi ’ to de rtu :t.

L’ofjectif dc l’étuo.l d ’iu oterface (-~ u i~~a c c - s : - s t O t r c d ’ ur, hO-iicc’ptOre arti-char
actueilcr:cr.t renée en Fr. ncc , c~~t l’~~tcof1i s seu n o- uc t d ’un jrc jet d’ ir,terfacc
Oc~u i p ay e — s y s n o o I r . o n -  i nt ( o ~r (e , g u i  : ‘ e c joo c t e  lea pcs sibihitOr techniques actuelloss
Ou jnrOv isik-les cor,forr-Otous-nt au c r l o r , c i r b o n u  de dCv l c j po run r t  c-c l’hOli coptOrr .

Cct te étude js u (lir. t r cu i re nor 4 lC te , o r j-sr ticulicr , une  sOr b  d’ ( t u o l,--s I carac--
t ( re  plus t c-ct: us logic- ut -  dest i r O t ’ S -  (valuer c e r ta i r  r (‘nui~~cor . r t s .  rcur 1cr r,ner,e-r
A Lien ii a et C nC-cesuoaire ole r e t  t ro au j c  ir- t ut-on ’ cO- tic-c-don de t r a v a i l  d cn t  I ‘ ox’
po~~ f a i t  l’n- f je t ,  des paraçjrc -~ hes su ivarts .

2 - METI1OP E n E  T RJoV1~Ii-

2.1. PRESENTATION GELFRJtLE

La méthode proposOe est , au d o : o n ’ c o t a r t , suscep tible do s ’~o pr l iquor  A d ’ autrcs
0-tudes sir;il,nuires c ost Ic-caro l -ac- i co l i c  sera , d a r e  icu r esurt’ do p~ ssih1e ,
cI(cr lte Cans son princi pe , 10 cas do icr r , iss bor  a r t i ’ - c t ’ ;cn r dc nuit Cta~ t tutiiisO

~-uur j i l ustr er 1 ‘exposé 1,, r n n : c  cela S 5 uv? re f l ? c e c n o cc i rc ’ .

t i l e  coru sis te  A faire alterner aen (-tales ole rO flexiors ave- c den O t opes do
d O f i r . i t i o n  con-cr (te dana le cadre d’ ur  pr - cc ’ ssoo : ;  i t C r a t i f .

Ehle dist incjue cinm q Ot a j e s  pr i nc i j~ obon-: : (vcir j-hcrnche 1)

La premiere 
~~~~~ 

est ur n -  Ct p t  d ’arcu lys on tIc Ia niac in-u ’  gui po’rroc’ t cIt. d(f i~~i r
les principales f ncti -rs ,‘i r r-p l ir par i ’ é qui pic’ e et ole dfcornoposer icr rissi c. t
en différerutes phases caractérist. .tguon -;.

La deuxiEnc’ j~~,pe pour-ct  de crest-cr is l i t- t o  des iro format ior ,s co t cc- u ion r,dcs
nécessaires aux postes d’Cquij:açc .

La troisième (tape d (fir,it le t~-j. e de j-rC ’ser.tuutior. dc-s dhff (rerte- s ir o fo r r .s t ’ io rs
e~~

”les coinirrandes ii installer .

une orqani natbc-n dc-s postes d’C quipagc c c r c r(t i s(e
par des rr,aquettages en vraie grandeur.

La cinquiêr,e ét~~~ conduit A one evaluation de 1cr chargo de t r . ov c i i l  des (gui-
piers et pout amer.er un, r’uouclage dlffCrer,ts i’oiveaux suovar ,t la r.t°,ture dos
difficultCs rencontrées .

Les rcfc ,uclcu o-rcs interres rux différer.tes (‘tapes n ’apparaissen.t pan cur ha
pianche 1.

lI ..lIri1L,,____~
_ 
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La m (thode proposée nécessite ha mine or. place d u n  groupe ole t r a v a i l  qui corn-
prend des représentants des avionneurs , oles éctuipementiers et des opérationnels
utilisateurs. Cette organisatioru perrnet one confrontaticn directe efficace ole
différents points Ic vue tout so long do l’étude et plus particuliOrement lors
des operations de syntlu(se.

2.2. DEFI NI T ION P R E L I M I NA I R E

t.fin do hiCrarchiser ce gui peut Otre r-- nn- is or, cause lors des phases de synthèse
et d’ optimatisation do ruian ière A assurer is progression cohCrente \ - €u ’ s  ha ou les
solutions recherchCes darn’s los cadre n’~e ha mission , ii semble nOcessaire do dis-
tinguer , avant d’ entrcor-rendre tout ~vai 1 , trois notions fondamentales

- Ot j ectifs opérationneis de la mission

u s  sont défiruis par l Etat Najor et represertent ics huts ultin-nes A atteindre .
L u-i objectif opérationnel eat irn;pér at i f , ii roe peut ~otre renois cr cause qu ’en
t Ut dernier lieu . Sa modification sort, normalern ent , do cadre do l’O tudc.

EXEMPLE NécessitC ole ne pas dOpasser ur certain seuil do d (tectabilit (- .

- Procedures op,~ ra uic rnehles

Ehles définissent les procedures envisagO-es pour satisfuirc aux ck jectifs
opCrationnels en tenan t compte de l’environncroen t au cro r ’,s ion p lain’ large.

EXEMPLE Utilisation do relief pour r édorire is dO-tectahil i t O .
L°ti lis,~ t i c - n  don ’ 1cr v i s i on  d i r ec t e  do paysage pc-ar lea dOsignation s
diversots .

Urc procedure peut Otre  rein- iso or, cause pcur d ’ ° ’ f ( r e r t es  raiscr ,s so cours  do
i ’Ctude. Sa rncn -dif icat ic - n  nêccssi r ,e l’accord de t n - u t  he gro up-c de travail.

- t4oyens eun bc r r~~~~~

Ii s ’agit do tout systOruo c Ott S O u S - n o y s t l - n o o n -  c--r:Icm rquC , air.s i que des cor ’no-a r ,dt-s
00 infc-rnoatior, s d is p c - u c i f l e s  aux po t - ton ’s o l ’ ( - c j,~ij o c n c j e .  h a  on ’c r ,t let- pt-c-n et- s v - i s
or, cauce lcrsqu ’ure difficultC apj-ar~-o it, h i t - pon -uvent être r cn ’di fi0 ns sans l’ ac-
co r d de tout le grouj e de travail.

Exar. inOr-m S rnoa initenart plus en detai l  los diffOrentes Ctapes illustrOec ; par 1cr
Plar.c io e 2.

2 . 3 .  PRE?’iit[tE ETAPE DEFINITION DEn LA tn. t °OIi

Il s ’agit , clans un premier t ern-ps , do denser urne dOf ini  t i c - n i  pr0-c i se  Ce la r-issior .

Un certain r.oronhre do.’ cortramntes ou options initiales doi-,ent être dCiinies A cc
n i vca u , par ex t -c o l ic

- IC type d • arn005 r ,na r

-- icr prOsence d ’ -ar arunoement secondaire ,

- le nornrbre cV Cquipiers e t c . . .

Or. peut ensuitc préciser he profil gén (rai ole ha missior . Il peat (-tre int(’res’-
sar,t A cc statIc-, ole dissocierles cas dis’ ha mission do jour et ole is rrissier, ole
nuit gui si r.t susceptiL- les ole différer en bier des pc - I n t o : .

La participatior . ole représentar t. des utilisatc-urs op Crcr t ic onrne-ls est cssentiehle
c,c r r s  ce t r c i v , l 1  0 e l t on -  perrret di’ CCcv-n;poser ha r:ission en c t l f f ( i o - r . t e s  phases
opCratiorure lies u- ractCnis t iques er. prOc isant leurs obj ec t ifs  et I c -s  procC-
dures operaticr4- n.es A adopter clans chacuu’ c d ’ elleo ,

La J0-cor,po si t ic; cIc l u  nissiar, en phases distinctes a pour tut ole facihiter
l’Ctud c Cr j - - s u u  c-n t a r t  ole s ioux sa sir ic-s cli ffictultés dans leur cor’ntexte opéra-
t :c-r .u ,c~ et ole lea situer it s ones par rapport aux autres.

bI le  perro.et , d’ a 0 o t r c  part , one  a r al~~.;c- c~’stérnnatique et j-ncqres sive c c  icr mi ssico r,
et dc -s r c o i c r s  A c t t r o  C r ,  c o u t u r e  j o u r  ha rerplir.

Ii est ir’p o r t a n , t  do p rCcisc r  que 1cr mission amns i Ctci l - l io correspond ~ ha missiontelle onj u ’ elle est envisagCc au depart don l’étudc m a n s  qo ’ ehle ton ’ correspond pas
r (c es sa i ro ro r t  A cel le gui sera f inalerrert ro t o - r u e  : I c c  ‘n rc o.’(oluro-o ; opO -rat i c r —
rel ies irl t OO o lCS peuvent (vn - I c n : - u  on-rn fo rc t ion ceo r ( f l c xi c o’ s on- u n ’ t u c - i - u l s e s  ott des

4 prc-blèrres rerocontrés . Cette premiere d C f l r n t i c - n  do la r- ins ion 4 cr-o s t c ;itc fcn i o-

d’arnorcer lea rCf1 exic-ns et lea cral yres le proc -oc t -su n  i tO ra t ~~f de  h a niOthoc is
so n-c ’ air,si ir .it lali sC .

- ~~~~ 
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Darus le cas de is mission anti—char , sep t p hases ont eté dCfinies cUes snrt
données ici A titmc e d’exenrple

— Initialisation

-‘ Décoiiage un <s rn t Ce
- CroisiCre
— tn-i TB !, (Vch trés l~ass,c- altitude)

- Vol tactique
— Stationnaire tact icue
— Atterrissaqe

Ii faut remarquer quo ces phases re correspondent nohlercr,t A one ci(comn pa o iti cn - r.
clc-ror-r o log i que d ’ uru e mission type eiles ont etC o;fl -ctinr n (c-s pour  Ieurs carac-
tCristiques opOratiornelles . Er it-s agençant de diffOrertes façc- r.n il eat possi-
ble de recor,stituer divers déroulerr-ents ole ha rc i ss i c - n a n t i — c h a r .  11 est , d ’autre
part , nCcessaire de decoruoposer chague phase crc plusieurs s c u o - p I.cr s c - s  gu i  ter unnet-
tent uric anal yse plus flt -e du dialogue entre l’(’qui page et le s y s t o n ’ c .  Les sOoS
phases correspc-ndern’t a cc quc l’on peot appeler ”actions en (ratior,rneiles êlér-,en--
tcoires.

Ut- exer plo.- pc-ut ~tre dorni C en c n u s i d ( u c r n , t , dane le cas ole la c- j o - ca i n - u: au ti-’cI-iar ,
1cr phase de sta tiornnai re tacti -~ue gui  a etC ddcompcc -oo~e en six s c — u s — j L a o : c  on’

— di s o c - r u s t  in-u - ,
— 1cquisit n ’cm : et poursoite d’ un n e c ib le
— Prépar atbn- u , du tir

— Tir
— E v a s i v e
— C c n ’ b t c  rcr,clu a prC s  t i r .

icur chnuque phase ot sour--p hase , he r- objectifs et procedures ~~- (rcottcnncls
cc-i  ven t ê t re  ~ sI finis clair c-mn ’.er,t.

bu t- a na l y s e  c ; l cba l c -  Ct rapide ole ha uoissicn p -sc -ru- no t , Og a l c u o c r i t  , do ron - teu : i r  Ios~
tounc t io ns  p t - i  u :c i p a l e s  clu ‘ aura A r oar j -1  i r 1 ‘(c j u i j - a oo ’ . Lea fo n c t ic - nis d O f i r c ies
d o iv c r t  ê t re  sulfisaninoent indC j oon- nd a u n t e s  c ia rs  leor sa t i s f ac t i on .  pc- -ar poovoir
êt re  E-tuc , i (-en -~ p~~r cot- s~.O c i a h i st c o ;  d i f fO r er o t s, du c c - i n s  darn s ur j r o . u - n i c - n  ton -c t - s .
II ic rudra  c r n s - U n ’ t c  (-viccc,uco u:t “int écjrer ” ic-s r( -f lex ions dc,-s di ff ( ’ r on- r t o t - -  (gu i pes

Liars le cas oar ha r is o u - u ’ c i t - t i — c h a r  , lea six f n-u ;ct ions su iva r - tes  Or,t Oté rc ton o -

— P i l nt n y o
— N o v 1 ~~c r t in u c

- T in
- c~ i et CC~n’
— Ccr.tro°’T,e ci(-r,érai u’- cn c~ ,iu ,o -
— cn -njnn unicat lcu. .

4 -DEUXIEME ETAPE iuNJ\LYSE LIE Lit FAT ISFA CT ION DES FONCTIONS 1’,U COt,O RS_ DES DIFFI’PENTES
PHASES DE L/t ~‘,ISSION.

On peut ensuite analyser ha façrir . dent lea diffO-rertes fonctico r,s peuvent Ctre
rCalisCes au cours des diffO-rent os phases de is missbor.

L’objectif de cette (tape eat de définir los rmneyens nOcessaires poor rexnphlr ha
mission. Pour ce faire , ii faut Inventorier ic-s ordres et informations nCcessaires
A ha rCahisaticn ole chaque fonction. Lea ordres cot iri fc-rur,ations sont her- élCmen ts
du dialogue entic is fc r,ctjcn et he système d’une part , et entre ha for ,c t ic- n c-t
l’equi page d’autre part.

1 ce stade ole ha r,(thode 11 faut analyser ha satisfaction des fonct ic-mn ’s car.s
chercher A distinguer cc qui fera l’cnI- jet d’une intervention ole l’Cquipage do ce
gui sc - ic-. autorr-atisC .

A c sein de cette p r euo - iO r - categoric ole moyens, on bnitroduir a dans ha suite la
d lst iu , c t in- ui entre les inf o- rrn crtl ons et ordres fonction-nne ls et les inforruoations Ct
ore/nc-s ole noise er. cc u vr  o,’.

On peot égahernent dresser ha histe des (qui pernents nCcessaires , respect ivcu-on-m- t , a
4 la cjénération des informations cot A l’ exécution des crdres définis dans le para-

i~r c r p he précCdcnt.  ( o n , Cqul penoents, ca rat ituani t le système d’arrnes , coroprenncnt ~
Ia t o - u s  les êcjui pemn erts sena€-crrs gui détectent et transmettont lea infermations
et les équi per cu ,t s ole cor- ra r ,de qui transrnettent et exOcutent les ordres . 

— 
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Farmi les caractères utilisés pour définir ur.e information on peot citer A titre
d’exexnple

- Presentation de type analogique ou non ,
- Correlation A d’autres informatlons ,
— Localisatiomo .

Pour les ordres

- Forme du signal
- Localisation.

A cc stade, ni icr configuration do l’écjuipage (Tandem , côte I céte) ni la rCpar-
tition des tAches entre lea diffCrer.ts runemunhres ole I ‘C quipacjsn ne sont prises en
compte coin-rose cola sera fait A l’étape soivante dont he hut ~st d’al outir A on
projet d’organisation des postes d’Cquipacoe.

6 - QUATRIEME ETAPE ORGANIS/1TION DES LOSTES D’ICL-IPACE - .v;QuE’rTAGE

La configuration gér,Crale des pcstes (tat -u-ion-mn -, con~te A céte) pcur 1 ‘hCiicoptCre
anti-char) est une donnée ole depart dat-s l’anal yse. Id mrêthode de travail no
prévoit pas sa rein-ise en cause .

Une premiere r(-~~arti tior, d€-s t~ ches pr inci psies entre hes mnern-tres d’Cquipage
dcit £-tre donnée A priori mans cc dernc -on’r pararn (tre r-eot Ctre moctifiC en coors
d’étude en for.ction, notanonnent , ole l’f-vahuatior de ha charge do travail de l’C-
quipage.

Lea différents pestes d’équi page , ~ar exen’p hc’ rilote et tireur , sont dissociés
et étudiés chacur; phase par phase et for.ction par fonction. Ir observe on. em--
boitage des rebouclages inverse ole c~~hui ole l’Ctape deux ii s ’aqit en effet
ci’Cvaluer ici los tAches quo dolt effectuor chaque Cquipier pour réaiiser toutes
les foi-rctions ao coors d une u’-~ ,une phase de 1cr urissior. (Voir Plancl-ce 2)

Ce travail pent-ct d’Cimminer di’s redondances dons chaque phase. t,!re synthCse eat
ensuite réalisCe sur tout he dCroubemrent ole ha n - ni t - o n ion.

C’est A ce stade que sont [sits les cbc-ix tectnnc—ls ’sjiques relatifs A la présernta-
tion des in[c-runatlor.s Ct des ordres (tvj-c d’irstrunn ’ent , s-isualisatlor classiqoe
ou electrorique , etc...)

Cette premiere oricm ,tation techrnclogisjuo dolt p-rendre en cormnpte Ic-s possitilitCs
ole iunultiplaxac- e cu d’intC gration ole certairon -s visualisaticrs et comrzmiardes.

Ii faut égalemn ent d~ finlr les prc-cédures de dialogue Cqoipa-je-systCrn e en mode
dégradé . On enterod ici par mode dégradé tout node resultant d’ une pant-c, tenant
~galennent corp-ton- ole icr sCcuritC do vol et de i-i Suite A ocr- nor A la mission en
cant ole panne.

• Cette panrue peut résulter d’un organic d’ir.terface r rc.-prexnent dit (panne de train’s-
mission) 00 d’ un Cqui percnt en soute (porno ole g(n~ raticn c-no d’expioitation)

(in support materiel précis est slors associC , pour chaque poste , crux diffCrentes
ir,formatiors et conomarndes . Il pernuet do fixer des cotes d’erccsr,-,Irem’nent estirmoCes
des diffCrents Cqui peuo ents d’ interface Cqulpaqe-syst (mn-c.

Le reyroupemer.t physique ole certaines irformmiatlcns 00 commnandes distirctes est
pOssible s’il facihite de face- n Cvidente is satisfaction d’une 00 piusleurs
tAches .

E r f i n  le maquettoge en, vrai grandeur peut faire apparaltre dots contraintes di-
mmmensior.roelles qui récesslten~t un regroupemn”ornt supplémn;entaire ole certamnes in-’
form-naticris 00 conenj moandes. Cc-s regroupenhcnts sercnt effectuCs en s ’efforçar0t de
respecter le type de presentation dCfini auj-aravant .

Le rtoaquettage est égalernment trés utile pour l’Cvaluatior ole la charge ole tra-
vail qui falt l’cbjet do l Ctapc sulvarte.

1 - CIt~çCIEME ETAPE -NALYSL DE Lit CIi/\PGE DE TPIIVAIL

Ce travail n (cesslte use descriptior tr~ s dCtalliC e dc tcnutec les tAchc-s êhC-
ncnnta lres rCalisCes au coors de ch~cue phase dr icr mnjssic’r,. Ces tAches peuvert
nécessiter l’ interventlon d’un memnobre do i’Cc’uipacie 00 s’effectuer sc-ion urn pro-
census autorotre

ExEltriE rrn ltl al ,msatlcn d’une platefc-rme gyrcscopic~uc.

A ch sqoe tAche eat associée one duréc estirrCc ole réaiisaticn conmpte tenu des
équipc-r-cnt s errharqo(s c- I den-n c rsjanes d’intertcice dI’fl nim r prCcCdcmn mcnt . 1- cc’
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niveau lea n raque tta ges peuvent jouer on réle lmportu-~nt j’our pr(c iser lea t eamps
opCratoires C lCnoentaires do certamnes tAches .

L’ analyse de ha charge de travail sur les aéronefs actuels justlfie souvent une
étude particuhière, longue et coUteuse.

Daros le cas d’urre étude pr(-lisii naire d’interfaco Cquipage- syst~me, ii appartient
A l’Cquipe responsable d’estiione jusqu ’A quel rmiveau ole detail ii est souhaitable
do descendre.

Cette analyse peut être ,évidexmonn ent , corr .plétCe ultCrieure mtn ent , lorscjue ha déf ir , i-
tion tie la machine et du système d’ armnmm e s sera acquise.

Si icr charge tie travail d’un memb-re tie l’Ccjuipage vient A dCj~-asser des velcursacceptables , ii faut ervisager des mm’esures correctives gui peuvent Ctre ole plo-
sieurs ordres u

- 1 Modification d’ in ter face
- 2 Modification do ha reparti t icn des charges
- 3 Modification des modes fonctior,r,els
— 4 Modificatior des procedures opCrstionrnelies .

(in t’ebouclage eat alors rèahis (- cru nivecro cerrespondant A ha r codificat lon dars
le processus d’anal yse et tie synthCse et tcut he procesaus dolt Ctre repi’bn A
partir tie ce stade . (Voir Planche 2)

Ii est impératif avant d’envisager do tehles modif icatiors de s ’assurer qu ’une
adaptation au seir. do 1cr phase ole vol considCrCe ole l’enchainenoent envisage , des
tAches êlémentaires , mn’e peut pas résoudre le problèmnm e. Cc-in er’chaincmerts sont
thécriques et ne rendent pant parfalterncnt compte dc ha r (aiitC . Ii est important
de determiner si Un ersc}n’ainezrent type êtudiC r.’est pas seul respormoal-le de ha
difficuité rencontrCe.

CONCLU S JON

Ii eat important en conciusicn do rappeler lea donoux j’cints soiv,snt s

— Pour nnener A bier ure teile étude, Ii est primordial d’adcoj-ter one approche nigou-
reuse et systémnatique gui permette avar- t tout ure conception intCgréc des postes
d’êquipage one ccnzoceptioru gui prenrie er cc-mpte, do del-ut A la fin des travaux
ha totahité des conctraintes opCratiorunehles et techncloglques pour a~outir A one
organisation vraiment optirimisée. La mCthode de travail prCscntée id eat ore ten-
tative dar,s ce Sons.

— La noise en place d’un groupe de travail comprenant des reprCsertonntmn des tquipe-
ment iers, des avionneurs et des cpCrationnels cost ur élCrnent important du succès
de la méthode ole travail ii permmnet , en particulier , de faire (‘voluer lout proc(--
dures opêrationnoehles de facon efficace en determinant ic me’ilieur compromis entre

• les exigences opCraticnnelles Ct ic’s contra ir,tes techniques .

Si efficace cue soit la mnéthode proposée, chic roe saurait conostituer A elle seule ,
ha ga rantie Qu succès ole l’Ctude. La qualitC des dcsnnées qul permnettent d’ ir .itiahiser
lea travaux eat tout aussi ess entielle ii faut accorder , notam,-ent, !an soin tout
particu l ier au choix de des donn Ces et A leur formulation.

‘•
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I \~~vv V u-’ I t  I i’nt I 1 nu kt ’o n I’ t an d l a n d  i n g  ‘cu l ucmlo i 1 i m o Incc c 1 opul ent )

By
rhomnu o; S , Mcmii i n- amn a

\Jv tnced ~~ ro m’ a f t  Io u - - t i ’  lopm mient and - Sc - -o t i’mfl~ Oh i O~n5 ,’ t 1 ~‘ u- ’ n-. ( it ’ I 1 L’S.’

Nt - va  1 Ai  r S~’ s t e m s  ( o o n i n n : o a o n n l
IV;, shi n gtom o , D. C . , T ( 0 3 H  I , II. S. A .

SUMMARY

‘f h o s  I n co P~~r d e s c r i b e ’. Pm ’ n i - n ’t  \ . Io I I_ . -\ TS D , w h i - h  Inc thi’  U.S . N u vy ’ s i m n t - o ~r c o t e J  -‘~~ ‘~t o n o , S
‘‘ P1° m’ n ’aL N t ou 0 OO0 }~ m’ nu vt’ t ho hel 0 n ’ n 0 0 0 t  i’m’ an d t 0 no ~i Ou j t ig \~ ‘

-; F 10 !  0 0 rc m a  f t  cn l)( ’u’ nm t i n n0000  I c :op.ol u ~ I i t ~ vs 0
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n-’ 0’ ~ 1 i ng amid ammo m i I r’ c i no m N i 1 i o v t o . () o - i nun t 005(1 1 ‘ .~ m i I o’ ou u c I in o’ n a o mu i onmom ni iii’ t 0 0 1 i. ~ n oo O a m ’ )‘
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-S • The S \ \  I 0 1  \ \ l)  jtroJ 1s.’ t go.o I s a no ‘c m u  n_ u - ’  i 1 u n o  at-nI I /8 non i I e v i mc i hi I i ty  w e a t  her mi ii ~ n oo , o
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d i - o ’ I , o c  s\ -~c r e m s  t o )  pno u~~m~ tc ’  t’ I v m m i on’ I o o . o l i t i C S  o s o t h  s a t i s i o ~~ t n ’ m v  l u - i i l  of p i l o t  o u o r k lo a d
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4 0 ’ ’ o l~ t e e  t 
~ 
-u’ cc is ion in t o u m s n h do w u m os m I 1 un ’ o j n  1 it’ d t n n os o m ni ~ i~~’ o ovc000n -On t of the’ t”l i n, ’- , m a mtd

N’. nu I IARRI R n s 4 u c n o t  i ons  . o u n n l  t n o n u r I  d c c e l o p no t ’ mo t o f  i i I o~~- i I i n - m  amid u n u o o g h ~e:i o ln’r l t  ior u s
0 f a I I t’om t  ui-v \ o t - c -  inn , ! \ T o  m inc ( o m ’ p - ~ \ S ‘~n 4 o i u n ’ m o  i t
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o Io’~e r o ’ eJ . . , . u t u s  i n n  unf o rt u n , it  c u o n . I t I n ’ . o t  moo t o n o o  V I i i I .  a i rn, n , o  t o  Incu s on et ’f(’ot 0 \  n ’
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~~~the pro~~ ’ n n t time , th a t  0 , o n  I ~O N  , o n o s  m o m ~~t St  i l l  ohseri - c h i t  u rn c i t  c c !  iV (’ l usu n ur
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- 
4 of the re .m I wor Id , This is os l v  the co n v e r s  i n t o f l i g h t  , ou r t ru ns it i on fo ro n ’ ,  os i  ng - borne
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-n o-~~t e rn  of  the ! I A R R I I R  3 m  t i t c ~— the  c n o r r e m o t ope r . i t  ional  n - , s ’ : i t h n ’ r  mi n i m a  o f  o p p r o o i n o c o t e l v
-1’’ ,’ i s s n o  I c e i l i n g  and one n 0 0 0  t i c  a I t on i  1 e v is i h l i t  v - p

The nu’cond proh lu- rn is t b o a t  t lie a l l  - wool t lot’ r , 
~
- ru’s i on i s u m i la nd i rig gui dance  s i ’s tern n o

been an s ’ o , s’ l t m s  lvi’ p o o n - . u’SS io n  o t the air c r ,i ft s a r r i o r ~~, The h e l i s - ou pt e r carro s- n-s have
been equi pped o s o t h  ,- \ \ J S l’\ - T 5 lu r es  i s i o n  o p~uro ach  r ,o n l , i r  but t h i s  v o i c e - c o n t r o l  lu- I “ s t e n m
does n t  e n a b l e  S’h’I’ ’’ !. coo m m v e rsion f l i g h t  i o n  I ns t  no o n nt  M e t e s s r n u l o i t i c ; m l ( ‘ors~i it  m o n  10 4 ( 0 .

• Sean In t o s o  huni ned ii r c -i l - I c  shi ps o t’ t he I T S. S o n - v  current Iv ( n a v e  no mom - u’ t m a n  the
TA h \ \  n a v i g a t i o n  . m i d .  c tin s’ An ;A RI) t sun pOin ted 0,01 , ‘‘ tht ’ ne is a gene u ’ o l l v  heist
op in ion  t hat  n- -s- n- I mon o u t ’ l i n t !. , m i r s r d  t under o u r  weather c o n d i t  u s un os - n h s u n i l n l  b e  fund annen—
t a l l o ’  more ~~l i s  t h an Co t - n - c - n t  io no , il o h I ,o ind I amn _ ti n g ((‘[(0 4 I i i  rc ’ r o t ’ t luv v i r t u e  u i  t b n s
former ’s m I u i l i t c  t o  f l y  s lu ’ o , lv  and - r n 4 -  1 n e c s - s - n i r y ” . Re - n  ide lu t - i ng  u u l ’ v i o i m s l v  un mo , i r c ’
of  t he eng i ne e r n n g  cs u nnn j u l s ’ u i t - e  and l n no n - o , on t u c ’ t s n r - c  diff i cult i ’ ‘‘ I n ’  f l y  s I s uos l o’ and o n t n u p ’’ the
sl n ,i m - ,ie t e r i s t i c ; i l I ’,’ o u mm s t ml ’j e VSi ,il . l ,ic h o n n o - - - and s - i  t h e  general lv 010s u r u ’ c s u n o o ’ t r o i n e d  VSi ,~I
o p e r a t i o n a l  cmi v ironment than  tha t  t s r  i t ch • t hose w ho m hold t i ns ’  i b u u u s’ no t ion . i n i ’ i g n m c u r , i n m t
o f  the fac t t hat the s t o p -  o n n c l ’ g o  f l y i n g  im i ad~- e r - n u’ w e a t h e r  O n  t n s , o i l v  r e n b o n  o r e s  u ns u r e  con t inu-
o u s  and os ’ s- n o r i t o  gu n Ianc e I lfim n o t I n s  ( ‘ I o ~I f i v i n n o  ot cn ’n ’.t a m m t speed a n !  s~I m d c  s i n u p u ’ . W h i l e
th e (‘‘lOP final landing ta -n h is to o ‘ n o i n t o m i n  t i n, - a i r c r a f t  c o n t - ’ ou l  o o m - a n n e t e r s  in t he condi-
t n o u n — ac h i eved  i t the commit tu s land ‘‘ win slow ’’ , the ‘oSlO! landing t i — k  in the - , i n nos - fi s t I n t
regime is a continuous am id g e n e r a l  l v  hi g h w o r k  load maneuve r  r ig t ,i-’ l .. a h n u , n t  a ‘‘ l o o n  po in t ’

• land i ng spot . In ye rt ~ s,’ ,i I I ansi m mu g , t he  t vp i cci II n- -n n’o m 11 landing j ul .01 fs rm or ole becomes
e obstructed from the pilot’ s t i e l d  n u t view , even inn h e h i soj u ter ’ . In t h i s  ru- - I’ s-ct • the

j o  n u t  of ‘ o S l o ) ! .  a i r c r a f t , e s p e c i a l l y  u P s -  ‘- ‘ r ea m l ined h o st !n - perf ou rnnanc e ones , m a c e s  v i r t u a l l y
mod Ic mnd ing e v e n  in c l e a r  w c a t i n n - n  . he importance ni landing guidance sv stc -m is

evi dent in the fact t h a t  hol o ‘pt er-n genera l l y  c - s i m m i p- pes t os i th rel i t ive Iv  more m niv oi m i c e d
stabi li lv m n o L r o u’ n o t  it ion s v - - !s ’ no  t n u n  thc -\V S.\ a r e  on t  i 1 1  Con st ra inc -s i  to O s s , i t  her m m ima
s i nn m  lar to t b ’ s - - u ’ or the - \V - S\ when l a n d i n g  on a ir cap a lu le ships which ire not pr ov ided

o w i t h  approach m i n I  l.i n sh ing s ’ n i o  l i m e s n — t s ’oni ’n

S
‘Nu mbers in p aru - n o f~ esis des i o :n i at - Re fo ’r o’mn n. e’n It  s’ncl of paper
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Thirdly , of numerous VSTOL fli gh t r e s e a r c h  p r o g r a m s  to date , the most have been to
demonstr ate the feasibilit y of the particular vehicle concepts and only a handful of
them have been dedicated toward obtaining data and exploring solutions of om i l-w eather
VSTOL operational pzob lems. Among the latter category of programs are : Dornier D031VSTOL
transport with attitude command fli ght control systom ;(Z) Canadair CL -Ni with advanced
d ispla>’s; (3) U.S. Navy FIOVVA C (Hovering Veh ic le Versatile Automatic Control) system
installed in a UH-IN helicoptor; (4) u.S. Nav y and ERG MoLt joint fli ght tests of the
\‘h’l~-Fokker VA K-1 91B for various VSTOL par arneters; (S) Bell Aerospace X-22A variable
no tabi l it y research vehicle;(6) NASA Lang l ey  VAI.’!’ (VSTOL Approach and Landing Technology)
program with a series of CH-46 and CH-47 he licopters with p r o g r a m m a b l e d is p l a y s - and
variable stabi l it y fli ght control syoutem ; ( - )  and l!.K. Royal Aircraft Establishment advanced
display experiment with a Harrier for Sea Harrier operational capability develop ment .(B )
of these VSTOL takeoff and landing problem researches , omil > - the CL-84 and RAE Harrier
pro g rams  hav e gone t hr oug h at-sea trials. ‘I’hese research programs have exp lored several
key segments of the multi-facet VS’l’OL terminal operation problems spectrum ; but the
results have not been systematically correlated or appli ed toward development of an
efficien t operational cap ab i l i t y due perhap s to lack of a concerted program address ing
such need .

Las tl y , the VSTOL missions for the U.S. N a v y  are current ly bein g formu lateo . The
uni que option of the VSTOL aircraft to operate in and out of remote tactical sites and
numerous non-aviation shi p s no doub t can expa nd t he N av y ’ s reper to i r e  of t ac t i c a l
c a p a b i lit i e s .  Bu t t he un i que option can be exercised omn l v if the VSTOL is equi pped with
an adequate all-weather take-off and landing ca p abilit y to achieve its uni queness.

Pro jec t  N,-\V iOl ,.-\N I)

To clo se this VSTOI, operati onal capability gap, the !!.S , Na’.’v has initiated Project
N.-\VT O! ,A NP , which - t onds for “Na vy  Vertical Take-off and Landing C a p a b i l i t y  Deve lopm e nt ” . ( O )
The o b j e c t i v e  is  to correlate and integrate the develo pment of all si-Stems and techn i ques ,
who sh are involved in ennoblin g the p ilot to fly VSTOL aircraft , 1)0th fixed w i n g  and
h e l i cop te r , into the Navy and Marine Corps shi ps and tactical sites.

N’I Vl’OI,.-\ND PROJECT o 0\ I,

h - u g u r e  I i l l u s t r a t e s  the SAl OI,ANI ) proje ct goal of improving the current operational
h i m i t a tiom i s of having to make conversion f l i g ht in VMC in t e r m i n a l  a rea  to the a l l - w e a t h e r ,
u n- n trurnent ’ f l ight operational capability. The project goal of “zero ceiling ” and
00 -u ns ot v i s i b i l i t y  w.i s selected to correspond to the “obscured ceiling and 200-meter

RVR (Runway Visual Range)” condition of ICAO Categor y I ll-S operation. The ultimate “zero-
z e r o ” weather I ICA ( )  C a t .  I I I C )  was not tar getted because a completely automatic flying
capabilit y , which may he required for the zero-zero condition may not he possible or
de ’ ir u ’d to u r all op er .mtion al itoations at con ’-tS imposed on the aircraft system acquisition .
A c t u a l ly , achieve m ent of the SA ’ o ’T OIANI (  goal would set a direct course for the zero-zero
ws - .mther g o n a l .  A gui d a nce ’ system for the Cat. I l l-S  operation will he accurate enoug h for
fli ght control coupling for automatic landin g. The development of flight control and
displa y software for Cat. li l A  operation would also produce basic control laws required
tor ,uno t ontn j ti5 f lying, thus merel y leaving hardware implementation , which must he done for
each p c s i f i c  air c raft development anyway. Eurther , the hi gh degree of manual landing
perf turmance attained w i l l  serve the puirpose of time independent monitor necessary for
,I n o to mn,i ti c Ope ’rat ion , as  well as for emer gency back up and , perhaps more importantl y , f o r
g ainin g pilot ’ s c unfidence. One of the reasons for the U.S. aircraft carriers ’ not
nn jns ’r . m t u n g  r e gularly in the automatic mode in had weather is that the independent monitor
system (- ‘oN/SI’S 41 C-SCAN) is of one-fifth accuracy of the main system (AN/SPN-42 ). This
i— not aden i o o.i t e for the necessar y par i t y  check for safety and p ilo t confidence.

The project goal for roug h seui operation is Sea State S which corresponds to the
si g n i f i c a n t  way s- height hand of approximately ei ght to 13 feet. The current operational
ca p a b i l i t y  of the Nav y and ~‘1,orine Corps helicopters and the AV - 8A with respective
n u 4 o s ’ r I t i n g  shi p - - n is generally Sea State 3 (si gn i f i can t w a v e  he i gh t h an d of f o u r  to s i x

t o t , . hut p - r .i s to c e , operating lim i t s  are set , for  ex a m p l e , in the SHIPBOARD OPERATING
11 1 1 1 1 1 1 1 \  s it ’ v,i rio s o — aircraft , in terms of shi p motion s , i.e., pitch , r o l l , and h e a v e  of
- i given tv j s m - of ship. The Sea State is used here to indicate generalized operational
ca p a b i l i t y  s otu at ion s

To determine or define what environmental l i m i t - n  should he used for a given operational
requ m rement us not a simp le operational analysis task . If an extreme environmental
cond it ion , in which a weapon system mi gh t be called to perform even once in its lifetime ,
is c r i t i c a l  to the particular tactical or warfare mission accomplishment and is jud ged
to he worth the expenditure of the money and effort , then that condition would be the
t a r g e t . How does one a n t i c ipate , let alone p l an  f o r , such  an even t? Henc e , an all
encompas sing term “all weather ” is normall y and conveniently used. There has been much
concern , p a rticularly among programming ansi funding decision makers , as to just how
much “a ll weather ” is required and then how much is that requirement needed. The NAVIOLAND
projec t environmental g o a l s  were derived through a brief analysis as represented in
F i g u r e s  2 , 3 and 4 .11 0 1 -\ survey of occurrences of weather and sea state conditio m ’s was
made over some of the world’ s major sea lanes. In northern Atlantic and Pacific reg ions ,
except for ci !oc m tion off the Scandinavian coast Ocean Surveillence Vessel (051’) MIK E .
the current operational weather minima condition of 400-and-one occurs approximately
2 11% of the time in ci ye a r  on annual average basis. This means that with the current VSTOI.
opera tional capability the fleet cannot operate 20% of the time in a year. The obscured
ceiling and 1/4 mile v i s i b i l i t y  condition , the available data closest to the NAV l’Ol ,AN !)
goal of :e’ro ceiling and approximately 1/8 mile v i s i b i l i t y , is shown in shaded blocks
in fi gure 2. ihe data indicate that in these areas time fleet could reduce the non- ,
suj os ’ r i t i o n a l  sit u at ion s down to about ~C if the NAV! ’O l  ASh ) systems capability were prov ided .
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There is little difference in the frequency of occurrence between the 400 ond one and 200
and 1/2 wei t b i e r situati ons . It seem s , therefore m ’ather mt me aning l es s to set a goal of
i s i v i m m c  ing f rom the 401) and one to 2 0 1)  and 1/2 capa hi li t ) .  On the other band , t here
would he a 5 igro i ficant potent  ico l gain in ope rat  ional capabil  it y when one ai ms to improve
to t he N_ -SI O !,n \NII advoca ted  goal . . 

-

Fi gure 3 presents an overland examm op le of weather situation , w h i ch mi ght confront
ta ctical site operation s of the VS’FOL aircm a ft. In this typical European hi g hland area , •
the 500 and one weather can occur on an annual average of about 30%. In earl y morning
hours , this weather situation ch c i r c o c t e r i s t i c a l l v  increases to approximately 50%. l)ata
we re not availa b le , sluring tim e 1umm aly ’s is , for tin e Nn\\’ I’ Ol , -\N Ii goal situation . However , the
30-50% non-operational condition indic a tes a need for a substantial improvement of the
current system capability.

A c o m p a r i s o n  of  the  annual m y s - r a g s ’ pe r c e n t  f r equency  o f  o c c u r r enc e  of the Sea S t a t e
3 and 5 conditions in world’ s sea lanes , known for hi gh s e c o s , i s  shown in Fi gure 4. The
g r a p h indica tes a pci — -n i (ul~ m’ eulu ct ion of no n -o I )s-rot ion cm l conditions from approximately 65%
down t s u  l5~ by c i c b n i c s  ing the  SAl () ! -\N I) c a pa b i l  i t  v g o a l .

_\ .5110 I IN II ‘c)~1I50 N I NI  S

S_ Il  I O I ,-\NI 1 i S Ii s y s t e m  m t  s ’ g r c o t  ion i roi cc t and time sYS I’Ps l to he m t  eg ra t e d  I s the
c e r t i c c i l t;m k c n t ’ f litiul land in~ oJ~ ’ r n o t i o n a l  C0SPsSIIILI’l ’l’ . b - i gure 5 is a p i c t o r i a l  rel)rese- n-
t a t  ion of the NAVT O IA ND c a pod u i I o t y c o m p o n e n t s .

‘t he major  v e h ic u l a r  c o o o o p o o o s ’n ts , o f  c o o o m ’s e , a re  b o i l  t ime f i x e d - w i n g  15101,  a i r c r a f t
m d  t bn s bc- I  i c o p t e m ’ n . The 551  CI .\tn D h~~’o~ c - c t  looks  at  t he  a i rc r a f t  formn m the St  cind po in t
0 1 t h o s e  ci i rc ra t’t des ign pou r o o n e t e r s  t ha t  no t f ee t  i I s con t  rol  in the  v u u ’t i c al  t a k e o f f
an5i land i ng 11 o g b o t  ri’g i ones . The has ic a i rc mi  f t  on tab i 1 i t y  cha r ,mc t e r  i -cm i cs  amm d the
ground -e f f e c t  induced th rus t  sa r  m i t  ion proh lett s are v s r y  much s p e c i f i c  t o  a g iven a i r c r a c t
ty pe  ; the  NA ’o 104 151) t a s k  is not to so l ye  prol) I c u - o s  o f  a s j u - c  I f ic ci i r c ra  f t  hut to  a s s e s s
intl 1m tteom i pt to g e n m e r n i l i z e  d a t a  coon  i nputs  in t o  the  f l i ght c o n t r o l  b io s - s  n ! e ’ v e b o p m n o e m i t .  The

(mimI —of- the - coc k 4 n i t I i e id of u i OOs i S Oi c m i t i cci I pci m’aonn ete r ito both t he it i gh per  ía rmnn oom oce
S t ream- I inc -si I S ! s )b and , s u r j  u ’ i si ng to  ma uty , t he he 1 i copt c rs . F i go r e ~ s h ow’ s t h a t  t he
\ Ia r i n S  ( u m j u ~ s t e ’ c l — m a t t e d  m° . f ee t  by 92 t’eet  t a c t  i ca l  l and ing  pad , in w h i c h  a IIARR IIIR
can com for t u n  1 i f i t on i t t i ng on t In s - groum id , b u s  onus ’s tot a 1 1 v ohst u uc t Ccl from the p i l o t  ‘ on
view whemi the ai rcr a ft is at a nominal hover hu-i g ht  for take-oft ’ co u m d landing. ‘l Ime
he l i c o p t e r s  c o r e - not much b e t t e r  c u l t  as onbo n o os n in figure —

. b h u - oon tbo  the ic o rger f i e l d — o f —
v ie ss angles of the blunt f u o n e l c i g e  sha pe  and the cnmp ahi l itt t o  hover  in the ~il 1 - p o s i t i v e
ground effe ct of the pr ssx imi t \ of the gc o o o i oob , the l o e l i c o ! n t e r  p i l o t  ge n e r a ll i ’  l o i s  o u t
I n . s  S t  — nine ’ p - cm r t  of the landing area os 0 t h in h i s  t ic-os ’ . Bo ut s e nse pa r t  is not cm l o s c u v s
s i s -~~o o a Is  lot - t he p rec i on tor i  nma t i c - o ne  m m  g t a s k  c i t  ha rmd

ihe lamm d i rig p- I cu t  ho i-no on a r e  on the  o s  c i t  i omi sh i ps such o n ’  t he c i ire raft Ca o r  i c - r o n  I c ’V I
hel o c o p t e u  c a r r i e r s  (LI’li) om n sl nm nmp h i hio us  ,ion ~~. o o n lt  sh ip - n  j I l l - S I , o h’ c a j n o o l n b e  s h i p- s - n oo cb n  c o o n
c u n i i - .s ’ r ’n , L’r i g c i t e s , sl e st r o n ’ e’ rs , e t c  ., co ns ! in t ! . or ine L onm - j ns  t a c t  i s c o l on i t o - o n ,

Some S-SI bl o b • \ \ b s  i uarn !cso i r e  c o m p o n e n t s  i re in t h e  , m u o ’ c r c i f t  ansi o t h e u ’- n sum) t u e  p l o t  f o rms .
l’he s t o o n d a m m c e  sy n ’~t s -n ’ - , ’n o m e  s p l i t  h et ’osec t t  th e p l a t f u u r o o s  and ci i  u ’e r c o f t  i n t o  se t -so t ’ s amid
r e c e o n c - r o n .  imi the n m u r c r c i f t , f l ight c o n t r o l s  m d  d i s p l a y s  o r e  the t r i nc i j u ,o l p i l o t  no i c i s .
l li j o l o o v s  o p e r a te  w i t h the i nf - n r o u c o t m o no receiv o - u b , de’c odesl m o b  S n osn ’ oe ’ t inies cis b ,~ i t i n n ’m u i l l v
5-omp u ted by the .u t’ ic -to o s’ on . S 0 ~ O O . 0  I on I m oo-n t lie c m v  n o u n )  I c o n  Ins c o  v i t ip-s i t  i mit o I lie I I i gh t co t- t i
us im i thu’ c , isc -  of  f u l l  or ‘‘ is p - b  o t  . o ’ c o o n  c u u t c s n n c o t i c  c o m u t r n s b  modes . A p p rc np - r i . i t e  e l e c t r o n i c
gem o J u i ce  s e n s o rs  a re  i mis t a l l  ed on a] I p lou t t o ro ni s as o r e  t lie io n u c i  1 1 nuns! ing a I ds ( V I A )
th e he 1 m c o j t e r  re c o v s - my a s s  o St , n- cc o r e ’  c i m id t u- n icer  one’ ( RASI ’ I s vs  t c-nun i on  cur remit  I y 1)1 at - ned
( nor i t - s t o m l Ici t on m m  t he  a i r  C a j u c i b l e  s h i p s  c t - g o u g e s !  it -  !nSi’tl’S o p e r a t i o n s .

‘[h ere a re - tos s- u s e t - s o  r— os-h i cli lire not showmi im i t i g n o r e -  5 but a r e  funct  i onni 1 parts of
the SAl I i I \tub s h i  r5bos.m re components - Onu s - i on  t he  I ow on !ne enl S t u n  So ur  in the a ire r.i f t  , whose

s c o t  put i o n  d i  up1 it ’Csl t o a is ! t he  p- i l o t ’ s com i t rso I of the ai rcra ft . i’he 01 he- r i o n  t I me 511 ip
mo t i o n  p r e d i c t  ion t e c h n i que w i t h  c i o n - n s c i . o t s - i — e -n n-e ° r c o n i c !  c o m p o u t e r .  b l o c -  p- red i c t es i  in for m n onm t ion
is fed  i n t o  t he  gu idance  s i g n i c o l , n b u s p - !a n’ e’ nI t o  the p i l o t  c u min ! or inputte si im m to t i-me control
si- st em cont m - o I I c mos for  I m p - p r o p - r i c o  te  In t iced  autonn n i t ic l . o n ’ n n l  ing .

tun e t ion ing of some o f  t b o o s t ’ \ I 0 I, -\ N l( m o m  r d osoo  ri- n’- am id i mi te r  l a c e s  amnong component on
oub y iouoou lv call fsr so ftwa reon and r a t h e r  sop !i i o n  t i ca te ’cI co itnp uit ing capac it i ’ . lied ic cot u- LI

r shari- n b compim t e r use ion n c - c e - n s a  rv -

I Iso ’ human e l e n n c - m o t s  imi the 5.51 di -551 ) c a p a b i l i ty  im m c lunl e the p- i lot , lamid ~ii5 o n i  g uic o 1
officer on e n l i - n t e’eI man and opc - rc o t s rs of v a r i o u s  s u b u o n v - t e t n o s .  The p i l o t , of  c o u r s e ,
is not on I v the onn o S t  i nip-ui- t , onn t cit -e l i nt l  us’mi s’ i t o g  !i sm nm na mi c- I c-t ic- mi t bout no m c -  no i gnu i I j ean  t I
the  p i l o t  i s  t he t’oc ci 1 p-eu i nu t curie! the sing Is- ‘ ‘  t c i r g e t  , o f  the w h o l e  cou pahi  l i t  v dc-ye] op-mer it
i’he p i l o i t  t e c h n i ques and p roced u res t o  use the N.- \ \ I o i I ,- \N I) ‘‘ S y o n t i - z o ’’ c s n u i s t i t u t s - s cm
nc-c e s s a r v  ci rmd en. —cnn  t m c m l component  -

S A l  o i l  .5511 ‘ ‘51511 ‘I’’ I (}\CTIO\

To m i  eve- an i not c-g mci  ted ccipa h i i i  t y  to  m i d  the P ii sot imi nnak ing ci s u c c e s s  ht m l V S b  i i i .
t u b s - o f f  and l a n d i n g  o j n e r m t  ion , o l 1 compom icmi t s  I is t e s i  c m b s o s s ’ must be de v e lo !o c d  c o o n
i n t e r  fac ing f u n 5 t ions w i t h i n  ci closed looli op -c-rat ion of this C a j -  abo ii i ty  “s v s t  s ’o n’O ’’

- 
- 

Pas t  V S ’b dL r e - n c - cu  rc heon and the su I ue r ,o  t i on om l e x p e r i e n c e  w i  th t he  -S I -  S HARRIER , j u t s  i nt e ’d
U!) the p i I o t  ‘ on w o rk  load , c - s p e c  t o o l 1 v in conver s iou hI i ght t o  powere d  I i ft , o us t im e primuiry
l i n n ’~n t  ing 0 a s t o r  in the n i p - n  n s u , s ’ s s s - n t  of ml I — wea r her e’.mjs om h n I i  t o . l oop - er - and lia r-per rel .-ot ed
the p ilot us’ rl’. load to  . 0 0  ms n m  f t  c o n t r o l  t nu sk  in the  i r de I in i t  ion of ui~’ ing quol l i t  ii’s
‘ ‘  t inose n~o cm I i t o  s’s sr character i on  t icon of an ii ire m o o  ft that govs ’rni t he ecu -c and prec is ion

- w i t h  w h o  c l n  u p i l o t  is a b l e  t o  p e r f o r m  the t a s k s  requ i rt ’si in suppor t  o f  c on .i i r e  m ’ a f t  —

r s s l e ’’ . I , u mc m r ninci Ne o h o r  .os Inls ’ sI: ‘ ‘From the- lahove)  d e f i n i t i o n  it coon he seen t ! i c m t !oans l l ing
— qnm c u l i t  i c - s  i n vo l ve  t i n - s - u -  f ; u c n u u r ’ n  w h i c h  o m f f e c t  the p i l o t  w o r k l o a d  ( i  .s - ., e a s e )  am od pe rfor-

m a n c e  I i . e . , prec is ion ) su f the l a s  K’’ . (II) To cm i d the p- il at in ‘‘ s ’ c u s ing ’’ the w o r k l o a d  and
achievin g “precision ” in t h e  c r i t i c - oi l VSTOL lans! ing pe r fo rmance , the N-S I o l I , AN p-  component
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s y s t  teno n it -  t u t u  can he con - n 0 n l e m s ’n I os m t im o n  t i m e  c m i r crcmft fli ’ing qua l it ic-s 1oop coon u ’ t - v i s o n s n o , - n i
by ~oojueET~mis oum - p c r .  (1 ( 1

F i g u re 8 shows tim e func t i m m m i 1 m u  l e o n  o f  the NAVTOLAND subsys tems in the u i l o t  ‘ on s n u n s  t rol . I
loop fom’ ci tc i s k of ’ lc u rm d m n og  nn oa ne uv s - m , .o l ommg the b a s i c  f ly ioo i  quali t  ii~s f a c t o r ’ . of Cooper
and h a r p e r  nOt ion . ‘t he c s uu i  t m n u 1 1 s o u l s  0 on c b oned bui- pi Lot ‘ s rece ly i ng  t he i n f o s m n n s c u t i n u n about
the a i r c r a f t  moveme nt . li m the S 5 5 1 0 1 !  .5510 f I  o g i n t reg ime , th e a i r c r a f t  niove nne mmt i s  ‘‘ f i  I t s - u  n d ’ ’
through the Landin g p L o t l s u m -m no he l nsne hoc- j n o l n t  receives the motion inform atmon. ‘the
a i re ra f t  sc - cur  i mog sc ’ t em , p - sn  s 5 i ~) 1 v resp -m i i c-cl for roug h sc-cm operat ion from sma I I sb  ip- ”
is a d im’ e’ct  p h i o - o n m e c m l l ink  ls s ’ t o s t ’ e ’ t i  t im e , u i r c m ’ . o I t  amm d t he p l a t f o r m .

l’he s’ m ‘~oi .ol la rms i mmmg ,u 0 si -n , t’ ie’ c t ron m c gu ida rmcs ’ ins’ s tem no s and shi p nnm ot ion 1m red 0 ~ I iou
sy ste nnm sense , tm ’ .ins l c o t e and germ s- m a t s - s i gn mc ul on of the aircrcmft -p l atform motions , ouo , I
t r a n s m i t  to  t h e  j n t o r m n o c i t eu mm t c t c t o m  imi t he- sn s k ln i t  l n t e r f c m s’e co lu im mi , s- i t b o e r  t b o n s u o o g b o
d i r ec t  v i ’-~co ,m l  c o o s - n. o r t h roug h cock p i t  d i s t o l c i v o n . loose  t h r e e  n o o i l s o n v - n t e m s  i ne r t - c o — u ’ t int ’
1kCC urc oC v of  the a o m c m . u t t s h m p  noo n u u . e n o o s m o t i n l n ’ m n no c u t i o m . ‘time m c o i n  c on t r o l  loop ion t o g b o t e t - e d
by P 1 I cml ‘ on m s’si 5’ 0 5’ i rig onss re’ p i’s’C i SO 1 mi I a m o d  I 0~~0 0 .

Bot h the e’ l c - c t n s i m u o c  g u i d c m n s u ’ ‘. t s t eno s and ‘. i o i p  m o t i o n  imr e ’s l i s ’ t  ion S v - .te nn d . o t , m  n : o o o s t  he
transmi tted thr ougl o s,I.i ta  I imik s i t S  is es co b s to  the mi mc m o l t  . In t he .mi rc r i f t  , c- i t lo s- u 1 l n o ’
N,-SI ls ) I .AN! ) sies ’e lO pt ’~i or - s hc i  red . o y  ion i c no roe e o v u- ’. , dec o d e s  ami d so m et  imes pe r’ f n u rm s
add i t i ona l  computat  ion s to  ths ’ s m g m i a l s  mt - cs ’ i v s ’ ,I f r om the  s i i ip .  The p - m s u c s - o n s e d  , bc o t .o Ire
t hen fed i r mto  symb o l  g e n e r c u t o r  fou r z u p p mo~ir i c I t c -  f o u m s - o c u t f u s m  d i s p lay  in the cos k j i t .

_-S ‘ferv important pm lot cm Id in fornncu t ion in tim e peiwc-res ! ‘ 1 i I t low’ -.l u s ’s’nI .u m ocI hover
f l i gh ts , t he low speed s e u i -cor , der iv e s  s ic ut a f rom t h e  o o i r c r c o f t  movs ’ oooe mi t  I c o n  to u r am - m d sen ds
the datc o to the it-format ion fc m ct or , or  often to the sli sl )lay e le nn o e n t f o r  int e g r at  ion ouf
the aircraft speed into oIlier position cond motion dc m t a .

It should he o s b u v io u s  even imi a symbolic representation euf the hand ling qu al it ic - s
factors relationshi p that all of the inform nu tion coming from t h e s e  va r i ous  d a t c u
d c - r i v , o t i o n  sourcoc must  he well coor dinated and imm t egr at ed when the p i l n u t uee e’ iv e s
them out of the it-format ion factor block , hecc uu se tim n ut I ink is the s o l e  source  of
p o s i t i v e  con t ro l  guidance he r e c e i v e s  before he niakes h is  ln s t non t nm n e on om s  c i c t i on  on t u e
controls. It - time NAV1OI. .-\ NP vs - ms ion of  the f l y in g  q u a l i t i e s  f c u c t o m s  c i mar t , the (coc k p i t )
f i e l d  of v i e w -  is added in the in form n matio n factor block. sSon 5 i i - n c e m s s e d  in the introduction
section of th i s  pouper , ti - me field of view is y e n -  c r i t i c a l  in pilot ‘ on acquisition of
external — s u m I s u e s  -

The fli ght control system serves to smooth out the p i l o t ’ s use of the c o n t r o l s
ciga m n -o t t he has ic f l > ’ i m ig  c h a r a c t e r i s t i c s  of  the a i r c r c u f t  , thus op - c - ro ot ing a c o n t r o l
Loop independent of the primar y or it - format ion loop. The em il y exception is the automatic
operation in which the main control loop is d i v e r t e d  a t  ti - m e c u v i o n i c s  and fed d i r e c t l y
into the fli g ht control block , with time n e — I of the i n f o r m c s t i o n  loop becoming the
sc -co t - sIan ’ and moni toring role.

That the inform n itio nm loop cind the fli gim t control ioop o p e r a t e  o n e p c u r n m t e l v  when the
Pi l o t  is manually fly ing the cu ircraft ammd tim e ever-ada ptive but cil so rapidly-degradable
human p ilot is the m i x  m u g  grout-si fo r  t h e s e  two  Se ! ic u u c m t e  l oops  make t h i s  t w o - l o o p
integ roo t ion a m a t  or and c l i  f f  i cu l t  i ons e me in the S’S 101. o p e r a t i o n a l  c a p c m b u i lit y c i eve lopn met - t  -

F inall y , p ilot ’ s bein g the m i ximmg ground for displa y nond fli ght control loops means
t hat t he  p i l o t  wo o l s !  s i e v e - l o p  cit -el o p e r c it e  c e r t a i n  s t r o m  leg i c - s  in the ‘‘ m i x  ins ’’ . The N,’s I”tc~I. .-’sN I)
proje ct w i l l  develop these basi c’ p ilot techni ques includi n g  f l i ght profi les , opera t i o n a l
enve lopes , cuuto / m n unu co l dc-c is ions , emergency p- rcs c s’ s i m o r e s  ammd so omi .

In the d i s c s m o n o n i o n s  to f o l lo w , the NAV 1OI.A N1) lu ro ie c t  ion d e s c r i b e d  in te n ts of
p r o d u c t —  to he antici pated , current developmental status or ti -me stc o t e of the art of
p - c u r t  i c u l c m r e lemen ts  cund c r i t i c a l el ev elo pm e mm t co l i ssues .  Ti-m e No\I Ohs55! ) p r o j e c t  has been
In cm preparator y phase of p lanning and p iecemea l  i x p i s o r c i t o r y  l)eve lopme nt  to  date. The
fo rma l p r o j e c t  e f f o r t  s t c m r t s  it - the fiscal ye-cu r ll ~

’9, l )etn oi led deonc n iptions of the
projec t bev on od t h i s  paper cure found in the NAV’ FOi .-\ N l( l’rogrco m P l amm d o c u m e n t s .  ( 12)  ( 1 3 )

N _ SI Ti ) .5 51 0 o ,\I’ .-SR Ii I Ti l’AdK, -SUl-

T he f i n a l  products n t  the Sill W AN !)  pro se c t w i l l  i-me a c a p a b i l i ty  j iackage , tha t  is ,
c m t s ’ o m o n i h i l j t v  ‘ c !enn oonstrated set of various systems a n d  techn i ques man i f e s t e d  in des i gm
g u u 5 i e l i n e - n , s p e c i f i c a t i o n s , o p e r a t i n g  m a r m o m a l s , sy s t e m  softwares and prototype hardwares.
the bas ic  an d  generic nature of time project products should allow flexible tradeoffs
of the ~css 1u e of coverage and degree of performance among component systems to match
specific c u n m s raft design ch o m m o m c t e n i s t i c o n , cost imp lications , mission needs , etc., wh i le
ac h iev  o n i g  the t o t a l  s . u p c u h o i l ily  level  that  is  reas on a b l y  on tcunda ns l  throughout time Nnis’i’ and
‘ l , m r i n u s ’  ( ‘ uu r p s operations. The desi gn and development of specific helicopters and VSTOI
a i r c r a f t  .und I’STOI. o p e ro u t i n g  s hi ps are t he r e s p o n i s i h i l i t i e s  of r e s p e c t i v e  p ro jec t  managers
m d  c u s s oc cm t e d  j n n , I n i o n t  ry ,  The N.. S V ! o ) l .AN I O pro i c - c t  w i l l  support these  development by doing
a c o u n n c c m t s ’ ,l “homework” t s sm incor porating vertical takeoff am-mel landing operational
C . m j n . mb u i l i t v  -

VST O!  -51 RCRA ) I u i - S I  o ;N - I - S K I  -O FF \ N It i , A N I I N O  PARAMET ERS

the a m r c r a l t  d. es ogno com o sid e ration s w i t h  respec t to -- t a h i l i t y  and control requirements
u-n . u o i g r u e n m t e n ! by f l i g h t  co n t r o l  and pi Is o t ‘ on response t o  di sp l o m y  os -i ll he addressed by

d e l i n e a t i n g  t he spect rum of  s u l u s ’rn u tiona l s itu cu tions w i t h  knu owmi control problem areas
suc h c u - n  c u r  turbulence ’  and get - c - ro il w i n d - o v e r - t h e  si s ’c k e f f e c t , a i r c r a f t  m o t i o n  induced
e f f e c t  suc h as the s i l t -  f o r ce  prob lems at-st var ious  t h r u s t  s a r i c u t ion e f f e c t s  in the ground
p r o x i m i ty . The pilot ’ s f o e l d  of v i e w  w i l l  he addressed  in terms of what the p ilot must
see I n - s m his co5 k 1 -n t  per ’n jns ’ct ive , a long w i t h  requi rements imposed by f l i ght p ro f i l es
and otlss ’r o m i n c r , i t t  mnl nemiv ening p -moo cedure s . What the p ilot must see os -ill he de l immeated
in te rms  o f v is u a l  Cues for pe r ls u r i n u ance  of  s p e c i f i c  s n mhtn u sk s .

the s h o r t n s m m n o imi mz o f  t h e  c o m m ent VS’~t0)l, handl ing qual i t  i c - c  s p e c i f i c a t i o n s  and in formation - -

suc h as ‘III. F . S i i n s n n . ! l4 ) , \ h..\Rl i Report  ~~~ ,~~l5 )  and M I L - H - 8 S 0 1 A ( 1 6 )  is that these doc omnments
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are based on analytical and controlled flight research data and therefore do not
necessarily provide design guidelines for successful operations in the reality of complex
interaction of many factors as discussed in previous sections. Various segments of
VSTOL terminal operations impose different problems it- regard to aircraft control
characteristics. For example , the VAK—l9 lB flight research indicated a high sensitivity
of the type and response characteristics of the flight control system to the manner
en which the pilot conducts flight tasks in VMC vs INC and also in differen t segments
of approach am.d landing . A te’st pilot preferred the highly stability-augmented
VAK- 191B in IMC approach but preferred the force—feel a un o ’  ‘ - — ‘ ed 1eV—b in VMC landing
maneuver. The height control in VSTOL mode is a function of thrust generated by the
propulsive system. Therefore , the propulsive system becomes an inherent part of the
flight control system in VSTOL operation . The required thrust to weight ratio and
thrust response characteristics to meet a U terminal operation situation must be
spelled out for the aircraft designers.

The results of various on-going flight research programs , such as NASA Ames’
VSTOLA,ND , NASA Langley ’ s VALT , Navy ’ s X - 22A  and RAE ’s Sea Harrier program must be
cen t~.ally correlated for maximum benef i t .  In addition, specific VSTOL a i rcraf t
improvement and development programs such as AV-8A operational improvement , AV-8B,
XFV-12A , XV-l5 ansi Navy VSTOL development are and will be yielding information which
must be generalized for use by the whole VSTOL design community . To accomplish these
tasks would require an efficient , cross-agencies cross—disciplines and cross-nations
cooperation. The NAVTOLAND project has begun the Navy contribution in this cooperation
task. One of the more definitive and practica l effor ts to be started immediately
m c q i - ct  be a simulation research which incorporates all the factors and subsystems blocks
in Figure 8 with adequate measurement and evaluation methodology for each block ,
including detailed delineation of tbn beginning TASK block and evaluation criteria of
the end Performance block .

INTEGRATED FLIGHT CONTROLS AND DISPLAYS

The SAVTOLAN D projec~ views the flight controls and displays as two complementarysubunits of an integrated pilot coid system in the control of the VSTOL aircraft.
Figure 9 shows the postulated pilot workload curve as a function of flight, control
and display subsystems sophistication scales. (ll&(7) Toward the increasing end of
both subsystems sophistication , inputs from guidance sensors are added to effect three—
dimensional flight, i.e., flight path control . Through analytical work , simulations
and flight tests , the NAVTCsI,AND projeser will define the acceptable pilot workload of
loci of interfacing flight control and display capabilities . Different fligh t control
display interface requirements in VMC and IMC will be accounted. Depending upon the
ai rcraf t  s ys te m  design selection , cost consideration , etc., an appropriato pair of
flight control and display capabilities maybe selected by the specific aircraft
designers following ‘doe specifications or Naval Air Systems Command documents called
Air System Requirements (AR ’s) developed under this project. In addition , the integrated
system software , i.e., control laws to program both the flight control and display
subsystems and the t-ecess-ory interface between them will be developed and flight proved
with the testbed fixed-winq VSTOL and testboed helicopter in operational environment.
A technique of integrating thrust and stabil ity augmentation will be developed to
effect an op t imum power management and associated pilot and display roles. Interfacing
of precision guidance systems with the integrated flight control and display concept will
move the project further toward the automatic capability .

The state of the art in u ’ffecting automatic approach , hover and simula ted vertical
landing was demonstrated by Navy ’s HOWAC system installed in a helicopter. (4)
The X—22A project has also demonstrated similar capability and this project is con t i n u i n g.
The NASA Langley VALT program with the variable stability CH-47 research vehicle is
continuing its actual automatic VSTOL landing experiments .

Figure 10 shows a result of the’ VALT program flight control and display interface
flight research , which is typical of work needed in future to be performed under tactical
operational situations. The traces of the aircraft, with the pilot following the two
classical modes of disp lay , i.e., FLIGHT DIRECTOR and SITUATION (FLIGHT DIRECTOR-off),
indicate a definite advantage of the FLIGHT DIRECTOR display. The data also shows that
the ATTITUDE COMMAND control system is a requirement (validating previous research
findings and pointing up the HARRIER Operational problems) in conjunction with the
FLIGHT DIRECTOR display . (17). The FLIGHT DIRECTOR display , however , is known to cause
pilot ’s tendency to become fixated on symbols and also pilot ’s annoyance or often loss
of confidence due to lack of SITUATION information . NAVTOLANID pilots and engineers are
currently evaluating a NASA Langley display concept called VECTOR-PREDICTOR ( 1 8 )
as a possible solution to this FLIGHT DIRECTOR problem .

Figure 11 shows the VECTOR-PREDICTOR concept in a vertical position or altitude
control symbology . At the top , the aircraft is below the desired altitude and in
horizontal flight . 1mm the middle , the pilot has added sufficient power to climb
toward the reference altitude as the VECTOR symbol predicts the eventual on—altitude
outcome. At the bottom , the aircraft is still be low the path and climbing but the
VECTOR symbol predicts an eventual overrun unless power reduction is made .

There is a need for a concerted effort in defining requirements for and developing
an int - - -nrated advanced display set for the helicopters. The “to fly slowly and stop ,
if necessary ” syndrome has contributed toward the continued use of standard instruments,
s ure of which are functional only in CTOL fli ght regimes; toward piecemeal , non-human—
engineered add—un installations ; and the solely head-down displays desp ite the helicopter
pi lot ’ s nc-e .l to stay “head—up ” 1mm the largely ground proximity flying . An eager  sugges t ion
for solution by the display tu’chnological community is the head-up display (HUD) . The
problem of course is the capability of the helicopter to fly in all directions and
therefore to approach in headings optimum from the w i n d  direction standpoint makes the
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narrow field of view and orientation of current and projected HUD viewer incompatible.
The standard follow—on suggestion of the helmet-mounted display appears to have some
weight ,und ocular problems which need to be investiga~ e— d. Periphera l displays
in OdgeS of the cockpit field of view may work well. For development of an
inte’qr~uted helicopter display, helicopter—peculiar parameters , dynamics and
respective display formats should be examined. The current Navy-NASA Langley joint
research program using the VALT variable stability CH-47 helicopts’r , as mentioned
previously, is exploring disp lay flight control interface with shi p motions in the
program.

LOW SPEED SENSOR

The low-speed sensor , which is not currently available either in the AV-8A or fleet
operational helicopters , has become one of the regular topics whenever the VSTOL and
helicopter pilots and fli ght test emogineers discuss operational problems . This requirement
for detecting airspeed below 4Okt , which is the lowest reliable limit of the currently
voerat ional air-sp eed indicator , has to do with the flight envelope warning . Kolway
explains , for example, the UH—lN sidesli p limits corresponding to 35kt sideward speed
and rearward speed limit of 3Okt can be safely approached with an adequate low-speed
set-u-or , thereby permitting the pilot to achieve the maximum capabilities of the helicopter
in hover and low-speed regime . (19) The recent HARRIER pilots safety symposium also
raised the same issue by concluding that the lack of an accurate indication of flight
envelope airspeeds among other things , precludes the realization in IMC of full VSTOL
potential achievable in VMC . (20)

There are a few low—speed sensors in experimental stage . The accelerated development
of such device appears warrented and would contribute toward improved task performance
in the handling gualities loop . Another approach to provide this Information is to use
the r a n g e /speed sensing portion of the precision landing guidance system i n  conjunction
w i t h  wind information whet - such systems are instal led on the landing platform.

AIR TRAFFIC CONTROL , APPROACH AND LANDING GUIDANCE SYSTEMS

The development or structuring of the Air Traffic Control (ArC) or inbound navigation ,
approach and landing guidance systems and their integration for the VSTOL terminal
opera tions is another subintegration task within the NAVTOLAND project. Since Navy
opera tions involve many different terminals , aircraft (CTOL5 and VSTOLs) and systems
for ATC , navigation, approach and landing, it is essential that the VSTOL terminal
guidance systems packaged by NAVTOLAN D use or be compatible with existing and planned
systems .

The chart of the VSTOL guidance systems (figure 12) differs from that of the carrier
counterpart by th- - specially iden tified sector of transition , precision hover and landing .
In cont rast to the absolute need of the CTOL a i r c ra f t  to be stabilized on the precise
speed and glsd” path in approach before getting to the commit-to—land “window ” , the most
critical precision maneuveri nit task for the inherently unstable VSTOL machines begins at
this just—off—the—touchdown position. In ord-’r to achieve all-weather operational
capability, a prs ’cise linding -;uidanee osvo ; t s-m must be developed to tighten the aircraft
control loop from t h e  current “ seaman ’s eye ” u;~~~ work to a totally new experience of IMC
maneuvering in close. The IMC VMC transition would occur instant before the touchdown ,
requiring perhaps more stringent techni- ;us’ of using HUD or of achieving stable aircraft
attitudes , etC . I t  is import .s nt to - ‘ c that currently there exists no operational
landing system , shipboard or shore-based , which ~‘m n provide the precision guidance for
VSTOL within about 0 .2  mile of the toucF o~low n point. Instal ling an existing so—called
landing system aboard the air cap ’.blu’ shi p, therefore , would provide the VSTOL merely an
approach aid. On the Other han-i , for such .mpproach guidance systems which are operat o onal
elsewhere , aircraft are already equipped o~ith thu relevant avionics. For example , the
ARN-28 receiver/recorder group is abo u to be ins ta l led in the U.S. Marine helicopters and
possibly in the A V — 8 ’ s for operation of  t he TPN-30 MRAALS (Marine Remote Area Approach and
Landing System) , a compa5-t (100-plus lb) sca n n i n g  beam microwave device . The UK MADGE
(Microwave Aircraft Digit il Guidance Equipment) -ilso belongs in this category . It would
be more e f f ic ient  if such an “approach ” system capability could be extended to touchdown ,
rather than to develop a new Sy s t u - n  w i th  an inevitable aircraft payload increase .

One such “extension ” concept under NAVTOLAN D evaluation is depicted in figure 13 .
This approach uses the MRAALS or the forthcoming U. S .  MLS ‘- tec rowave  Landing System )
for angular position coordinates sensio- - ) and the standard 4 . 3  GUs radar altimeter modified
as a transponder to obtain the necessary precision DME capability (±1 foot accuracy).

Several other promis ing concepts have been identified and some analytical and eval-
uation work have been conducted. They include other microwave scanning beam system
extensions, microwave-electro-optical hybrid , and an independent K-band FM/CW or pulse
radar transponder system. An electro—optical system (e.g., laser tracker) suffers from
inability to penetrate through certain fog situations. Detailed discussions of these
csmniidats’ s wi th  ru’si - s ’t t c s the N’oVTct,AN,’) program goal appear in Mi yashiro ’s paper. (21)

The VSTOL and helicopters can be anticipa ted to operate within the next decade from
some 200 to 300 ships of various types and tactical sites in different surroundings. The
approach and landing profiles and procedures may be dictated by these operating conditions.
Maximum standardization will be strived in the NAVTOLAND development and installation of
the guidance systems for pilot ’s operational ease and safety. It is important for the
guidance system development to explore whether or not and what degrees of steep, curved

0 
(both in plan and elevation) or stepped profiles may be needed for various reasons, e.g. ,
minimum time , maximum descen rate , obstacle/enemy clearnnce , etc . Of course , these
situational variations impose additional requirements to display parameters and to flight
control laws, if coupled to guidance signals.
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VIS UAL LANDING AIDS

The Visual Landing Aids (VLA ) include:

Dedicated disp lays or indicators for specific flight guidance parameters such as glide
slope , line up, attitude , etc. The well—known “meatball” a i r c r a f t  c a r r i e r  op tica l
landing system is ~on examp le.

Deck markings and lightings to enhance the pilot’ s perspective of the landing plat-
formmn ,e.g., white flood lighting , deck edge and centerline markings and lights.

Various natural cue elements which singularly or collectively give the pilot some
secooo i~mry position , ~~eed , attitude and other cues , such as grass on the runway, sea
surface.

All of these three VLA elements must be organized so that they guide the pilot and do not
present an inefficient clutter or not confuse the pilot.

Fi~iure N dep icts the general arrangement of the currently operation cml visual landing
aid assortment aboard a typ ical air capable ship. The clutter factor is evident in this
niecemseal and quick-uatch evolved configuration . The “Drop—Line ” lights line—up aid and
the Glide Slope Indicator are remnant of the aircraft carrier VLA concept which , a g a i n ,
emphasizes precision in approach. The precision guidance in final landing , essential for
VSTOL is addressed only by the “a n a l o g ” judgeonen t of the signal man.

Challenges which face the VSTOL VLA development are not insignificant. The lower
weather minima of the project goal call for high VLA performance at visual threshold.
That is , the VLA must  be s e n s i ti ve  and flexible enough for the corresponding critical
flyi n-n tasks and VSTOL-peculi ir flight paths and above all must be comprehensive for the
pilot ’ s high mental workload state . The cockpit field of view limitations and precision
maneuvering cue requirements demand close in terface with and/or direct use of electronic
siuidance signal in the VLA design. These hi gh p e r f o r m a n c e  VLA r e q u i r e m e n t s  would  make  the
\‘LA even amenable for use as an adequate independent monitor for automatic landing.

Fi gurs - 15 illus trates the current VSTOL visual cue requirement study matrix which is
being completed through a series of VSTOL/helicopter pilot workshops . The NAVTOLAND
project will define the  necessary VLA package configuration which is:

lnte -or.u ted within the tetal visual scene of the p i l o t  in  all of the app licable segment
on approach and landing :

seab lu- for each class of ships and tactic al sites and respective VSTOL and/or
helicopter operations;

St .ood .ordize d across aircraft types , ships and t a c t  i c o l  sites as much as possible.

Sn/h Vi A packages will consist of:

Existing lighting and optica l systems validated as parts of the package (existing
sy stems which are found to be inadequate , confusing or non-contributing would be
elimonated )

Addi tional lighting schemes and other visual cue crohancement devices;
Other optical devices which may be coupled to non-VLA guidance and control sensors
such as electronic guidance sensor , aircraft control systems eor shi p motion sensors.

SHIP MOTION INI- ’/)PMA I’ION

The shi p motion information is required for VSTOL ter oc inal operation in two forms , i.e.,
rem i time motion data and motion prediction or forecasting. The real t ime -- l ot ion
information is required for stabilizinq various ship—installed -tui d oon s ’u signal sources.
No new technology development is required for this purpose; existing shi 1- motion data
in conjunction with any required additional data which can be obtained ttoo -u~uh fu ture
shi pfo ,ird trials , t o w  tank research or computer simulation will adequately mee t the
t - ro~~u - -t needs. The technique for forecasting ship motion lull period for pilot aid
and guidance system (decision making) coupling is at an early stage of devel pooi u -n t. There
set-ms to be a consensus that the high p i lot workload and f lo ~ oht csu oo trol system saturat - ‘n
in the VSTOL landing maneuvering flight do not permit deck chasing. Curren t ly , only the
pilot with his “seaman ’s eye , ” c o n  judge for himself when a lull in shi p mot i o n  may occur
and . mt t ’ mp t to land during that lull. For guidance system contr olled landinq , i n c l u d i n g
automatic mode , the control loop must be rapidly tightened from the approach mode (neces-
sarily stabilized against shi p motions), thro io-oh pr ogressively shorter periods of motion
prediction and cu ompens it ion, to arrive at real 0 orns - deck chasing a0 the moment of
touchdown.

Several experim ental schemes for ship motion i rs-diction are u n d e r  s tu d y .  In one
pronosing ‘n” ~pt ship motion hi - s r y  is processo’s] on mathematical filt e-mo - . This approach
.opvlied in limited actual data ondicat -d the possibility ssf lam es -os ting ship motion
within u one-cycle time frame of 7 to 10 seconds. Figure lOu sbmows an examp le of the
computa tion . Additional computations ore being conducted t s -  verify merits of this scheme .

The use of art o ’i ci all y derived and displayed ship motion information by the pilot as
a t ot a l  i n f o r m a t i o n  source i n  comp l-t - dmrkne ss or adverse weather or - mo a -.~uamt o fie d aid
to his seama n ’ s eye will f - s  -m new experou~ns~u-s and will have t -  t o  int ostrat s - f  l O t s  his
control loop. One u f  ‘he important t a s k s  is to det ermine and develop method (location ,
symbology. dyniro ics and in tegrat ion)  of displ my ing suc-h ship men ion information to the
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AIRCRAFT SECUbdNG S’o’ctIttl

If the ao  r c ri f t  has no adverse t i r l o s t  p ro h is - o ns  and has adequate stabi  li ty m u o s m n l s - o u t  it ion
: sys tem , as in the c o .  ~u , u t the helicupts ’r , a rather  brut u’  but quits’  - ‘ d u c t  ye roi s -cfu onica l

hauldown d m ’ v o c s  such as oc t iowo :  cmi  f igure i ~ can Ps- used. Some ~ m s t  shipboard O u s t  s and
‘ mo oa ly t  oc ,i l s i , i t o  0 ud : c o t  s - that  i oo S s o  S t  s t s e  s u - y o r i d  3 , i t would Ps’ s x t  m u - i o u - ~ ‘, d o f f 0 ‘t i lt

t o  ho ld  the cmi r c r a f t  on t tie deck in ensu i nq i s  r s t u -  shi 
~ rot ions  . The JAV i i  lA N I)  pro j e c t

w ill moni tor  this LAMPS RAST (Recovery Assist , S’u u ’iOI ’ u and t’ ra v s ’ rs , - )  sy o t s ’ m  d e v e l o p o r o t ’ ro t
w hile S t u s P , 0 0 0 s i  s l t o p b o o rs l  ss ’curing r e q u o m - l t - -nt  f t s i  the f o x s s ] — s - o o i s t  ‘,s i o i  c , u — 51 —v j s  t h u
r , ’ , o ’ cs ’t c i ’ s ’ opera t i m mq ship s i c ° s s  snd not  0 5 5 0 0  ‘ i o m o ms - t u - m i u t  i ce ,

A IR i~AK I- INFORMATION

The air wake and W o ! ’ ( w e o o s l — c v , ’ r — t  h e — s lu ’s ’ k )  s r s - m a j o r  1 s t  s t e  in a t  f u i t  ing handling
slualities in the s’ l ’ - -s ’ — j  t O s l  s c o u t ’  t e r m n u o u o l  s l s s o s O i o n  an d  major o p o r s t  o cs:~~ o l  s ’ o s v s - i u s p -
l imi t  inn pa ramu - t u ~r- . \ u -t , lit t ls~ is known about t fe -  s ’ f o o r . o t s - r  i t t  ics of t t o s ’ i ir t i w
in the v o ’ c o o c t v  of small air c a I s o o - t s - shi ps. t h u  operational limi t ,  -~~~ m d  p i l ot ’ s
expe r i e r cce  it- coping wi th ast~ ’u rs,’ o f  f s s ’t  a of m c r w o k e  turhu i s - n e ’s- a re  obtained uy
process of t r ia l  and e r ro r .  AGARD h- p o m t  5~t 4  a l so  war ned about l i r t  is ’u lar p m 5 d o l s - m s
for VSTOL mir  ‘ r m f t  in ~sppr ’~ich ir od landing unds r high cross winds and rccom oc ’nco ids-d
t t/s~s’i re t i s ’s1l and flight inv e st i s O i t i O t -  it- this aru - i t o  be carried csut as soon as
possible . (1)

The N ovy has i nitimt sd o w ind tunnel model t a t  m d  analysis sit a mathematical model
o:

_ 
t he turbu i~~o:~’u . A lass o doppler remote s. c ro~, m eas u r u - m emmt  dcv i cc has l~ s 01 t t - S  t ci aboard

a c a r ro t ’;- and is cu r O s  ~o t  ly be ing p n’ d osed f o r  ,o d s f u t i o n a l t s - s t s .
Wi t o le  a consensus c~~1sts t h o t  det s i  led k r i s s w i e s i ~ ou s o t  shm it a i r  w o k s ’  is n e c e ss i t y ,  how

one n o t  rho u a s ’  such i t-fo rmat ion  fo u r V S i O L  s o p e r m t  i o n to does n t s u t  yet  seem to have been t f t  -
out, F r  o -x o r t p is ’ , how would a deta i led mapping C t tu rl ,u i , -n cs ’ in the landinq ari a hel p
a pi let who must continuousl y r - i ’ t t o  a oust as it hits the  a i r c r a f t  in “ r s - s l ‘ use” ?

An i:n ’ u o nc lue  ive Lu t u n t c r s ~ at  i r o n  f i t-d i n g  of the NASA Langley VALT t light research is
t h i t  the high t o  in f l ight cent r ’ ’ i  system , o n.  wo os -mv - m i 1 - o h i o  in t b -  ‘ 1 1 — 4 7  va r i a b le - o abi i t
veh i~ ’ le , appeared t t o  “canes ” 1 eu “ a o r  I c o r t  -u l,’ncs - e l f  s - c t  0 . T o  w h o  t extent t b  - s ev e r e

o u ri cm o nce sof the air wake in is shipboard - - n v  i romomen t can be - sit with t b’- 11 is t h t  cso io  t ri/ I
sys t  s oot - ru in is s o t  y - t  known .

Sit-It I A  lION FOR ~ A~~F- )IA ’st ~ EVFT- bMIt ’c’?

It 5 1 5  suggest - .f ea r l ie r  t ita ’ e r i ll m i r c r a t  1 c o n t r o l  ioop s i m u l o t o o m i  n o i - ~ f t t  be
i t - c t  i , o t u - d .  Such a ieoc r , o i  ~ uo p -~~~ 

or ‘ - - t , s i  s ys tem s c r l c l i t  m e m o is to  led for speci f i c
t luO air-raft - f s - v u - i conm u - n an - o - w sv and t h u  ‘, s s - ° t o, N °  o r - ,’ so - ,  cat- ‘ pc r o e — i a  - k ’  on i t  t o
sievu/ lOp and t e s t  the to ta l  N?5 o:’r ’o L,-\N: o p a ck u o s ’ c s n s a t s l  l o t  -

~
- . A numbe r of s i c  f f - - re nt kinds of

other so m u la t i o m o  e f f o r  t5 ire rn u~~’du 1 -o l e’  - - accomp lish t o ’  slo -v o l to p m e nt  of  \ ‘ a r o - - uos  NA\”i’ (O i,ANS
n - t i — - -- l - mu- -n~~s ,  Tfn s ’~~e it-d u d s - a ;  nS t ti s n t s t  c c s l  o n o d o l o m o s i  f - o r  r u , s n t  ut a t iv e , co r i o o a r o o  We

- - 5 f c - i n , f O u t , - . 0 / I t e m o s / n c ’s - r o t S rough p r — S  ~~u - d , u  d e v u n l o o n  0 0 5 - 0 0 0 t f o x e d  base r o s o i —
— u  °- - — l oop simu i at i o n  for b r o o :o d b . o s e  ~- o m p s r ison by pilot ’ s evaluat ion of o o m p s - t  ing c- - o - - o - ~ t S

I foro c - o f o  p ro to ty 1’os - ul ’t ’e lo pment ; and moving 1 se , hiot h f i ds I i t s  n - - s n — u n — I  f t s -  — loop ,s 0 000 o c ’ ion
for eva l u s t  eon ansi de v e ios po oo u - n t  of t oo  ‘ s o t  u s - s ys t  u r n s  and a s s o c u s t , -oI p i le ’ t u s ’hni gues and

10 ;ht £~-r o0o s o l t O  - T fus ’s s- s i m u i s t  ion l i e u  I it ces w i l l  he us -s f  in support f four f o n o ’ t  ions:
problem ~s nol y sis and con ’’ - ~-t s - u . s  l o i t  ion; n - n - s t  - u t  h a r s iw o r s - du o s  b o o t s - r O t  ; f i  i s r f s t  test:
and ~- i  l o o t  ‘ s’o f o o n i , ;us -e  p rt” o s - d o o  r ’~ ,s d°~vu ’ l o p r n ent .

NA’~~°) l Ath) I iiOI t tt T PLs\N

Figure 18 is an overv o- -w o o t  the O~~ . iA PI) ~or oju - c t  . The e f f o r t  tn date has consi- st ,- -f
‘of a ootcooot-er of resco ro t o  s o o t  e x i o l o o r s t o r s ’  developr - o t t  prog ;- ann s in various supporting
technologies — -or feas ih i l i t 

~
‘ invest so o t  ions. The  s t u n ’ s-  I opm s-no t of subsystems pr - tot ‘s a

is planned t o o kor’ soi n isca l l u - m r  1 0 0 7 5 5 , These protoo t s-oo s ~~i 11 be inst sfled in onos - \ S I o ’i
and one h e l c ’ s ” r O  -i t o - n t i s - f  aorcr a ft ansi f l e~~n i t t - ’- and -- s o t of tes tbe d \ STO1 operat n o o - o
s t o o p s  and t o ot  s a l  sites s -po i~~p’- sf w i t h  respe- - t i ve  ship or ground uni ts  nsf the NA VTOL AN D
p o l o ’ a id  subooyst’ -ros. The feasibility demon oot r o t s - of \AV i s ° is °Ni) c s p o i l s o l i t y  package wil l be
dissemina’ - -d t oo I i t s -  VSTOL aircra ft development offices and im ’odustry in O h -  form - ‘I design
guidel ines, aps- c i f i c i t  icons and m o o  t o o l a t io n s  as isu U as Inst , s i l s s f  in the f l e e t  as a
-utanda rdi- o , ’d set of aircraft guidance ’ and - - - n t  r o o l s y s t e m s  on the r e s p s - c t m v s ’  VSTOL sop s - r o t  ong
shi ps and t - ’o -’ical sits- s . Figure 7 a lso shows how v a r i o u s  simulation efforts are used
to - -r o t - I - n o - n t  t o t s -  f ina l  f i i - t t t t  proof of t hs N A V ? ) l s ~Nl) p m c k o s  t o - ’ ca t o o f o  i I i ty -

Figure 19 illust r , s t ’ -s t h u  “ two pronged” a pproach s o f  t t t s ’  NAV1Oi,At ,bO cump abi loty to
ensur” t h s t  the capabili ty st o o d achieved w i l l  he a c o s t - e f f e c t  i v s - , technically logical
extension of inter im c J p o f - t  i t  u s - o s  wh ich  the v a r o o ’ o o o s  h e l i t o ’s r s t c r  and VSTO L a o r c r , o f t  s i s ”v u - lo p—
m o e  5l and op e rmt corn - l  commun Ities a re  u’’ o u i v o o r o t ,  The NAV’iOia NlO Isro es t o f f oce will
no c o o n o t ,or -i nst p a r t i c o p a t u’  in t h r-o-s s - m o l t s - r i m  5ms ’t i v i t i e s  by t ems - i s inputs of I-ro s s - s t  s tilts
-m oo  th s-y become iv,’iilab le -is well as j u odoco r s i os midcourse r e o r o s - o o tation s to cnosimm ” minimum
r , - t r o f i t s : f e x i s t i n g  c a p a b i l i t i s - o -o

The i-IA’JTI [a NFo p ro ject  m . m s t  o r  schedule is shown on f i g a r o  2 )  . \° i ro ous  s i o f s s y o s t ‘co o ,
advanced developmen ’ models will be i n d i v i d u a l l y  du vss i ‘is-si and tested fss- f o s r ” ' Oh s -  t o o t o l

e g o - i t o 1 5 1 5 package demonstr -ot ion . The simulo m t ion work will serve to ont ,” si r s m t u ’ and

monitor subsystems deve lopment durinq the project t o s  m a i n t a i n  the t ss t,m i system
perspective .
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i’o °Ns ’ LI’  O t i s  ON

The NAV l’s) i,A NIO pro ’ s o t  W i l l  lmprovm,’ the _ m 11 —w ,, ’~othe’ r m o s t rough s c m  s u p s  r o t  o ont o 1 ‘ g o o fs o ii ty
of the VSTOL s t o o l  hel i c s o ~~t s r  1 i s -e l  , that is , some two hundred a o r  c s p ~ib i s - o ; f ~ i l s o s  o n  thu - 10 . 10 ,
N o s o ’ , to the ls sve i tuu - r t ’ t s a f s ,u re possible omoly w i t h  f t ie’ sophist o i l s - I  s m  rc ra f  t ca r r i s - r u; y o t t - n n t s

The \‘ST OI terminal u ’s loe r o t  c o n s 1 c,o l .s m b i  1 i ~l’ d o t s produced b y t to , - NAVTO!.ANi) i r s  i t  should
foe ol )i oi icat s i, b o l t S ’  ero o , 1 ly t o . mosy  \ ‘S iOi ,  ,oo id hel is ’olst s r s o p s - m i t  0 sum s  i t  ,;s- o or on l s o o o l , NATO—
W i t s s ’sO I laborat eve  f o t , o  ansI ‘5 - s r t O S , ’ s x f s , i o i o t e  am id l s v ~ l o l s o ’ i s - o u t  s i  p r i s ;’, - o o o t o ;  i n s  the areas
idol  resu-u ,-i tue Proj s s  t N A V I s  l ,A Ni°  wed let los l u r so u f u c t  eve for mooutua 1 ls s oi, f
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GCU , THE GUIDANCE A N D  CONTROL L N  IT FOR
ALL WEATHER APPROACH

by

Hartmut Bdhret
Bodenseewerk Gerätetechnik GmbH

D7770 fiberlingen
Germany

1. Sum mary

Making use of the properties of microwave landing systems , the problems of terminal
area capacity, noise impact , obstacle clearance and adverse weather conditions can
be overcome by application of adequate flight guidance.Utilizing the SETAC—MLS , the
guidance and Control Unit GCU developed by Bodenseewerk and sponsored by the Ger-
nan Ministry of Defense , demonstrated in flight test the improvements of future lan-
ding procedures. The short-captured steep approach paths generated by the GCU can be
flown manually with the flight director instrument due to the hig h accuracy of sig-
nal processing by means of Kalman filter techniques . The paper will present the tech—
nical equipment and discuss the flight test results.

2. Introduction

Radio based landing systems are used to assist the pilot during approach and landing .
A safe landing under poor visibility conditions is riot possible without these landing
aids. During decades , the instrument landing system (ILS) in civil aviation and the
ground controlled approach (GCA) in military aviation have been the only means avai-
lable. The disadvantages of both ILS and GCA led to great efforts in the development
of new landing systems based on microwave techniques.
Hecause of necessary terrain smoothing , the ground equipment of ILS is so expensive ,
that only great airports can be supplied . GCA needs a well-trained ground service
for the data transfer and there are no electrical signals airborne available which
could be fed to the autopilot to perform an automatic landing as far as touch down .

A further disadvantage of both ILS and GCA is the missing flexibility. The comrnar~iedflight path is rectilinear and fixed in centerline with an elevation of about 2.50.
This angle has to be so small to ensure , that the admissible rate of descent is not
exceeded near the ground by fast fixed wing aircraft.

The most im portant improvements of microwave landing systems are expected with re-
spec t to

a) Operational benefits (lower minim a, reduced delays , capacity increase , standar-
dization , signal availability, new operational capabilities , reduced workload )

b) Technical benefits (improved performance , hig her guidance flexibility, wheel
crossing height compensation)

c) Environmental benefits (noise reduction with vertical and horizontal segmented
or curved approaches)

d) Safety benefits (precision approaches , obstacle clearance , improved performance ,
improved crew confidence , flare guidance , auxiliary safety data)

e) Military benefits (improved mission capability, expanded operational applications ,
ground fire avoidance , elimination of GCA personal hazards)

Most of the benefits mentioned above only turn to account by processing the original
MLS data (angle deviations from the preselected glidepath and DME) in a guidance and
control computer .
Since 1970 a program has been sponsored by the Ministry of Defence , parallel to the
development of the military MLS SETAC , in order to improve the operational facilities
of microwave landing systems. This program led to the development of the Guidance
and Control Unit GCU by Bodenseewerk .

In 1973 the first flight tests with an analogue signal processing of steep gradient
curved approaches successfully were performed but disclosed the limits of that tech-
nology. After ckimonstratthg the improvements in guidance precision with a digital
general purpose computer in 1976 , the GCU as a special purpose computer came into its
development pi ase . An experimental version of the GCU , consisting of data processor ,
memory and inT~~-T:face modules for input/output data transfer was flight tested in the
last months using the ‘IlLS SETAC and a Dornier Do 28 Skyservant aircraft.

3. MLS SETAC

In Germany , during the last years , the approach and landing system SETAC was deve-
loped for military service.
The evaluation of signals transmitted from the mobil - ground stations is performed
in the TACAN (or MITAC) airborne set and in the SETAC sujsplement .Within a olreat
coverage volum e, the SETAC system provides the pilot wi l l s all essential information
during approach and landing :
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— deviation trezi seli- ~ ied landing course
- deviation from selected glide path
— precise distance to runway stop end
- prs ’ - -se dis tance  to touch down p o i n t
— absolute  elevation angle
— sector a z i m u t h  w i t h  re fe rence  to c e n t e r l i n e
- omnidirectional aiimuth for findina the approach sector and for overflig ht

guidance

— azimuth angle of centerline with reference to north

These eiqht output signals are available to users equipment (displays , autopilot ,
flight director , GCU) in a dig ital serial data format.

i_tie serial data channel is insensitive against induced failures and easily can be super-
vised by parity checks. For this reason there is no loss on accuracy of the SETAC—
s i - ; n a l s  by airborne data transmission .

4. o~uidance and Control Unit (ICU

Using the MLS in the same manner as th~ conventional ILS , most of the MLS benefits dont
become effective. The angle deviations of the preselected approach path are producing
the following disadvantages:

— different localizer intercept procedures depending on distance (long straig ht-in
final for stabilizing the aircraft) (fig. 1 )

— i nc reas ing  sensitivity of the localizer and glide path deviations during approach
(instability of pilot or autopilot due to the cone effect) (fig.2)

- overshooting the hili d U - o a t h a t  steeper elevation angles or segmented approaches
Ii i~j - 3)

The Cuijance and Control L n i t  GCU solves these problems by means of

— signal filtering
— ada (st,UU - of t h e  signal sensitivity
— - -oo r d i n a t r -  t r a n s f o r m a t i o n

Jol o o r a t i o n of curved f l i g h t  la t h s

- wind estimation

as i t  iS s n - -wn in the block diagram (fig.1i . Flight direct or , autop ilot and cross—

~so1- .t,-r instrument are ss~-~’tied ‘with anaIo~ control correc t i - h i s  to perform curved
silo-s for short s - s l - isr~ - and steep do-scent (fjq.5 , f i oi fo )

The (,sra;iet,crs i t i s °  -e a pp r o a ch  paths are preselectabl e o thin a wide range.

4 . 1  Signal f i , , er~~~ j
The :Occ’ i r a c y  of t h  MLS dara de; ,-n -s on the ol i ootan ce of t h e  m o t i f ’  to the trom n sr -rlT I-
m u lti~ at ° e f f , - c - ~,. s , weather cond it - onS  1 1 1 0 . ,  snow)  and I i r I s - r i o , ’ antenna location.
These in fl .io -ices extend rem a sir-- ~ll su m s-to a t  ion of signal noise up  to short peri- -d
s i - i n s ,  black - - at .
For the genera to r. - of curved flight profiles - m d  for coordinate transfor - r-,a~~ s -n of the
T-ll . dat a , the sign.sl errors :o. ~m ;t be kept as snail as possible. ‘T l s - re f s --re all SETAC
data at passed h u r o n  ( I I  Na imar I liters which have two different modes to reduce or
hO c i  t a r  ~a toe those errors. Os- n o b -  is h~- So trial I liter mode where the r .m. s. value
of inc signal noise can be reduoi-J by t i e  factor S tx- (0 depending on filter gains.
As isns~ as the diff o -r enc- ’- hU tweeS the act ua l mn- asurem ent and its predicted value is
above  a do~ firio ’ I level , tOo - filter algorithm I t n o r m s the meas - i o  at s and uses the p r e —
diction mode only. In this mode tire false ln(oor t signal is not used and the out j-oi t
signal proceeds soco rdir ‘ so the for1050- ss—niodel . By this way a signal loss can be
suppresso-d corr (s l - t  ‘ O h  I : - r o ’ f o s r e , a d d i t  s - r a l l y  to i t s  normal  t ~s o -Oo , t i f t -  filter hts
a m o n r t o r  f u nc t i o n  f o r  s h I p e r v  i s i n o t  the ‘-(I to data .

1. 2  Co t h r o a t -  ‘ t r a n s f o r m a t i o n

F or fli ght guidance along complex approach paths , the position o s f  the a i r c r a f t  w i t h i n
the te rm-ot n al area has - c  be known exactly in orthoqonal coordinates. Since the MLS data
u, m -~s,sn. n t  its phy~ ica1 origin are delrver”d as ang les and  d is tan c e s  w i t h  respect  to the

transmitter a m ’ iono , a coordinate transformation has ta be perf ormed .
The result of this transformation is the height above runway level (H) , the distance
to ‘ mo ’.- a r - -on tO transmitter projected on cen t- - r i m e  0 < 5 , t t - ,~- d ir t - in c ’ to the e l e v at  ion
transmiT toer projected on centerline (R) , and the distance perpendicula r t oo the cen-
terline IL) . The origin of the coordim it ’ ’  frame is for L and X the location of the
azir-o~ th antenna and for H and R the point on ‘ ‘ m o t n t line -Sor es the eleva tion antenna.
The he- t r io  above runway level (F!) would be very noisy a t  great distances 0y using

11 / MLS data for calculation . Therefore the rorteY-ric altitude is addit tonall y taken
f r  complementary fil t,-rtn - m , where the hi gh f r ~-~~n , - n c y  signal (-arts are used from the
bar ’oi-n- tric sensor , and only the low frequency S1 - (nii parts are used from MLS data.
The -;co has a built-in barometric senqor in the f o rt -i o f  -i piezoceramic element, and
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t h e re f or e  does not  depen d on o ’  t t a r  s r i b o r n e  t ’gu I 1555cr) t

4.3 ~pp~gach profiles
F-I l  igh t  tes ts  have shown , t h a t  s,-~ ( I rIo m m t  ‘-~E I I t - ~ l i t o a t  mm ; I ‘ i  ac ts  ~~~t’ m c )  r o t  e, is. -- a ( ’ (o r o~s s - l ,
an g l e s  have d, - U- i , m i h-e d t s s o l o s r m t s- i,~~ . T h e  t r a n s i t  i o n  E rom t h e  h o z i z o n t s l  I 1 i g h t  t o  an
ang le  of f o ot  in st a n c e  6 ~i e - i r co s , and in ( s i t  t i c u l a r  t i5 t r a n s i t  ion  t i m - a r  the ground
f rom to oI~- ’(rees 1550k t 0 -, 2 , 5 m I o ’ i i s ’o’t ; , r , ’su l  los in  i n c r e a o r , - s l  (0 I b o o t  w o r k  load and  i n  ove r—
o bi , O , o t  in g  01 t I m e  a t t o - r a f t  . ‘I he r e f o r o -  t i m e s , ’ i ( ( o l o o m o tr  ~~ i t I t ;  t i , i ~ n t o )  I s , - o s i i ’ ’ ’ , i I . F i q .  5
shows the  pr i tic ip le o’i t he curved e I o v a  t t - t o  I L i ’ i t m t  pa t los  , ‘(en r a t  o- ~E t o y  t t mo-  GCU

The a 1 10 t a t  t approaches  f rem ~s large r  ol 1 S t  1 l l ~~~O a t  ~
- - i r ~~ t m i s t  bu t so-  1 cc t a bl e  a 1 t I t m o b -

_ u t m o b  t i -i t  e r c ,~~t s in the o u t  er  sect i on , as t o o  I t h e  I LS , a rs ’ni i n i  I ~s~
- t tO wh ich  i s rec t i—

l in ea r  a nd w h i c h  has an i n c l i n a t i o n  of 2 d , o ~ r o c r ;  . Th ~- m , v e r s h o o t  t n t  du r  ing t r a n s i t i o n
to th ,~- o ;t  0 0 ( 0  1 ( s l s t  ‘ s c l m  is ave t o .Ied by the f i ct  t h a t  the m d  m a t  ion of the n o m i n a l  ~sos t h
is  i i m c t  e ss, -d w i t h  s smooth c u r v e  to 5 p r e s e l o ct sb l~ v a l u e  w h i c h  is admi so r i b l e  fo r  t 0 ,-
r 0 5 ( 0 chive aircraft. This value is nainta ino -d throughout the Stain part s o t ’ the approach
wh i ch i S r~-c t i 1 m mro ~ s r -s i OS IS .
In o0 1_ i e r to  r educe  the  s i n k  r i t e  t 0 ’  ~i s a f ,  b e v o - l  n ea r  t i  , - o ; i ’ s - u i io l , t h e  o r S t b  a n g l e  is
r o - d u c o d  by means  oo f  a smooth curve  in t t i e  1 s st  ~ a r ‘ - s  0 the  f t us b

I n a z i r m i u t l i  ( I  t t . 6 )  , t he a l t o - r a t  t i n t o r o o ( s i  5 ;  i n  t t r ~- O o 1 t , r  p a r t  of t I n  approach  a f l i g l o t
i - _ t t _ h wh ich  has  a Is i t a ang le w t t i i  r , - o, pe c t t o 5 t h e  o , nt  , - r I i mo . Th i s b ia s  ang  be I S selec—
t s bi e  I rots pl u s t~ - - m i n u s  T i deg r ees w i t h  o ; t  o~~ o oo of on ,  d e o t i o c .
Be tween 7 and 3 mi m l o s  t , t h e  a .- im u t h  S i n  ,- l in a  on t h o - r u n w ay  o ; t o o j o o md , the  a m t er a  f t i s
brou gh t back to the - o -tst, - t l t n e  in a smooth s— turn flight path.

The f l i g h t  -~i i i ~ l t m t o o a l o ng  curved f l  t ; i r t  ( - ‘ i t  i on -  i n  the  f i n a l  a ( ( o r o o s o h o n l y  can toe ~- o - r —
formed oo - i  t 0.~ I ~

‘ by t II c o m ( ou  t a t i o n  - o t  ~ r i O  ~SC it  ee I I i~ comm ands  t o i l ’  t he I - i l o o t  or t s o
au top i lot  . ( i s o - i  I t o  , t i i ,  o ’ O r l t } S t t d a t  a o t  h i m . -  ( ( C  ( i t ’ - , not  o m s i ’ , t i m  t coi l and l a t e r a l
d o v i a t  t o u r s  (~~~ El , A L )  o °t ’ t i .  a i r - c - r i f t f r o m  t I m e  s o o t - n u m b  t ’l r jht ~o l t b m .  A d d i t  t o n a l l y  command
s i g n a l s  t o - i  i - i t c h  a i r - i l ’ - (~~~ 

) , pitch r a t , - 5 ) 1 ,  b a t i k  a n g le  ~ ) and h e a d 0 n g  ( 1 ° )  w h i c h
ai- e v a r  i s b i e -  d u r i n i  s pi s r e a c h , ~m r  e~ . ;o- t ro - rs t .-ol .
These command s i n i s i s  are compared with the r i o t  s o - m i  a i r c r a f t  data and t i r e  d i f f o - r e t o c  o-
is t. d ta t he  f l  m - i i m t  d i r e c t  o r  c o o t m o t o o l t and t o o  t h e ’ a u t o - i t  l o o t  ~ n s o r t e r t o  a v o i d  d o - v i a —

10  O t i S t - ~ SOlO t t r ~ 001 1 - ‘,‘ed f 1 i -  t i n t  ( 5 5  t im o - l  o t lm ,  - t o t  S

4 4  S t a n d a r d  t s t e r o p j 1 t I t  oce d u r es

i i - , u s r r m~ t i r e  14C r; s r - ; n m l s  i r s  t i i , - o o - eormo en t  t o o t o i l  ITS ol -i ta  I s U i t - i t  some problems w - t  11 a ri s e
w i s o ni  t h e  a z i m u t h  t 1 i~~lut pa th  i s  i n t r o - o p t e d  ( f r o i . 1 )
The GCU o ti ha format , Is - - -w o v e- r , e t m a b  l o S  s o t  s t u d s  c o b  t o o t  e r ce  ~.t r o o c e d u r e s  wit s ch .m re indepen—
oletr t I I . 0 0 0 0  d i  ~o t  i t Iom- and wind cored i t ions.

Wh e tu t h e - s i r o - r a f t  is flying on base  l e - o~ w i t h  its i t r t o -1 - 0t b s e a c l i n o ,  ‘~~~ , t O o  pilot gets
t i m e  e x a ct  information when En ,- h a s  to t u r n  t o o  f i n a l  , in - r clo t t o -  t o o -c t t h e - ao- imuth flight
; - a t l s -w l t h o o ’a t  considerable l e o - t a t  i s - t o . The h o e - i  m t m t m i n o (  01 t h e  f i n a l  turn is d i m - p - l s v e o t  at
the f i m - t i t director instrument , the c rs oom ~~p o i t i t  o - i  i n s t r u m e n t  and et  I b o o  control panel
c o t  the GCU. At t o ,  con trol  i s m t m e l  , t i r e  p u s h b u t t o n  l i - t i l t  S - m t o - i t o -el over -  f r o m  t he
armed t o to o e bo-  ( A l o M  S , -wh ich is arui , -r  o l i r  in g  t i e ’ base l e (  , t o o  ‘ t o o c ap t  o s r e  m o o t , -  (CPTR)
which is - r i - ’’- mm I i i  i l l - i  a -  fina l m e t - n , .  The end of t he  f i t r o i l  t u r n  i s  d l m ; ~ s l m v , - ol by the
i t w : t c ?r ~~O V o - r  f r -om l b s ,  o a ; - t o i r  o - mod e t o o  t h e  npprooac l m o o o o o e l o ’ (APPR) , 1 ik,-wise in a -trees
co o I c o o t r e d  1 t - t O  - t

At t b oo - f 1 i~~b t  O t t o - c t  o r  inst r o i t - o o - nt  , t t o o  I s ,  -
~~ inn i uto 01 time- fina l t r i o  is i n d i c a t e d  a t

t h e  s its , - t iso by a turn o - oo tnu olSn d , w h i c h  enab le s  t m o pi b o °t  to per form this p r0 00 edur e
com a s l y .
If t o o ,  ~~i r c r ~i t  t i s t o o  i T  ce~uippe’d wi T im a flight d i s c o - ’  - ° r , t he  t inal turn can i-c flown
as well with t i m e  cr s s s ; s p o i n t o - t  instrument. The sen srt iv i t y  o o f  t h e  e r o 1 0 0 0 ( o o o t f l t e -r in stru—

0 , - t o t  is con t t m i o o e i s l y  1 s r s o o e ~~~om, d dur ing I to , -  b a se -  Ie -~ i n  such  a sac , t h i t  a t  I h o -  v e r y  be-
ginning of t to o f i na 1 turn t im , ’ ‘.- e- r t ical bar has s- - a c h e d  ~ St t wo o 010 0 1 o l e  f l e e t  ion . A stan-
dard turn with a yaw rate m ob ~~~~~~~~~~~ in i t i a t e !  at t h i s  time will br rnq t ime a i r c r a f t
exactl y T o o  t i m e  approach  ( s t s  - t i 1’
T h i s ( o r 5 00 , o l o i r e  o~ ,Sto be performed from far to v e r y  s h o r t  d I St  SflCCS t o o touch down . For
t h e  st art iii-; point of the fina l t u r n  the actu al wind c -on d i t  i ons at,- taken into account
and t i m , ’ r e f m e r , ’  t h u  approach  p a t h  can e met co prec t oo , -  that a long stabilizing phase
Is not necessar1 .

4 . 5  Hardware A s~ ccts
The ‘-xp ’ - r imental model of TI m , - Guidance a t m ! Control ( l i m i t  GCU c s o n ~~i st s  of a , h m - t u t  a l  corn—

- - i t o r  unit l I m o 1  a o - o t r t r’ o o l  i t t - i  ( f b o i . 7 )  - The o o 5 0 0 0 p o s l  o r  is t o o o o t t m t o - ol w i t h i n  a S t ; ’ e of 1/2
ATR short with an .me ’ o - r n . i  I ( - ‘50 1 s u p p l y  mi re  It  i o l o b , o i  i t  thc im a ck s ide o f  t h e  one,-
The 0 0 0 n o ( s o i t ‘-r ha t ;  a modular St r o m o - T  o t t , -  w h , °r e  i t 0  o - so - c o - i ’ a l u m o o o o l o m l e u o  n o  correspond t r m q with

t i m ’ -  c en t  r o T  processo r u n i t  by a parallel l t — l o j t  bus 0 1’ t o t o tit .

The use of — ( l i  0 0 -0 t o - s - i s  r m 1 0 ( 0 1 0 -  co omls i t i e m o  S l o o  ‘I ‘ 5 , - eS ’m -.S t i me t o t h low power consumpt ion .
On l y  liii I f  he case c o o l  m m ’ ’ is  - - s o ’ - r  - I  by t t o -  1 , - m o o  r e t  , - o o t m t  r im 1 r m n c e t r s o r  m i n i  t and the
da ta  t ’Ol t l O O O r ’ , of 1 k PR OM I ° r -~~ ; r - i m t m m - i l o l - r o - , io l on l y  Ims -mo o r i - ) and  1 - ° 4 k 1014 - r i i n m l m o t o t  access
memory ) -

4 ‘ l i m e -  ~ 0 1  h r - i  h a l f  is n ,-e-oI,’ eI b o o r  n o t  o r  t o o ’ no ~ - , l o m l - - s  to o o o t o t t t m u n I o s t  w i t h  i i  r l o o ’ r t t ,  SC ’f l S o ’ i ’ ti
- 0 d isp l a ys  due  t o  t h o  1 , that ,‘v , t m ut te o o l o r n  s i - o r - si f t  5 5 , , ( n r j ( o m l  w i t h  a l l  d u  t f ‘- t o -  t o t
I y~ -~ - om - o f  t ’ l , o m t  I m e a l  cl-u i f - - r t m o . m t  5 , e.°i . anal og AC—DC and d i o t i t  a l  so - r m a l — p a r a l l e l .
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The GCU has  .sli e ael y been f l  i ’ 1lu t  t c - s t  ,-d m to a h o o t  ii  m i s  Do 28 S k y ser v a n t  . In  t he  nea r  f u —
tur e - it will ~ilso to ,- tested in a Transall 0160 transport ai r cr a ft and a Dell UI! 1D
hel ioeg- s t e ’r . t o o t t i l e - se ’ im i i or  i f  t t ime f o l  1 oow i 10 1 i re t  e r f , i c - ,- modu les  wer e  used :

A~~L)- c o o u m v e r t e r  t o t  the analog DC—signal of the barometri c- he ight sensor and for self—
t e s t  o ’O t  t h e  dUb by wrap—around of the output signals.

~~~~ ~~~~~~~~~~~~~~ f o r  ana log  o s o l r v e r t  ing of the  o ut pu t  s i g n a l s  to d r i v e  t i m e  f l i gh t  d i  r e c t o r
e ooio t j ° u t o ’r au i d t ho c r o s s p o int e r  i n s t r u m e n t .

D/ll cormv erte s for the parallel ol io ; r ta l inlm u t Signals from the control panel and the
m e ch an i ca l  d i ej i t s  w h i c h  de t e rmine  t ime p aramete r s  of t he  approach  p r o f i l e s .
p _ 1) converter for the parallel digital output stoinal s for flags and pushbutton lights
~of the  GCU c o n t r o l  pa ne l .
D/D conver ter for time serial to  parallel convertion of the di g i tal i m m j o u t  s i g n a l s  f rom
the  ai rborne  St ‘ ItAC r , ’ce i’,’er .

~~~~~~~~~~~~~~~~~~~~~~ to 0 0 0 r m v e - r t  the  A C — s i g n a l s  f r o m  the  a i r born e  o~ y r o o  P l a t f o r m  i n t o  D C — S A g —
mis I s

i 0 L~~ i t l t e °r l t o e  i t l0 0 0 j O i l O  fo r a d a pt i o n  - °f  d i f f e r e n t  DC s ign a l  l e ve l s .

T e l et ~~ j o e — ± t t t o r t a s .sa t o o r  o o ° t l l t t t O l t i  i c l t  i o o ! i  w I t h t i m e  o e n t  ral processor and for program modi—
I l O St  155 0 1 m m  tim , - o l c ’0 o ’ i ~~o ( i o m e m m t  ( o b i i s e .

S1C~ bA SS module I o °r  real t it t i e  c lock  and  r s o t r a 0 0 0 r o a b o l e  ~m o1 t o t o l i t  ic s l i ( o o ’ r v  i Sor system .

F i - u . 8 e o b r o - ’ws the  m m - 0 db  1 ir struc tsr, of t ho - GCI1 h ar d w a  r o ’ . Due t a the f a c t  , that t h e  g r ca  t
number o h  i n t e ri  a ce  modules i c c  o le-c  m s i ve f e o r  t ime failures r u t  e’ sof a d i o ;  i t a l  c o m p u t e r ,
redundancy c-or f.m i l u re  self —01 , - to -ct t o n  has t o °  too  ( oro no’  u ~l~oo t  - T u e  GCU was oho .-vcloped for ope—
r~m t  i o ° t m  on a Ca t  II e’nvironmen t and l.o i lo om t o - t o o l lclo ’t o -’o’t ion ho software’ and hardware means
WaS .1(0( 1 i e ’d.

-L to I- ’~~i l u r e ’ S e l f — D e t e c t  i o m r — l ’ r o o c e d u r ~-s

ih e  GC U ‘ s fa u I u r e - self —ole t O o t l o on  co ons  i s ts  of t h ree ’ d i  f t  e r o-n t e l e m e n ts:

o built-in to-St program (BITE)

o t o t  1 io ~ h m t t o - S t  r o u t inc
o l ’ r e- o t r , i n O o s _ m l i e m  , m s O T o 0 0 5 ° m t  ic s _ i l o l o l 0 0 0 0 r  S y s t o m o l  ( P A S S ) .

The boS i i t — i n  - s o t t - - ° - t r a m m  o a i t i  be sot  a r t  o~~h in .’ ( s r o o o s i m i o t  I t o o ’  i t O ~ i’ —i -r i  t o — m r amid a t utt le of
10 uoe ’coo t r do ; is 1, - p s i  r o - o i to c~i t  rv 0 0 1 1  the 1 - 0 1  b o oS m g  t c o o t t o :

— 01°C t o - s t

A c o m j o l e t o ’  c t m e c k  of t h o ,  0 0 0 s O t  m s i s t iOf l  t o ~~ o t t  O ° t o  I S  l~e - r t  o rmed . A t oo t o r o o ot raflm is w o r k , - o i  O U t
t s r  eec t t i 01 - t c o o n s ’ a t  t r o t - s o t  v .m ‘s o r e - s o . Pc ~~O t 1 i -

, i req i l l  I t o  r o t  r i  s t  i o o n o o rica s 1 .o I I ,  - i n  I t o  e ( - r o s  —

o- o - s r 5 o t  , I t oe o -rm m ; - m r  1 s o u r  S o t  Ot k nown  n o u n m i n a l  o i l  s o - s  r e - soi l ts i n  f . m  I l u r e  1 0 , - c t  ion o s f the
- ~~o .0 0 0 -  5 to _ u rd~~i t o  -

The O m i t  ‘ - i r u s  of t h e  r e - ~m c i — ° - s l y iooert uo t’ y 110014 ) l ir e  ‘ o - r i t  i c - i ho c p a r - i t - 0 —o - t o o - c k  iti ( t o e - co bsim ot o rs

SAt - I t o - s o t

The work iut ~s ro t - r i m o l e  s h A l t S  isi s t o o  t oo  C t u e ’ o t  in u lit I at  m ° o m n n e r  t loans time ‘- s O i l  - S i ne , ’
o he  c o t O t  ‘-to t s - 1  (i re IIA ”t c b i a : t o ; o - - ‘ t o t m m 0 0 0 0 i o ; b o ,- and or e ’ ‘ h o o ’r— o ’f l o r e - l~~~s 0  15 5 0 0 W t m  i oto to l s o t \  o o i  IS ,
i0l~iress to - - i  is ’ o l e -c oo l er m o o - ’ s o r k , te’a11 anol si ite amp lil icr m l  s w m  t ch - o ° . o r  ou r t I
to m d  r O e  rut ,~ on I b y 5s o t ’ t w u r o -  so - autos u t o u m m - r  o— onm p le ’mo t o t o~~ i i v 1 1 5  r i  values.

— 10. 1 ‘ - t f i o e  1 - s O t

A , V l o o m D / A — o - b o o r in~~ls i t ’  ( - toi l ; ot r o~ -— o t  nd t - u o o - o ’ b s m t , - n s  o f  r o t - o p — I  s n o T i - — n o r  by u t - t o n e r
o . s f t w a t e  o mi t s o  r s o s o o - - i t s i o - t  in st l it-n t l o - r  010 o m m i t o o r  I t o .
It - i l — c r i m t s n e - ls  i r e ’  ‘s - s t  ‘ 1  i _ _

s u s l m i - r  b u m , -  cr u s t  r o b  ~o a n e.’l I s - u l o s  aS - i  men u i - s r  - l ’ t t ’ - r o , -r  i _ m i  da—
tawa y a nd ‘ o s  - s e r i a l  — o r  ~o ‘ ‘1  co mo ° ’ e - r  h i  on no i - - a ’ - 1 t o y  o - o ol- o pi r u scum - I const i t l  t I e ’St —

‘, m l m i e s of t b , - 5 b i , \ I — . i m ’ Iwo t b  w i  im i t s  n o o m o n i n a l  o- r l u e o s . Th e’ c o o n - s n t  T o  s o t  ‘ o  l o i o n o ,li’ e
-o o ’ - by lie Sh r,’mC am i - i s o - i - t i , - 1 eo~e’ r~~~~r In i t  S own 0 o o o h  pmo , i ,  - During ‘ h o , - B i l l : —  l o o o o p ,  t t o o

c o m r n m a n o 0 h - i  f l  i~~ b i t r o t  t m , ’S i n  a . u m n o s i t _ h  i t o h  o b o - v a t  l oon m r - - i t  0 5 0  essod is a I o l t r o t  u o o n  t i  di et an r o
and o t t o  I -e - mon to - o r  ed.

Since time BITE -tram with an e r o o l o s  ince -  of 10 se ’ c c - t m o l n o  on l y e ’,i t o  t o o  1 - o ’ r f o - t t n s , ’ oi when ti m ’’
a m r - c ’ r - a f t  is b oo. i t - o h  ou o i de  of tOt ,  t o t  so o m m o . o l  m r - i , 0_ n o , - c oo n f i e l o onc e l eve l - o f ( too -  OCt is

i i  t o o o o t  eel i o y  an m t  li a t  t o - o c t ) - r - ° - t r  li m o , w h i ch  is s t o o l  t o - t  o i O W t O  d u i I n i o t  t O o - - s  , ° - m r - oi ’ o
in te r v a l s  i v u i l a b l e  t - o ’ t - w o - o - i m  t h i e  - ‘~~~~~ s o ’ mt u-s cycles. This inf i s- s l o t  t o - r o t  - t  ~o~mt -no-- t i n s  on l y

~i U o ’O l l l O o b r :a~~- ac i I , b o i o  the o - o m o - me n t i a l  o P - n ’ s - r o t s  as C P U — T o o L A ° — l ~ A l i  . q ° — ,m t o o m i n d  m m m c l  m e —

n i ’  or ing - t  the  o o w o ’ r  s o - o~ -p 1 y r o o m ’ 0 l i s t ’  i o ’ u o o o - u m t ‘ o h .  The sor i i i  d a t  u-wa , ’ is ~~s o i i T  I t 0 0 0 0 i t 0  1
. 0 i ( - o r V is,- , !  b y pan ty o ’h~~e °o s o .

In cont n m o s t ‘ - t h o , ~~~c t o o - f  I s i s , ’  mo - i n s  t i m ’ ’ r o t r a ~mable super 0 s o l o S  S o o t o ’ o om (PASS) ensures
by an ex te r n a l  s o i l  — s - n O t  mined b o a r o hw , u r ’ - ut-i m t  t h e  r e g u l a r  r o o t s  It s run. It oopo - n  a t  ,‘ o r  m u
pr inciple it i ,i w o t o C i  l t d  I i 0 0 0 0 r .  U n b o ’t ; nu a t - n - ’ I m o s t  r s i t  t o i m  comes in t ime Ito E l i , ’ super—
v s o c -- i - I t o n  ‘ b o o -  r - - c 0 0 0 0 0 5 ’ r  , a f l a t o l m i t m o s  s u - i m n u l  is - l i v e - t m  t o  t b o o  fat I — l a m p  o m u t. t h e  c s o t i t  r o o l

L 
_  ~~~~~~~~~~~~~~~~~~~~~~~~ - - -   ~~~
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joa n . e  1 ~ r m d a l l  0 ° o i t  ~o o i t  s i o ; n m a  Is  care lee ’  d t o ; c , o n u m e ’ c t e n . b  f r o m  au t o p i  lot  , f 1 igh t  d i r e c t o r
arid o’t’ o m t - m o o j s o o  m u m t 0 -r  in s tru r i re r i t  . ‘(‘tic l u b E  is id ol t t m o u i , i l l  y in f o r me d  h~~- r o o t t i n g  t he
t e 5 5~- Oe ° O t  iO’ e i n st r o i r i u e r m t  f lag s .

5 . 1 L j~~It t  
~~~~~~~~~ 

Re S U I t S

‘l’he i l m ~ u h r t  t , -o o t t o of t h e -  C.CU 70 were  o e - r f o o r t o l , ob w i th  t h e  SETAC u m m i c t ’oow a o - , - l a n d i n g  r o y o o t o .-u t o
o i - a i l . i b o b , ’ , it  t h e  n o r t t i o ’ r u m  r u n w a y  of t O , -  0, - r u m m , o n  A i r  l o o r o 0 °  t eS t  c e n t e r ’  in  M a n c h i ng . At
I 1 I - l o t  , .5 ito ccl , t i seo o W e r k — o o w u m e d 1)0 28 D Sk l- 0 0 0 - r o ,’ a r m t  w~mS u r o o ’ o I , 0 1101 u 5 1 0, 01 5 i t im a Sl- ’FAC a i r —
borne  r , -o ’ e i °o e r  , a f 1 i - j  i t  .1 i r e c t o r  and t i r e  Cu idance  and y o t i  t rol t i u r  i t GCU . The fo 0 1 1
‘,,s t t i o i  5 °  5 f i  i o ~ b m t t o - st  i t s ;  t b ,  GCU w i l l  be t I m e  h u l l a l  l i t  ion  in m T r a n s al l  C 16( 1
.mnd a he 1 Uil  1 D me 1 u e o o~ o t Co • W i t Ii t t i e ’ R h o ’ sOc t \ ’ O t o  I , tlriO ’ d e l i m o  O t i s  t r i  t m o o u m  f 1 i -

~ 
II  t lb 5 i c e

coot - i s t s ‘ , o I  0 O t I 38 a l o l o n o o a c l m e - mr wh id m ’ ,-. o - r o - c o i r 0 0 0 o i  i n a o’ i m u t t m  ar md o ’ l e v at  ion and w h i  ti s°o~re
_ i l l  f b o o W m i  n n o a r m o i 0 o l  ~~ w i t h  l i r e - f l i g h t  o h  i t , -c - t o o r
‘ b o o  o o i o m o o s l , m t e ’ t h e ’ l a t  , - t  ‘l’r a t i s a l  1 t e ’~~ts m l  I a l o l o r o _ mo - b mo -oo  w e - r e -  c a r r i e d  ou t  w i t h  ,s speed o f

I .10 k n o t  s so u t m _ i  t t t I e - t , m u i k  a i i m le o - ‘ o s Iu n I i t r o t  S 1 o~na 1 S cou Ic1  bo o  ic !  i o i r o  t i - I  f -  o~~ t h i s  Speed .
I n  a Z I t n o u t l i  ~i i l 1 1 1 5  an g l e s  f rom 0 t o o  1 o  e l , ’ ;  t e e ’ s  , we r e t - s o t  c - oh , w h e r e a s  in e ’ i e o ’ a t  ion
nm 0 ’ro t - O t  the  , m~ s~o r o o , iem h oe rc ma d a i o o i x i m u i r m  ~‘ i t  h r  ang le  of S d o - t r e e s  d o s , ’ to t t m , - h i g h  on s 1 o r e o , i c - t s
s:c t _ ’ -- ”- ob .  A t  b o s o n speeds , ~s 0 m t b o  _ m u m - ~ 1,- s UI) t o o  7 d ,-~u r e -es  o ’ s o l o l  t o ’  f l o w n  w i t h  t hoe  DO 2 8 .

‘rhe i ii t o,’ U O e ( 0 t 0 i o t , i t O o , - nor rum a 1 1 o - - s _ j o - a k - - ci  T 1 o ) N O O o  , I~ ni  I \ a  r u ,,‘cb i n some cases f to op, m 5 tO ss up
t o o  18 ‘ i t - n , i n  o o s o t e - i  t o  t i ’ o °~~e I I r e -  . io , c n i t , mo -o . of th e -  sE m o m o h o r d  u u r t e - i c ’e’p t I 0 r ~~ce° d 5 l r e ° at  a l l

o _ I i s t _ _ i i _i c,_ , s and n i u m o l o r . i o l v , r r o e  w i n d  0 - , - t o l i t i o ,o t i s .

F i c ; . 9  s h s , o we o t i r e - t 1 i d i O t  re -c ‘0 1  ci of I m o o i o o l e  S S IV e ’ a r - i - r o a c h e s  in  a z i m u t h  w i t i r  d i f t e - r o - u r t  i n —

~ ( 
0 0 - t o o - i - i  a o l - t I - - s  - . The o ov e ° r s t r o 0 0 0 t i u m i o o f  t he  a i r c r , o h  ‘ . .  i t  t h o o a  end of t i m e -  m n ’ er oc - p t  t u r n  is
less t o r i o n  1 1(0 m , and t t i e -  .1 i r c r 0 o f  t f~ - 1 lows the  o o ’o ’ m t n i u m o o h e d  f i  igh t  p a t h  even m t  t he  c u r . o - d
oO . o p n m e ’ t i t  50 Wi  I to  a uso ’ mx i m u r - s  o l o \ i~ i t i ~ o u r  o o  I .10 m . Thi  S m o - o o s r i o °~ o o m m i  lii b e ’ obta m e d  even by Un—
e .\ ‘ . ‘ e ’ r i e ’ t 0 ~~ , o l 5 t o r n ;  u p  t o ’  t - o , m s  . i m i T I C S  0 1 10 do - - i t  ‘s o , M g r e a t o - r - a u r o i l . - - o , t h e  f i n a l

5 .u l i s r o o , I o n m  in  o s t  e r l i n , o ’  , t  h u e o n  b o u t  , ‘400 i c h  Ioe ’o~ .iui  i t  ~m d i s t  0110cc o h  1 . 0 0 1 4 m m  t t o  r u n w a y  I h r e s —
O o ~~~l0 i , 0 .OOe ’o h  t o o b e ’ I s o c  s o o n  I - Some ( 0 1  l o o t s  , o sk , - eh f o r  a 1 1 t e ’r i t m t c o r t m o r m t ion about t i r e ’  no-
m i n a l  v a l u e - o t  the oo ou n t - m e _ i m i - t l c , e o o t e ’ c t , m j ly  o t o i r  i ng  t b  1-m a t h  segment  t s e h w e o n 7 and  3 N t ’s
-w I r e r , ’ t ime  0 i f  f e r e -um ~- e- toe ’ t w,, m i actual o~ o ° o l r  se a u m e b  s, e t O  t e r  1 t o o t ’  o 0 0 0 i r  SC o~ o 0floe’S up  t o o  a m a x i m u m
of SO o i o o 5 r o o 5 O

hlo ’ c i m i s O o ’ of th e -  sh o ot in o t  a c t  i \ ’ i t i e l s  i n  t i s e  S i, ’o t , t m b o u i o u  1- to in o l o - , w h i c h  is l oc a t e d  o n l y  a f e -~~
mil es sout b s o °r ly  of the e x t  e r r o A e ’d runway cen t c - r i  i n e , a i l o r  o ’oac h i e ’s in o, - u m t  e ’r l  i nc  d i r e c t  ion

0 f e  flown sn o t  y dur  i nq f e w  h o u r s  l o o n o i l y ,  Th te ’ro ’ f o r ’ , app roaches  w i t  ho b i a s  a n g l e s
- i r e - a t o m  tir ,m r o 10 Jo - - ;  t o - o s ’- had t r o e  great o s ( ° o ° r a t  ional a~ i o o a t o  t o o  a v s ’ r o t  t h i s  r a n o 5 e , and
t o  be’ m i s t  s s n l - j e ’c t c - o i  t o ’ a n y  t imo rcst ricti oomi o -o .

F i - ; .  10 is t io s0
~so 11 00 1 m l r n s o -  h i s t  r o b  o f  a , —o m r  co st  , q s~~- u  o o , o c t n  in  c l o u t  m o o n .  ‘r i s e -  a i r - c— r a f t  t o r t  e rcc ’( °t  Os

t o r e  on.lrt’ ( ’ol o r  o o t  Ile , i t  i o l t  o o t  mmmc, - to touch down (B) of lei km i t  a t I e ’ t o t h t o  ( H )  of 600 rut .
The lie s n t  olec s i t  m o o u s  I ~ ii) is 1,-es t b r a n  5 o s , e’’,’e ri at (tIe O i l  c e n t  Oso ’ t i io o ° m o t 00 . The 1 i t o - t m
a r I ;  le ’ ( ~ I is t i  loi~i o i o  t lse ’ commanded f l i g h t  1sath ,o tm o ; 1 ’ - ( / ~ 

) , a reosu It  of O o 0 0 0 i s t Sn t
l I m o ;  1 0 ’  o o f m i t  - i - k  ,i t ioh co o l i s t  atn t m n d io -ated a i r s pe ’ e’d •

‘(‘he e lev,u t i oS - I - ‘ 1  i b e ’ , ,soc t i r e’ a 2 imu l b s  r o t  l i e , e u r o  i 1 y cou lot ~~ t 1 own very accurate
n . , m t n . o m i  l y  - s u t h o  t.lie f l i ; t i t  d m r e t o o r .  O n ly  b o o ’  (oo wo- r  sett ing at t b s e o u n c e - el p a t t o  segments
eiematm ol,-d some pn0mo -t lce because there s-ar ; no f a s t - o m l o o w  ind t c ,mt ion at the flig ht dir - ’ctor.
lle ’cOiUSe ’ 0 0  I ,o reinoarkabl e loss 01 elo o’at lo on s i ’ i t i o l  quality at , i m i u m o o i T t o  air -ties ot r er mt e r
t b r a t o  15° no css ro.ed elo -cr o t ion o r o o f i l e s  shou ld  be f l o w n  o }oo ’n a t  i o o n a l l y  at  t h i s  a z t t m o o l t b s
,ono l  l es w i t n s ’ o  S ‘sinism 1 r o t - s o  s o ’, I s  ins b y a u o inert iai nay 1- ; m t  ion syoo t c - m o .

The f I b u r t Pita oo -u il abl e on i o o o , m r d  were t - e° c o - n o l , ’o l  w i t h  m t ’ m a o ; : m , - t  m o  ‘ s o l - o -  r , ’ o o - u ’ ot o ’ r  ol .  I
abou t ., m _ ) apl n o o a e - t r o _ s  were surve i lIed idol i tional ly t o o  a r m o t o r  , m r s o i ne t  oc t it l o o n  and (-1 o tt  ‘0
on - m  map  ( 1 1 0 1 . 0 t h .  For ( I t o -  , c o i s i i t i o n  of t l m e 1 1 1 0 1 0 1  data w I t h  ro cope ’o t  t o  f l t t o i r t  ( o a th
accuracy  - i  l o o t  01 t j u s t’ has I - - be spo o l boe ’oouse sO  t t o o  - 5 t o - a t  sl5t t. i amount.
A f i n r , m l t o r o o i l  t o l o r u u o o ° t  h o e  -liven m t this t i m e  b o o s t  all 138 m l - p t ’ o o a c b s o - o c  so -r e ’ o i t t t e o I  out
r i n o h , - r St  mis l , i t , ’cI IFR o- o ond  t ’  joins ~b o own t O  a ~~~~ I sion lie ’ I i i i  t o s i  ‘ o l  0 I t and not  a S i n g l e

‘ 11 0 ’ had t o o  boo  m t  e °r ’r up t e d  o l o m e  t o o  - i  f a m l u r o ’  ° t  t 1 m m ’  o t o ’ l .

6. O * o o t l c l O l t - o l o i m s

‘n rc - 13u idance am s ,t -tot rs ol  U n i t  - s o  so ~b ,  ‘ 0 1 0 0 ( 0 0 - 0  is  a , 1  i o t ’ s o m 1 f o o t  m l O t o  S a ° o landing
0 0 5 - o - m t o - t m o m o  to i t s s - r ’ - , m 0 0 0 -  t h e i r  o 0 1 o’r ’ s m t  s o - t o o l  s - a p a h - i l i t y  by means 0!:

— s i - m u b h I n t s - i  and s i - r m i i i  m o n l t o - ° s — r t s ’ u
— i - t o o  0 1 s o t o  o f  t b , - u l l o l m i a l  Sensitivity

— c o o r o h u t o a t o -  t r a n s f o o n r o a t i r o n
— - r e ’ t o r , s t  ion s s t  o o i r o s ’, O  11 i - T t m t  .sths

-. — - w i n d  eo ’ I tma t 1 0 0 1 1

‘r h ~~- o(Ct -san r ea l  1 l(e°( l i r s  .m m o o o l s i l o r  d i q i t  i l  so i n m o a l  processing system with h to sh re ’l s a b o i —
l i t ,’ bo ~ app i r ’ u t r o il o o t  t i m  l s m r e  t o o - I t  d~~t e r t  b osh m e a n s .
I- r ; - r o ’ p o r i n ’ (  t h o , - t l i ; h t  b o o t s  in a m i l r ’  y T ran s a l l  C 160 and -i UH 1D i u e i i c o ( ° t e r ,
t h e -  h i  i o h ince  m d  o~~- ~t o ’ r - - l  tIn i s  f u r  st  was I l u s t  a 1 led o n  a company—owne d  Do 28 S k y s e r —

v a 0 5 0  - 138 i m m o o t u t l o r  approaches ,  w h i c h  were c u r ’ , o ’ ol  in a , - i n u e i T h and e’lcva t  ion , wo ’ s e °  oo ,n -

f oo rt - o, ’el i t t he  m o o - s o - w a y , -  l an d m r m o ;  s y st ~ ’uoo P t :T , \ o  t o  r o t e t he  p 1 l o o t  ‘ s c ap a b i l i t  oof

i l y i n o ;  sto- ’~ , oh  - t t — c s (  I - m r ’’ o i S — t  o l r n  f l t ’ r h t  o a t  h i s  m a n u a l l y  w i t h  t h e ’  f l I g h t  0 1 0  ro ’o O o or.

Thin s isk was solved by s i x  [ s l o t s  a t  t O,’ f Irst I T  t o n n o p t  d u e  t o o  t h o , ’ i - r - o i s o -  f l i q h t .
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director steering signals computed by the GCU.

A final assessment will be made after the complete evaluation of all flight data ,in-
cluding the Transall and UI! 1D tests. The first review shows , however , that a high
flight path guidance accuracy has been obtained , which is the basic requirement of
steep, short-captured approaches unter worse weather conditions.
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SIMULATION AND STUDY OF V/STOL LANDING AIDS
FOR USMC AV-8 AIRCRAFT

w. E. BODE’, R. A. KENDRICK ” AND E. J. KANE ” ‘”
MCDONNELL DOUGLAS C ORPORATION (P .O. BOX 516)

ST. LOUIS , MO. 63166

SUMMARY
Its s~’l/55 0 , 0 1 ’  o oI & lt~o lo ’~ rume ’ss t °,Oo ’ i t l i tht  1 m u m t 0 ’ ol ‘O t . O t o ”  \I o r o o u o - Coor ~oo , I l , ’o ’ol (  0 [( mc -\\ - -‘o -\ I l m u u ~er I t soc  o l e e i ’ , S e l \  de’ o m o o o r s ’ ,s r sm te el i lmot e 5 m o o ~

t i l o i t t s ,  to t  \ / o , t o o r e ’oI !}mr iu s l  \ S I o P .  I I , - o u I o o I s s v  iou t o m o i t u m o , r o o l o o e l m s v  ou t  I o , 1 0 0 0 t i , O .’ mime ! m i u i m n o u u u _ o I  s u m r r u  o r , o imms ei  t i u s i /  mmmcc u s ~i ‘ O L ’ i I I t t e , i m l t  / l00 S0
,io r ~m m ~o~,, oi _ i e t t _ i r s t _ o g e ’ 000  c i ’  ‘ e, t t o  oou5kos i5 i I  mi r e  r o t  5 fl it ’ ‘ t e e m  mu r \\  - ‘° \ e i I o , u r e ui l o o t  O O I o o ’ r 0 I 5 e 0 i i ~, d_ i ~5 sui m e l smi g tss  t s o o r m s  b ore,  sun.! ch iC mus e!
C l u m l o ’ , ion ~‘,oo _ i r h t ’r suss r ms o u u _ m  elt ’ce ou Cm ’ C I ri m I 300 I t 1 ee - o l o u u , m C i000 l  I 4 k u m s m , 4 o u usm I e m s s t o u l s 1~ I I r e \I ,i ru u mc ( oor pe o o ; o o -u u s io ou uo o l  e l o o o . rr m om ,n , t i o o ~~ em c i ,

r e i l im i t l ” t i m _ m t  l oo - ,,_ - o os r  s m m p ; o o o i t  hi’ ic , om l , m iol o n _ m r o o o m i t d  [( m um ~ b o ck ass il it 0 0 0 , 0 1  5°, o, m s l u t r .  I Io ~ - o r ,  i l  , I bu t su . is I o o l  oope ’ s _ m s o o o u u  t o t u000umu nm , u  ms loom s sos

I’ l i t  ~ I 10(1 151 se’ o l u ng ~irmel I t  4°  k ss s I I -4 sirs ! v m s u h u t o u o  -

‘ s5tiel ~ v. Os p ,m rt oi rsrm et d 0, ~ ‘ i t e l 00 o S  C t o ’  o ’o u _ ihk  s lot ~~~~~ \ 5, 0 0 0 t ’n’ r o s e ’ t ros t u  s105 10s o i uo ej u o ’ o m o o o t  o’ sm r e ’s ru s l u m s  e’ s i t ’ i re o t t t i s ,ms i ( ,  t u  SIn ’ oa m utse - t

a to- auto e’o o s s s m s t i m s g  , o t  \ o m  ii  \ m r  ‘-‘-o s ( t5nu ~ ( o r s u u m m , o u u d . Etset rud \ I m r i s u e ’ \ m r  \V o~o ; ’ . [‘ °o \ I t  I I o - u d o l m u m r r o - o s . said \l 1) , i s m umrl l  . \ or ~-r u t 5  ( 0 0 0 u m p o ,u sm v
I \ II ~-~i R t oos r . i h ( m s luo d rim e ’ g r eu s smo t ru le ’s mmmd ~ u ’c r o s i , o on,oI re’quu rc n mc r m l ’ ,

FIGURE 1
STUDY GROUND RULES

Operasoonal Pilot Related
• A VI , - ,100, - -  Mono mum of 30 m 000 55) Ceomo ou g and 046 km Polo r Work loaeo Shall Nor Ecceed rhe P,ese ,oO AV-8A Requoreme uo u

I
_
. rum) °o O s m o O ty OS She E st a b l o o h e d  Goal • T , ao o so h - 0 5 5 0  t o o  Je sboo ,o e Fl i qht Shalt he Accomplished at Reasonable

. Emph ases on F o o - o s a ’ o t  Sot ” N o gh u o,° f f l  Ope,atoo oo s is Reeiuored A ltos udes P,o or to 30 m (100 t , )  B,eako ,ut so a Sate T oa ns otoo oo

• Take e,ff o~, ds R , - o u o o o o o ’  No Addo r o ooo a t  Study V Lo,o5otuado~oat Do’m~~O o o ,tt 5 0 0 0 0  Sha lt Nor Eamreoo d O IS I J  Ma , ° s s o - s  On

she Glode-Sto pe Base d on H ooooo ,oo  Facto, ao,d Energy Maooage onenr
Mos too n Relate d ( O o 0 0 0 0  0 0”, ,ouoons

• The Mo~~ oon Sceoo aoo o Shall 0,, a Shop Takeoff so a Roo noole
S ot ~ Laoudo nq and A leS Stas us Foll owed by a Remote So r e Equ ipment
T , k C , 0 1 t  and A” lo - Gooa ncl Miss ion T noonon au s nq on a Shop Landong • A Common Sh s oo So t, - S. s o s o o o  Suore os Requo o ed for Mon o mum A ,r-

• The Fo oo w a , cJ S - to-  is OCt 000 0 t a o a t~~3 m 1372 tb by 513 m (372 t b c ra f t  and Tr aono ng lmpa c r

Clear and Flat Area Surrounded oy I 5 m 150 tO Obstacles cc t Oo • Added Sensors Shall Si’ Do ’ e-o o oo , - o i  l o - o  Mao,onourn MTBF and
a 22 m 72 frI Ceoo ue r Laooolo ng Pad Monomurn Maoo ot e oo a n ce H ‘ Os,o  C Peo Flogh I Houo

• Two Ao a t ’ o o o o  Capable Shops lrocl uds ng t ho- LPI-4 Shall be A o l o l o o o o o oI • Where Poa ct oca ble. Radoaro ng Aod s Haeoou q Low Elect romager esoc

• Shop Landings Include Bee’ s Stern and Bow Approaches Roo o loasoo f l  Pr0 01 b e  Shal l be Se lecTe d to - be ,o o Acco od W oslo
En’oo ssoon Control Pholosop hv

‘rhe ‘ t m m o l  inenludtol s t m o o l m o , o m  lo os e ’ smt r m u l s m s r o o u u s . ( loo n  ii l o t  1 ‘Cu t I f . o r n oo -r p i l i ’ t s , ott  0’ t i l e -j r (tOo lo ne s(’e e e I  h R  mp;) 1 ’iJ/h) cs  t ot  su I l o t - C s  ,o u’ ol
sIte si ne ! s tump  v. e t C  mm mdc ’ , (tmo l cosloo t o o’ u smg les f r o n t 3(0 t o o  0 0 0 0  Were sm o r s i u i s i t c o i  o it mei lo o m in het tim jue’sid I I I ’  ,o ito t h c,u d elo wut . ~at , m s t s t i u di’ lo ou kl
0mu t o p i l o ’t  was tv , u imo , oseo i  am m d h igh s o l m r o , Or o l o o ’t l o o m s  C’, os ot o o o l o o o l  l imo s e t h ’ o s t s  o o t  ro o s ses  m m m c i , t io r t o mm lc ’ umon- . se,i state’ m u d  so st/tin c’rroors 0’, ore
m n c h o iel e ol in time s o u m i s o l u t u o 0 1 0  V o s o o , i l  h o t u o b m i o g  , o o o l s  hour  sir i p s inn! l o o n ’ ,  ,o r d  s m T m ’ s we-re’ t h e  s ou l m u d  ,u sro r s i t t  sm sr d g r uu tu umei  s loop b o s e - mi e’i [u iup tu les ml
sostc/L,t \ i  the Is_- si r )  . ‘t t i se s t u d y  cc _ o s time- cc , i i m i a t u ,o n to ’, l I m e  p i h o o r s  ,tl~ t ime ’ o i e g  t e e  o f  or nmp r os’ e’tm uo _’t mt c o t  le ’r o ,’oi b s loe s i tn mui . i t e ’ml lo i r m el iu n i m muds .

the’ elEcts ost the lir e r o t  I intl oust the lo o m i t0 sis t  sitm d sh ip c o t  l o u w e r ing  S l i t  o upe r om t o , unio i l  n nnunno in s s u  to i s  e s l o u i s l u s l o e d , si C so ’e’ on mr F igu re - 2.

I o( ‘uN , u o m ol l i gh t s  sit the looms ’ , ,m rol site and it u m ;o ro o ve’el lo g li s s ,ottd a e t l O o l c s h o o l o e ’ h o l e n o t  loop rio t situp scull e t olo, ooue e eope ’ I_ u l i o o O t s  us time’ t o ur—
re—nt \ \  ~ -\ so calm er mmnit t osm ( o l o t r o n 0 0 0 u  . , t  o h  nit f.~l f t I  I t )  and o i l  k~ I - ° rm nmm o . i n o o w e ’,’c’r , t o - o j m u u r c ’s time ’ sm d e l m i u , o t s  o o t  s ins ~mll 0° o , o i l t o r  l a r t i l l t nL ’

s’, ‘, t o ’nnm 0 \ ‘u V L S  omn ol flight e h u r o ~ ( i t  t i m  h u e’ ,i ur e-r aft and om romo l i ,ou o u t  ‘uVi I S  m m r o , o i o m d  smitos ’, sP Oil 05  lime I,mrwouret c i t e  ,uu m ei s i tup .  - \o o , i l t s t ueic ’ l mo mlei
0 0 0 1 ’  o 1odcui is also ’ re’oluiire ’oi o t he wu tu g ho r nmm Sir to’thorm’e t r , ooms0000n  n m n m m s l  to o’ r mn iuie ’ so o t l s o o o o l  e s t e r u m - a l is p _ m I r e - I e-re ’uu e- c’s

) ) ps’rmtu ion  m t 30 m l  100 l t l  and I )  40  kn m I l o 4 nt is)  m c o I 0 0 0 r e s the  o o u o s u , o i i , o n u  oh ’ h i mroos t  s c e n o o r i t m g  Fou r t r o o t u s o l m e o n  w t i o l e - I i P - \ u m spe ’o - ei is

m aintained to ’ prewiik ouire r , o t 5 s n , o b i l r t ’, and cm t o o  t o t e  ilig ls t t e sm ot f o o ls  I iou ’ , i i t u t u i o lt’ lio u hm i  , uou lo o pil u ut us re- , h ou nr e -ei o i oo r l t t g  l imos  plu,ose ’ to ’ re— e l s i e - c’
p s i i o i  a. irk one ! th e c h ,mflc m t i i i  p ml o o t  o l oso o r i c tm t ,m t i o tm . \ m t  I to  o il , - - o t t  f ine  I u , o t o s i n  ‘no t o o  l e t — l 0 0 0 t l m e ’ h ug h!  is c- o m susp ie’ le - ol a, lue ’nm e’’s( e ’rns j h s’o smm , i h
to t Cre te es are , o o , , ij lsmhls ’

\ •1 °  g l o e ie ’shou p e pr o o t h e os r c o o o t t r n t u e n e l e e l  l o o n  s t m i ; o  l ,indi omg and is l i mo’ elesire’oi o m l o o i e ’ o l o o p e ’ l o o t  t ’orvoiar oi s nh e’ o o [ oo ’ r , o t n o , i m , B out so t i ~ e smiou mm u’
t om news h e -n i l ii or 0 oh h e r  o lost ode’s tnoi~ rco l mm i r e  sO to’pe’r gI oole s ho ‘pc ’s , the sele ’e ted e’’h l i t  l o o u u  C 0 t shi otu l ci it,iv ,.’ Vari a ble ’ ci i oloslope C o  r ah i l s t
/ c r , ’  ,et o u we a ther m m n m m o m  we re ’ flo om a s t o u o h  re’u t m o n re ’ s i m eu m t  I ’ , m t  were’ ou c iomd e el  too hummin el rim s - c- I h o r S .

hR -‘o ’,O Ill l i l t- I  l i t  (~I R (i’st ( \
“‘I ‘sIt (ttIt I~l i  I I I  Rll\lf ‘I C

0 
.
~~

C_,I NI(mR 11 (0t h \\  I tI 1(mR I \m u s,l I K

L



—‘- “-‘- - -  - ~~
-

~~~~~~~~
-‘-— 

-

2 .1-2

FIGURE 2
LANDING AIDS SUMMARY
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FIGURE 4
PILOT SELECTION OF AIDS R E Q U I R E D  FOR R E C O V E R Y
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The lateral directional channel of Figure 7 drives the yar RCV (jetborne only) and the roll RCV’s. Roll rate and yaw rate are used to pro-
yule damping. Sensed lateral acceleration and a roll to yaw interconnect provide turn coordination. Roll attitude is combined with roll rate
to provide roll-attitude-hold signals to the ailerons and roll RCV’s.

FIGURE 7
LATERAL AUTOPILOT
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ATTiTUDE HOLD - The attitude hold mode is pilot-selected for control of aircraft pitch and roll attitude. It can be engaged at any
airspeed below 460 km/hr (250 kt) to lighten pilot workload, particularly in crosswinds and turbulence. At speeds below 92 km/hr
(50 kt) it will return the aircraft from any attitude to a preset reference attitude. In pitch, this fixed reference can be set between 0
and 10 degrees. In roll it is zero degrees. (At these very low speeds zero roll must be quickly restored when the control stick is centered.)

Bank angle compensation is a crossfeed control loop between the pitch and roll axes which consmands pitch changes to maintain
altitude during long, steady, banked turns. This loop is part of the roll attitude hold mechanization.

CONTROL STICK STEERiNG (CCS) - The CSS mode enables the pilot to switch out the attitude hold loops by applying control
stick force above defined breakout levels. Thus, the pilot can establish a new attitude without disengaging the attitude hold mode.

YAW CHANNEL - The yaw channel, which provides rate damping and turn coordination, is not a separate mode. The rate damping
consists of a yaw rate feedback processed through i high pass filter which cancels the steady state signal. This feedback is combined
with a lateral acceleration feedback and roll-to-yaw interconnect to improve turn coordinat ion at wing-borne to jet-borne transition
speeds. Operation of the yaw autopilot is restricted to the powered lift flight regime.

The present AV-SA has a stability augmentation system (SAS) which provides turn coordination in the yaw axis and rate damping
in all three axes. The SAS operates through the ailerons and horizontal tail and the associated reaction control valves (RCV). The yaw

SAS is mechanized through the RCV systems only (the rudder is not powered). Thus, the yaw SAS is effective only during jetborne
flight. The forward pitch RCV is manually controlled and does not operate in the SAS mode. Yaw rate and lateral acceleration are
sensed and processed through the appropriate control filters (yaw rate is washed out) to generate damping and turn coordination
signals. A rolI-to-yaw-RC’V-interconnect signal is used to generate roll-proportional yaw commands for turn coordination. The current
SAS is functional only when the aircraft is below 460 km/hr (250 kt) and eij)~er the landing gear is down or the flaps arc below 45°.

1’ J _ _ _
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GROWTH POTENTIAL- Altitude and heading modes can be mechanized to provide pilot relief during the cruise portion of a flight.
Heading hold would consist 01 a control loop closed through a heading feedback which would be compared with a pilot selected head-
ing to determine the heading error . Roll commands would then be generated in proportion to the heading error. Altitude hold would
operatc through the horizontal tail surface to correct the al titude error by pitching the aircraft .

PROPOSED LANDING AIDS
Studies of candidate systems showed that the capabilities indicated by the pilot survey could be provided by complementing the

autopilot with the All Weather Landing System (AW LS) and a flight director and by improving the head up and head down displays.

ALL WEATHER LANDING SYSTEM - The AWLS is a scanning beam , microwave (Ku-Band) landing systCm developed for USMC
remote area operations. An airborne subsystem and a ground subsystem provide the accuracies and capabilities required:

• Elevation Guidance Accuracy: ±0.10°
• Azimuth Guidance Accuracy: ±0.200
• Range Accuracy: ±30 ni (100 It)
• Course Softening at Ranges Less Than 1 .4 km (3 /4 flint
• Obstacle Clearance Activated at Ranges Less Than 5.5 km (3 nm)
• Man Portable Ground Subsystem
• Selectable Glideslope (3° - 120)

A course softening feature prevents oversensitive steering as the distance to touchdown decreases, the deviation signals are scaled as a
function of range irons 1. 4 km (3/4 nm) to a minimum range from touchdown. This is accomplished by limiting the full scale sensitiv ity
to a course width of ± 144 in (473 It) in azimuth and ±33.5 in (110 it) in elevation.

The obstacle clearance feature is activated by setting an obstacle clearance angle on the ground station. There after , whenever the
aircraft is within 5.5 km (3 nm)of the ground station and is intruding into the obstacle clearance zone , an aural and a visual warning
are provided to the pilot. The warning is also activated if the selected gliileslope angle is within 1.50 of the obstacle clearance angle.

The accuracies specified for the AWLS permit a 46 in ( ISO It) ceiling hrc~kout at a I~ rwar d site that is surrounded by IS m (50 It)
trees or a 30 in 1100 It) ceiling breakout at the ship.

FLIGHT DIRECTOR - The proposed tlight director provides command steering information during the approach and hover. It com-
bines information generated by the AWLS with data measured by onboard sensors to give the pilot fly right/ left/up/down commands.
The seisitivity of the flight director has been matched to aircraft response characteristics throughout the tlight profile so that errors
and error rates are quickly hut safely i orrected wit h reasonahl~ pik t  reaction. The flight director is designed to provide useful informa-
t ion to the pilot rven when:

• Portions of the input information are absent
• Input data limits are c~ c~cdt’d
• The hu t) fails

FIGURE 8
FLIGHT DIRECTOR
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The flight director has self monitoring capability and indicates to the pilot if it is no longer providing useful information. It has
separate sections for lateral and vertical steering and is programmed to permit glideslope selection without disturbing the basic de~iation
correction.

Inputs to flight director are provided by the Attitude and h eading Reference Set (roll, pitch and azimuth) and the air data system
(altitude rate and true airspeed). The flight director provides outputs to the HUD and head down displays.

HEAD-UP DISPLAY (MUD) - The FIIJD symbology evolving from this investigation was derived by modifying the AV-8A V/STOL
mode symbology to give an improved display of attitude, to display the flight director functions, and to display range to the guidance
source.

Pitch attitude is scaLed 3: 1 to the outside world and displayed at 10° intervals. This sealing and interval were selected by the pilots
during simulation: being offered scalings of 1:1 , 3:1 or the present AV-8A 5:1 scaling, they unanimously selected 3:1. The 1:1 scaling
with display intervals of 50 provided good resolution of attitude but was too dynamic to interpret except under constant or low pitch
rate conditions. The 5: I scaling on the other hand (display intervals of 300) did not provide a good cue of attitude. The 3: 1 sealing
was a good compromise between the dynamics of the 1:1 display and the lack of attitude resolution of the 5 : 1 display.

The flight director symbol is the inverted T and is constrained to a 5° radius circle about the airplane symbol. The pilot ’s task is to
keep the airplane symbol superimposed on the flight director symbol.

The range display is provided by signals from the AWLS. This display was assessed by the pilots in the simulation as being essential
for providing rate trends and as an event cue to signal glideslope entry, nozzle change points, etc.. while on the IFR profile.

The guidance source marker (or situation) symbol is a 0.50 square positioned by signals from the flight director. This symbol is con-
strained to the HIJD total field of view. If the guidance source is out of the UUD field of view, t he symbol is parked at the correspond-
ing HUD boundary.

A breakaway cross displayed over the miniature airplane symbol warns the pilot that he is either below 21 m (70 It) or will descent
through 21 m (70 It) in 2 seconds.

FIGURE 9
LANDING AIDS V/STOL SYMBOLOGY

Range
(Mu les l

Radar

r — — — 
~

—‘
~1Indicated

Airspeed tkno tsl
Fligh t Descent

Director f ’  ~j~1 Rite

115 R4~5 •
• 

_ _ _  
•

• I

•( 4 .
~~~~ J J .S

S

• .
-~JAngle of —

Attack 

‘-11 12 13
• • • • • Pilot f luet aircraft so placeGuidance (4) aircraft symbol C2$ overSource tls. tteerlng tymbol(..L)

Headrng

,

~~~~~~~
. I

f 
.-



- . -

23-8

HEAD DOWN DISPLAY - A three-cue Attitude/Director Indicator (ADI), originally developed for helicopters , was used to evaluate
the usefulness of a third cue during head down IFR approaches. Azimuth and elev. it uui steering commands are the two principal cues.

Initially, the third needle was used to display speed error from the 2 ) 3 km/It (115 kt) nominal. The pilots, however, did not find this
useful, commenting that they preferred to derive speed error or trend from the airspeed indicator. They suggested that descent rate
might be more useful. Display oi descent rate did prove to be useful. However , its addition to the ADI does not merit the development
involved because it can be denved from the existing VSI Ivertical speed indicator).

An analog display of altitude was also evaluated on the ADI. This display was found by the pilots lobe useful in providing altitude
trerid information. However, once again, it does not merit the development of a new indicator.

The three-cue ADI isa two-axis unit that does not provide heading. It was therefore difficult for the pilots to maintain lateral steer-
ing head down, even with the display of’ command steering. For this reason it was recommended that the three-axis ADI presently in
the AV-8A be retained.

FIGURE 10
THREE-CUE ADI
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PROPOSED VISUAL AIDS
After beeakout . AV-8 pilots convert to visual Ilight using natural cues to pertorm the air ta xi , hover and touchdown maneuvers. At

night and in low visibility these natural cues must he supplensenled w ith external visual aids.

SHIP- An LPH class ship (USS Guam) and a proposed Sea Control Ship were studied. The lighting systems specified for amphibious

4 assault class ships(LPH-2 and LHA-l ) were used as the starting point. The results obtained were combined with data obtained from
AV-8A operations on the USS Guam and with pilot comments taken during the pilot survey. Bow and stern approaches were studied
in sea state 3.

FIGURE 11
IPH CLASS SHIP LANDING AIDS CONFIGURATION
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Our recommendation for the LPI-I class and sea control ships is to increase the lights recommended in “Helicopter V isual Landing
Aids Service Bulletin” (NAEC-NE-724) by adding:

• Drop Lights • Threshold Lights
S

. 
• Runway Edge Lights • Touchdown Point
• Nozzle Rotation Lights • Cut and Wave-off Lights
• Deck Edge Floodlights • Attention Getter Strobe
• Gyro Stabilized Glideslope Indicator (GSI) with pulse coded

glideslope deviation infonnation

The optimum color and location for the added lights should be verified by simulation and flight tests. We did find that the best GSI was
a Fresnel lens system.

A landing signal officer (LSO) is required for all shipboard AV-8A landing operations. His primary function is to provide status infor-
mation to the pilot. This information is supplied by radio link or with lights situated alongside the GSI. The LSO observes the landing and
commands a “wave-off” when necessary. Red “wave.ot’f” lights are situated in vertical banks, along with green “cut” lights, on either side
of the GSI.

To help the LSO judge aircraft position, a three-color light has been installed on the AV-8A aircraft nose gear. This aid, which is
turned on by the pilot during the approach, has been extremely useful to the LSO for aircraft attitude and position information. The
lens on this light is similar to that of the GSI; only one of the three colors (green, amber or red) is perceived depending on the viewing
aspect. When the aircraft is on the command path and at the proper attitude, the LSO will observe an amber light.

FORWARD SITE - Pilot comments plus testing performed by the Naval Air Test Facility indicated that natural cues for night opera-
tions ashore are plentiful and of high quality. Operation from an austere landing site, however . may require augmenting these natural aids.

Many lighting schemes and arrangements were studied which could provide the pilot with sufficient hover and descent cues. One
obvious scheme would be simply to configure the forward site with the shipboard light complement developed in this study. The use
of the complete ship’s lighting scheme at the forward site, however, would require obstacle removal, impose a severe logistics penalty
and require extensive site enlargement. The forward site is 113 m (372 It) square surrounded by IS m (50 It) obstacles. It does not
permit the use of the complete lighting package used at large facilities. However, complete lighting installations were studied and the
results combined with those of applicable portions of previous studies performed by the Naval Air Test Facility. Thus, our forward site
visual landing aids study sought the minimum lighting consistent with operational safety and remaining within the confines of the site.

• The lighting aids for converting from instrument flying to visual flying must be elevated into the pilot’s forward field of view so that
he can find the site. During vertical descent to touchdown they must also be in his lateral field of view. An LSO at the forward site
provides the pilot with wind direction and speed, atmospheric conditions, obstacle briefing, glideslope deviation alert , emergency assist-
ance, etc. The best color for the visual aids remains to be determined.

FIGURE 12
VISUAL LANDING AIDS - FORWA RD SITE
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Horizontal Reference Lights At tentio n~Gette r Strobe Light

Horizontal Reference Li ghts
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l’IoverlPad
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~~~~~~~~~~~~ “
~~ ‘— Side Horizontal
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Landing Direction — “ IOptionall

Site Identification
Corner Lights-- .,,.
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SIMULATION
The survey had identified areas where improvements were needed and the study had identified ways to implement them. The potential

solutions were mechanized in she MCAIR motion base simulator and manned simulations were conducted in two phases over a two year
• period. The first phase evaluated 30, 5° and 90 glideslope profiles, several glideslope indicators, ship lighting schemes, and airborne

landing aids, USMC pilots flew 280 approaches.

FIGURE 13
MCAIR MOTION BASE SIMULATOR

• 
_ _-~~~i

S 

~~~~~~~~~~~~~~~~~~~ 
. .

~~ 

. 
.

In the second phase, 336 IFR approaches were made by four USMC pilots who were qualified for operations aboard the USS Guam.

The simulated approaches were flown to models of the forward site arid of the USS Guam. The forward site was a square clearing
113 m (372  ft)on a side, surrounded by IS m (50 ft) trers. The USS Guam was simulated by a model of the actual ship, with drop
lights added to the bow and an attention-getter beacon added to the mast. A TV system projected a dynamic view of the models into
the pilot ’s field of view. The simulation was designed to evaluate the piloting task in crosswind and turbulence and to assess the effec-
tiveness of various workload relief systems. System errors, crosswind and turbulence, and head down displays were included.

Most approaches weri’ initialized at a gross weight of 6,895 kg ( 1 5,200 lii), which included .270 kg (2 .800 Ib) of fuel. Each pilot
also flew approaches at an initial weight of 7,801 kg ( 17 ,200 Ib) to evaluate the ability to arrest the descent and either land or go-around
at the heavier weight. Other ground rules for the simulation were :

• Weather for forward site approaches -46 m (150 It) ceiling and 0.46 km 11/4 nm) visibility.
• Weather for ship approaches -30 m (100 ft ) ceiling and 0.46 km visibility.
• Crosswind at forard site of 18.5 km/h (10 kt )
• Turbulent gusts up to 18.5 km/h for forward site and ship approaches
• Sea state 3 for ship approaches with 27.8 km/h ( 15 kt) sterm to bow wind
• Ship speed of 18.5 km/h resulting in 9.3 km/h (5 kt) headwind for bow appraoches
• No steady crosswind for ship appraoches

Clouds, engine/aerodynamic sounds, and aircra ft motion were simulated and the t~ssistance of an ISO was provided.
S 

APPROACH PROFILE - The profile developed for this simulation starts at 7.4 km (4 nm) from the AWLS source at 333 km/h 1180
kt) with gear and flaps down.

4 The pilot rotates the nozzles to 700 and decelerates at constant attitude to establish 2 13 km/h ( 115 kt) at glideslope entry . He main-
tains this speed on the glideslope at 8° nominal AOA . and controls glideslope position (vertical vector) via the throttle. At 1 7  km (0.9
nm) he selects hover stop (810 nozzles) and begins deceleration to jetborne flight, still maintaining 8° AOA to breakout. Breakout
occurs at 46 m ( IS O ft) altitude at the forward site and 30 m (100 It) at the ship. The desired level-o ff altitude is 30 m and, on approaches
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t FIGURE 14
APPROACH/LANDING PROFILE

Decelerate 333 km/hr

( 
Altitude 213km/hr 1180 k it
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at 
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Slow to 

( l l5kt l
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(3S kt l 

I(100)

Forward Site 1.6 3.2 4.8
or Ship (1) 121 (3)

Distance From Forward Site or Ship km (nml

with an operational flight director , the displayed steering commands produce level-off at that altitude. At the completion of the level-
off maneuver, the desired airspeed is about 65 km/h (35 kt) .

Approximately 100 measurands were recorded at each 61 m (200 ft) interval along the 7.4 km approach. The mass of data obtained
on more than 600 approaches was reduced to manageable proportions using MCAIR computer programs to convert raw data to mean-
ingful parameters for dispersion analysis and analysis of’ variance. The pilots provided valuable qualitative information in their post

• 

flight debriefings and responses to written questionnaires:

FIGURE 15
• PILOT COMMENTS

Displays: Profiles:
Heed Up 3~ Glideslope Head Up
• Command Steer ing is Very Useful and Probably Required for IFR • Easy to Fly Under All Conditions With Flight Director

Landing Approaches • Light to Moderate Workload
• No Problems in Flying Flight Director • Adequate in All Aspects With Flight Director
• Everything Necessary to Fly Safely in the Weather is Presented • Adequate Response Time Available After Breakout
• 3:1 Pitch Scaling Displayed at 100 Intervals is the Preferred 

~0 
~~~~~ Head UpAttitude Display (Unanimous) • Satisfactory on Approach• I - 1 ScalIng With 10° Pitch Bert is Too Dynamic 

C Work load Increases Significantly After Breakout5:1 Scaling With 30° Pitch Bars is Too Gross • Marginal Time Available After Breakout
• No Big Problems With Adequate Pilot Training

Head Down
• The Simulated Head Down Oispiay is Sufficient to Fly the Approach 3° Glideslope Heed Down

• Difficult to Fly• Greatly lnc,aaaad Workload
• After Training and Pilot Confidence is EMablighed Wilt be • High Pilot Workload Tapering Off With Experience

• Cannot beFlown as Preci,elyasHead UpSatisfactory Back.up to the HUD
• Undesirable Without Heading on AOl

Autopilot: 
S

• The Autopilot is Highly Desirable for Reducing the Pilot Workload
During the Approach

• Attitude Hold and Control Stick Steer ing Provide More Time for
Instrument Scan in Head Down Recoveries

• Transitioninq From Wingborne to Jetborne Flight in IFR Requires
Automatic Control of Skkilip

1

t _ _ 4 ,
______ ______________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -5 — - - - - 5
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3° GUDESLOPE vs S~ GLIDESLOPE PROFILE - Airspeed control on the two glideslopes presented no problems. Therefore, the
major criteria for comparing the quality of 30 and 50 glideslope profiles were vertical error dispersion and control of angle of attack
(AOA). The 3o dispersion at breakout on the 3° profile is 9 m (30 ft) above the sea or treetops, but for the 5° profile is is below these
levels for the minimum ceiling. It should be noted, however, that the standard deviation analysis is conservative and that in no case did
an approach come closer than 8 m (26 It) to the sea or treetop.

FIGURE 16
BREAKOUT DISPERSION WINDOW (3o)

3~ GLIDESLOPE vs 5°GLIDESLOPE
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Pilot use of the throttle and stick was recorded on all approaches . Since t he throttle i~ the priiiiar\ Ilteans of controlling sink rate .
the increase in throttle operation which occurred on the ~

o glideslope indicates that pilot workload is increased and that ~ti’sire d
altitude is more difficult to maintain. This Increase in pilot workloa d on the higher angle glideslopt- was further substantiated by the
doubling of longitudinal stick usage on the 5° profile.

On both profiles angle of attack was controlled very well. The itican was sligjstly below the 80 nominal AOA on the 30 profile and
slightly above it on the 5° profile.

Nominal croastrack error along the profile was slight ly greater for the 3° protik titan for the 50• This was attributed by the pilots to
the intense concentration required for steep approaches. Since localizer control is no more difficult for 50 profiles than for 30 profiles
this concentration results in a smaller crosstrack error, while workload is increased considerably. In no case was the crosstrack error of
unmanageable proportions, and recovery from the dispersion after breakout was accomplished in every simulated run.

The increased workload and perfonnance errors associated with the ~O and 90 glideslope resulted in our recommending the 30 glide-
slope profile. Rut should higher angle glideslopes be required for obstacle clear ance . glideslopes up to 90 are feasible although thes’
would require higher ceilings and more pilot training.

AUTOPILOT - Because we thought that differences in autopilot experience among the four USMC pilots could bias the simulation
results tall had pr- ’vious inflight experience with either the A-4 or F—4 autopilots) we conducted a hriet training session to familiarize
them with the simulated autopilot.

The autopilot was mechanized so that attitude hold could he disengaged h~ exceediiig (s8 grants (2.4 It’ ) longitudinal force or 91
grams (3. 2 IbI lateral force on the control stick. W henever one of these forces was exceeded , the evet it was recorded. These data were
used to prepare a graph of stick usage on the 30 glideslope.

S

I.

S
_ I  

• S -- ~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _ _ _ _ _ _ _ _ _ _
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FIGURE 17
LONGITUDINAL STICK OPERATION DURING APPROACH

305 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _  _ _ _ _ _
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(1) (2) (3) (4)
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This plot is an effective measure of pilot usage of attitt ide hold and was used to .isss-s.s the workload e ffect of attitude stabilization.
As can he seen from the figure, some phases of t he landing approach benefit more than others. During level deceleration after the
non.Ies ire rotated to 700. pitch attitude hold becomes titore usefu l as shown by the decrease in stick motion. During the constant
velocity flight which follows, pitch att itude hold becomes m ore effective down to the 8l ° nozzle select point whi-re the pilot begins
to ta ke over manual control. The large noz,lc and throttle operations required for completion of transition overpower the autopilot
authority at this point causing the pilot to compensate. The conclusion drawn o that during constant velocity descent , the autopilot
pr,’1 idcs pilot relief and improved handling characteristks allowing him to sCI up and prepare for transition from 2 13 km/h ( 1 1 5  kt) to
65 ki t i  h i35 kt) at breakout.

Dt-t iiled debriefings ‘sere conducted following the simulations. The pilots were unan insous in their belief that the selected landing
aids would permit the AV- 8A to operate in IFR conditions from forward sites and ships.

FIGURE 18
SUMMARY OF WORKLOAD

Hover Flare 6/S Intercept Approach

H _ __ _ _ _  
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AIRCRAFT INTEGRATION

A primary goal of the study was to select landing aids that could be incorporated in the AV-8A without significant penalty to the
combat payload/radius. Space, aircraft power, cooling. etc. • can accommodate the selected equipment and a comfortable cockpit
arrangement can be laid out.

FIGURE 19
AV-8A HARRIER LANDING AIDS

Autopilot Linear
r- L/H Instrument Pang) Accelerometer
/ AAU-29A Vertical Speed Indicator
/ -_ i~ii~t Console

ARN-84 TACAN

Improved HOD j
#/ ~~~>..

Synsbotogv
Alt Equipment Rack

R/H Initrument Pane) Autopi lot Computer
AW L5Cootro I Panel Pulse Decoder

~~~~~~~~~~~~~~8eaco~~~~~

ARN-84 TACAN A/I0

L/H Console
AWLS Autopilot Control Receiver/TransmitterAntenna

Center Console
AD) 4 in Replacement)

AWLS Autopilot Reaction HSI (3 in. Replace ment)
Radio Receiver Control Valve Stick Force Transducer

Servo Change

Installation of the selected landing aids in the aircraft adds approximately 56 kg ( 124 Ib) to the operating weight empty (OWE) of the
aircraft . The added weight reduces the combat radius of the aircraft by only a few kilometers.
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FIGURE 20
LANDING AIDS COCKPIT ARR ANGEMENT
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CONCLUSIONS

We found that 30 profiles can he s~)ely flown to a torward site ui ship in IER conditions wit h turbulence and crossw inds and that

operat ional minimum ceilings are 46 nm ( IS O It) for the lorward site and 30 nm ( t O O  f t )  for ships . An at t i t t de hold autopilot is required

to operate at the reduced minima and a flight director presentation is required on the HUD. lie-ad down -approaches are feasible 1 the

HUD fails . The selected landing aids can he integrated into the AV-8A with minimal penalty. Thus . it i s  entirely feasible and with in the

state-ul-lf ie .art to equip the AV-8A to operate at night or in IFR conditions front a remote site or ship.

RECENT EVENTS

Since completing this study. MCAIR fias been placed under contract to begin prototype developtuetil of the advanced AV .NB for the

U.S. Marine Corps. A new super- ritical composite wing with positive circutatiots fl.ips. combines w ith redesigned air inlets and luselage-

mnount~d lift iniproventent device s to give the AV-8~ tw ice the payload radius of the AV-8A. Two prototype models are t sem t mg fabric.it-

ed in St. Louis with first flight scheduled b r  November 1 97S .

Full scale development go ahead for the AV-8B is antic ipated for January 1979 . The AV .8B will incorporate the complete landing

-aids capability defined its our study itsctuditsg AWLS . -att itude hold autopilot , tttsproved IIUD displays and Iliglit director.

In addition to the AV-8B ac t iv i t y . MCAIR is ititegzating advatseed .ivion ics in the AV-~ A aircra ft to conve rt them to \\ -S( \ . This

conversion will include an attitude hold autopilot derived from that defined in Our landing atds st rid~

~
t .  

_ _ _5-_— --— _-- _.~~~— ~~~_— -  —~ - . -— -  - - -.-~~~~~ —-S ~~~~~~~~~~~~~~ -- _ — - --_ - -  __
~~~~~~~~~
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IMPLEMENTATION OF FLI GHT CONTR OL IN AN INTE GRATED GUIDAN CE AND CONTR OL SYSTE N

H.J Bangen Dornier System
W . Hoffmann Friedrichaharen
Is. Metzdor’ff F’RG

SUMMARY

To meet increasing helico(-ter miss i~ n requLlerleat. s a need exists for new addition - i e n -
mand ,nd c a m i t r o l  equip r i i s -n t  - In order  tc  r~~duce  s y s t e m  c o m p l e x i t y  a r r u  Ce a t  nh r i ’ r g r ’ i t e d

- i S ~~~~u~~~~,I- si gnal  data processing system has to be used . V e r i f i e d  by r i g l i t  t e st s  h i  111—
crease or system per rommirri ce Fu iciti eved by i m p l e m e n t i ng  n o n l i ne a r  c ’ i i t i , ~~ l aws  -wa h r g i i
c o h i t i 5 ’l - ut~n - r [ t y  in  t h e  x~~ i g i i t  ev ’n ‘~-~ i ‘y s t t r i i . The l i t r d w i r t  - m d  s i t w a r e  t e c h r i  ~~~~~ is
l i e s e nt eu -

~~~ j~ ~~~~ r r 1  t o  sol ve t h ,~ c h i t  rol  p rob lem in ‘ l i e  i t  t -g r : r ’. ed hel ic  c ,- r
gU 1d~~ ice  I i i  i i ’5 m ~.l  a y m m ’~~- rT.

0.

The ] e r - r  A r m y  ft i a e x t e n d e d  t h e i r  r ’e~ u i  rena- r i 1, a t m  the n i g h t  and a d v e r se  w h e a t h r — i - c n p —
b I ~it y  I cr a new 1 ’~ - r l r I n t  i O f l  01  an ’ i ‘. ak and t i ’ : i I I S p  - ‘ I t  he I ic ) ) t em .  F i g u r e  0. 1 a t m  ws he

C X r i I I I I C C  I O C  r i m  subd iv id o l in  m i s s i  - - a pr 1 i les I m r  w h i c h  new t e c h n n i m - g i e s  a l e  i s  —
m e l  -
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The a -  a v e r t  i - - r i - ‘ rr ch i ’  r ’c t u r e  or hel i c  -~~‘ er eq u i p n e n t ( i v i o n i , ., , r’l i ghm ’ c mt ‘ - - rmm ) h i m ;
— b e t a  S _sn t r i m .~~~ : m ; - - t i n  f n i e - I r l y  ili S - a - m n a u a  subsys ’ s-no t o r  all d i r  OI l - r i ’. I a c t  i - r i o , e; eh

s u b o v a t r - m  h;tV n C  i n d e pe n i i r ’ r m ’ al l i s - r i , processors , eh .’ i e ct or s  ( d I s p L ; i y s / c s m n m t r / a s )  The t i ew
sys ’ o-; t r ’ c h . t t c ’ u r e  c - -n p r i s e s

S — an in t r ’ C r ’ - r t s n l  sensor  system
— - i t t  i n i t e ~ .r : n t s ’ - I  d t a - m m  ~m i I s i t  im n/prncessing/dis’.ribiition system
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The h mr - lw- re is localLy d i atrib u ’ i- I I L.  over t he  a i r c ra ft  - Syc ’ enm unc t  i n s  w i l l  be
r i e c h m ni m o e d  by ap p l i c -  ion  s o t t w — t r e .  In  ar d or  to  reduce he c - n; j e x~ m v  ma d ‘-he  c a t  , is
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t i L g i r e n  degree  or c o mn n n : m l i t y  ( s t a n d a r d i s ;m t i m r i )  among all L ine  r e p l a c eab l e  u r i i ’.s ( Liii . ;
of t i m , ’ irt t ,‘g n ’ : m ted l i m i t  a process log sys tem has to be m m t t a  ih i ed  Fig - 1. 1.
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l.rig Li D i g i t  r~~~~ y I n n t e g r m t e d  A r c h i t e c t u r e  of A v i o n ic s  and F l ight  Co n it r-mc l System

MIL—STD—1553 mis -i at :l;id: rmI inter- n ;rc~ a n a l  p ro toco l  f o r  da ta  d i s t r i b u t i o n  be tween  LRU ’ s
is the Step towards conrr mm n - rlity among LR1J’ s in a distributed system . This data high w~~is a t o - ~ tar tu n ctm- - r l - i/ pa rtitioning and flexible modular integration at the LRU— level
L i.I J

A S e c - j n i d  bui con sequent s” ep with the go - i l oh higher co)nmonaliiy is comparable “a “he
MIL—STD— 1553 approach d ef i n i n g  n’ a ” r n d ar d  jr/ I’ the d-I ” m m w’~,y -n the LR U— 1evel. A para llel
d - i ” a bus b i n s  ;~r ) v , n  “ a be m n r p p r a p n ’ i a ” e Sa/U ” iOfl. ui~ T” her the serial bus nor the module
ci a i t i ec ” / o n  bus  r e s t  ic ” s the “ echn I - g i c a l  i n t l - v - I ’ i m ’ n , s “h ey - r e  i n ’-eriace d e I in i ~~ions.
The e x-mp ~ s’ of he r ,or  I i  bus coupler ~li - Wa , “ h i ” t h e  i n ” e rf ac e  def in i ’-  ion make pos s ib le
a h i g h e r  i r i ” egra ’ i m n i  of ii n - lw - ire ar id ‘h a ” a~~ bo xes Cr ay USE’ “he  s~nme modu le .  By ‘his way
‘ here is an inc rease  i t  c - - n m -  r m n - d u b s in “lie sys ” en - m a d  a r edu c ” ion or cm - a”

The d e f i n i ”  i- _ n  or ’ “ w i  h a r d war e  in ” e rl  -lees  lead d i r e c  l~ .r t o a “h ir d  i n t e r h  - I ce  d e f i n i ”  ion -

SOt w m e :  U s i n g  a rea ’, ‘ no h igh  level l a ngu a g e  ii  mm ” n -a c ’ m n n ’ e l pr- gh”Inanhinig. ni aprlic:I ” ion
a m t  w m m r e  is p - s a i b l t ’ . The “ n ; mn ; ; ‘ i o n  is il-u-re by a , a np  i b r  .isnd special cole generator
“ o “ h i s ’  ape  ‘ I i i  pracie .’;;r - r - - m m i e . A c a n d i d a t e  sys ” em may l m e  I F SARL t i .  ~~~. This language
de s c rib e s  al ms - “ bit ’ bi sn’ ml w - m n e up “ o reg is ters  by s o n ” W a r e .  iu i nce “he h a r d w a r e  is  well

4 s ” ruc ” ured  the  c o m p i ler  g en e r a ’es an e h r e c ” i v e  Ca d~ r e q u i r ed ~o rea l  ‘ime appl ica ”ior r.

- .



2. CONTROL FUNCTION

2 .1  M i s s i o n  Requ i remen t s

Regarding z’light c h a r a c t e r i s t i c s  th e  m i l i” ary helicopter can be designed h - m r  “h e t a l l o w —
ing t a sks :

L transport task
2 . plat form “ ask for  ant  it a n k  and an ’- i submar ine  w a r f a r e .

The 1st t a s k  r equ i res  long d i s t a n c e  f l i g h t  i n c l u d i n g  s t a r t  and l and ing . Thereby the  par—
t i a . m .y u n s t a b l e  r’light  c o n d i t i o n s  can be compensa ted  by the  pilot and s tab le  rSli ght per—
il- r niI.ince is o b t a i n e d .  To reduce  pilot workload additional damp ing and an riu ” opilot tunc—
t i o n  r ’ or the  long d i s t a n c e  r l i g h t  can be inc luded .

In t h e  p I n t  n o n - r n  t a s k  angu la r  and t r a n s i t i o na l  posit ion of t h e  helicopter has to  be mi c—
cu ra t e ly  m a i n t a i n e d  in the  presence ox ’ e x t e r n a l  d i s t u r b a n c e s .  In order  t o  m i n i m i z e  r l i g h t
haza rds  d u r i n g  “he m i s s i o n  the  p i lo t  has to  be able t o  se f l i g h t  cond i ’- ions  w i t h  ade-
qua te  speed. Simu i.” arreously , precise control on a curved r’lbg~ t path is requir’ed during
the  n ap  of the  e am “h  f l i g h t  - Thereby  a tt  i’- ude  angles up to  60 and loads up to  t n id  above
2 g are  encoun te red .  C o n t r a r y  t m  the  ‘- ranspor t  ask  large and l as ’- changes of t h e  f l i g h t
c o n d i t i o n s  have  ~~~ be e x e c u t e d .

Ci nce t h e  e m - n ” rol accuracy  is inve r se ly  p r o p o r t i o n a l  t th e  cu ” —off frequen cy oh ‘he
eon ” ra l  lo~-mp and s ince  man in a cont rol  t a s k  can process only f r e q u e n c i e s  up “ a 0.3 -

0 . ,  h i s , the  Lap g a i n  fo r  the p b n t form t a s k  is  not s u f f i c i e n t  somet imes  even  under g - - - m d
v i s i b il i t y  c o n d i t i o n s . Un der bad weather ’  c o n d i t i o n s  open loop gain wil l  be f u r t h er -  I .e-
duced .  S u b s t i t u t i o n  or ’ lost i n f o r m a t i o n  by d i s p b - i y  sys tem and v i sua l  a ids  w i l l  n- c ” sur-
f ice  s ince  t he se  sys ” ems l im i t  man ’ s a d a p t a b i l i t y .  Suppor ”ir ig  man by a ca r i ” r m a l Oya ” eril
designed 1, -n ’  “he  “ n m i n s p - r ” ' t a s k  is i r a t p ç i r ; , p r i m ” e. I n st e a d , one has to s ” - i r ”  f t - - r n  t he
nil -on e demand in~ p i t ” f ; r ’ rn “ r i s k  wh i ch  in e lu d € ’ a t h e  “ r - m n s p m - r - ’ “ a s k .

2 . 2  “ rue ” ur ’e of m ’an ” r ’ 1 L w

C m ice  rf l i smm i n l’ s q u l r ’ e n e n ; ” s a r ’  p n ” La.  ..y .5 an ’ I ’ m I i m ’” ory ‘ a hr Lc ~-c -” er l b  igh”  c h a r ac ” r ’ n ’  i s —
Ic s, it is licciess - r ’y “ - - a h r m~~r ’ ~m~~i i c “ or’ ry~ m r ’ . ‘a aver - “ h r  “ ci- ’ al range of r h  gh” C a n —

h i ”  - n l a  h’ me5,ns of a c a nt  r m ~~ zs ys”em . Ii “h s requ r’er:rer ~’ h a  “
~~

- be satist led in’  ‘h e
p r e s e n ce : r  l a r g e  d i a ’ ur ’b m n c e s  -mo d i t  ‘he  ci nm ’ rob  sya ” ern is n-a t p e m r n i ” t e d  “ o reduce  a n —

u r m i l i i  I gh ”  p e r f o r m a n c e  and an ” u n - i ~ ci a ” r o b  n - - s r ; 1 ~t - , ‘he so c a b _ e d  r n a n r e u v r e  dema n d— —

s ys t e m  has to have  I r g e  m u ’ 1 - r i ” y on c n m ” r s u r f a c e s .  F- r ’ “ e c h n  ~ c- g,i cal  I-ease-na , a
m e c h ; - n i i c i a .  ci- II ’ l ’ — .3,~ m ’r ’rm W i ’i3 S/i~~ ’ l  ‘lI aI se d  ,a ec ’ n - i c  m~~ ,‘ c 11’ rmm. I m; i r a ” a d v i s a b l e  and the
5/ na t ’U V ’.e  it- Isl a nd j u n 1 1  i- - ri s b - - m i , I r ’ dt ’ . m i , m ; e d  s is r e d u r ;m l nm ” d ig~ ’ai F b y — l s y — W i r e — S y s ” s’ r r .
‘li me s ui ”  - b i  t y  f “ i ; ; . ; ‘u-: ’ cb ; h r ‘h i t - i L l  i c  - c “ e r -  t m m s  beeni  c o n f i r m e d  by v a n - us “ es ”
Pr’m~fi’ iris [ 2 . 1 1 .

I f ”h € ’  - m a, eu’,’~-~’ dem mr . m r i , m l ” e r lm is f l e c i h r m r m i s e . l  i n  m l i g i ” a ~ F l y — b y — w i r e  t e e h n  ~ogv o ne sli u~ e S

‘ cke :u . b  - - h r  a ’ r~~~r ’ - - I  “ t i e  p o s s ib i i i ’-  le s  or  d i g i ” ~t~ s ignal  c -m a c e a s i n g  arid should a-a t  hi ~~~- j use i ’ as ‘iii ~i~h ‘ iv e  c ri ” n ’ -~~ aya- ” s ’ r sm . i”b i gh” “ es ’ a have shown “h at  t h e  manoeuv re  . i emar id
0 y 5 ” € ’l’: ‘a c ’ a “ a i i m a g r ’ “ i l -  a b C  ‘ ‘ r ’ l i a ’ i c s  a n  “ h e  na ” u n r m i  Cij n ” n o ~ sys ” en .  In order t o
a u ”  .11 ‘ 5 1  j --a , ’  i - b 4 ’ n - ” h g u n m r / C e  / “ 15 ap c r - pr i - “ e * a use a h e l i c o p t e r  r e f e r en c e d  c - —

: “ e ;;ys ” €’r ; . f L . -’ ‘ c comm’ lm i i ;  have  ‘ -
_ f t  dec -u p b e d  and ma ” at  ional ,n i d  “ raris, a ” l a n a i

1 i-p  ir ig h - -a “ - i s -  p s ’o vj - l e d .  A d d i ”  i - r i - i l  pi .o-” co r r ec t  ions should not  be r e q u i r e d  in - an ’ ler
“ 0 b ‘ - m a  1 1 1C b i ” 1 i ’ rO ’  Ut l m C l i l m i ’  a e c e l e l o ions .  The f u i r c ” io, .al r e q u i r e m e n t s  r m m -r a r n - i-
n ;  - r ’ uV r e  a e r m - l n s mr rm ys ” em r e  5 - ”  i c r  ied imy a cc-n ” rol l e r  s t r u c t u r e  based  on he nri ” ur a i  aero—
dyr i ’i r n i a c~ i - r m I c ” L ’ r ’ b ; ; ” I C ; . ~i ,nL, Ln e ’I n ’  n - gb~’- ch ar a c ” e ri s ” i c s  are mechanized in “he e n ’ rolle r-

r i  ‘ la ir  i r v e r c e  i ’ an Tm . The basic cm /n i ’ roller s” rm rc ” ure is shown in fi g. 2.1. block W and
1 ~a ’ m m n ’ h - - a ’ r ’ feed i’ : ‘w - i r d  in connec ” mfl with  RD and RW eons ” I t u ” e t h e  n o n l i n i r ’a n ’ i n m v  r I c e

I . i g l i ” c h i n  r c i ’ .’ : ’ i . s ” ics m r - n i ” i o n , r ’ m i  a i m - - v p .  They m m ~so n -e duce  i i i ’ c l a m S  .s  c r ’  s s — c a u p _ i I i g . Ill
‘ m d - i . ” . n i , 1 p : “i r m - i~ a” eg r’ il c - r i ” r’ - -i a~~~~ r ’ m ’hrr ;  i i  . 1 . )  i s  u” i i i zed  “ 0 rLaimi zs ’ 0 ” ;—

r i a t - y  rca m b a - . - -  ssc u pl i r i g “ r r ’nm ;  a n - b  d ia ’ u r ’b ,’i r i c e s .  ‘Fr ’imn sl iiig :s a- “ n e c e s s a r y  Sih i c e

i’l , c i ,  - y ; - - s ’ ~ ‘ r m - i i c U l r i r ’  “ 0 e t c h  - - “ h e r , ccr r r e s p - n d l h i g  “ o “ h e  i c n i ” r o l  aX e i ’. ( p i ” ch , r’ - l l,
‘ h i s  c r  - i - -  r ” a- - . in ” . ’gr m a L~ n i ” h m  uses  14 s” ead ~r’ s ” r ’- e e n d i  i - n a  b e i n g  mu ’- u sa ~~~,y dy— S

C - ,, - ’ iV e , y a w ) .  The i n i ’ lm ’ g l ’ r m ” i ’r p r a v i u t a m u ” - m m ” ic “ r i n nr n i g - v o r ’  “ h e  r u ,  n ’ m t r i g e
I I :g i i ’ ~~~~~~~~ i - h i S , “hus rnmn~ rn sing p i  ‘ ml n ” n - m I . s. The 14 :“ ft r i _ i  canI ” r’ a~v :ih-iables X0
Ir
~
” i t -  cmi i i ’ ’- : ii “h e  t o - - ck  h i S .  The b 1 - - c k  C i l b e t  ‘ i m l - ip ’ ;i ” L - n i  Or ci i m ” r ,. ciamr rand has  beeN

~ s i d e d .  s i ”h  “ h i s  b l o c k  ‘ he c - n ” n - i  response is being m o - h f l e d . In r i d d i  t ion co i i ” roller
sens j t  i v i’  y m m i i i  be - i b ” e red  and  new m e a n i n g f ul  c o n m a n d  j u n e ” i r a m  ike coo rd ina t ed  t u r n s

m r i  be b ” - i in e d .

In ‘h ’ i i . ’-i ~— e x t - s ’ r  m e n ’ ab  sys ” ern , corilpensa” ion of c o m p u t e r  dead “ ime was  -b ” : iined by feed—
~r m g  L i c k  ‘he  - - ‘ ua ” - r  sm -n r lini d vs . in this W ’Cr ’ , in  sp i” e of “he  low sam p l i n g  f r e q u e n c y ,
“he ‘ ‘ ‘ii a ’ b i b i ” y range  c i - u l d  be e nl - irgt ’ml by varici Lion of parameters .

C m m n ” ro l le r  .s ” r’ua ” mi ra- used in t h e  e xt - e r  i r m e n i ’ d i f f e r s  f rom -: “ h e r  di gital flight control—
Ic r :‘yo ’ena ( 2 . 2 ! .  These use s ep i r ” e t r ’ i m — c m m t S u ’ l it  ion “ a ob ” a in  the  s t a t i o n a r y  pIII ’ t of
“he r e ” / “ - C’ ci f l l T i l I - l .  L i n e a r  t ’eedback  is used ‘ i’ m- b” am “h e ct / f l ” rol signal va ry ing  about
“he  “ r im f~~igh c o n d i ” i m m n .

The cani ” n’cller s’ruc ”ure derived from the aerodynamic characteristics offers many advan—

d 

t ages n - n  - p i n- - ’ -  i-anal m i c e - g e . The con ” n ol1er can be i n t eg ra t ed  and t e s t ed  in a step by
:s ” op f - Ishi -an. Basic :;eL€- c ” i .m n or p r t r I m e ” er a  is made from a simplified linear model.
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Flight tests are based on these par-ameter values. The nonlinear terms are being added
successively , whereby the effect of each term can be observed exactly . Each single con-
troller parameter can be interpreted by its physical meaning, such that the effect on
f l ight performance can easily be estimated.
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Fig. 2.1 Structure ox’ HSF Manoeuver Demand System

2.3 ~~~~ht_Resu lt s

A fter qualitative testing of d i f f e r e n t  demand functions the system most suitable l’or
the platform task was further investigated. The pilot maintains direct access to the
ro tat ional  and translational movement ox the helicopter. He commands the 3 rotational
velocities. In addition he has direct command of lift. In the absence of input s the
contro ller maintains attitude (0 , •) and heading.

Fig. 2.2 a shows a commanded change for forward ve locity from 90 kts t o  60 kts. For this
speed variation only a large pitch command W 1 is necessa ry  ‘-0 s” ar t the change , one com-
mand is required t~~ end it. Except for a small correctional input “here is no command
required in the roll and yaw axes. Collective control is obtained as in a conventional
system . Fig. 2.2 b shows the corresponding commands of’ a conventional mechanical 1 1
control system or’ ‘-he same helicopter . Continuous pilot inputs are necessary to main—
“sin the speed of 60 k” s.

Fig. 2.3 shows the frequency distribution of attitude and heading angles during control-
led and unicont rolled hovering .

The example ox “he rate deman d system with attitude and heading hold shows that flight
prith guidance and attitude accuracy can be increased without reduction of accuracy and
speed of cont rol input s. The tests showed on a qualitative basis that neither a rate
demand nor an acceleration demand-function sa”i sries “he requirements of the platform
task. Furthermore a combination of different demand—l’unc t ions has  ‘ma be used. A system
of this type is presently mechanized.

It should be mentioned that a manoeuvre demand system does not require continuous in-
puts I-sr fine control and trimming. These new system characteristics cause difficulties
“ 0 “he pilot ii’ he is not given sufficient opportunity t o  fly the system to get a c q u a i n—
“ed with the new flight characteristics. 

~~- - - - - ~~~~~~~~~~~~~~~~~ - - - - L
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Fig.  2 . 3  HSF-Flight Test Resul ts

3. SYSTEM MECHANIZATION

3.1 Simplex Control Function

The command and control system as described and flight tested was mechanized by means
of a non—redundant digital signal processing system . Redundancy was not used in the sys-
tem during the first part of the tests since the test helicopter HO 105—S3 has a salety—
back—up system and the test flight s were performed under simulated operational condi-
tions.

Two digital processors are used to mechanize the manoeuvre demand functions . This enab-
lee multiple useage of sensor functions as required in an integrated avionic system and
installation of electronic equipment at separated locations (Fig. 3.1). The 1st proces-
sor provides the basic Fly—by—Wire computations. The signals from the t’light data sen-
sors (rate, attitude , acceleration ) and pilot inputs are processed to provide control 01

- ‘ - actuators and of the helicopter safety system. The 2nd processor is used to expand the
functions of the ba8ic computer. Using information from additional sensors (doppler ,
velocity, air-data , heading and altitude sensors) permits switching between different
control functions , modifications of control parameters , and additional control functions
(e.g. heading hold) without affecting system computation time . Cockpit equipment is di—
rectly connected to the processors in the electronic compartment. 
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Fig. 3.1 11SF Simplex FWB Control System

The co ri” r- -al system has ~I nu ”ual orthogonal steady state conditions which can be aL ” er-ed
by the c~-a ” r -o l  i n p u t s  w. If one or’ “he cont ro l  commands exceeds a cert a i n  value , a u t o —
n a t i c  change—over  w i l l  occur  in t h i s  ax i s , fo r  ins tance  from a r a t e  command s y s t e m  to
a n a t ” i ” ude command s y s t e m .  The command value for  the a”titude command sy s ” em will be
“he angle present in the system a t  the  moment of change—over. As one can see r’rom the
simpl ified equations

> c U ( n )  p
1 

[w ( n )  - r~(n) + x(n)]

x(n+l) x(n) + I~ [w ( n )  — w ( nf l

•( n)

c U(n) p2 w(n) + p3 
sin — + x ( n )

x(n+1) = x(n) + 12 ~~~ 
—

there can be steps in the actuator commands when changing from one control mode “o the
-m ”h e r .  Using a decay ini ,’ smoothing r’unc t ion , disturbances can be minimized withou t ad-
versely  affec ting s~ ab11i”y. This x’undarnent’l l system capability pernni” s in case of
“ransmissi on err ors swi” ching between di rt ere n ” control laws wi”hout chang ing the total

• sys tem r u n c t  ion.

The P.1. control i’unc ”iun achieving automati c trimming does not tolerate control com-
mands “h bias errors. Since analytical determination or ’ constant bias values is not
p r - l c ” l c i l , bias values of the accelerometer— and rate—gyro si gnals are autom-itically
mea sure d and stored dur ing  the p refl i ght phase such tha t nu” omatic compensation during
I l i g h ”  is poss ib le .

The s a m p lIn g  frequency  of the eontrol processor is 20 Hz and cii the 2nd processor is
10 h i s .  These update  r’ -a ” es i re  s u f f i c ient  for  h e l i c o p ” e r -  s ” a b i i i z a t i o n  purposes .  These
o i m p ~Jrig f re quencies  c ’ iaJe  problems in connection wi”h rotor r- - ” rl ’- ion .  Using a low pass
i L~~’eT’ for “he 28 Hz rotor disturbance leads to lower loop gain “ o m a i n t a i n  a’ ability.
Since “he r equ i red  cont ro l  f u n o -~ ion does not permi ’- this , ‘he 28 Hz disturbance is con—
pe niz ’l ” ed by introducing an addi”ional sampling process [3.11.

nJ .5 mi n - i ci. i j m u j .
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The simplex F ly -by—Wire  control  sys tem used in the 1st test  series was tested toget’-
with a navigation function and a sight system. Fig. 3.2 shows the equipment of the e
t ronic compartment .

5
” - .

‘-

a

Fig. 3.2 HSF Signalprocessing Units in the Electronic Compartment

3.2 Redundant FBW Control System

During the 2nd test series the described control command function will be mechanized as
a redundant system. Since the e l e c t r i c a l  and hydraulic supply systems of a helicopter
are only double redundant , also the actuators of the redundant Fly—by-Wire system will
only be double redundant . Triple redundancy will be employed for the signal processing
part (processors , sensors). Using automatic failure self detection , a Fly—by—Wire system
can s tand two f a i lu res of’ the same type and provide an MTBF which meets the requirements
ox ’ the  mi s s ion .  S

Redundancy requires additional equipment . Based on technological progress and experience
with standardized signal processing modules and standardized signal data transmission
technique (parallol—data—bus; serial-data—bus M I L — S T D — 1 5 5 3 ) ,  one can simplify the con-
figuration of Fig. 3.1 to Fig. 3.3. The electronics for the command and control func—
tion will be contained in separate units.

G~ , 0~ , G~ are units used in the cockpit area for helicopter control and other opera—tional control and display functions . °1, 02 ,  03 process signals of flight data sensors
and control each one of the double redundant electro hydraulic actuators. Using a t n —
plex data bus to interconnect all electronic units, wiring can be minimi zed in compari-
son ~o point to point wiring.

~ I

p

LI S.
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Fig. 3.3 HSF-Redundant FBW Control System

The s aj ’e ’-y  c r i t i ca l  redundant  command and con t ro l  sys tem places the highest demands on
c mpu ”~1”iona i r’a” es 01 the units and transmission capacity of the serial busses . To re-
duce uys ’em complexity symmetrical structures were selected to implement the command and
c ntr-~~ func ” ion in hardware and software . The control algorithm is contained in units
-‘ h ’  ‘ 2 a  ~~~ . FI~ . . 3.4 shows timing and synchronization . Non in te rac t ing  system synchroni-
0 ’ fl is ~- “ -t~ nned by means of data transmission on the serial busses . Thereby one of
‘he c~. - -ka :ni tla ” es ‘-he data transfer which is monitored by the other two clocks.

;~~~~ - ‘he  is” 1JJS3 opera ’ ion a synchronized condition exists such that the output of the
s.’ ec’el - i “ i ’ -r commands can occur  almost  s imul taneous ly  w i t h  the input of the sensor
V i . ie 5. ~u r t s , ~- “he 2nd bus operation the processed sensor data are being exchanged. Dun—

• th i.~ ‘ f i o- rd n .s -pe~’ i ” i  -n con ’- rol commands are being t r a n s m i t t e d  from u n i t s  G~~, G e , ,  0~~.Si~ ‘ r- o’s~ j  “i ‘h un ~ i”  can pe r fo rm an autonomous selection. The selected information is
nonl~ nr e - ir Li l”er computation t o  determine an estsima ”ed value for the s t a t e

v r r i t t .~ e :tn d p r -rh -rm the control law computation. The other procedures are inter-
n- i~ at~~e aux i i i  ‘- :~

- 
~~- rnpu ”’i ’ ho rns ‘is unit self test , signalprocessing, and transm it”ing

-1  non— r~- -1 ~ iin ~h’ s ” ’ l ” €- variables.

d.  I
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Fig. 3. 14 S t ruc ture  of FBW Control Computing and Data Bus Operation

To reduce bus loading global transfer modes (broad—cast) are used for operation on the
serial—data—bus 11.1], as proposed in 11.21 and successfully tested during the 2nd part
of’ the test series. For the FBW function two different types of bus operations are used
as shown in Fig. 3.5. As one can see from bus operation type 1, the transmit ted message
is transmitted from unit G~ to  bus 1, then to bus 2 and finally to bus 3. The units 02,
0 3 transmit the same global type of message sequential ly over bus 2 , 3, 1 or over bus
3, 1, 2.

Since upon reception of a global message the serial bus coupler issues an interrupt and
also identifies transmission errors, o’üy information transmitted without error will be
cleared for the voting operation (3.2]. The 2nd type of bus operation picks up the data
of the 3 cockpit units G4~ G~ , G~~. This ensures that the pilot commands are transmitted
“ o the control computers via 3 different routes.

F~ r the FbW— 1unctions bus loading amounts to 2.146 nsec per sampling cycle. Since the
c~~n ” r- j . c c impu ” si ’- ion needs only a refresh rate of 20 Hz, the serial busses 1, 2 and 3
‘ire occup ied -only about 5 % of the time . The remaining transmission capacity can be
used c innec ” other Units in an integrated system. The effectivity of the utilized bus
p r  ‘ c~~ is ci~t used by using global operations in place of local operations as initially
pr 

~~
- 3ed ~n MIL-STD-1553B. Units Of,, G~ , 06 include display controllers and PCM data

i ” pu ” . By ‘r~ nsm i’-”ing state variables and voting conditions as global messages a Se—
‘e Ii ’ I tr’insf’er with subsequent voting operation is not required. Each unit connec—

‘ed ‘o ‘he ,ii- n ’i ’i~ bus can moni” or the total data transfer on the bus and can evaluate
‘he n i l  - r r l ’ 1 n  -i ccord ing  to i t s  spec i f i c  requirements .

1 -  0 h ‘he redundant system has been started. Flight tests and EMI—environment
w~~.. s w  w h r ’~ i~~: the selected bus protocol will enable reliable system operation . Low
bus . -i1 ~ ng ~is men ’- ioned above will provide ample room for system modifications . Using

i i - 1nt~- 1 zed hardware  and sof tware  s t ruc ture , mo d i f i ca t i ons  can be implemented in a
v ery ‘

. 
~~~~~~ ive manner .
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Mistsç, But-TransI., Mes,age Formats
M.ssage lype Mewage time Datawordstruc t tj re

Number Idail 
I . -

Bus 1 Bus 2 Bus 3 Tr.n~t., 2,46 misc
_________ 

t ,9 mat

~1 g1 -f CW, 140W ~~O ,usec g~ C q2 O g3Oc W - Commandwoqd

—~~~~~~ — — — 
~~~~~

— — 2 Faitu re Statu ewords

reduvtdant 2 g~ g~ g~ ~2 CW . 140W 3 300 ensc 14 0W _l
[ 4 Estimated Atlitude ( stn ~~,cos J , uinq - onorl I

Busopei’ateon _____________________ — 4 Actuator Commands
rype I 

~ ~~ g~ g~ g3 0 CW . 140W 3 ~~~
- 
~iiec

4 9~ g~ g~ g4 
3 CW , 140W ~~ ~ 96 CW — Comnsandwoed

redundant — — — — r— 2 Failur e Statu uaords
Bupoperation 5 ~S ~5 95 ~5 3 cw , 14DW I— ~ 

Rate (a 5.a~. ri,h~)
Type 1 3 1 2 14 OW -~ - - - 3 Acceleration (a,.ay aj )

___________ — — [— 4 Actuator

6 ~6 ~6 ~6 ~6 3 CW , 140W ~~~ 
- 2 Changing words

i t~, t~~ t~~ i~ r 3 CW , SW f 80 Aiim l~ 
0 l~ 2 4 11 CW - - Commandword

- _________ ________ OW - Dataword
SW - Statusword

8 g~ g~ g g~ r {cw,6ow f 140 ~isec

redundant ~ 34 ~5 26 I9 3 C
’
W, OW , SW & uwc 980 91 02 912 CW — Commandword

Busaper.tson ~~- — — 
~~~~~~~~~~~~~~ 6 OW -{ — 2 Control-Statucatords

Typs 2 
10 94

10 9 10 ~ tO 91O I 3 C W ODW t40~nec 
- - 4 Cont ro lrn o uts lw l

11 ~~ ~ 
11 1 

3~~~, ’~~~
- ,~~ 0If 8O~~im

12 ~i2 ~ i2 9 t2 ~17r 
~ CW , 6OW }. l4Opsec

5~ ifCe . g: destination; n: message number

Fi g. 3.5 S e r i a l — D a t a — B u s  Organisa ” ion  to  R e d u n d an t  FBW Co ni ” rol F u n c t i o n
(MIL- STD- 155 3B)
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STABILISAT ION DES SYSTEHE S ELECTRO—OPTIQU E S
SUR HELICOPTE RE S

par
Dominique de Ponteves

Adjoint B la Direc t ion des E tudes
Socié té de Fabr i ca t ion d’ Ins trumen ts de Mesure

l 3 , avenue Ramolfo Gam ier
9130 1 Massy

FRA1~CE

ABSTRACT

The performances of an electro—optical sensor on board of an helicopter are directly related to stabi—
liza tion quality.

It can be demonstra ted that the effect of a sine—wave stabilizaLion error on the system transfer
function is described by a BESSEL Function.

Developed under DTAT (French Army Technical Services) sponsorship, the APX—BEZU M 260 gyro—stabilized
sights were chosen for helicopters in a number of countries for surveillance and aiming of anti—tanks
missiles such as AS I I  or similar.

More rec en t l y, the APX M 397 sight , together with an I.R. goniometer , performs weapon aiming for HOT
missile.

In these systems , stabilization is implerrented by a mechanical relation between a mirror and a conven—
ti onal gyro.

The development of I.R. sensors needing large optical aperture has led SFIM to design and imp lement
other stabilization techniques and new pick—ups optimized for these problems.

The CA.M I gyro , developed by SFIM for this purpose , is a two-axis tuned gyro. It can be used either as
a free gyro or as a rate gyro. The ~vro  performances all -v the stabilization of the most performing electro—
optical sensors with a MTF degradation of not more than 15 ~~.

Under STAé (French Air Force Technical Services) sponsorship, SFIM -~urrentlv develops an electro—optical
system combining : a TV camera with a very hi0h focal length , ,-r laser range finder and a twin—focal FLIR.
Preliminary flight tests have been performed during 1977—1978 period , on an Alouette 3 helicopter , within
the frame of a feasabi lity research program for a weapon aiming system using 8—1 3 microns band , under STET
(French Tactical Missiles Technical Set-vice). They demonstrated the advantages of this techni que.

SFIM has also developed simulation and test t acilit hi-s a lli rwing prediction and verification of system
performances in rea l operational environment.

RESUME

Les per formances  d ’ un c ap t eu r é 1e~- n  r i - 1 t  ique r’r’~h r r q r i . ~ ~i h ’ r d  d ’ un hêlicoptère sont directentent lides B
Ia qualite de la s t a b i l i s - i t ion .  On r” li tr r- -~~t Ir - l ’in f luen ce d r rin r r s i d u  sinusoIdal sur Ia f o n c t i o n  de t r a n s f e r t
du système est donnée par une fonct ion de BESSI T -

Etudiés sous l’égide de 1,. DIAl. ten viseurs s n a b i l i r ~-s APX—BE7T ’ M ! fr ( )  iqui pent lea hélicoptères dans
de notnbreux pays pour l observation ‘a, le ti r de m i sailea rirt i—char de Ia génération de 1’AS II.

Plus recent , Ic viseur APX M 397, ass~r ci, : un I - - ili ’ l - ,t, - l r  infra—r ouge , perrne t Ia conduite de tir du HOT.

La stabilisation de ces systènes est i -h r ’ n i r - par l iaisrn dire ,-te d ’un ~vr rscope classique B u n  miroir.

Le développement des capteurs f m - I  i mnna nt dane 1’ n I  r l - r ’r’ , qui necessi tent des pup ill es de p lus
grandes dimensi ons, a conduit 1.i SFP-I è r - t r d r - r  i-I r - ~r l s i r ~1i - s techni ques de stabi lisation différentes
a ins i  que les capteurs les mie’jx a d a p t és ~ ces - r h  l émes.

La gyroscope CAM I , sp écialenent développé par I,i i}’n ’ , est un gyroscope deux axes B suspension souple.
11 peut ~tre utilisé en gyroscope libre ou bouclé en ‘Yr metre. Ses performances sont compatibles avec la
stabilisation des capteurs électro—opt iques les plus per f~’rm ,ints sans degradation de MTF supérieure B 15 1.

Sous l ’Cg ide du STAé , la SFIM développe actuel lement un système électro—optique comlrrenant tine camera
de télévision équi pCe d’urn’ focale très longue , un télémètre l aser et une lunette thermi que B deux champs.
Lea essais préliminaire s etfec tués dana le cadre d ’une étude de faisabi lité d’une conduite de tir
8—13 mic rons , menée sous l’é g id e d u STET , et au - ‘irs d ’essais en vol en 1977 et 1978 sur Alouette III ont
montré tout j’intér~ t de cette formule.

La SFIM a déve loppé egalement lea moyens de simulation et de tast qui permetten t de prévoir et de con—
tr~i 1er les performances d ’un système dana l ’environnement reel prévu pour son utilisation. 

- - - 
_



— ,~~~ -~~~~ — -  - — ~ ‘e V

L i r 1 r n  I r e  n ’aime pas lea vibrations.

11 suffit d’avoir essayé de faire des photographies avec tine longue focale pour Se rendre compte que Ia
s t a b i l i t ê  d ’ un instrument doit  ètre d ’ autant plus grande que le grossissement ou Ia focale utilisée sont
eux—m ~mes plus importants .

Le déve loppemen t très important des m i s s i l e s  an t i—char  et lea performances des plate—for in es d ’ observation
que constituent lea hélicoptères ont i n c i t e  la D.T.A.T. B entreprendre des 1960 l’étude dt un materiel qui
en série des 1965 est aujourd ’hui encore coninandé pour équi per lea hélicoptères arinés de la premiere gene-
ration de missiles anti—c har : AS II , AS 12 , v i seur APX BEZU 260, dont les caractéristiques sont :

masse du viseur comp le t : 33 kg

bi oculaire biobjectif

simulateur

champ s 100 s~ I C x I D
400 g~ A C x 2.5

changement de champ < 0,1 a

anneau : 0 5 sri

mise au point : —5 +2 dioptrie a

amp litude de ba layage ÷ 27 ’ precession
— ç Cisement
+30’ ro ta t ion  (
+30’ precession ) Site

Las différents constituartts du v i seu r

suspension

g a l i l é i que

gyroscope

capot ( e s su ie—g lace )

lune t te

Montage sur A lo ue t t e  2.

La sequence de h r  ea t la  su ivan te

recherche

detect ion

centrage dan; le cercie lunnineux ~
changement de gross i ssemen t  x

retour au gros s isse t n ent  2 , 5

t i r (guidage manue l)

Le v iseur a Cga lemen t ~~~~ mcrn té  sur vede t te  Or , ~r) ; Ia d i f f e r e n c e  avec le montage hé l i cop tèmc  co n si s t e
B asserv ir l ensemble du poste de t i r  en gisem ent Or) .

Plus recent, Ic vis eur 334 résulte d ’une analyse de Ia valeur effectuêe sum Ic viseur 260.

CaractCristi ques

masse 18 k g

monoculaire monobjectif

simula teur

charips 100 gI C x 10
400 ~ C x 2,5

changement groseissement 0,1 a

anrteau 0 5 nan

mi ce su point : —5 +2 dioptries

amp l i t u d e  ba layage : + 1 2 0  gisement

+ 30’ )
— 20~ ? 

s i t e

correction dCversement image

vitesses 2 ganane s 0,1 50 aVe cont in u
50 B 500 nils pa l i ems

almmentation 200 W
IIS V 400 Hz 3O VA ~

S.
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Le viseur équipe un grand nombre d’héli c optères légers GAZELLE , BELL SIKORSKY , ou mom s lé gers
SUPER—FRELON , 330 , etc . ..  ou d avions ATLANTIC 

Plus recent, le viseur A1’X 397 associé B tin localisateur infma—rouge , pemmet Ia conduite de tir semi—
automatique du missile HOT (Euromissile).

La stabilisa tion de tous lea viseurs que nous venons de citer est assurée par une suspenition em as tique
et le miroir de tate qui eat lie mécaniquement B tin gyroscope classique dams le rapport I en gisement et
dans le rapport 1 / 2  en s i t e .

Le gyroscope étant relativement chargé , malgré des e f f o r t s  pa r t i c u l i e r s  pour a l l éger  lea mir oirs
(suivant un procédé mis au point par I’ APX), Ia suspension dolt ~tre bien adaptée B l’ environnement hé li—
coptere pour éviter Ia nutation du gyroscope (50 Hz pour le 260, 80 1 90 Hz pour lea 334 et 397).

Les performances globa les  di- pointage sont de l ’ordre de 0,1 ~l pour la configuration helicoptere la plus
favorable. La degradation de cette performance  pour des visées en evasive de pend d ’ autres parannétres que
de Ia stabilisation proprenient dite et notament de la conception du système de compensation de Ia paral—
laxe : tout cela sort du cadre de notre exposé.

Ncr us avons volontairement distingué pointage et stabilisation.

Revenons stir cette notion , et essayons de fixer lea ordres de grandeur.

Notona tout d ’abord que Ia precision est tin critère presque aussi mauvais pour qualifier une stabili—
sation que le pouvoir séparateur l’ est pour décrime lea qual i tC s d’un instrument dt optique ; si la préci—
sion angulaire est fondamentale en effet pour certaines app lica tions dans lesquellea le dispositif d’obser-

4 
vation a en outre une mission de vis ée  et/ou de guidage , elle peut gtre secondaire dans le caa oil l’opérateur
se conaacre exciusivement A I ’observation , sous reserve que les résidus aient des fréquences suffisanunent
basses.

STARILISATION ET FONCIION DE TRANSFERT

Lea phénomènes Iir~s B la detection sont comp lexes teur étude a mis en evidence le réle très important
des c o n t r a s t e s .  Par t i l l e u r s , Ia f o n c t i o n  de t r a n s f e r t  de m o d u l a t i o n  (F.T.M.), gui  donne l ’ at t é n u a t io n  du
c o n t r a s t e  en f o n c t i o n  de Ia frê quence spatiale eat l ’un des meilleur s crit Cres pertnettant de définir les
pe r fo rmances  d ’ un i n s t r u m e n t  d ’ observation. La F.T.M. de Ia chaIn— sera le produit de la F.T.M. de la
chatne stati que par Ia F.T.M. de Ia f o n c ti o n  s t a b il i s a t i o n .

N~~us nous proposons donc d ’
~~tudier Ia F.T.M. de la fonction stahilisation. Pour cela , il suffit de

c- i lculer la repartition du signal correspondant B l’mmage d ’un point , en lmmitant le temps A Ia duree
d ’ inté grat ion

Cel l e—ci sera par definition Ie temps le p lus grand p e n d a n t  lequel Ia chalne complete petit etre consi—
d é rr i ~’ co ra- Iinéaire en fa t, ci- se ra  I ’ ensemble  des esp aces  de t elrps le p l u s  p e t i t  nécessa i re  pour
donn er  deux n pe r c e p t i r n n d i f f é r e n t r - s .  I , - s i g n a l  cor r e spondan t  A ]‘mma ge d ’un point est obtenu en in tégran t
Ies é c l a i r e m e n t s  pendant  cet espace de temps .

La F.T.M. en est la t r a n s f o m m ê e  de FOURIER.

On v o it  l ’ ana logie  e n t r e  lea  a b e r r a t i o n s  tr a n s v e rs al e s  d t u n sy s t è m e o p t i que et les  r é s i d u i - I l e s  de
s t a b i l i s a t i o n  t fréquence élevée.

On retrouve egalement Ic fail que la degradation des qua lit€- s du s y s tèm e  dCcroit avec Is frê quence  des
que celle—c i. eat inférieure 1 l’inverse de la durée d’inté gration. On eat donc amenC i hi ’temm iner avec
precision le spectre des dêfauts de stabilisation.

REPONSE DE LA PLATE—FORME AUX SOLLICITATIONS EXTERTEURES

On petit procéder pour determiner le filtrage que donne Ia stabi lisation de Ia façon suivant~

— on relève les accélérations linéaires et angulaires en des points du véhicu le voisins des fixat ions
du d i s po si t it  d ’ observation ;

— on mesure par ailleurs le filtrage intmoduit par la stabilisation pour cette operation , on place
Ia plate—fomme sur tin support vibrant et on mesure les rCsidus en fonction de Ta fréquence ~i l ’ a ide
d ’un autocol limateur électro—opti que de bande passante suffisante;

— en f a i s a n t  Ic produit des deux données précédentes , on obtient Ie spectre des défauts de stabi li—
sat ion

— on en déduit Ia repartition des éclairements correspondant A l’mmage dr um point (la densité
d ’éclairement êtant inversement proportionnelle B Ia v i t e s s e ) ,  et Is fonction de transfert par
tran sfomméc de FOURIER.

II sera en particu lier intCressant de calculer Ia F.T.M. au voisinage de Ia fréquence lin nite de It en semble
de Ia chaine gui n’est pas nCcessairement celle du disponitif d ’observation.
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INFLUENCE D’ UNE RESIDUELLE A FREQUENCE ELEVEE

Pour préciaer  les ordres de grandeur , on a pris le cas d’une résiduelle B une f r e quence nettement supé—
rieure B l’inverse de la durée d’inté gration.

On montre que la F.T.M. ~t ait égale  A la fonction de BESSEL J0 (Z).

En effet, Ic résidu sinusoIdal peut ~tre mi s sou s la forme

X • xo s in  ~~t

Lea photons se répartissent dans I’image de manière inversement proportionnelle A la vitesse

dq I

dx nx0 , T — ( — — )

La MTBF i-st Ia transformée de FOURIER de I’image d’un point

I 
-s- I 

c o s 2 x
F(Z) — — -  dx J 0 ( Z)

— I  ~~

Pour Z it , ce qui correspond B une période spatiale égale A l ’ amplitude crete B crete du défaut de
stab i l i sation . le contraste eat inverse et égal B —0 ,3.

Le contraste eat nul pour Z 2 ,4.

11 eat seulement égal B 0,5 pour  Z • 1 ,5
et B 0,9 pour Z — 0,6

Ce de m niem cas correspond a une p ériode apa t i a l e  c inq f o i s  p lus grand e que l’ amplitude du défaut de
a t a b i l i s a t i o n

Pour ëviter toute perte de contraste supérieure 1 10 % , l ’ amp l i t u d e  d ’ un résidu sinusoIdal ne dolt pas
etre supévieur e au cinguième de Ia resolution di- Ia chatne stati que.

Bien entendu des résidus plus importants pourraient etre tolérés si leur frequence était suffisamment
basse par rapport a La cadence image.

VIDICON ET CAPTEUR PONCTUEL

Dana le  can d ’un v id ~ con , la durCe d’inté gration est sensiblement l ’inverse de Ia cadence image. Elle
eat , en general . du meme ordre d e g r an d eur que la durée d’intégration de l’oeil  (0 ,05 B 0,1 seconde).

Dana Ii. cas d ’une camera utilisant un capteur unique et tin balayage , Ia duréc d’intégration eat egale
au produit de l’inverse di- Is cadence image par le rapport entre lt ang le solide du capteur et le champ
total .

Elle eat donc beaucoup p lus petite que dana Ic can precedent. De ce fail , lea résiduelles de fréquences
basses et moyennes auront une influence réduite sum Ia fonction de transfert au niveau de la formation d’une
image uni que.

Mais il apparait une distorsion fine dont l’ amp litude eat Cgale B celle des mésiduelles et commune ces
distorsions ne sont pas en phase d’une image B I’au tme et que plusieurs fmages sont en general utilisées
pour constituer cc que noun avons appelé tine r perception m , l ordre de grandeur de Ia baisse di- r ontraste
au niveau de Ia chatne complete sera finalement Ic meme.

Ccc considerations font néanmoins apparaltre l’interet qu ’iI pourrait y avoir B mettre en mémoire tine
image i-I B Is visual iser pendant tin temp s nettement plus long que celui gui a été nécessaire B sa formation ,
pour c~~ penaer lea imperfections d’une stabilisation , lea pe tites distorsions dans I’image pouvant étre
m o m s gCnantes via— I—vi a de Ia detection qu ’un abaissement de Ia F.T.M.

Le développement des capteurs fonctionnant dana l’infra—rouge , qui nécessitent des pup i l l ea de plus
gr andes d imensi ons , I conduit Ia SFIM B it tudier et B réaliser des techniques de stabilisation différentes
ainsi que lea capteurs les nieux adaptés B ces problemes.

Le gyroscope GAil—I , spécialement développ e par Ia SFIM , eel tin gyroscope deux axes B suspension souple.
II cut etre ut il isé en gyroscope libre ou boucle en gyromètre. Sea performances sont compatibles avec la
s t a b i t i s a t i o n  des capteur s é le c t r o — o p t i q u e s  Ie’ plus p e r f o r m a n t s  sans degradation de M.T.F. sup érie u re B
I S  Z.

Sous I ’ e g ide du STAé , I s SFIM d eveloppe ac tue l lement  un système e lect ro—opt ique  comprenant une camera
de t é l év i s i o n  équipee d ’une focal- très longue , Un t C lém étre  laser et tine lunet te  thermique B demi x champs.
Le a e s s a i s  p r é l i m i n a i r e s  e f f e c t u é s  dana Ic cadre d’ une etude de f a i s a b i l i t é  d ’ une cort duite  de t i r  8 — 1 3  ,

menée sous l ’égide du SIFT , et  au coura d ’ eas ais  en vol en 1977 et 1978 sur Aloue t te  I I I  ont mo n r r é  tou t
l ’in teret de cette fommulc.
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La s t ab i li sa t ion  f ine  des d i f f é r e n t e s  voies eat a ssu r ée par des mir o i ra  asservis .  Lea performance s

obtenu ca au coura des easa is  sont comp atibles avec Ia precis ion dema ndée. Lea solut i ons elect roniqu es  de

compensation des vibrations permet tent de replace r  lea photons re cus B leur ju a te  position dana l’image ,

mais n ’ assureflt pas sue b u s  lea points du champ aoient exp lores pendant des temps égaux.

La SFIM a déve lopp é éga lement lea moyens de s imula t ion et de tes t  gui permettent de prCvoir et de

contr Ble r  les per formances d’un système dan s l ’ environflem eflt reel prévu pour son u t i l i sa t i o n .

I
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AN ADVANCED GUIDAN CE AND CONTROL SYSTEM
FOR RESCUE HELICOPTERS

by
Kenneth W. McEl reath

Flight Contro l Systems Engineer
Collins Government Avionics Division

Rockwell International
400 Collins Road N .E.
Cedar Rapids , Iowa

52406
United States of America

INTRODUCTION

In spite of many efforts to extend the usefulness of helicopters into night and adverse weather operations, they are
still not fully effective in othe r tha n visual conditions. As new developments in navigation, guidance, controls, displays,
and sensors become available, each one supplies an increment of capability to the helicopter pilot.

However, the ful l effec t of these developments in achieving the heIico~ter rescue potential will be achieved only by
careful integration of avionics functions into a total system. This avionics system must particularly consider the
pilot’s active role as the mission manager.

Collins Government Avionics Division has formulated an integrated Guidance and Control System for rescue
helicopters. It comprises the following prima ry elements , along with other suppo rting sensors and displays:

(1) A digital mission computer capable of precise positioning and three-dimensional navigation.

(2) A three-axis flight director to follow a computed navigation profile , execute an a pproach and transition to
hover , and maintain a stabilized hover.

(3) A four-axis fail-passive automatic flight control system for improved manual control as well as coupled
flight director operation.

(4) An electroni c multifunction flight situation displa y complemented with an electromec hanical attitude and
steering command dic play.

After identifyi ng the tasks in accomp lishing a search and rescue mission , Rockwell—Collins established guide-
lines and priorities for designing and integrating the system elements . This paper relates the development of the
avionics system architecture and then describes those features of each element which contribute to the adverse
weather capability of the integrated system.

I. GUIDANCE AND CONTRO L IN THE RESCU E MISSIO N

In a typical maritime search and rescue mission , the search phase consists of visua l surface scanning and the use of
electronic sensors ; for example , i ,udio homing, search radar , or FLIR , to locate the rescue target. The guidance and
control task in this phase is to conduct a search pattern at constant altitude and moderate speed -- a task which may
be accompli shed with conventiona l , even fixed-wing derived , equipment .

Once the target is located the rescue phase commences. If visibility is limited (at night or in adverse weather) then
the dependency of the pilot upon the guidance and control system increases , for the following reasons:

(1) An approach to a hover at a rescue point near the surface demands a control precision several times
greater than that for the search phase.

(2) Changes in aircraft handling qualities , stability and control cross-coupling, which occur as airspeed
decreases , hurce the pilot and the control system to adapt quickly during the approach to a hover.
Moreover , the pilot wnrkload to maintain the desired flight path rises significantly.

(3) The proximity of the aircraft to the surface reduces the safety margin for pilot errors or equipment
malfunctions.

(4) Increased crew actIvity during the rescue itself often results in only one pilot controlling the aircraft.

(5) Inadequate low speed air data or ground referenced velocity data confounds pilot attempts to maintain
safe path and speed control near a hover.

These problems are inherent in both the rescue mission and the helicop ter vehicles .

In develop ing concepts and systems to overcome these problems, It is advantageous to divide the rescue phase into the
guidance and control tasks which the pilot must accomplish. For a typical mission flown at night or in instrument
conditions , the pilot must accomplish the following:

( 1) Plan the descent profile to a point near the surface downwind of and facing the target.

(2) Fo llow this descent profile , which may involve a steep path ang le at low speeds, and decelerate to
a hover.
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(3) Transition from instrument to v isua l hover reference near the target , although at night minimal visual
position cues, and no visual velocity , altitude, or attitude cues may be available.

(4) Ma intain a precise hover refe renced to a fixed or moving target or vessel.

(5) Execute a safe transition and departure fro m the rescue site.

II. AVIONICS SYSTEM OPERATIONAL REQUIREMENTS

Performing these rescue mission ta sks in adverse environment s imposes a set of severe operational requirements
upon the helicopter avionics system design . Properly identifying these requirements and formulating a system to
satisfy them are the tasks of the Avionics System Integrator. In establishing requirements and priorities for the
helicopter rescue avionics , Rockwell-Collins considers the interaction with and support to the pilot (the mission
manager) to be the most important element.

First , the avionics must be ma nageable by only one pilot , since the other pilot is often involved in other rescue duties.
Single pilot operation thus becomes a reality. This fact dictates that all system functions must be accessible to either
pilot in a two-pilot aircraft. Also , the pilot workload must be low so that he can monitor the critical automatic
functions as well as make appropriate manual inputs. Further , the system must respond gracefully to failures ,
allowing the pilot to manually assume partial control at any time during a maneuver. This requirement emphasizes
the importance of proper flight displays to enhance the pilot’s control and confidence during rescue maneuvers.

Second , the system must be safe , so tha t no single failure can have catastrophic consequences. This requirement
becomes most demanding in a low altitude hover. Furt her , an-i failures or limita tions must be made obvious to the
pilot so that he can reconfigure the system and minimize advet 4e effects .

Third , the system must be capable of conti nuing the mission despite failures , with high probability of mission success.
The urgent nature of rescue operations dictates this requirement , and although it could be satisfied with sufficient
avionics duplication , carefu l consideration of complementary redundancy affords a more satisfactory solution.

Fourth, the system must be constrained to stringent size and weight specifications. There are several reasons for
these restrictions , stemming directly from the rescue aircraft and its mission a pplication. Cockpit visibility forward
and downward is essential during a rescue and it directly impacts the allocation of instrunwnt panel and side panel
space to avionics equipment. In addition , the mission requirements to hover for extended periods , to pick up as many
survivors as possible , and to return to a shore base or vessel cause the avionics system weight allocation to be
slashed to a minimum, in direct conflict with the mission ’s required avionics capabilities. Thus , the Job of the
avionics integrator/tmplementor is a continual balance of functional integration; for example , nsultifunction displays ,
versus survivability and mission success , versus minimal size and weight al location.

III. PHILOSO PHY OF THE SYSTEM SOLUTION

Based upon the mission and the operational requirements for the rescue avionics , Rockwell-Collins formulated a
system concept which would satisfy these requIrements , providing long-sought adverse weather search and rescue
capability . In order to accomplIsh this goal all of the areas of current deficiencies had to be addressed . Such
issues as adequate sensors and displays , functiona l hardware/software integration , graceful degradation with failures ,
proper pilot awareness and interface , workload , aircraft stability, safety, and system performance had to be resolved
before a successful integrated avionics system could result.

Rockwell-Collins established guidelines to cont rol the relative priorities of the overall system design and to ensure
that the mission requirements would be met. These guidelines grew out of Rockwell-Collins extensive development
work with the US Air Force and Army, the experience gained on the US Coast Guard HU-25A (Medium Range
Surveillance ) aircraft , direct in-house research, and communication with the operators, particularly in the Navy and
Air Force, regarding rescue mission requirements and difficulties. Later discussion will show how these guidelines
translated into specific implementations, using state-of-the-art techniques.

First , multifunction displays were used to the maximum extent practicable to reduce and simplify the instrument
panel. The CRT was one choice for such implementa tions.

Second , the system was integrated for consistency and ease of management of nav igation , guidance , control , and
display functions . Sensors , radio aids , and the pilot selections of navigation displays and guidance modes should also
be compl ementary and appropriate to the piloting task.

Third , guidelines were established for independenc e of functions , required types and levels of redundancy, and pilot
awareness of system status to achieve safety and mission reliability by graceful degradation of functions follow ing
failures. Critical flight functions were made directly redundant through duality. Other areas were protected by
complementary functions which gave the same reliability as direct duality but provided expanded avionics capability .
For graceful degradation , certain functions wore kept independent to reduce the imp act of failures. Thus , raw
navigation data displays were maintained in addition to the integrated Mission Computer displays , and in the Automatic
Fligit Control System (AFCS) independent axis engagement and monitoring limited the loss of automatic capability
with failures.

The fourth guideline was that the operation and maintenance of the system should be simple and expeditious. On-board
fault isolation and ease of replacement of failed units ensure that the helicopter is responsive to immediate rescue
demands. In addition , sensors and other system elements were specifically chosen to minimize start-up time.

The Flight Guidance and Control System Itself was divided into the following subsystems: The Flight Director System ,
the Automatic Flight Control System (AFCS), and the Flight Display System , as well as those elements in common
with other systems , as mentioned previously.
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In the following sections , each of the subsystems which comprise the Flight Guidance and Control System will be
examined 1i~ more detail. The prominent features of each system which directly benefit the rescu e mission will be
emphasized along with the complementa ry interaction among systems. The Guidance and Control System provides
the pilot a complete hierarchy of informati on and input capability, including complete raw navigation data displays,
computed steering commands, and stability augmentation or full automatic coupled operation throughout the rescue
operation. Thus he can choose to monitor or be actively Involved at any point in the system.

Four primary points of interface allow the pilot to make inputs to the operation of the system. These are identified
in figure 1. The first input is one of directing the mission flight plan through the CDU’ s. Certa in features of the
flight planning and prof i le capability of the Mission Computer will be described la ter. Basically, It relieves the pilot
of the burden of coordinating navigation radios , courses , and procedures , and allows him to simply tell the system
where he wants to go and wha t he wants to do at any given point .

~~~~~~~~~~~~~~~~~~~~ 1~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~VERTfCA(. SVNCJ

POSITION

Figu rt~ I. I’I l~ I lntt~rfacc~ With Flight Guidanct~ and Control S~ysti.m.

The second pilot input point is the Horizonta l Situation and Video Display System, or HSVD (an element of the Flight
Display System). Here the pilot controls the tactical situation display and assesses his position in relatf on to the
flight plan he has established.

The third point of pilot inputs is the Fl i ght Director Mode Panel , where he may select steering modes to follow a given
plan or profile. These modes are linked to the HSVD so that consistency of operation is assured; that Is , the flight
directo r can follow only navigation data which is also displayed on the pi lot’ s HSVD.

The fourth area of pilot inputs is through his fli ght controls. The control of certain flight director data , for examp le,
airsp eed or altitude command , and critical modes (go-around) is exercised without the pilot removi ng his hands from
the cyclic and collective sticks. This has been done because it increases the pilot ’s effectiveness and confidence by
making his inputs more natural under automatic operation and because it facilitate s manual reversionary operation
In the case of AFCS failures.

IV. FLIGHT GUIDANCE AND CONTRO L SYSTE M IMPLEMENTATI O N

A. Overal l Description

For imp i oved manageability and pilot fle,dbi lity, the functions of the Flight Guidanc e and Control System have
been divided as shown in figure 2. Although the system may be operated automatically, the indep endence of
functi ons allows the pilot to manually assume control of any function or to supply the manual reversion to a
failed element in any of the links.

The Flight Guidance and Control System comprises only a portion of the total integrated Avionics System.

Other major groupa within the Avionics System are the Navigation System , the Communication System , the
Radar System , and the Flight Management System (a central integrated avionics control system). The Flight
Guidance and Control System shares many common element s with these systems , resulti ng in improv ed
manageability and less hardware. lii particular, the fl ight Management System ’s Control Display Units
(CDV’s), the Mission Computer, and various sensor systems serve several purposes.

Many of the interfaces among systems, includi ng the centra l integrated avionics control, are implemented
by means of dual MJL-STD-1553A multiplex di gital buses, as shown in figure 3. This architecture reduces
the numbers of ana log signa l conversions and allows the pilot to manage almost the entire system from the
multi-function CDU’s. Two identical CDU’ s are in the cockpit so that the pilot and copilot can split their
avionics control functions (for example, navigation and communication) and so that complete redundancy
is afforded.

This org anized approach to pilot intet face permits a graceful degradation of mission capability with failures
of any of the systems. The pilot e,iperiences only a minor increa se in workload to assume control of the
failed function and can continue the mission rather than aborting It.

Li H



F

26-4

In all of the above interfaces , pilot manageability is paramount. Extensive human engineering efforts and
anal ysis of rescue operations have been employed in the development of display formats, control algorithms,
status feedback and pilot input implementat ions to ensure that the pilot would be supported and not subdued
by the system.

B. Navigation and Flight Management Systems

The Navigation System and Flight Management System complement the Flight Guidance and Control System
by providing the navigation radios , pilot interfaces (control-display) and navigation computations to generate
the aircraft path and performance data for the search and rescue mission. The interfaces with the Flight
Guidance and Control System are shown in figure 3.

The primary elements are the Mission Computer and the two multifunct ion CRT Control Display Units (CDU ’s).
The pilots may insert desired flight plan data Into the Mission Computer via these CDU’s. In addition , they
may tune navigation radios or allow the Mission Computer to automatically select and tune the navigation
frequencie s via the CDU’ s.

PILOT

NAVIGATION AUTOMATIC
AND FLIGHT FLIGHT

SENSORS FLIGHT DISPLAY DIRECTOR 
FLIGHT

MANAGEMENT SYSTEM SYSTEM CONTROL
SYSTEM

SYSTEMS

OM OSECOONAL MISSeS ATT IT U DE PlIGHT DIRECTOR COMPUTER .
AIRSPSE D COMPUTER DIRECTO RINDI CATORS COMPUTER SERVOS.
DOPPLER CONTROL DISPLA Y HORIZONTAL Pl IGHT DIRECTOR A ECS PANEL
AIR DATA UNITS SITUA TION AND PANEL
NAVIGATION AIOEOOISPLAY
RADIOS. SYSTE M
RADAR PLIGHT INSTRUMENTS

Figurc 2. The Division of Flight Guidance and Control Systems.
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The Mission Computer is a 16-bit miniproceesor. In addition to navigation-related functions , it provides
capability for minimum fue l cruise oitimization, engine condition monitoring, and data link messages .

The Mission Comp uter has navigation data , including radio station sites and identifiers , waypoints , pre atored
patrol routes and various search patterns and other navigation algorithm s stored In its memory data base .
It uses Kalman filtering of mu lti ple source data (loran , doppler , air data , VOR/TACA N) to determine a best
estimate of the ai rcraft present position and velocity, generating path deviation and steering data for the
flight director system from those estimates.

Several capabilities of the Mission Comp uter directly enhance performance of the search and rescue
mission . The first of these is the control and tuni ng of all available navigation radios , inc luding the loran
receivers, automatically via the 1553A buses. This feature permits the continual computer selection of
stations for the best possible position estimating, based on geometry and signa l quality. A second feature
is that of having preatored search patterns which the pilot can caU up with the push of a button. Ladder,
sector, and expanding square patterns are available , as well as conventional holding patterns . An example
of how the pilot might call up a sector search p attern is Illustrated in figure 4. After selecti ng the sector
search pattern on the CDU , the pilot may choose the leg lengths and sector angles, typing them into the
computer on the CDt’ keyboard . Upon inserti ng th is pattern in his flight plan, the Mission Computer
generate s situa tion display and command steering signals and sends them to the flight director system for
manual following or automatic A FCS coupling. The third operational feature is the ability to automatically
compute a minimu m time ’ rendezvous with a moving object , based upon a position and velocity report. The
tou rth and most *ignlflcant feature for the rescue operation is the capability to generate a three-dimensional
descent path to a point just above a surface target . This position of the target is fixed by either visual
sigh ting, r ada r deteetton, or radio homing . one button push by the pilot as he overflies the target marks
its position in the Mission Computer. The computer then programs a three-dimensiona l approach to hover
path, illustrated in Egure 5 , based on estimated geograjth ical position and radio altitude. The path consists

r of an outbound dow nwind ) course , followed by a procedure turn and a 5-degree synthetic glidepath approach
to the’ hover point . slightly downwind of the marked target point . This path , in conjunction with the flight
director approach end tr ans ition steer Ing modes , allows an automatJc or manua l rescue approach to be
flown without vISUS. re.ter ence .

An auxiliary capubilitv of th e Mission Comp uter is that of performing a hover power assurance check based
upon cont imious engine data . This computation allows the pi lot to verify that sufficient power is available
for the hover conditions to be encountered .

C. Flight Director System

The Flight Directo r System generates steering commands for the entire searc h and rescue mission in three
dimensions : cyclic pitch , cyclic roll , and collective. It consists of the flight director computer and the
flight director panel (figure 6). The flight director com puter was made analog; digital solutions are available
and would have been used had the necessary sensors and transducers been available for ease of interfacing .

In developing the guidance algorithms, extensive use was made of exact nonlinear equations as well as
linearized small perturbation simulations . Real time simulations in both instance s encouraged consideration
of actual pilot interaction and permitted engineering insight into the resulting effects and sensitivities of the
guidance algorithms implementation. Rockwell-Collins has found that helicopter guidance al gorithms
especially are enhanced by prop er use of high quality accelerometers in all three axes to sense path motions.
They not only provide true feedback of the path response , allowing high system gains without ill effects , but
they are resp onsive to air mass variations (wind shears), permitting greater immunity than more conventional
guidance at gor tth ms. Rockwell-Collins is app lying these princ iples also to path tracking for fixed-wing
aircraft to improve their windahear immunity.

In addition to be ing displayed to the pilot on the Attitude Director Indicator the flight director commands
may be coupled to the Automatic Flight Control System (AFCS) for automatic execution if the pilot desires.
The flight director steering commands are complemented by yaw computations for turn coordination or
head ing hold in the AFCS. The flight director system modes are designed to adap t to the ptloVs mission
task and maneuvering requirements. A simplified mode chart is shown in figures 7 and 8. Most of the
modes are conventional and self-explanatory. However , three of the modes afford guidance for the
difficult rescue operation, particularly to transition the helicopter from the higher speed cruise search
flight regime down to a hover near the rescue target. These three modes are called the approach mode
(A P PR ), the airspeed-vertical speed mode (IAS-VS), and the transition-hover mode (T-HOV).

The APP R mode is the one which the pi lot selects to pr ovide steering guidance to follow the 3-D appr oach
to hover Mission Comp uter pro file described previously. This mode computes lateral guidance to maintain
the lateral path throughout the maneuver. In addition, the collective steeri ng computations cause the air-
craft to capture and track the approach to hover descent path. Airspeed hold is automatica lly selected
as the cyclic pitch mode at vertical path capture. In the airspeed hold mode, the pilot may readi ly
modify the airspeed reference, using a beep slew switch on his cyclic stick. The airspeed reference value is
displayed on his Hortzontal ~ tuation and Video Display.

The APPR mode is intended to be selected In conjunction with the transition-hover (T-HOV) mode. As
shown in figure 9, the T-HOV mode remains in an armed condition until the aircraft passes 100 feet radio
altitude. At that point, it causes the APPR mode to drop. Then the aircraft is guided in three dimensIons
through a maneuver which captures 50 feet radio altitude and decelerates to zero lateral and longitudina l
doppler grousaispeed. For profile safety, the aIrcra ft is commanded to mainta in 50 knots until it descends
below 60 feet radio altitude .

~~~~~
.
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During or following the transition maneuver , the pilot may increment the final lateral or longitudinal speed
by moving the cyclic beep slew switch . (The same one used for airspeed stewing during the approach .) The
resultant hover velocity is then maintained as long as the pilot desires. If he wishes to modify the hover
altitude, he simply raises or lowers the airc raft using his collective control and presses a vertical
synchronize button on the grip. This action synchronizes the collective steering commands to the new
altitude reference. If these flight director commands have been coupled into the AFCS , the pilot has little
more to do than to monitor the system ’s performance and make occasional inputs to maintain his position
abov e the rescue target , which may be at rest or moving in the water.

The T—HOV mode may also be selected without prior selection of another mode. in this case the flight
director immediate ly commands a deceleration to zero longitudinal and lateral doppler ground speed while
maintaining the existing rad io altitude. As before , the pilot may make inputs into any of the axes of control
by his cyclic beep switch or collective vertical (altitude) sync button. Headi ng control is exercised through
the AFCS by inputs to the yaw pedals and is described in detail later.

If a ground speed sensor (do ppler) fa ilure occur s , hover augmentation through accelerometers Is still
available to provide a reversionary short-term inertial stabil ization in the T— IfO V mode.

The third unique flight director mode , the lAS-VS mode, operates much like the APPR mode, except that it is
referenced to air mass parameters instead of fixed approach path. This mode is useftol for rescue approaches
at night when the target may be visible (illuminated ) but no visual altitude, at titude, or velocity cues are
available to the pilot. By selecting the LAS-VS mode, the pilot may stabilize the descent path of the heli-
copter , since both forward speed and descent rate are held constant . With his workload thus relieved, the

• pilot can devote his attention to the target and its apparent motion in the windshield. Changes in descent
rate are e’ected by raisi ng or lower ing the collective lever to achieve a new rate of descent and pressi ng
the vertical sync button on the gr ip. The collective commands will then maintain the new reference . Uke-
wise, his forward speed may be changed by beep inputs on the cyclic slew switch . As with the APPR mode ,
the lAS-VS mode alkws the T-HO V mode to be armed abov e 100 feet radio alt itude as shown in figure 10.
When the airc ra ft reaches 100 feet, the T-HOV mode causes the LAS-VS mode to drop and transitions the
aircra ft to a hover as described in its operation with the APPR mode.

rAsi ~ VS 
~ ~~~~~~~ I [T~~~~~~

(ARM)

_____ 
~~T.HOV

j

tOO PA 

AIRCRAFT DECELERATES TO ZERO FORWARD SPEED

FIgure 10. (~~erat 1on of T-I IOV Mode With LAS-VS Mode.

In all of the fli ght director modes, steering commands are supported by situation data on the Rorizontal
Situation and Video Display hover presentation described later. Lateral and longitudinal speed errors
as well as p.th deviation data allow easy cross-checking of system performance and pilot orientation with
the tactical situation.

D. Automatic Flight Control System (AFCS)

The helicopter four-axis A FC8 represents the greatest advance In the Collins integrated Avionics System
over past helicopter avionics systems. Of particular benefit to rescue operations are the fail-passive
implementation with positive alerting of failures to the pilot; the natural pilot interface, allowing manual
Inputs with ease; and the incorporation of suftt cient authority in each control to ensure performance with
low pilot workload during fairly rapid transit ion maneuvers.

Referring to the block diagram of figure 11, note that the AFCS incorporates SFENA L-24 ser ies servos
in pitch, roll , and yaw to enhance the pilot’s fly -through manual inputs. Automatic trim and artificial feel
are provided In these axes using SFENA L-109 parallel feel/tr im servos. In addition, the Rockwell-Collins
parallel servo used in the yaw axis has dynamic range and authority to counter large and rap id variations
in collective torque. In the automatic collective assist implementa tion , a single parallel servo combines

4 the required dynamic control and steady-state trim functions in a unique Rockwell-Collins patented
applicati on of positive electronic servo short-term position and long-term rate limiting. &uch capability
normally demands the use of two servos -- a series servo for dynamic control and a rate-limited parallel
servo for trim.
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FIgure ii. Automatic Flight Control System.

All of the pat mary servos (series and parsllel) and trim functions are driven from dual computations, voted
and compared within the AFCS computer. Thus the entire system is fall passive; that is, no failure can
result In a servo hardover , to an FAA certified probabili ty of 1 x i~ -9 (extremely remote). Furthermore,
even “soft” failures to zero are detected with the same probability and annunciated to the pilot. If not
detected, these are as hazardous to a helicopter hoverIng 50 feet off the water as hardovers are. As an
emmple of the fall-passive AFCS Implementation , figure 12 shows the dua l channel computations for the yaw
seried servos with the associated voters and comparators. The voters nullify any immediate effect of a
disagreement between channels and allow the comparator time constants to be set up to 3 seconds. The
comparators then activate the automatic warning and disconnect f unction. Thus, nuisance disconnects and
warnings are minimized . Note that even a gyro failure cannot cause a system hardover , that failures are
detected and voted out even before any control movement result s, and that hardover commands coming
from the flight director system, when coupled , cannot exceed the att itude limit for that mode (cruise or
hover) (figure 13).

Careful consideration was given to the pilot interactions and operation of the AFCS. Ideally the AFCS
~ iould be a full time pilot assist system. Control of the aircraft with the AFCS should be more natural and
precise with less workload than wIthout ft. Pilot In puts should be facilitated, not discouraged .
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The AFCS operation modes are described in figure 14. In pitch and roll uncoupled operation , the AFCS
operates in an attitude hold configurat ion unless the pi lot intervenes. Whenever the pilot makes a manual
control input the attitude hold function is released until he relaxes his fly-through inp ut. If he does not press
the synchronize button on the cyclic grip, the system will  return to the previou s pitch and roll attitude
references. He may change the attitude reference by manually flying the aircraft to a new attitude and
pressing the synchronize button , or by slewing the attitude reference through a four-wa y beep switch on the
cyclic grip. The slew switch allows him to make small controlled attitude changes without dropping the
attitude hold function.

In the yaw axis the AFCS provides a turn coordination or heading hold function , depending upon airsp eed and
selected flight director mode (if coupled). The pssistance to the pilot afforded by a well-mechanized yaw
contro l and stabilization system is critical to keeping his workload low and making the system performance
acceptable for low speed and hover operations. In headi ng hold operation , pilot inputs to change the heading
reference are made in norma l fashion throu gh the pedals . A fo rce washout circuit provides a pedal force
feedback. Releasing the pedal force causes the reference to synchronize to the new heading.

ROLL
ATTITU DE
(GYRO #1)

—[ 

CRUISE HOVER
30 10

I E R R O R

[ 1  ROLL

I DIR ECTOR 1— PASSIV EHI I CMD 

L L I M I T  

FAIL

SCAS
ROLL

ROLL

LIMIT 
~~~~~~~~ 

~:

_ . !
~
2.!

~
_.SR.

t
30 10

CRUISE HOVER ROLL AFCS COMPu TER
ATTITUDE
(GYRO #2)

Figu re 13. RoIl Flight I~ rector Comm and Interface \%lth AFCS .

4 ________  — _____________ _____________  _____________
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________________ ____________________ ___________________ 

CONTROLLED)

PIT CH & ROLL PITCH & ROLLPITCH AND ATTITUDE HOLD FLIGHT DIRECTOR PITCH & ROLL
R OLL 

• RATE DAMPING - COMMANDS RATE DAMPING

COLLECTIVE
COLLECTIVE COLt ECTIVE LEVER FLIGHT DIRECTOR COLLECTIVE

POSITION HOLD COMMANDS RELEASE

Y A W I N OT HOVER Y AW RATE DAMPING PLUS TURN YAW RA TEAND .2 OK TS I  COORDINATION DAMPING
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Figure 1-I. AFCS Mode Chart.
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The automatic collective assist , when the AFCS is not coupled , holds the collective lever in a fixed position
without creeping. To move it the pilot presses the vertical synchronize button and n~oves the lever with low
frictional forces. Releasing the button causes the lever to lock in the new position.

Coupled AFCS operation consists of the pitch , roll , and collective following the fligh t director commands .
In each case, pilot fly-through inputs cause the AFCS to temporaril y cease following the flight director
steering commands , until the pilot releases his input.

For the transition and hover tasks of the rescue mission , it is imperative that sufficient automatic control
authority be provided. Othe rwise , performance wIll suffer. The fa ll-pa ssIve AFC S allows “Inner loop ”
servo authority to be incorpora ted which exceeds that allowable in a single computation , fail-safe system.
Furthermore , the use of a dynamic parallel servo in yaw to complement the series servo overcome s the
greatest weakness in hel icopter low speed stability . Large and rapi d changes in collective torque or winds
nea r the surface and other vessels result in poor heading performance in con~ entional systems. The full-
authority Rockwell—Collins yaw system overcomes this dIffIcu lty and relieves all cross-coupling pIlot
workload in maintaining the heading in or near a hover. However , most of the high-frequency In p uts are
accomplished through the series servo to minimize the pedal motion feedback to the pilot .

E. Flight Disp lay System

Integ ration of raw situation and computed steering data into meaningful display formats is a key element in
achieving the maximum pilot confIdenc e and capab Ility while managing the guidanc e and control of the rescue
operation . The two distinctive elements of the Flight Display System are the Horizontal Situation and Videe
Display (HSVD ) and the Attitude Directo r Indicator (ADI). Together they enable the pilot to make assess-
ments of task performance , safety margins , and required inputs for misSIon success.

The Iff ~ ’) serves as the focal point for three functions in the guidance and control system.

(1) Pilot selection of navigation signals for direct situation display as well as inputs to the flight director
system. Pilot selections of navigat ion da ta source, course , and heading are accomplished on the HSVD
Contro l Panel , shown in figure 15. These selections are displayed and transmitted to the flight director
system. The flight director generates commands to track only the navigation data dl~ played on the
HSVD. As an example , if the pilot selects the TACAN navigation source for his HSVD display then the
flight director NAV mode will capture and track only that TACAN course and not a VOR or RNAV course.

(2) Signa l conversion and processing of data used by the HSVD and also by the Mission Computer. Analog
signals represen ting airspeed, radio altitude, heading, and radio deviatio ns and beari ngs are managed
by the HSVD driver and converted into MIL-STD- 1553A format for use in the Mission Comp uter , as
shown in fI gure 3. The nu mber of conversion s is thus kept to a minimu m and the status of the signals
is obv ious to the pilot on his display.

euI1Vh111IL~jj IfrP~!J1 II v~.J1fli.~~Jj [t AV]I
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Figure 15. 1lS~’J) CITntro I Panel.
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(3) Centralized management of the tactical mission display accordi ng to the pilot’ s requirements . From the
control panel shown in figure 15 , the following modes may be selected for viewing :

Horizontal Situation Indicator (118!)

Tactical Map

Weather/Search Radar

Radar + Map (Radarmap)

Hover

Forward Looking Infrared (FLm)

These modes display data pertinent to the situation at hand and give the pilot display flexibility in a
single instrument . Representative display formats of the modes are shown in figure 16.
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HOVER RADAR + MAP • 
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. 

I

Figure l u ; . Composite of the I I S V I )  I)ispiav Modes.

The F U R  display format (not shown) is a growth option dependent upon the particular equipment inter-
face and customer req uirements .

The HSI mode and Radar mode are similar to conventional displays with additiona l numeric data. The
Map mode and Radar Map mode allow the pi lot to visualize his planned flight path in relation to radar
targets, weather activity , andother geographic fixes or wayp oln ts.

The ranges of the Rada r and Map displays are selected on the HSVD Control Panel (figure 15).
Consistency between the radar generated raster data and the navigation computer stroke map data is
thus assured. The combined Radarmap display mode results from the stroke writIng being done
between scans of raster data . The pilots may select these and all other modes withou t rega rd to each
other ’s selections.

The Hover mode displays the omnidirectional low airsp eed vector (magnitude and direction), r el a tive
position from a marked datum point (the rescue target), hover velocity commands , computed real time
wind information , and performance limit warni ngs.

The Hover display mode was mechanized with three pur poses in mind : First , it assists the pilot in
monitori ng an automatic transition to hover and In relating the system ’s performance to his desired
hover parameters. Second, I t facilitates the pilot ’s transfer to outside visual references at the rescu e
point by disp laying relative velocIty, position , and ai r mass data . Thi rd , It permits him to manually
Intervene In the control of the aircraft and continue a specific hover task or to execute a safe
depa rture , well apprised of his aircraft’ s safety margins and performance envelope.

~4
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Note in figure 16 that the velocity error and airspeed vector displays are predominant in the Hover
mode. In hover operations , rate information is more valuable to the pilot than position data . It assists
him in apprai sing his Immediate situation and in making effective short-term control inputs. Because
he can assess his position data more slowly and integrate it over time , the quality of position data does
not need to be as high as that of the displayed rate Informati on. In addition to the HSVD Hover mode
data , the Mission Computer compares the omnidirectional airsp eed vector with the aircraft safe flight
envelope . Upon detecting an out-of-limit condition; i.e. , excessive rea rward/sideward airspeed , it
flashes an “AIRSPEED LIMIT” Annunciation. On the ground , the Mission Computer compares the
relative wind to the aircraft rotor engageme’nt/dlsengagement envelope and flashes a “NO ROTOR
ENGAGE” message when it Is exceeded.

The second Important element In the flight display system , the AD!, Incorporates flight director steering
data for pitch , roll , and collective , along with raw attitude , deviation , and radio altitude data (figure 17).
Emphasis has been placed upon the display presentations to assure that the HSVD and the AD! present
a consistent picture of complementary steering and situation data. Since thei r purp ose is one of
enhancing manual path control as well as pIlot moni toring, the three cue (pi tch , roll , collective)
commands were implemented to be consistent with good pIlotIng techniques. Thus , the control axes
were decoupled as much as possible and optimi zed for the tr ”ition to powered lift flight at low speeds .

F. Sensors

The primary sensor systems which supp ort the navigation , guidance and control syste ms are the air data
system, heading system, vertical reference system , radar altimeter system , doppler , loran , and other
navigation radios and homing equipment. The most interesting of these sensors Is the omnidirectional
airspeed system for airspeed data. The lack of omnidirectionn1 airspeed data at low speeds has been a
large single factor in preventing the use of the helicopter ’s tremend ous flight c:ipab ilities to their full
potential. Not only does the tack of data restrict the maneuvers which can be flown with confidence , but it is
the cause of many accidents and aborted rescue attempts . Figure 18 shows a typical helicopter airspeed
flight envelope and the poor coverage of data offered by pitot-static airspeed sensors. This figure
illustrates one reason why helicopters have been restricted from low speed instrument flight fur normal
operations. Even automatic approach couplers do not permi t the pilot to adequately monitor his safety
envelope and thus are restricted in their usefulness.

Rockwell-Collins has selected the PACER Systems , Inc., UORAS (Low Range Airspeed) System for this
applIcation because of its prov en performance , its advanced development statu s, and Its ability to operate
without rotor downwash , useful for shi pboard launch and recovery.

The sensor element shown In figure 19 operates above the rotor mast. The sensor rotates , sensing
differential pressure at the tips. Thi s pressure difference is resolved into orthogonal components to
produce lateral and longitudinal airspeed. The system ’s accuracy at low speeds is ±2 knots .

The airepeed data from this Omnidirectional Airspeed System (OAS) fs displayed to the pilot as a velocity
vector In ti. - HSVD hover display mode, shown in figure 16. Further, it permits the navigation computer to
calculate wino - eloclty Information in real time and also display it in the HSVD. With these data the pilot
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knows his exact loaatlon in the helicopter ’s flight envelope and can control it with safety and confidence.
Further , he can raan his hover maneuver to take best advantage of the added lift available from the
wind.

V. SYSTEM DEVEL CPMENT STA TUS

The Collins He1Icopt~2r Flight Guidance and Control System is presently In a system engineering and design phase
prior to prototype d’2velopment. The system configuration and contro l algorIthms are being finalized . However ,
flexibility has been maintained so that certain customer requirements , for example , peculIar sensors , etc , may be
incorp orated to ma-~e the system suit particular mission applications.

The impleme ntati on of the Flight Guidance and Control System elements described In this pap er comprise an avionics
solution to the nagging problem of all-weather helicopter rescue operations. Since the Avionics System Integrator Ii
concerned about the end product - mission effectiveness - and not simply a demonstration of advanced technolo gy
equipment , a further resp onsibility is to verify the operational status , interface and acceptability of the entire avionics
suite before delivery.

liefore delivering a final equipped aircraft to the customer , several steps are taken to assure complete satisfaction
and compliance with the intended use. One such step Is the hot mocku p test , where the entire system is set up with
an actual aircraft wiring harness and an end-to-end system functional test is made. This testing not only ensures
compatibility and proper interp lay of the avionics , bid it also verifies the power and cooling requirements. The Coast
Gua rd HU-25A Falcon 20G hot mockup Is shown In fI gure 20. A second step is called Dyna mic Simulation. The
Collins Dynamic Simulation Fu cility , shown in figure ~1, ties actual hardware to a computer-simulated aircraft to
verify the proper dynami c function of the Guidance and Control System. The third step comprises static ramp and
actual flight testing to achL~ve govern ment cert i ficatio n and customer acceptance of the avionics system as it is
insta lled on the aircraft and put to its intended use.

4 VI. CONCLUSION

The solution to the challenge of making our helicopters and pilots truly effective rescue systems , cap able of performing
In adverse weather conditions with little or no visual cue s , lies not just in the advancing technologies of guidance ,
contro ls , display s, and sensors. ‘lb tap the potentia l of these devices they must complement each other In a total
avionics system. The dema nds of the rescue mission upon the pi lot simply do not allow him the luxury of devoting
his attention to one element of the system while ignoring others. Therefore mana geability is a crucial factor. ThIs
means that the system’s displays and controls (the points where the pIlot receives information and makes inputs)
must be consistent and well tuned to the pilot’ s capabilities. ~ ich matters fall in the category of avionics system
integrat Ion. The Rockwell-Collins approach to the integrated helicopter avionics system provides the pilot with not
just a new set of avionics equipmeni but a mission potential to do the job more effectively than in the past.

Figure 20. US Coast C.uarci HU—25A (MES) Avionics Hot Mockup.
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