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Foreword

The attack on today's complex technological problems necessarily
goes forward on a broad front, with specialists or experts concentrating
on particular parts of the same problem An agency having responsibility
for seeing that problem-solution proceeds systematically must develop
some means of keeping abreast of over-all development and distributing
information 1n useful form to those working on different aspects of the

same problems

The Federal Aviation Agency (FAA) has as one of 1ts areas of re-
sponsibility the problem of insuring effective airport marking and lighting
This study was focused on bringing together available operational test data
and human factors knowledge relevant to airport marking and lighting
systems. This report represents a summary of our present state of
knowledge from an operational viewpoint, At the same time, the report
helps chart a course for future research and development required by

existing and anticipated demands onairport marking and lighting systems

The authors express their appreciationto Dr H R Van Saun,
FAA Project Manager, and Dr R. K. McKelvey, both of the Human
Factors Branch, Operations Analysis Division, Bureau of Research and
Development, for their many contributions during the study and 1n

preparation of this report.

Mr, C, A Douglas and Mr, F C Breckenridge of the National
Bureau of Standards provided invaluable guidance and technical informa-
tion as consultants to the authors under a separate contractual agreement

betweenthe National Bureau of Standards and the Federal Aviation Agency

FAA Library



Several other persons of long acquaintance with airport marking
and lighting willingly contributed their time and experience to the study
Early discussions with these men provided the authors with an otherwise
unavailable background in the operational and developmental status of air-
port marking and lighting. In addition, their assistance was invaluable 1n
identifying and locating many of the important reports reviewed 1in the

study. The authors acknowledge their indebtedness to these men,

G. K. Clement, Electrical Engineer
U. S. Awr Force
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PREFACE

This report is one of three volumes* on airport marking
and lighting systems prepared for the Federal Aviation
Agency by Human Scilences Research, Inc. Its immediste
purpose is to provide systematit guidance for operational
installations that must proceed with new construction
and cannot wait for the results of the Bureau of Research
and Development research program. At the same time, the
report contalns theoretical analyses and reviews of
operational regulrements in support of the extensive
Federal Aviation Agency research and development program
It is alsc written to serve as a basic reference work on
airport marking and lighting design principles. An outline
of research and development requirements is included.

* See footnote on following page
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Lybrend, W. A., Vaughan, W. S., Jr., and
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a speclel short version of Vol. I directed to
the general non-technicel reader).
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Report Summary

The purposes of this study of airport marking and lighting were

To bring together results of operational tests conducted
during the past 15 years

To 1dentify problems on which immediaie and future re-
search and development are required

To review human factors research data applicable to the
problems identified

Available operational test results from the beginming of the Lianding
Aids Experiment Station program at Arcata in 1946 to the Dow Air Force
Base tests 1n 1958-9 were summarized and organized according to the sys-

tem or component evaluated These are

Beacons Threshold Lights

Angle of Approach Indicators Runway Signs, Marks and Lights

Approach Laghts Taxiway Signs, Marks and Lights
Hazard Marks and TLights

In order to identify problems requiring research and development,
functions served by the airport marking and lighting (AML} system were

examined 1n s1x selected flight modes

Initial Approach (VFR)--including entry into traffic pattern
Circling (VFR)--1ncluding downwind and base legs

Final Approach {VFR and IFR)

Flareout and Landing--including runway rollout

Turnoff and Taxiing

Takeoff,



The extent to which pilot information requirements in each flight
mode are being satisfied by the AML system was examaned imatially on
the basis of integration of available operational test data These data
were supplemented by information from the following additional sources

Published studies and analyses of the pilot's tasks and
recommended designs for airport marking and lighting
systems by individuals {e g , Calvert), interested
groups (e g , IATA), and agencies (e g , CAA)

Interviews with commercial and military pilots and with
personnel engaged 1n marking and lighting research at
both civilian and military agencies
A number of problems identified involved questions of limits of
human capabilities and the fundamental nature of how a pilot sees and
utilizes visual information reflecting his movement Human factors ex-
perimental research literature was reviewed for results relevant to

solution of these problems

In general, current and anticipated inadequacies of airport marks
and lights were found in each flight mode in terms of how well pilot infor-
mation requirements are satisfied A few of the critical problems identified
in this study, phrased in terms of functional requirements which the AML

system does not completely satisfy, are

Initial Approach------- visual 1dentification of active runway in
day and might Visual Flight Rules (VFR)
operations

Circling-------------- directional guidance during downwind

and base leg in night and marginal day
VFR operations

Final Approach------- height guidance under all operational
conditions, region of gmidance to be pro-
vided by approach lights for Instrument
Flight Rules (IFR) operations, including
optimal beam widths and 1ntensity set-
tings of approach light unmits and strobe-
beacons
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Flareout and Landing--- height guidance over the runway to
touchdown i1n mght and IFR opera-
tions, runway distance remaining
information

Turnoff and Taxiing---- anticipatory identification informa-
tion of high-speed turnoff exits,
taxiway route i1dentification for air-
port ground movement

Takeoff«-----=--------- runway distance remaining informa-
tion, directional guidance on runway
during take-off runin might operations

Total AML System----- a resolution of the apparent conflicts
between standardization geals and
economic realities and ameoeng dif-
fering requirements of malitary,
commercial, and civil traffic

Many of the problems i1dentified are the focal points of current
research and development For others, analysis has progressed to the
point where semi-operational or operational evaluations are in order
Stall others will require initiation of research and development 1n order
to determine basic facts and data on which solutions can be based An
outline identifying the areas in which further work 1s necessary 1s pre-

sented 1n the report

Technical discussions and analyses supporting the flight mode
functional analysis are attached to the report as Technical Noteg A
catalogue of marking and lighting literature 1s presented i1n a separately
bound Appendix In the Appendix, annotations and bibliographies of
published materials reviewed during the study are organized in a form

easlly usable by airport designengineers and research personnel engaged

in airport marking and lighting work
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Clapten |

Introduction

Background and Punposcs

Background

The well-recognized heavy demands on all parts of the nation's
alr traffic control system are expected to increase at a continuing rapid
rate Total Visual Flight Rules (VFR) aircraft operations forecast for
1963 are double those actually occurring 1n 1957 This rapid growth rate
wil. be accompanied by a wider spread, or divergence, of aircraft per-
formance characteristics in the traffic load, along with a higher general
level of speed of aircraft movement These new factors tend to make
air traffic control demands different 1in kind as well as heavier in number

(GA34)

The airport marking and laghting (AMIL.} system 1s an essential
part of the over-all air traffic control system In this role, the AML
system must provide timely and accurate visual guidance to pilots in
order that air and ground traffic can be processed quickly, efficiently,

and safely

A clear picture of the status and capability of the current AML
system is required as a first step in programming and coordinating the
research and development which will insure future effectiveness of this

important link in the air traffic control system



Purposes

The underlying objective of this study was to survey the current
state-of-the-art in airport marking and lighting This general objective
was translated 1nto three more specific study purposes

To bring together resulis of cperational tests on AML sub-
systems and components

To 1dentify unresolved problem areas requiring immediate
and future research and development

To review human factors research data relevant to the prob-
lem areas i1dentified

Sounces of Infoumation

To achieve the study's purposes, information from many different
sources was collected, sifted and integrated Because the study was based
on these sources of information, they serve to define the study scope 1n
terms of both the kinds of state-of-the-art information surveyed and the

time period covered by the survey
Operational Tests

The term "'operational test'" covers evaluations made 1n an actual
operating situation (as opposed to a laboratory or analytic evaluation)
typically using flight data of one type or another The purpose of an op-
erational test 1s to see how well an AML design actually does the job 1t 1s
supposed to do Results of such tests represent frmtful sources of knowl-

edge about the "in-being' status and capabilities of the AML system

All available reports on operational tests conducted from 1946 to the
present were reviewed. This time period 1s defined by the beginning of the
Landing Aids Experiment Station program at Arcata, California and the tests

conducted on narrow-gauge runway lighting at Dow Air Force Base, Maine
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Primary attention was given to tests which helped establish present
National Standards and to more recent tests focused on filling recognized

deficiencies in the AMI. systiem, 1
Problem Areas

In order to 1dentify unresclved problem areas, results of opera-
tional tests were supplemented by information on the AML system
appearing 1n a varlety of sources studies appearing in journals of scien-
tific societies and associations, 1ndustry periodical articles and features,
recommendations of national and international aviation groups, and re-
prints of speeches and discussions at conventions and meetings Again,
all available literature 1n this category appearing between 1946 and the

present was reviewed for the study,

Information from these sources was augmented by interviews with
commercial and military pilots and with personnel engaged in on-going

research and development activities
Human Factors Data

Using professionally recognized handbooks of human factors data
ag starting points, results of experimental research on human capabilities

involved 1n AMI, preoblem areas were reviewed (Generally speaking,

During the course of surveying operational test results, the authors
necessarily touched upon many other accounts of endeaveors in the
history of airport marking and lighting An historical account was be-
yond the scope of cur study, however Such a history does not exist in
writing, to our knowledge The authors found Mr. ¥ C Breckenridge
and Mr. C A. Douglas of the National Bureau of Standards well-versed
in the excifing and interesting events surrounding the developmental
progress of airport marking and lighting It 1s hoped that these gentle-
men can be persuaded to find the time to prepare an historical account
of this colorful part of national aviation history.



research studies of the last decade were focused on, but results of earlier
studies were included when appropriate In addition to "applied" human
factors studies on AML related problems, research reviewed included
reports in professional journals covering aviation medicine, applied ex-

perimental psychology, and experimental human physiology
Key Sdoas Used o Study

It became obvious early in the study that a consistent way of look-
ing at the AML system was required in order to meaningfully handle the
different kinds of information contained in the sources used A number of
key ideas were formulated which established a foundation for much of what
was done 1n the study and 1s contained in this report These basic concepis
may not be readily apparent or explicitly stated in the body of the report
Three are briefly presented here to give the reader a context, or frame of
reference, for placing the chapters following in perspective  The inter-
ested reader 15 referred to Technical Note 1 for additional discussion of the

underlying approach used in the study
A Continuing AML Need Assumed

Because electronic navigational aids for all-weather flying are
being developed, the viewpoint has been expressed that contact flight 15 on
its way out However, 1t was assumed 1n this study that pilots will use
information provided by the AML system for seme time to come, particu-
larly in flights under good weather conditions and in the final stages of
poor weather approaches and landings Even with the most advanced elec-
tronic navigational equipment envisioned as an aid to pilots and air traffic
controllers, the viewpoint taken in this study was that the AML system
probably will be indispensable as a cross-check reference for the pilot on

equipment functioning and as a back-up system for use 1f equipment fails
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From both short-range and long-range viewpoints, 1t was assumed desir-
able for AML to present all visual information required to successfully

perform airport ground-reference contact flight tasks

AML Viewed as a Single Design

A system may be defined as a set of interacting parts having a
central functional purpose In this study, airport marks and lights were
considered to be parts of a single airport marking and lighting system
The central purpose of the system was considered to be presentation of
required visual information (visual guidance) to pilots A distinection 1s
made 1n this definition betweenstructures (parts) and functions (purposes).
A survey of the state-of-the-art must consider both aspects of the AML

system

Organizing Operational Test Data Structures can be used as a

starting point and information about them organized according to the ex-
tent to which they satisfy all design reguirements This was the approach
utilized in bringing together the results of operational tests In this way,
attention was glven not only to design requirements stemming from the
guidance functions of the AML system, but to other design characteristics
and requirements as well, such as installation and maintenance In this
sense then, the survey of operational tests was comprehensive with re-

spect to what we know about AML system hardware

Identifying Critical Unresolved Problems The central purpose of

the AML system provided a practical and sound way of identifying the most
critical unresolved problems  From this viewpoint, primary deslgn re-
quirements for structures stem directly from the visual guidance function
of the system  All other requirements are secondary 1n the sense that,
even 1f satisfied by the system or its parts, they are meamngful only 1f

the primary requirements are being met For i1dentifying critical



unresolved problems, pilot information requirements during termanal
flight modes were used to organize information concerning the extent to

which the AML system 1s achieving 1ts central purpose
The Pilot as a Design Constant

It 15 becoming more and more obvious that scientific and technolog-
1cal advances 1n machine design are taxing man's control capabilities to
their fullest In order to adequately realize the benefit of these advances,
control of machines must be tailored to human capabilities The, basic
characterigtics and capabilities of man are not likely to change and can be
viewed as a design constant in man-machine developments This view-
point was used as a basis for selecting and organizing human factors
research data relevant to unresolved problems It was recognized that
basic data from other related sciences and disciplines{(e g , aeronautical
engineering, physical optics, illumination engineering, meteorology) will
contribute to solution of many airport marking and lighting problems
However, survey of relevant information in these areas was bzyond the

scope of the present study

Ouansgaiion. of the Fopon

Chapter Il frapes 9.68) Presents an integration of operational test
results The chapter concludes with a brief commentary on what has been
learned at a general methodological level about the conduct of operational
tests, a summary picture of a typical current airport marking and lighting

installation, and a review of on-going operational tests

The extent to which airport marking and lighting systems are satis-

fying pilot-aircraft control information requirements in the various flight
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modes 1s analyzed in Chapter III{ Pages 62-134) This includes human fac-
tors knowledge about human capabilities relevant to marking and lighting

problems identified

An outline of problem areas 1n which further research or develop-

ment 18 necessary is presented as Chapter IV {Pages 137-141)

A series of Technical Notes (1 through 6} follows the main body
of the report These are technically oriented discussions and analyses of
assumptions, concepts, information and problems underlying much of the

analysis of AML functions in flight modes (Chapter III}.

Throughout the report, references are indicated by code numbers
in parentheses at the end of paragraphs (e g., AL10), These code num-
bers refer to annotations and bibliographical entries which are contained
1n the Appendix, The Appendix has been bound separately so that it may
more conveniently serve as a catalogue of airpert marking and lighting

information,
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Chapton 2

Operationa] Test Results from Arcata to Dow

Test results are summarized and grouped 1n sections according to
the kind of marking or lighting systems or components operationally eval-
unated Results are discussed in the following order

Beacons

Angle of Approach Indicators

Approach Lights

Threshold Lights

Runway Signs, Marks and Laights

Taxiway S1gns, Marks and Lights

Hazard Marks and Laghts

The 1nformation presented in each section i1s organized around four
main topics

Design Requirements Used as Standards A combined discussion

and list of requirements 1s presented first These represent the standards
against which marking and lighting units were designed or evaluated, Un-
fortunately, this facet of operational tests was inconsistently reported 1n
the literature although 1t 15 a most critical bit of information. The sec-
tions of this chapter, being based on what has appeared in the literature,

reflect such inconsistencies, both in concept and terminology

Designs Tested Comrmonly accepted names, or labels, of the

gpecific hardware systems tested are listed next

Summary of Tegt Results In this part of each section, the systemns

or components tegted are described Test data and conclusions from the

reports reviewed are included

Component Development Information. The last part of each section

summarizes the developmental status of components 1nvolved 1n the sys-

tems discussed, as reflected i1n published reports of tests or evaluations



conducted on the compenents, In order te focus the reader's attention on
the component and relevant data, manufacturer's names have been omitted
from this discussion, and all others throughout the report. Perusal of the
references in the Appendix will frequently reveal the manufacturer in-

volved, 1n other instances, the referenced report will have to be examined

References to published materials containing the data or informa-
tion discussed are placed in parentheses at the end of paragraphs 1n order
not to interfere with the reader's continuity of thought, Numbers in the
parentheses identify annotations and bibliography entries 1n the separately

bound Appendix.

A brief commentary on operational tests and a summary picture of
the pregent status of airport marking and lighting are presented in the

final section of the chapter

10
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“Beacons

Design Requirements Used as Standards

Location and Identification of Airport

The pilot needs a distinctive signal which will clearly locate
and 1dentify the airport from as great a distance as possible To be use-

ful, an 1mitial 1dentification device

»

(1} should be visible and identifiable from a distance of
30 miles at altitudes of 25, 000 to 30, 000 feet when
visibility 1s "unlimated",

(2) should not produce glare to pilots during any of their
alrport operations

Location and Identification of Active Runway

Generally speaking, the greater the distance from the air-
port that the pilot locates and 1dentifies an active runway, the more
efficiently he can plan and execute his entry into the traffic pattern and
approach Minimum acceptable visual range for recognizing the duty run-
way 1n unlimited visibility conditions 1s 3 miles for civil operations, and
5 miles for military operations Included in the category of visual aids
serving this function have been all lights which will help the pilot orient
his aircraft to the runway during downwind, base, and final legs 1n good

visibility

The reader 1s referred to GAS-A which provided much of the informa-
tion for this section, and which represents the most comprehensive and
competent treatise found on the subject The report containg very
thorough intensity distribution requirements analyses for visual landing
aids {other than approach lights) as well as summary statements, re-
flecting the latest thinking of its anthor, on equipment components and
patterns designed to meet the requirements,

11



During a circling approach, the pilot should know-

(1) distance from runway and runway centerline orientation
so that downwind leg can be flown parallel to and at de-
sired distance from runway,

{(2) location of threshold, distance from threshold and
orientation of runway centerline during turn from
downwind leg to base leg, on base leg, during turn from
base leg to final approach

When making a straight-in approach or on final approach the

pilot should know

(1) location of and distance from the threshold,

(2) location and orientation of the runway centerline

Designs Tested

(1) Swngle beacons

(2) Turntables of beacons at 1000 and 2000 feet from threshold on
extended runway centerline.

(3) Rotating beacons (170 degrees coverage) at threshold corners
of runway.

(4) Condenser discharge lights with baffle (30 degrees coverage)
at threshold corners of runway,

(5) Counter-rotating beacons at threshold corners of runway.
(6) Carcling gmidance lights along edges of runway,

Summary of Test Results

Single Beacons

Present civil beacons emit 12 flashes per minute, alternate-
ly green and white, Beacons at military airports emit a dual white and

single green flash. (See Figure L) (S3)

3 Douglas, et al , op, cit.

12
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Relatively little change in design of airport beacons can be
reported for the past 25 years. In 1857, however, a new 1200-watt, 115-
volt lamp with larger vertical coverage was operationally tested in airport
beacons at Wright-Patterson Air Force Base (AFB). The development was
aimed toward more adequate servicing of jet aircraft Beacons with these
new lamps were reported to have much better visibility characteristics
than the standard beacon for aircraft operating above 15, 000 feet This
modified beacon was visible from aircraft flying at altitudes up tc 40,000
feet close to the airport (6 to 20 nautical miles) while the beacon utilizing
the standard lamp was not visible at these ranges It 1s felt that, with this
new lamp, present beacons have attained maximum visibility characteris-
tics short of a complete and costly re-design of the fixture, At this time,
the advantages to be gained by such a design development program seem

negligible (C20, C36)

Approach-Beacons (Turntables of Beacons)

This system utilizes steady-burning incandescent approach
lights arranged on a turntable which rotates to give the appearance of a
flashing laght These lighis are placed on the extended runway centerline
to provide guidance and runway identification for straight-in and instru-
ment approaches, as well as circling approaches, 1in visibilities as low as

1 mile (B3)

In 1948, turntables with ten lights, developed by the Na-
tional Bureau of Standards (NBS), were flight tested at Patuxent River
Naval Air Station (NAS) by the Navy Pilots reported that units pesitioned
1000 and 2000 feet from threshold as 1in Figure 1 provided sufficient direc-

tional guidance for landing under VFR conditions (B3)

During the past few years, NBS has been experimenting
with and testing this concept at Arcata Optimum positioning of units ap-
pears to be at 1000 and 2000 feet from threghold, optimum flash rate about

72 per minute, and optimum flagsh duration from 0 3 to 0 4 seconds., BSix
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beacons on each turntable are used instead of ten Test pilots again have
found the system very useful and have indicated that 1t provides adequate
guidance for most approaches Service test installations at El Toro,

Califorma and Oceana, Virginia are currently anticipated (B3)

Runway Identification Lights (Rotating Beacons)

It was found at Wright Air Development Center (WADC) 1n
1956 and 1957 that rotating beacons, giving 360 degrees coverage and lo-
cated as 1in Figure 1, assisted pilots in locating the active runway when
inbound to an airfield, but had adverse effects on pilots during ground
operations The lights have recently been baffled to overcome this short-
coming, but no evaluative reports on this modified assembly were located
It was not intended that the lights operate without shielding, they were de-
signed for 170 degrees coverage ‘The negative evaluation during ground
operations apparently was afunction solely of the operational test situation
in which the lights were not baffled It appears that the modified beacons

soon will be service tested at Norfolk, Virgima 4 (B2, C43)

Runway-End Identifiers (Condenser Discharge Lights)

In 1958, WADC tested condenser discharge lights positioned
as 1n Figure 2 for use as runway-end i1dentifiers Use of a baffle to effect
partial cutoff 1000 feet from threshold, along with other adjustments to the
fixture, eliminated glare and made the lights suitable for use These
lights give fairly wide vertical coverage and were reported to be of great
assistance to pilots 1in determiming their position with respect to the

runway (B1)

Counter-rotating Beacons

The principle of counter-rotating beacons involves use of a
pair of identical projectors, one projector located on each side of the run-

way threshold (see Figure 2) Projectors are synchronized to rotate at the

Personal communication between the authors and Mr R Hartz, Navy
Department
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same speed in opposite directions, and are so timed that both beams are

along the approach axis at the same time interval For a pilot on the axis
of the approach system, the flashing lights appear synchronized If he 1s
off course to either side, the lights appear to flash separately and to jump

toward the axis, thereby giving a corrective indication

In 1952, this system was service tested by the Civil
Aeronautics Admimstration (CAA), Technical Development Center (TDC)
at Indianapolis Airport, with the units located 3500 feet apart laterally at
the threshold It was concluded that the beacons would facilitate circling
approaches and final appreoaches by furnishing accurate on-course

indication

In an operational test at Weir Cook Airport, Indianapolis,
in 1955, the beacons were 1nstalled in conjunction with threshold bars At
that time, the system was considered to be of potential value, but no fur-

ther conclusions or recommendations were made (TL1)

CAA (now Federal Aviation Agency, FAA), which first pro-
posed the system, apparently has abandoned the 1dea This 1s evidently
the result of reports of difficulty in pilot interpretation and problems of

maintaining synchronization of the two beacons

Circling Guidance Lights

In 1954, TDC tested a controllable-beam runway light which
was designed to approxlmate an ideal candlepower distribution previously
determined from an analysis of runway light requirements For experi-
mental purposes, 1200 feet of these lights were installed at General
Mitchell Field, Milwaukee, Wisconsin Flight testing of these lights
5

Pearson, H J C. Experimental counter-rotating marker beacon
Indianapolis Civil Aeronautics Admimistration, 1952 (Report No 160 )

Personal communication hbetween the authors and Mr Orrin Farris,
FAA
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showed that, while the lights did not entirely satisfy theoretical require-
ments, they did give satisfactory guidance for straight-in and circling

approaches (C17)

Further evaluation of these units was continued by TDC at
Milwaukee through 1957 It was concluded, with minor reservations, that
under mimmumn weather conditions for circling approaches the lights gave

adequate circling and straight-in guidance (C18)

In 1955, NBS further studied the problem of developing
special lights, to be used 1n combination with runway lights, which would
provide guidance to pilots during circling approaches Theoretical
intensity~distribution requirements were determined by a study of approach
patterns used by aircraft, as indicated in technical orders and pilot

mnterviews

An arrangement of three light units which approximated the
required candlepower distribution was found These units were placed
every 1000 feet along the runway edges as shown in Figure 2 The system
wasg tested by WADC 1n 1956 and 1957 A limited amount of agsistance to
a pilot 1n the traffic pattern was reported However, the lightis tended to
blend with highway and runway lights 1n this test In 1957, the units were

tested again in conjunction with runway i1dentification lights Although 8 of

The International Civil Aviation Orgamzation (ICAQ) recom-

i —

mended 1n 1958 the use of circling guidance lights at airports where such

guidance 1s unavallable from other lights or landmarks (S1)

Douglas, et al , op cit
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Component Development Information

Incandescent lamps currently used 1n airport beacons are satisfac-
tory for almost all purposes, however, short-arc lamps, currently used in
some searchlights, and mercury-arc lamps might be used where sources

of higher brightness are desired (C3, C30)

A single light fixture has recently been developed to replace the

three-light fixture used in circling guidance lights The light approximates

the intensity distribution recommended by NBS 8

Personal communication between the authors and Mr C A Douglas,
NBS.
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Argle of Approach Induatou
Design Requirements Used as Standards

In good visibility conditions, advantages gained through use of
3000-foot approach configurations are greatly offset by the comparative
high cost of installing and supplying power to such configurations on every
duty runway Nevertheless, a number of experts feel that some approach
guidance must be made available to the pilot under marginal and good VFR

conditions

Angle of approach indicators should:

(1) 1ndicate significant deviations from the 1deal glide slope to the
pilot,

{2) be compatible with runway and threshold lighting systems,
(3) be simply and unequivocably interpreted,

(4) allow for safe ground and air movement at the airport (GAG,
GAS8)

Designs Tested
(1) Split-filter beacons
(2) Laghted or painted double-bar systems
(3) Mirror landing systems
{4) Multiple beacons

Summary of Test Results

Split-filter Beacons

The most notlable of these are the "tri~color system' and the
new British Royal Aircraft Establishment {RAE) system which uses two

colors red and white

18
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The tri-color system {(Figure 3) was developed around 18486
and shows a yellow light to the pilot when flying too high, a red light when
flying too low, and a green light i1f on the correct glide path. The signal
beams 1n some units are flashed to prevent confusion with other lights

(AAZ2, GAT, GA22)

Student pilots of the U S Navy and Marine Corps tested
the tri-color system in 1952 and found 1t extremely useful A few systems
were 1nstalled at various air bases although 1nterest in the system waned
In a recent operational test at Blackebush Airport in England, practically
all test pilots found the lights a valuable visual aid to approach and

landing (GA22)

Results of tests conducted orr two different tri-color systems
at WADC 1n 1958, however, were not as promising One umt was found to
have poor color definition, that is, a blending of colors occurred between
the on-course and off-course indications Moreover, another umt, which
did have sensitive color definmition, gave either on-course (green) or off-
course {red or yellow)} signals, but did not indicate tendency of the aircraft
to go off-course These un'ts were rejected since they could furmish no
information on rate of displacement from the glide path A combination of
two of the latter units side by side was tried, but the rate indications were
reported to be confusing (The evaluation rationale appears scmewhat
circular--one can not have a continuous rate-indication and discrete go-
no go color indications at the same time from the same umt ) Actually,
WADC reported that none of the angle-of-approach indicators tested
(which included all proposed indicators to date) were entirely satisfactory
and adaptable for use with all types of aircraft, espectally today's high
performance aircraft For example, the B-47 and F-100 aircraft experi-
enced difficulty because of the long, very flat approach angle necessary

with these aircraft during final stages of the approach (AA2)

19



In England also, there is dissatisfaction with the tri-color
system  Opinion has been expressed that the main reason why the tri-
color i1ndicator has not proved very successful in improving safety 1s that
the sectors narrow as the aircraft gets close to the runway At a certain
point, the pilot receives an indication that he 1s too high or too low when 1n
fact he 1s not The pilot, therefore, has to 1gnore the indicator just when
he 1s 1n most need of 1t The unit also 15 small and could be 1nadvertently
magaligned and physically upset Another reason for the less than com-
plete success of the tri-color indicator may be that all light sectors tend to
become amber because of condensation on the lens or diffusion i1n radiation
fog This 1s potentially dangerous because amber 18 a fly-down indication

(GAT)

It has been suggested that these disadvantages can be re-
moved by using a two-color indicator Units which emit red and white
beams separated by a narrow pink sector warn the pilot when he is begin-
ning to pass from one sector to another In this RAE system, 12 light
units are used to form two pairs of wing bars located as shown in Figure 3
Light beams are set so that when the pilot's head s within the 1deal glide

path "channel' he sees the nearer bar white and the furthermost bar red

If the pilot goes high, the furthermost bar turns first pink and then white,
and 1f he goes low, the nearer bar turns first pink and then red (See

Figure 3 ) {(GAT)

This new system theoretically can be used all the way to
touchdown and 1s reported to be accurate to 5 miles It 1s inexpensive and
easy to maintain It 18 claimed that, when this red-white system fails, it
fails because 1t 1s unrecognizable and, therefore, does not lull the pilot
into a false sense of security or give him an incorrect indication (GAT,

GAS8)
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Flight tests results in England have been reported as very
promising A bi-color system, differing somewhat from the British sys-
tem was tested by WADC 1n 1958 Distance between the units was reduced
to 500 feet to improve the system on the basis of early test results  Some
confusion in differentiating the lights from runway lights was reported and
the pink sector was not visible to some pilots The system as tested was
judged unacceptable for these reasons and also because it did not give a
satisfactory indication of rate of glide slope displacement However,
WADC used fewer light umts than called for by the British design and the
system was operated at intensities considerably lower than those for which

9
1t was designed (AA2)

Flight tests were conducted 1n Australia in November of
1958 on the RAE system and the Australian Double-bar Systern discussed
next Objective flight path data gathered during these tests showed no sig-
nificant differences in height deviations from an 1deal 2-3/4 degree ghde
slope for the two systems  W.th both systems, precision increased as
range decreased All test pilots considered the approach aids either
necessary or desirable in might conditions encountered, but only 3 of the

12 pilots preferred the RAE system to the double-bai system (AA4)

Lighted or Painted Double-bar Systems

Two or three horizontal bars, painted or lighted, are dis-
placed laterally on both sides of the runway and longitudinally along the
runway such that, when the pilot 15 on the ideal glide slope, the bars form

a continuous line

The principle of the system was first suggested 1n England
in 1945 and flight tested 1n 1954 At that time, the system was considered
too dangerous at long ranges, unless made so large as to be an ob-

struction on the airport (AA9)

o Mr C A Douglas, NBS, toMr E S Calvert, RAE, Personal

communication February, 1959
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In 1957, a laighted double-bar ground aid labeled the Prec1-
si1on Visual Glidepath (PVG) system was developed in Australia The aid
uses 10 flush white lights and 6 elevated yellow lights positioned as in
Figure 4 In addition, a beacon, shielded to give off red light when the
pilot 1s approaching at an angle of less than 1 9 degrees, 1s employed as a
safety check When the pilot 1s approaching on the 1deal glide slope, the
yellow and white lights form a continuous horizeontal line  When the pilot
1s above or below this slope, the bars of white lights rise above or dip be-
low the bars of yellow lights, respectively (See Figure 4 ) The Australian

system also i1ncludes a depressable, low-powered "aiming point' light
located 1n the center of the runway, 900 feet from threshold There has
been some European support for an aiming light of this sort and it has been

used there independent of a glide slope indicator (AA10)

Preliminary flight results in Australia in 1957 showed that
with this two-bar system, oscillations of the glide path are significantly

reduced when compared with approaches using runway lights alone (AA3)

In England, current opinion 1s that, at distances greater
than 5 mileg, the sensitivity of the system for detecting deviations from
the i1deal glide slope 1s extremely inadequate  Moreover, at these dis-
tances, some English investigators claim that an insensitive on-course
indication can result 1n an altitude deviation of possibly 1000 feet (There
15 as yet no agreement on the maximum range at which glide slope 1ndica-
tors should be effective ) The PVG system also 1s thought to be particular-
ly susceptible to the effects of atmospheric and windshield refraction
Finally, 1t has been pointed out that the system disappears from the pilot's
field of vision at approximately 200 feet from the threshold One needs to
temper these criticisms by consideration of the unique "flat-land'" condi-
tions existing to a very large extent 1n Australia, there can be little doubt

of some positive utility under such conditions
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WADC tested a double-bar system using red and white bars
100 feet apart along the runway 1n 1ts 1958 operational evaluation of angle
of approach indicators It was determined that the system gave intelligent
mformation only at distances of less than 1-1/2 to 2-1/2 miles, thus sub-
stantiating the ''long distance' limitation pointed out in England None of
the systems tested was found completely satisfactory for fighter and bomb-
er aircraft However, after consideration of economy, adaptability to
weather conditions and range of puidance, the two-bar system was recom-
mended for Air Force installation wherever the requirement for glide

slope 1nformation for transport-type aircraft exists (AA2)

Nine of twelve Australian test pilots who took part 1n an ex-
perimental test in Australia late in 1458 preferred the double-bar indicator
to the RAE bi-color indicator Objective data gathered from this experi-
ment indicated no statistically significant differences between the two

systems (AA4)

Working on the same principle as the Australian system,
POMOLA (Poor Man's Optical Landing Aid) was developed in this country
n early 1957 The system uses either two or three billboards, each with
a 6-inch lateral stiripe across the middle  When the pilot 15 on the i1deal
glide slope, the lateral stripes form a continuous line No operational
test information 15 available on the system Its obvious advantage is that

it 18 quite inexpensive (AAl1l)

Mirror Landing Systems

The Mirror Landing System was originally designed by the
British and now 1s widely used on British and United States angled-deck
alrcraft carriers The system works on the principle 1illustrated in
Figure 5 When on course, the reflected amber light source (the "meat-

ball'} will appear in the center of the mirror If slightly high or low, the
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meatball will appear above or below the green datum bars, respectively
However, with a large displacement from the 1deal glide slope, the pilot

does not receive any signal (AAS8)

As of April 1957, use of the Navy Mirror Landing System
had reportedly reduced the landing acecident rate on carriers from 3 to 2

per thousand (AAT)

In 1857, the Air Force tested the Navy Mirror Landing
System at Atlantic City NAS Results showed that 1t provided satisfactory
indication of glide slope during clear weather and that it increased the
pilot's ability to make a spot landing More extensive testing was carried
out at WADC 1n 1958, The system was found to be of defimite assistance to
pilots of transport-type aircraft Although 1t provided somewhat better
glide path information than the two-bar system under optimal conditions,
the scarcity of (and thus expense of) optically perfect mirrors and their
susceptibility to loss of guidance 1n cold, moist weather made the system

less desirable than the two-bar system. (AAl)

An "Interim Mirror System'' developed when sultable mir-
rors were unavailable (dubbed the "mirror system without a mirror') was
also tested by WADC. Many improvements were made on the i1nstallation,
but 1t was still considered inferior to the regular mirror or two-bar systems

(AA2)

Multiple Beacons

A pair of airway beacons, equipped with red and green fil-
ters were mounted side by side at Weir Cook Alrport, Indianapolis in 1954
The zone covered in common by their beams was tested to determine
whether the area where the colors balanced to produce a white light was
usable as a glide path indication Resulis showed that a pattern usable for

that purpose could not be produced (C28)
Component Development Information

Contalned in above discussions,
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Appoack Lughts .

Design Requirements Used as Standards

Instrument Landing Systems (ILS) or Ground Controlled Approach
(GCA) systems typically bring the pilot to a distance of 1/4 to 1/2 mile
from the runway threshold Somewhere between this point and the thres-
hold, transition from instrument to visual approach takes place The pilot
1s aided 1n s visual approach by patterns of lights in the approach area

designed to give attitude and flight path information

The following information should be given the pilot with little or no
interpretation required,

(1) Distance from threshold

(2) Height above runway level (elevation, altitude}

(3) Displacement from runway centerline (alignment),

(4) Angle of bank

(5) Aircraft heading with respect to runway axis

The following information should be given the pilot but requires a
time element for interpretation

(6) Direction of ground track.

(7} Rate of descent

(8) Rate of roll,

The following requirements also should be satisfied by an approach
lighting system.
(9) Immediate recognition and guidance
(10) Lack of confusion with other lights,
{11) H:gh fog penetration,

(12) Lattle or no loss of guidance when certain lights 1n the system
are obliterated or out of order

(13) Mimimal glare and blinding effects,
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{14) Relatively low installation and maintenance costs.
(15) Clear defimition of end of approach lights
(16) Usefulness within limaits of various cockpit visibility restrictions,

(17) Beam coverage of individual untts such that vertical and horizon-

tal beam coverage encompasses the required region of guidance
(AL1, GA22)

Designs Tested

(1) Centerline system

(2) Slope-Line system,

(3) Calvert (RAE) system

(4) Navy Composite system

(5) Two Parallel-Row or Multi-Row systems
(6) Single Row system

(7) Overrun configurations
Summary of Test Results

Centerline System

The centerline system (Figure 6} was first inatalled 1n this
country around 1948 The Air Line Pilot's Assoclation (ALLPA) was 1nstru-
mental 1n getting this installation after a series of experimental develop-
ments at Newark Airport aimed at determing an optimal configuration The
line of steady-burning bar lights {each 14 feet in length} is designed to pro-
vide the pilot with a definite line fix for displacement guidance A 100-foot
transverse bar at 1000 feet from threshold 1s provided for estimating dis-
tance from threshold Height guidance can be derived from three physical
elements 1n the configuration (1) the apparent length of 14-foot bars,

(2) the apparent distance between succegsive units (standardized at 100
feet), and (3) the apparent distance between individual lights 1n the same

bar The bars, being oriented perpendicular to the extended runway
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centerline, are designed to provide the horizontal referents necessary for
roll gumidance Perspective views of on-course and off-course positions
are shown in Figure 7. 'Two of the system's main advantages frequently
cited are simplicity and lack of optical pitfalls, (AL16, AL17, AL24,
ALZ28, S2, 510, GA13)

The centerline was tested at Landing Aids Experiment
Station, Arcata, Californmia (LAES) 1in 1949 with the long transverse bar
located at 600 rather than 1000 feet from threshold and with ten light units
on each bar instead of five In low visibility tests, height and distance-to-
threshold guidance were rated 1nadequate by most test pilots Roll guidance
generally was rated adequate, but under mimimum visibility conditions was

reported as somewhat inadequate (ALl)

Support for the system became progressively stronger The
system was operationally tested at Newark in 1951  Although no written
report on the results could be found, verbal reports from those familiar

with the i1nstallation indicate that favorable results were obtained

In 1952, CAA, ALPA, and Air Transport Association (ATA)
representatives wrote a joint report favoring the centerline system Navy
and Air Force representatives digssented because of their particular re-
quirements for a clear underrun area, the structural peculiarity of
military aircraft, and military approach procedures in use The centerline
system at that time was considered the easiest system for pilots to inter-
pret and all desired guidance elements apparently were obtainable with the

system (GA13, AL2T7)

In 1956 at McGhee-Tyson Field, the centerline system was
found sumtable for all aircraft except certain fighters The addition of an

underrun configuration was thought necessary to accommodate these aircraft,

0 Douglas, op. cit,
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Limited testing using clear centerline lights 1indicated glare and reflection

were more prevalent than when red lights were used (ALT)

An experimental installation designed to settle the contro-
versy between civil and military authorities was tested at March AFB 1n
1957, The 1000 feet of 14-foot centerline bars within the underrun area
were 1nstalled with flush open-grid unmits Included in the system were
flashing condenser discharge lights {(discussed under Component Develop-
ments). The following conclusions regarding the system were reached
the pilot 1s capable of determiming at a safe distance out that he is properly
aligned with the runway, added confidence 1s given the pilot, with the mental
hazard of a minimum weather approach considerably reduced, there 1s a
tendency to prevent the pilot from landing short of the runway, since the
lights provide a positive reference for depth perception The flush center-
line lights reportedly gave excellent flareout assistance  Additional
transverse hars and extended edge lighting did not sigmficantly improve

the system's reported effectiveness for most types of aircraft (AL2)

The centerline system was adopted as the national standard

1in a paper of the Air Coordinating Commattee on April 24, 1958 (S2)

There 1s some feeling that not enough low visibility flights
were made at March AFB to warrant the adoption of the centerline system
as the national standard It 1s argued that under conditions of restricted
visibility, no distance-to-threshold indication 1s available until the 1000~
foot bar can be seen Some experts also doubt whether the 14-foot trans-
verse bars are long enough to provide adequate roll guidance, though others

feel that they are adequate (AL17, AL23, GA22, ML18)

Slopelinie Systemn

The slopeline system was the unofficial American standard
between 1949 and 1953 It 1s composed of two rows of lights, each row
being composed of bars set at a 45-degree angle to the ground surface as

shown i1n Figure 8 When viewed on course, the slope-line lights merge
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1nto two continuous lines of lights aimed at the point of touchdown Figure
8 also shows perspective views of the system for on-course and various

off-course approaches. (AL26, AL30, GA22)

In 1948 and 1949 at LAES, the slopeline system was re-
ported to be the most acceptable of approach systems tested In 1949, the
addition of transverse bars every 1000 yards was 1ncorporated into the
system and did improve roll and distance-to-threshold guidance The con-
clusion of the experimenters at LAES was that the slopeline system
excelled in providing good elevation alignment and directional guidance
On the basis of these results, the slopeline was adopted as the nomainal

national standard in 1949 (A1)

In 1850, however, CAA withdrew support for the slopeline,
noting that a survey of airports showed that terrain problems made 1t 1m-

practical to install the system at half the airports surveyed (AL13)

In 1851, operational evaluations of the centerline, Calvert,
slopeline, and French systems {discussed in a subsequent paragraph)
were conducted, the centerline evaluation taking place at Newark, the
cthers at the Patuxent River NAS, Maryland At Patuxent, the Calvert
system was Judged to be slightly better than the slopeline, although glide-
path indication with the slopeline wag judged to be excellent There was
some feeling that because of the nature of roll and distance guidance ele-
ments in the slopeline system, an untrained pilot in an off-course
indication might possibly suffer the effects of vertigo A combination of
the slopeline system and the Calvert system was recommended (see
Navy Composite System, Figure 9, discussed in a subsequent paragraph)
(AL10, AY.24)

In 1952, apparently on the basis of the Newark and Patuxent
tests, the majority opimion of a five-man civil and military commaittee held
that while the slopeline system provided the most complete information

under good visibility conditions, 1t was confusing and difficult to interpret
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in poor vaisibility Roll information was reported as intermittent at visi-
bilities less than 1000 feet, an undesirable factor 1f any alignment or

direction correction 1s necessary (AL27, AL28, GAl3, GA22)

As the system was used more extensively, 1t was thought to
have several dangerous traps for the pilot who was tired, distracted, or
out of practice ATA and ALPA, who never really accepted the system,
held that the slopelines were misleading and required too much interpreta-
tion to achieve both vertical and lateral control Certain optical 1llusions
were also reported with the system Under certain atmospheric conditions,
some pillots were led to believe they were too high and approaching nose
down At other times, an uphill appearance of the runway was noted

(AL23, ALS31)

In 1954, the last proponent of the slopeline system, the
Navy, reported that 1ts own Composite System, utilizing some slopeline
umts, was found superior to the slopeline system in operational tests at

Patuxent River NAS, (ALS)

Calvert System
In 1946, Mr. E S Calvert of the Royal Aircraft Establish-

ment attempted to ascertain the visual and mental methods by which a
pilot lands an aircraft He then analytically assessed the comparative
value of different systems of lighting both rationally and empirically,
rationally by the use of perspective diagrams, and empirically by the use

of a visual simulator

Calvert's analysis led to the development of the two-
coordinate system which bears his name  The system 1s illustrated
wmn Figure 9 This pattern consists of two basic elements--a line of
lights leading to the runway threshold, and transverse bars of lights
The greatest asset of the Calvert pattern cited is 1ts simplicity and
over-all visibility in the sense that a pilot has a single line to follow and

can keep his aircraft level or can bank and turn using the horizontal bars.
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Moreover, a line and crossbar pattern supposedly gives a realistic 1m-
pression of the ground plane Height and distance-to-threshold indications

are generally more difficult to determine (AL186, AL17)

The system was operationally tested at LAES in 1948 and
1949 In general, roll and direction guidance were rated excellent Some
pllots had difficulty in identifying distance-from-threshold coding, however,
certain modifications of the system were suggested to improve this feature
Elevation guidance was thought to have been presented in spurts, without

continuity, and was rated as only moderately effective (AL1, AL3)

Tests at Patuxent River in 1551 found the Calvert system
slightly better than the slope-line system Roll, distance, and alignment
guidance were reported easily and instantly interpretable, and no danger of
undershooting was reported The system was reported to be only partially
effective 1n marginal weather conditions where sudden corrections 1n air-

craft maneuvers were required while ""between' crossbars (AL24, GA13)

No other tests on the system have been conducted in the
United States, although 1t has found widespread use 1n Europe and Japan
A variant of the Calvert gystem, using shorter fransverse bars, was 1n-
stalled at Schiphol Airport in the Netherlands in 1956  However, no

operational evaluation data were found on this system

The Calvert system 1s quite similar to the centerline system-
in matters of simplicity and information presentation, however, it 18 gener-
ally concluded in the United States that, compared to the cenierline systein,
roll and elevation guidance are absent for too long a time to allow for

smooth corrective procedures (AL16, AL17, GA22)

Navy Composite System

The United States Navy has developed an approach configura-
tion based upon experimentation and consideration of the unique requirements

of Navy flying The Navy configuration, as shown in Figure 9, provides a
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3000-foot center row of red lights, clear light transverse bars every 500
feet, a red bar at 1000 feet, and slope-line units every 250 feet providing

a funnel to the runway

When the pilot views this system exactly on a 3-degree ghde
slope, he sees three straight lines of clear lights leading to the touch-down
pownt If he 1s below the proper ghde path, the outside lines will appear to
be bars that stick up above the line of lights If he is above the proper

glide path, the bars will angle 1nboard or below the line

In operational tests at Patuxent NAS 1n 1954, flight evalua-
tions during both good and poor visibility conditions indicated that the Navy
system gave optimum guildance for all types of aircraft A study of pilot
comments indicated that the system may not be yielding unequivocal guid-
ance For example, some pilots claimed that the centerline sysiem was
not needed, others sald transverge bars were not necessary Both com-
mercilal aviation and Air Force spokesmen have criticlzed the Navy system

on the grounds that it 1s confusing (AL22, AL32, GA22)

Two Parallel-Row Type Systems or Multi~-Row Systems

Most of these systems are considered obsolete today as they
provide only direction guidance adequately The addition of transverse bars
adds roll and possibly distance-to-threshold guidance, but poor elevation

guidance seems to be inherent in the system {ALZ21, AL25, GA22)

In 1946, some experts felt that a ""funnel system' (Figure
10) would be better than the dual-row systems previously proposed, namely
two parallel rows along the extended edges of the runway and two diverging
rows ending at the runway corners Testis at LAES 1n 1946 and 1947 showed
that the system had major inadequacies mncluding a misleading perspective
appearance when both rows were vigsible, necessity for sharp correction
near the threshold when approach was made along one of the rows, 1nability
to see both of the widely divergent rows when at the outer end, lack of differ-

entiation of one row from the other There was also a great danger, as there
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1s 1n any two-row system, that the pilot tended to mistake the approach
lights for runway lights This fact alone was deemed sufficient to render

these systems unsurtable for use (AL1l)

In 1947, LAES reported that a multi-row system (Figure 10)
was superior to the funnel system In 1948, however, LAES reported
this system to be far inferior to the slope-iine systern Multi-row systems
confused the pilot as to which row was sighted first Also, when drift con-
ditions were present, the guidance elements were difficult to interpret

(AL1l, AL3)

In 1955 several patterns incorporating extended runway
edge lighting, both with and without transverse bars, were tested at
McGuire AFB and Atlantie City NAS A 1500-foot system (Figure 10)
using dual-row extended edge lighting on the left, and single-row lighting
on the right, with pairs of transverse bars every 500 feet, was chosen as
the most suitable No apparent actionwas mitiated, however, on the basis
of this study In 1957, essentially the same pattern was tested at March

AFB and was found less desirable than the centerline system (AL2, AL5)

Single-Row Systems

The earliest approach lighting system was a single row of
lights leading through the approach area to the runway threshold A typical
gingle-row system, the center-row system, 1s shown in Figure 10 It was
judged as providing adequate runway centerline guidance, but yielding little
altitude guidance Only when combined with a clearly-defined horizon did
the single-row system provide adequate roll guidance When the horizon
was obscured by low visiblity, pilois were unable to make judgments con-
sistently regarding differentiation between displacement, bank, and roll

indications {(ALZ21, GAZ22)

Because of the above reasons, single-row systems were
generally abandoned after the war although some modified ones are still in

use, as at Oakland, California A single-row system using krypton
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flashing lights was fested at LAES during the 1948 and 1949 seasons While
identification and direction guidance were reported as very good, other

gmdance elements were reported 1nadequate (AL1, ALS3)

An Air Force operational test at McGuire AFB in 1955 1n-
cluded a 1500-foot center-row system  Although no comments were made
about the system, it was reported as inferior to a system of extended edge

lights with transverse bars (ALS)

The French system {Figure 11), developed primarily to aid
French mail pilots, provides a row of gingle lights for 6600 feet along the
left extended runway edge, with a red transverse bar at 2500 feet from
threshold and a white transverse bar at 1250 feet from threshold The
length of the system, and position and number of transverse bars, have
apparently varied according to where the system was installed, A 3000-
foot French configuration was operationally tested at Patuxent NAS in 1951
Both French pilots and the United States pilots who flew the system at
ion about runway centerline loca
is dafficult to extract and that perspective 1s difficult to interpret unless a
large portion of the system can be seen In addition, the single left-hand
row can be confused for runway edge lights in

(AL24, GA22)

Overrun Configurations

speeds, the Air Force does not permit obstructions of any kind in the final
1000 feet before the runway threshold In order to meet this requirement,
certain "overrun' configurations were developed to replace the final 1000

feet of lights in approach configurations

LAES tested three of these systems (Figure 12) in conjunc-
Annerh avetormn Ttwne oo,
ALl DJ =AY AL YV QLo LUSLLL

primary 3000-foot configurations were weakened considerably when modi-

fied with a dissimilar 1000-foot parallel row over-run section  This
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dissimilarity in some cases caused the pilot to mistake the over-run area

for the runway (AL1)

In an operational test program at McGhee-Tyson Field 1n
1956, the centerline system, with special over-run modifications, was
reported to provide adequate guidance for all aircraft tested, except
certain fighter aircraft with poor forward cockpit visibility To accom-
meodate these aircraft, an over-run configuration {final 1000 feet before
threshold), consisting of a triple row of red lights on the left, and a single
row of red lights on the right {(along extended runway edges) was tested
and found optimal Another over-run configuration with the typical center-
line lights in the final 1000 feet {Figure 11) removed, reportedly made the
total centerline system inadequate and confusing- Provision was then
made for the final 1000 feet of centerline lights to be mounted on frangible

supports to comply with Air Force regulations (AL7)

Flush, semi-flush, and frangible-top flush lights have been
developed which can be installed in the final 1000 feet of approach systems
These flush units were included 1n a test configuration at March AFB and

found acceptable by all pilots who took part in the test (AL?2)

In this latter evaluation, transverse bars in the over-run
area were found to assist in providing ground reference to fighter aircraft
pilots under VFR or high ceiling conditions

Component Development Information

Approach Laght Lamps

At the present time, civil airfields using the centerline sys-
tem are changing over to approach-light lamps already 1n use at most
military fields These lights appear to have a satisfactory intensity dis-

fribution as well as a wider vertical beam spread

1
Douglas, op cit
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NBS recently recommended that present approach-hight lamp
groups be replaced on the basis of accumulated time of full-intensity opera-

tion rather than waiting for individual lamps to burn out (C8)

Condenser Discharge Lamps

On the theory that success of low visibilily landings may be
directly related to the timeliness of transition from instrument to visual
flight during approach, sequenced flashing condenser discharge lighis have
been used with 3000-foot approach systems to facilitate early i1dentification
of the approach path in poor visibility conditions The use of flaghing lights
to provide early positive identification of an approach area has long been
thought to be an excellent visual aid Service use of sequenced flashing
lights during the Berlin Airlhift was favorably received While the row of
condenser discharge lights apparently provides directional guidance 1n addi-
tion to identification, 1t does not provide adequate attitude guidance (AL1l,

AL3)

The lights were used in the March AFB experimental installa-
tion with the centerline system = A single condenser discharge unit was
placed directly in front of each 14-foot bar in the approach system  They
were synchronized to discharge successively, beginning with the urmt fur-
thermost from the runway A complete cycle 15 flashed twice each second,
with the resulting effect resembling a brilliant ball of light moving toward
the runway at a speed of 3600 miles per hour The apparent high intensity
of the lights, coupled with their characteristic of apparent motion, effective-
ly attracts the pilot's visual attention All pilots who tock part in the tests
at March AFB agreed that the flashers were an 1deal 1dentification device
The flaghing lights could be seen at a distance of approximately three times

that of reported visibility (AL2, GA22, GA3l)

Some pilots said the units caused a distracting glare just
prior to the aircraft pasgsing over the threshold, although 1t 15 claimed by
the manufacturers that a pilot familiar with the system will experience little

or no glare At March AFB, recommended practice was to turn off the
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Iights at 1 mile from threshold when visibility was 1 mile or more It has
been suggested that the units be installed every 200 or 300 feet i1nstead of
100 feet, or that the lights not be installed in the final 1000 feet of approach
lighting to cut down the effects of glare 12 (ALL2)

It 1s the feeling among some experts that success of con-
denser discharge lamps is directly related to the relatively poor vertical
coverage afforded by the narrow-beamed lights formerly used in approach
systems A new wider-beam incandescent approach lamp 1s now belng
used, and 1t 15 possible that the difference between the effective range of
approach lights and condenser discharge lights will be sigmficantly

reduced (GAB, TV1O0)

There also 15 a feeling among some pilois that the condens-
er discharge lamps, when used with the narrow-beamed approach lights,
over-emphagize the directional guidance, and thereby eclipse to some ex-
tent the value of centerline crossbars 1n providing roll guidance (AL1T,

GABS8)

FAA has recommended that condenser discharge lamps be

used with the centerline approach system (S2)

Flush, Semai-Flush, and Frang:ible-Top Lights

laghts have been developed to meet the following require-
ments.

(1) They must be capable of operating under severe environ-
mental conditions such as snow, 1ce, blowing sand, etc

(2) They must be capable of being installed in the pavement
surface and of being readily maintained

(3) They must be capable of being run over by aircraft,
snow plows, and cother vehicles without damage to lights
or vehicles

2Personal communications arnong Capt W W Braznell, Capt E A
Cuttrell, Capt D S Laittle, Capt R C Robson, all of American
Airlines, Capt P E Bressey, BOAC, and Mr E S Calvert, RAE
April to June, 1957
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(4) They must not set up harmful oscillations or undue
stresses in aircraft which taxi over them

(5) They must have suitable intensity and beam spread so
they can be seen by pilots from required distances and
angles under all weather conditions

Three general types of lights have been developed to be used

In over-run or runway surfaces open-grid (flush), prismatic (semi-flush),
and expendable {frangible) top Illustrations of typical units are shown 1in
Figure 13 Open-grid units were found satisfactory at the March AFB tests
Recent work, however, has indicated that while the lights are structurally
satisfactory, they give relatively poor horizontal light coverage and are

quite expensive to install 13 (AL2)

Of the lights tested by NBS, WADC, and NASA, the expenda-
ble-top light gave by far the best candlepower distribution and had the
longest visual range This light also has the advantage of not being subject
to obliteration due to weather conditions, but 1t would be incompatible with
current snow-plowing procedures and jet-runway cleanliness requirements
if the top were broken The candlepower distribution of one of the pris-
matic umts also exceeded requirements, but it was not as satisfactory as
the expendable-top unait  This prigsmatic light will not cause damage to, or
be damaged by, snow plows The recent development of a tubular quartz
lamp 18 expected to 1mprove the performance of these latter umits (C9,

C11, C13, C23, C24, C29, C33-35, C37-39, C46, C51)

Development of a flush "pancake' light has recently been
imitirated by FAA for use in its experimental program at the National Avia-

tion Facilities Experimental Center (NAFEC), Atlantic City

3
Personal communication between the authors and Mr R C Herner, FAA
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Thnoshold Lights
Design Requirements Used as Standards

Threshold lights define the end of the runway for a pilot on his final
approach Threshold lights are used with runway lights, with both opera-
ting independently of approach configurations Using threshold lights and
runway lights, the pilot should be able to clearly perceive the prescribed

landing area Threshold lights are green, by international agreement

Threshoid lights and lighting patterns should meet the following
requirements
(1) Define the end of the runway simply and unmistakably

(2) Remain visible to an approaching pilot for several seconds
prior to touchdown

(3) Present no potential danger to landing aircraft
{4) Produce little or no glare

{5) Be compatible with approach and runway lighting systems
(TL1, TL3)

Designs Tested

(1) A continuous row of lights, or two bars of light placed sym-
metrically on the threshold (with or without red wingbars)

(2) Runway zone markers
Summary of Test Results

Row or Bars of Laghts on Threshold

The present national standard for threshold lights, when in-
stalled with the centerline approach system, calls for a row of green lights
perpendicular to the runway centerline Light units are to be placed at 5 to

10 foot intervals, extending completely across the runway and 35 feet beyond
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each edge The use of flush units in threshold lighting 18 preferred, but
not mandatory, except for an 80-foot'gap centered on the runway where
safety considerations require their use Five red pre-threshold warmng

light bars are located as shown in Figure 6§ (52)

On runways with no approach configuration, the national
standard calls for a mimmum of eight lights 1n a row placed symmetrically
with respect to the runway centerline Elevated lights are used at most
airports In these instances, a 75-foot gap must exist in the middle for
safety reasons A threshold system for a typical civil airport 1s shown in
Figure 14 The main difficulty encountered with threshold lights 15 loss of
effective intensity through color-coding Green filters reduce the effective
intensity of lamps to approximately 1/5 of their original intensity Also,
when lighis are operated at less than 100% output, lamps are subject to a
reddening effect, further decreasing effective intensity Because of these
defects, a considerable number of pilots have complained for many years

about the lack of conspicuocusness of threshold lights (AL2, R6, S1, S26)

Whether or not threshold lights need to be extended entirely
across the end of the runway to increase conspicuousness 1s still debated
It has been strongly suggested that lights should extend ocutboard aof the
runway lights to accommeodate fighter aircraft having relatively unstable
low-speed handling characteristics and with poor forward cockpit visibility
{due to nose-high landing attitude) 1In 1955, WADC tested six basic thres-
hold patterns The most effective pattern was that shown in Figure 14
This pattern incorporated split-filter threshold lights which showed green
at the near end of the runway to an approaching pilot, and red at the far
end of the runway to a pilot taking off A full row of flush lights across the
threshold was thought to warrant serious consideration whenever service-

able flush units became available (TL1, ALZ2)

Results of a combined theoretical-operational study by NBS

and TDC 1n 1956 gave rise to the threshold configuration also shown 1in
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Figure 14 The recommendation was made that some of the lights should
show red to aircraft taking off as well as green to landing aircraft, as in
the design mentioned 1n the previous paragraph Spacing of lights within
the bars was varied to determine the effect of spacing on effectivenegs
There was no noticeable difference in linearity of appearance of the bars
when 2 5-foot and 5-foot spacings were used At distances of greater than
1 mile, however, the effective intensity of the bar with 2 5-foot spacing
was twice that of the bar with 5-foot spacing. A spacing of 5 to 8 feet ult1-

1
mately was thought to be satisfactory.

In the May 1956 International Federation of Air Line Pilots
Associations (IFALPA) Technical Meeting, a simple line of lights across
the threshold was reported as inadequate Some favorable comment was

' of green lights which would not only ex-

received on a proposed "'sleeve’
tend across the threshold, but along the runway edges for 100 to 200 feet
As part of the same proposal, a triple row of green lights, instead of the
single row, was recommended 1n order to emphasize the threshold It
was generally agreed that some green threshold lights should be placed
along the sides of the runway and that these could serve to indicate length

of runway remaining as well as marking the threshold (AL16)

Runway Zone Markers

The extension of the threshold lighting concept to one of
defimtion of the landing area has been suggested, as indicated in the pre-
ceding paragraphs. Proponents point out that such a lighting system could
also be used to indicate runway remaining for both landings and takeoffs

{(TL2)

A study conducted by the Air Force School of Aviation
Medicine (SAM) 1n 1949 concluded that a {lush system of red-green lamps
in the imtial 1500 feet of the runway, at each end of the runway, would be

helpful To a pilot beginnming takeoff or landing, the lights would show red

Douglas, et al , op cat
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in the final 1500 feet of the runway This 18 the same principle that has
been recommended by WADC (see Figure 14) except that in the SAM de-
s1gn, zone marking would be accomplished by flush lights rather than edge

lighting (M23, TL1)

The principle of zone marking was used at LAES 1n 1949
The 1nmitial 1500-foot zone on each end of the runway was marked at 200-
foot intervals with bi-directional red-green satelliie lights positioned
cutside of regular runway lights FPilots reported that the red lights were
readily identified, but that the green lights lacked conspicuousness It was
recommended that the lights be moved inside the runway lights and that a

more transparent green filter be developed (ALlL)

In a joint TDC-WADC test at Weir-Cook Airport, Indianapo-
Iis, 1n 19534, spacings of the red-green satellites were varied to find the
most suitable pattern, A pattern utilizing a pair of satellites positioned
outside runway lights every 400 feet for 2000 feet was recommended Of
29 answering test pilots, 15 recommended that the system be adopted as a

national standard {TL2)

The national standard for runway lighting established 1in 1955,
however, does not require installation of runway zone markings, and few
airports have such a system Some recent pilot opinion has indicated a
need for distance-along-the-runway information visible to the landing pilot
airborne over the runway The primary problem 1in color-coding such in-
formation 1s that the most appropriate length of the warning zone will vary
markedly according to type of aircraft Ailrborne pilots ordinarily can not

use the present runway distance markers discussed in other sections below 15

Runway zone marking also was favored at the 1956 IFALPA
Technical Meeting, primarily for indicating runway distance-to-go A warn-

ing light, or light bar, was recommended for installation 600 feet before

5 Personal communication to Capt J Gill from Capt P. D Parkinson,
both of Eastern Air Lanes, 5 December 1958
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the end of the runway A pre-warmng light was to be 1nstalled 1200 feet
before the warning light--thus, the last 1800 feet of the runway would be
"zoned" (AL16)

At Gatwick Airport in England, location of the threshold
was emphasized recently by ''wingbars'' of green lights located perpendic-
ular to and outside of the runway lights At a distance of 1000 feet along
the runway from threshold, there were similar white, high-intensity
"wingbar' lights The purpose of these "wingbars'" was to help the pilot
judge his angle of descent and to touch down between the two sets of differ-

ently-colored lights, (TL4)
Component Development Information

Apparently little can be done to overcome the approximate 80% de-
crease 1n output due to addition of green filters on threshold lights, It
would be possible to have a separate power supply so that threshold lights
could be operated at higher intensity than runway lights (threshold and
runway lights are currently operated and controlled on the same circuit),
However, even if there are separate power supplies, the effective intensaity
of threshold lights, compared to runway lights, will always be low when

runway lights are operated at full intensity, 16 (C1)

For threshold systems to extend completely across the runway,
safety considerations require the use of flush lights, For this purpose,
flugh lights must meet the requirements cited in the section on over-run
lighting, plus the following additional one,

(6) They must supply adequate candlepower with a green filter

throughout the region in which they are to be seen.

It was found at WADC that the expendable-top light had almost

twice the effective intensity when used uni-directionally, as when used

18
Douglas, op cit
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bi-directionally As a threshold light, 1t 1s also more susceptible to
contact with aircraft and snow plows, and although the cost of replacing
the plastic tops 1s very small, continual replacing and cleaming up could
become rather expensive and time-consuming (C24)

Open-grid type umits again have the disadvantages of com-
paratively narrow horizontal beam spread and high unit cost, although
they do provide sufficient vertical coverage. Umted States units are uni-
directional only, but a Damish version of the Elfaka open-grid light report-
edly 1s bi-directional and 1s i1nstalled at Copenhagen

Prismatic hights can provide bi-directional beams, meet
photometric requirements, and are not as affected by aircraft and snow
plows, although they are more susceptible to being rendered 1neffective by

snow than the open-grid umts or expendable top units (C24)
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Runsway Sugus, Marks and Lughts

Design Requirements Used as Standards

In final landing procedures, the pilot typically focuses his attention
on his intended touch-down area When s view of the threshold lights 1s
cut off by cockpit restrictions and a nose-high landing attitude, the pilot
must rely entirely on whatever he can see along the runway itself to land
his aircraft He may make use of his aircraft landing lights to highlight
whatever 18 available for guidance Once he has actually touched down,
the pilot must use some runway directional information to guide his roll-

out, (GA22)

The primary function of runway lights 1s to define limits of the
ground area on which an aircraft can safely operate, The runway lighting
system should meet the following requirements

(1) Provide positive unambiguous i1dentification of the runway

{2) Outline the runway

(3) Distinguish between touchdown, intermediate, and caution or
warmng zohes of the runway

(4) Be compatible with high-intensity approach lighting,
{5) Maintain effectiveness 1n a wide range of conditions

{8) Be compatible with normal aircraft and airport operational
procedures (e, g., cause shocks to landing aircraft or inter-
fere with snow removal).

(7) Be relatively inexpensive to install and mainta:in,

The following information should be given the pilot with little inter-
pretation required

(8) Height and distance-along-the-runway

(9) Displacement from runway centerline (alignment)

(10) Attitude, (AL1)

45



Designs Tested
(1) Runway edge lighting
(2) Patterns of flush lights within the runway surface
(3) Runway edge floodlighting
{4} Painted markers and runway distance markers,

Summary of Test Results

Runway Edge Laghting

The national standard since 1955 calls for straight lines of
runway lights on each side of the runway, defiming the lateral limits of the
runway Longitudinal spacing of the lights may not exceed 200 feet, and

spacing must be umiform along the runway {S18, 3526)

Edge-lighting systems (Figure 15) have been in use for the
past 13 years and today, with few exceptions, are installed at all United
States airports And also practically without exception, pilots have com-
plained about the lack of elevation guidance provided by edge lighting after
passing over the threshold in low visibility conditions, The effect of pass-
ing from the approach lights to the runway-edge lights has been likened to
entering a "'black hole'" since, when the pilot i1s at altitudes below 100 feet,
the edge lights are outside the area of the pilot's attention and the more
sensitive areas of his eye The relatively higher effective intensity of
approach lights also aggravates the "black hole" condition by affecting the
pilot's dark adaptation The distance between the threshold and touch-
down point has also been dubbed the "hold off and hope'" area (M4, M9,
M19)

It seems to be a general opinion that edge lighting alone 15

hardly the optimal runway lighting system Its main advantage over other
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proposed systerms 1s largely i1n the matter of relative economy of installa-

tion and maintenance

Patterns of Flush Lights Within the Runway Surface

For the past few years, flush lights have received much
support as the potential solution to the '"black hole" problem Proponents
argue that a pattern of light units within the runway surface, having stand-
ardized lateral and longitudinal spacing, would offer accurate height
guidance The apparently increasing separation of rows of linear bars
and closing of the distance between units within a row at a farmiliar rate as
the pilot descends should permit precise height judgments It has been
recognized that a system accomplishing these objectives would entail a
rather large expense, for not only are the light units themselves costly,
but existing runways would have to be torn up for their installation (GA33,

M9)

The first attempt to i1lluminate the maddle of the runway with
flush lights was at Schipol Airport, Amsterdam in 1956 A row of lights
1mbedded 1n the pavement on either side of the runway centerline, using

the open-grid housing units first developed in the Netherlands (GA22)

In 1957, at Soesterberg Airport, Netherlands, four British
pilots took part 1n brief flight tests on an extension of the Calvert approach
system into the runway with the use of grid-type flush umits Although far
from 1deal in providing visual guidance during final flareout and landing,
the provision of a pattern within the runway was generally considered to
be a great improvement over runway edge lighting Vastly improved height

guldance was reported (R4)

Fixtures which simulated the light output of open-grid units
were placed on a test runway at Andrews AFB, Maryland, 1n 1957 (The
regular open-grid fixtures were not used because of the expense i1nvolved

and because the arrangement used allowed spacing of the lightg to be
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varied ) Optimum spacing of the lights recommended are shown i1n Figure
15 Laght units were toed in so that their main beams 1ntersected the run-
way centerline 700 feet from parallel umits There was some feeling,
however, that a 200-foot spacing might at times fail to provide necessary
guidance When visible throughout the landing maneuver, narrow-gauge
lighting, as the system was labeled, was considered effective in sharpening
directional gmadance and providing roll guidance during flare and landing,
but it apparently did not provide adequate height guidance for touchdown
However, there was not complete agreement on this last conclusion among
personnel who conducted or participated in the tests It was agreed by all
that rrot encugh low visibility flights were made to warrant more than tenta-

tive conclusions (AL4, R1l, R9, GA4T)

Edge floodlighting was also installed at Andrews AFB and 1t
was reasoned that an optimum runway system might combine runway illum-
ination for touchdown with a simplified narrow-gauge or centerline pattern
for supplementary guidance during flareout Such a system has advantages
of economy of installation on existing runways over the proposed narrow-
gauge system In limited tests, however, a centerline row of flush point
sources of light was found to produce surface roughness at the most heavily
traveled areas on the runway This would have undestrable structural

effects on certain aircraft (R1, R9)

In England, the use of a 75-foot gauge {distance between
parallel units, symmetrically placed on each side of the centerline) with a
longitudinal spacing of 250 feet over a runway distance 3000 feet long has
been suggested by the Air Ministry This particular spacing has been crit-
1cized by researchers in both England and the United States It has been
suggested in England that, on a theoretical level at least, the best config-
uration for elimination of the "black hole' maght be a centerline pattern,
but this might confuse a pilot when used with the centerline approach

system., (TIL4, GAZ2)
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In a joint meeting on August 15, 1957 called by CAA to dis-
cuss the Andrews AFB tests, government and industry officials present
agreed that the length of the narrow-gauge system should be about 3000
feet to form a landing mat for accommeodating pilots who might fly the sys-
tem only a few times a year This length was also recommended at the
IATA Technical Conference at Amsterdam in November 1955, A simple
centerline of lights to continue past this landing mat also has been

suggested 17 (R9, GA33)

Operational tests of a narrow-gauge system using open-grid
light units at Dow AFB were 1n the final stages in February 1959 Formal
analysis of results were not completed, but military pilot opimion was con-
sidered to be very favorabls The narrow-gauge system was being
evaluated by the military from the standpoint of 1its part in an all-weather
(down to 0-0) recovery system for bomber and fighter aircraft, Prelimi-
nary analysis of results allowed a tentative conclusion that, during the
period from twilight to dawn, an aircraft correctly lined up with the run-
way centerline by GCA or ILS could land safely in any type of weather, Of
particular interest was the tentative finding that a 200-foot longitudinal
gpacing between units was considered by pilots only to be "brighter'" than
a 200-foot spacing, guidance differences between the two spacings were not

reported as significant by pilots 18

Patterns of the pancake low-intensity units under develop-
ment at FAA and the open-grid units will be operationally tested 1n the

near future at NAFEC,

7 Braznell, et al , op cit.

8 Personal communication between the authors and Dr H, C, Coleman,
Air Proving Ground Center, Eglin AFB, Florida,



Runway Edge Floodlighting

The use of floodlighting 1n conjunction with flush runway
lights was mentioned 1n the preceding section Floodlighting is the earliest
known form of airport lighting A floodlighting unit has recently been de-
veloped which houses high output lamps 1n a specially designed luminaire
(Figure 16) The purpose of these luminaires 1s to cast light at a grazing
angle across the runway to vividly bring out runway texture One aspect of
floodlighting considered encouraging is that the pilot receives guidance from
more nearly the same visual stimuli he uses under good visibility daylight
conditions. Suggested luminaire spacing 1s every 9 feet beginming 200 feet
from threshold and continuing for about 1400 feet on both sides of the run-
way. With such a system, some proponents claim that there would be no

need for threshold lights currently in use (R11, C31)

Luminaires were installed at the recommended spacing from
500 feet to 1215 feet from threshold at Andrews AFB and operationally
tested 1n 1957, The system reportedly gave adequate directional, pitch,
and roil guidance Conflicting reports, however, were receiwved on whether
or not the lights were adequate in providing altitude information and avoid-
ing glare The general feeling apparently was that the luminaires were
adequate, or with some minor adjustments could become adequate, These
lights were relatively expensive to operate, interfered with snow removal,
were subject to wind, hail, and jet blasts, presented a continuous obstruc-
tion along the edges of the runway, and could not be used at intersections,
In addition, runway markings were not sufficiently visible, "texture"
apparently being obtained only from the runway surface itgelf, 19 (AL4,
R1, R9, GA22)

Recently, floodlighting units were 1installed along 1300 feet of
a runway at Washington National Airport {this was not CAA-recommended

operational length, but test installation length). Under ceiling conditions of

18 Braznell, et al , op. cat.
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200 feet or more, and 3/4 mile or more visibility, most pilots have found
the lights useful New markings of masonry and beaded traffic paint were
placed 1n the touch-down area  On October 23, 1858, all pilots who
noticed the markings were favorably impressed Some glare effects were
reported On November 15, 1958, under low fog conditions, a number of
missed approaches occurred, although 1t 18 not clear to what extent glare
from the floodlights was a contributing factor Preliminary results show
that floodlighting 1s less effective on blacktop than on concrete, but
that white runway markings improve their effectiveness on blacktop

20, 21
surfaces

Some modification of fixtures to effect more 1llumination at
the center of the runway and less glare at the edges 1s being accomplished
on the Wasghington installation Reports on the initial system indicate that
distributicon of light across the runway was 1nadequate In addition, the
luminaire has been re-designed by the manufacturer to effect increased
lamp life Floodhighting probably will be tested in the near future at
NAFEC.

Painted Markings and Runway Distance Markers

The value of painted runway markings has long been recog-
nized There has been some question, however, as to what and how much
information the marking should encode Even today, all airports do not

strictly adhere to national standards (AL1)

The early system of runway markings (ANC system 1n
Figure 17) was used by the Air Force, Navy, and CAA, Runway length
was 1ndicated by 50-foot painted stripes at the threshold, with each stripe

signifying 1000 feet of runway length, With these earlier markings there

20 R F. Gates, FAA Memorandum to files, dated 29 October 1958

21 Gill to Parkinson, op. cit
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was no painted centerline, longitudinal stripes were painted on the runway,
parallel to and 15 feet on each side of the runway center, to provide direc-
tion guidance They began and ended 25 feet from the runway number
designations at each end of the runway The markings appearing as a
series of broken stripes down the runway from the approach end{see Figure
17} were 1ntended as distance markers and were positioned 1500 feet from

the ends of the runway (R12)

Recent Navy runway markings are 1illustrated in Figure 17
There 1s lack of a requirement for the familiar runway length symbols at
the threshold Runway centerline marking 1s formed for the most part by
a broken line having 120-foot dashes and 80-foot spaces In addition to the
centerline, there are two longitudinal siripes, located 72 feet to each side
of the centerline Both the centerline stripes and side stripes are 2 feet
wide A new item is a landing area marking (simulating a carrier deck),
starting at a mimimum of 500 feet from the runway threshold It consists
of the following a series of stripes 30 feet long, 2 feet wide, with all
stripes running parallel to the runway, forming the near edge of the area,
a centerline stripe broken into 30-foot dashes and 20-foot spaces for a dis-
tance along the runway of 530 feet, two stripes placed 40 feet on either side

of the centerline, also extending 530 feet down the runway (R12)

With some slight differences, the current national standards
(as of 1953) follow the ICAQ recommended systems and suggestions made
by Sperry Three categories of runways and their markings are 1llustrated
in Figure 18. Most prominent features of the "all-weather' marking style
are the groups of longitudinal stripes along the first 2000 feet of runway,
These groups are 500 feet apart and can serve to 1ndicate the position of
the aircraft along the runway, The eight bars indicating the threshold area
are 12 feet wide and extend a mimimum of 150 feet down the runway. In
each category, the centerline 1s the same, 120-foot dashes and 80-foot

spaces Width of the centerline i1s at least 3 feet, and 1n some 1nstances,
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widths up to 10 feet are being used Runway side stripes 3 feet wide and
70 feet from either side of the centerline are included in the all-weather

markings (R12, S6)

Air Force runways have additional touch-down zone mark-
ings 1in the form of 3-foot wide stripes placed across the runway, one
2000 feet from either end of the runway., There 1s also a runway midpoint
marker consisting of two stripes, 2 feet wide, extending across the run-

way (R12, S6)

Runway distance markers have been developed to help the
pilot determine his exact longitudinal position along the runway. These
s1gns are being used to give information on amount of runway remaining
(or used) Pilots generally have expressed a preference for the signs to
be on both sides of the runway, and for information on runway remaining
rather than runway used The signs generally have been 4 to 5 feet square
and have been positioned from 25 feet to 215 feet from the side of the run-

way (R2, R3, C21)

In a two-year (1955-1957) study of runway distance markers
by WADC, eleven different types of signs were tested The following
characteristics of signs were varied size, height above ground, color of
numeral {white and black}, color of the background (white, black, or
orange), height of numeral, distance from runway, and construction The
recommended s1gn and its characteristics are shown in Figure 19 The

sign would be lighted with a 75-watt lamp for mighttime use (C21)

In the WADC evaluation of runway distance markers, some
pilots expressed a need for a visual indication of take-off acceleration
check point, This check point would be marked 3000 feet from threshold
by a 3-foot wide stripe painted completely across the runway A flashing
light was suggested to aid night identification of this point No operational

evaluation of these proposals has been conducted (R3)
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In September of 1957, signs using twotypes of orange back-
ground paint were tested at Arcata by NBS for the Navy., A black
numeral on an international orange marker was found to be best of the com-
binations tested, in terms of recogmition distance Optimal levels of

nmighttime 1llumination and location of the lamps also were determined (R5)

The main problem with runway distance markers 1s that the
further they are moved into the pilot's normal field of vision, the greater
hazard they become to aircraft Internally-illuminated signs have generally
been so large as to be a hazard WADC reports that electroluminescent
panels have been found inferior to, and more expensive than, externally-
1llurminated signs, although development of an improved electroluminescent

panel has recently been reported (AA5, C41, C43)

Component Development Information

Present high-intensity runway edge lights distribute light as 1n
Figure 15 Their output 1s generally adequate Present medium-intensity

runway lights are reportedly inadequate (C4, C17, C18, C54, C55)

Laghts to be used in the runway surface must fulfill the same re-
quirements stated in the section on overrun lighting Again, three types
of units are available flush, semi-flush, and frangibletop The open-grid
and prismatic flush lights presently appear to be the best units available.
A prismatic light which would afford full 360-degree coverage had been
found to lack sufficient candlepower., (C23, C35)

Both the operational tests at Andrews AFB and laboratory tests at
WADC seem to indicate that the open-grid type light 15 deficient 1n hori-
zontal beam coverage Early tentative results from Dow AFB seem to
confirm this, although stated somewhat differently Results of tests on
prismatic lights to date appear promising, It i1s anticipated that these

units will soon be tested at NAFEC, Atlantic City
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Runway marking materials are evaluated in terms of the following
performance characteristics

(1) Reflectance at required viewing angles,

{2) Capability to withstand normal weathering and abrasion,

(3) A coefficient of friction roughly equivalent to that of the sur-
rounding pavement

(4) Resistance to molten rubber depositing

No one paint has been found optimal in meeting all or most of these
requirements. Eight different types of paint were applied to the main run-
way at Washington National Airport and their performance evaluated both
with and without floodlights Testing was not completed as of February,
1959 Few clear-cut preliminary results have been evident It does
appear, however, that except for use with floodlighting, retro-reflective
paints are best Also, due to the relatively large amount of rubber de-
posited at the center of the runway iu the touch-down zone, the cheapest
retro-reflective paint cva.l~ble may turn gut to be the wirest seolution for

centerline markings in this zone {31, C7, C25-27}

The use of new marking m:aterials (refler-reflecti . gelf-luminous)
on runway d:stance gigng may ncrease the conspicuousness of the num -
erals, but the fact that the gigns must be placed outgside the pllot's normal
field of vision 18 still the main reason for their lack of acceptance., (C2,

C41, C50)

It may be, however, that runway distance signs are only an interim
measure, It has been suggested that 1t might be optimal to encode this
type of information for the pilot through some sort of an electronic or
mechanical device linked to the aircraft, since the pilot has little time to

gsearch for these gigns while landing or taling off

2 Douglas, ep cit



Tasuvey Seqrs, Marks and Loghts
Design Requirements Used as Standards

The great number of aircraft taking off and landing at today's air-
ports makes 1t almost impossible for landing aircraft to come to a complete
stop on runways, Thus, airports are being designed to link runways with
parking aprons The sooner an aircraft can turn off a runway onto a tax:-
way, the greater will be the total volume of traffic which can be handled by
the airport. Basically, taxiway signs, marks, and lights should simply and
unequivocally define direction to the airport destination of each unit of

ground traffic

The design of runway turnoffs and taxiway marks and lights should
meet the following requirements,

(1) Provxde an integrated system of visual aids to allow rapid air-
craft movement between the runway and the parking apron,

(2) Allow aircraft to leave runway at as high and safe a speed as
possible

{3) Unmstakably distinguish taxiways from runways,

{4) Provide 1dentification of turnoffs and taxiways with sufficient
lead-time to the pilot

(5) Provide identification of taxiway-runway 1ntersections with
sufficient lead-time

(6) Be visible under night and low visibility conditions

(7T) Be visible despite cockpit visibility restrictions (GA22)
Designs Tested

(1} Edge lighting
(2} Centerline lighting
(3) Painted markings

(4} Taxiway signs
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Summary of Test Results

Edge Lighting

A line of aviation-blue lights 1s used on each side of the
taxiway, with uniform longitudinal spacing of not more than 200 feet to de-
fine the lateral limits and direction of the taxiway There 1s some feeling
that closer spacing and lower intensity of these point sources of lights may

be desirable (ALl, GA22)

Edge hghting was tested at McClellan AFB 1n 1958 1n con-
Junction with a study of high-speed turnoffs Although the best guidance
was provided by a centerline plus edge lighting pattern, the guidance pro-
vided by edge lights alone with any spacing tested was sufficiently adequate

to permit the pilot to negotiate the turn without serious difficulty (TW2)

Centerline Lighting

It has recently been argued that optimum guidance would be
obtained from a centerline system which gives a clear and unmistakable
path to follow along the runway and taxiway At McClellan AFB, however,
centerline lighting alone was found to leave something to be desired for
high-speed turnoffs Lack of edge lighting caused pilots to be uncertain
about amount of lateral space available to make a correction when the air-
craft was displaced from the centerline Since the tests were limited 1n
gcope, only tentative conclusions were reached, It was recommended that
experimental installations be set up to more fully explore centerline

systems (TW2, GA22)

Centerline systems have been used in Europe Spacing of
lights usually 18 not more than 80 feet on straight sections, with decreased
spacing at curves and intersections By iiternational agreement, these

lights are green to prevent confusion with blue edge lighting systems
{(GA22)
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An experimental centerline system was installed at a run-
way turnoff at Indianapolis 1n 1958 No formal evaluation reports are

available

Painted Markings

The national standard for taxiway markings, as of 1953,
requires a single continuous yellow stripe along the centerline of the taxa-
way Where a taxiway intersects a runway, the taxiway centerline should

be curved into the runway centerline (525)

At McClellan AFB, the most effective daytime guidance was
obtained from a 1-foot wide, yellow, reflectorized stripe on the centerline

Some feeling was expressed that the stripe should be wider (TwW2)

Taxiway Signs

As the network of runways and taxiways at modern airports
has become more complex, a more efficient method of guiding the pilot to
his airport destination has become a necessity i1n both day and mght opera -
tions At airports with control towers, signs have been used to supplement
the controller's instructions and teo aid the pilot 1h complying with thesge

instructions

A 1852 Navy Department study on taxiway marking and
lighting favored use of internally-lighted black signs with translucent yel-
low letters and symbols The reasons for this recommendation were
maximum contrast with other airfield light and objects and maximum legi-
bility, especially under low vigibility conditions The present national
standard spells out both of these requirements, i1n addition to standardized
size, shape, lettering, and location Work done at TDC, Indianapolis, 1in
1952 on taxaway guidance systems apparently helped 1n establishment of

these standards (TW1, TW3, C19, C47, C48, S8, 589, S12)

Taxiway sign systems consist basically of two sign types

destination signs, which indicate the direction to taxi to a particular
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destination on the airport, and intersection signs, which i1dentify intersect-
Ing taxiways and runways, Typical destination and intersection signs are

lllustrated in Figure 20

Component Development Information

A new gaseous-tube type of edge taxiway light, somewhat similar
to one found adequate at LAES in 1949 has been experimentally developed
by the Port of New York Authority and has been installed at Idlewild Air-
port. These lights appear more desirable visually than the point sources
of light units currently used on taxiways, Verbal reports from Idlewild
indicate that the light meets all visual requirements, however, some

breakage of the units has been reported, 23 (C12)

Reguirements for flush centerline taxiway lights are the same as
those stated in the section on over-run flush hghts, with the following
addition

(6) They must supply adequate candlepower with a blue or green

filter,

Two types of light umts have been proposed for use 1n centerline
taxiway systems, One 1s a round, gradually-shaped dome type light, the
other a fluorescent bar type, A lLight which could be taped on the runway
was used in the tests at McClellan AFB, however, these lights were con-
sidered suitable for interim use only. The pancake light being developed
by FAA probably will be suitable for taxiway guidance (AAS5, TW2, C38,
C39, C40)

WADC reported that the dome-shaped light has met all require-
ments for its intended application No operational results are yet available
on the fluorescent bar type light, but 1t 1s anticipated that light output may

not be sufficient at required viewing angles, (C40)

23 Douglas, op cit
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Hagond Marks. and Lughts

A study from 1854 to 1956 on marking of television towers, con-
ducted by the Air Coordinating Commttee, established certain specifications.
Since 1956, however, little work has been done to develop lights which will
meet these specifications Lights now being used to mark hazards and ob-
structions are apparently satisfactory for mght use, but far from ideal for
daylight and twilight conditions Steady-burnming red lights are used to
mark cbstructions, the more hazardous of these being marked by red
lights flashed approximately 40 times per minute Marking specifications

call for alternate red and whate painting (H2)

Battery-powered hazard markers have been developed for isolated

hazards or emergency areas on the airport 1tself (HI)

There 15 a dearth of operational test evidence on hazard marking

and lLighting
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Genernal Commentary on Operational Jesting

The operational studies reviewed utilized a wide range of evalua-
tion and testing practices At best, operational testing 1s difficult,
time-consuming and expensive Safety and economy stakes remain high,
however, making it most compelling that methods and procedures be used
which accurately and reliably reflect the effectiveness of a proposed mark-

ing or lighting design

From the standpoint of economical and sound testing procedures,
the survey has pointed up the need for more careful attention 1n the future
to certain aspects of operational testing, which are discussed 1in this

section
Economy of Testing

An operaticnal testing program frequently can collect more than
one type of data at little 1increase 1n cost or time An objective for each
test should be to collect as much data as can reasonably be gathered with-
out interfering with sound data collection procedures This principle has
two general applications testing a proposed design's effectiveness against
more than 1ts primary function, gathering information that will be useful

beyond the rejection or acceptance of a particular design

As an example of testing a proposed design's effectiveness against
more than one criterion runway lighting can be evaluated not only for its
primary utility during flareout and landing, but also 1ts secondary utility
in providing guidance during the final stages of approach and takeoff In
most instances, test runs will be made with aircraft taking off from the

same field at which landing evaluations are being made

The above comments should be interpreted with some caution In

gsome 1nstances, testing situations can be set up to produce a glut of data
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which would ultimately L= stored, unanalyzed, and unuseful, Operationally
meaningful hypotheses should be set up before testing, as should data re-
duction and analysis plans  All data collected should contribute to the

acceptance or rejection of specific hypotheses of one sort or another

Operaticnal tests are frequently conducted on prototype equipment
The pilots participating in the tests should be made aware that they are not
seeing ''the polished brass" Researchers must be careful to evaluate
comments 1n light of this tendency Just as importantly, researchers
must be cautious in interpreting resulis, frequently a concept or pattern
recelved a negative report which was attributed to the pattern or concept,
when 1t appears likely that another variable, such as effective i1ntensity,

was the major determinant of the negative report

The high cost of operational testing demands that testing programs
be set up to maximize within practical limitations the information collected
in a test In add:ition to providing information that can be used to reject or
accept a proposed design, operational tests can be set up to generate feed-
back information for equipment designers Thus, test results can be used
to specify a set of functional design requirements which, even if they are
not met by the hardware operationally tested, can be used to helpdesign

future equipment which will be acceptable

Objective Tesung Standards

Pilot "output'" and "input" performance measures are both essential
Operational testing without one or the other does not provide the firm over-
all basis reguired for recommendations which necessarily involve many

lives and large expenditures of money

Instrumentation 18 required which allows an objective record to be
made of attitude and flight path profiles during testing In the long run,

these performance "output' measures--flight path deviations, attitude
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variations, landing impact force, actual point of touchdown, etc --
represent one of the two primary criteria These measures are
obtainable and have been used at such places as National Aeronautics and
Space Admimistration Ames Research Center and Air Force Flight Testing
Center, Edwards AFB Use of such measures has been sporadic and in-

complete 1n airport marking and lighting operational tests

Subjective reports of pilot opinion are one type of input' measure
and have been used almost exclusively in operational tests Certainly one
must take account of the '"tranquility of spirit" referred to frequently as
ocne important requirement for an airport marking and lighting design But
pilot "input" must be defined more broadly to include all types of pilot
effort and strain Opinion collection instruments can be refined in light of
the knowledge which has accumulated in recent yearg on removing or
accounting for bias and other such factors in opinion measurement Spec-
1ally designed information collection 1instruments can be used by trained
observers for on-the-spot-in-flight record taking {for other than single-

place fighter aircraft) as another measure of pilot "input"

Comprehensiveness of Test Design

Operational testing procedures must guard against systematic
biases and chance results Output and input measures can be expected to
vary with aircraft performance characteristics and structural factors
such as cockpit visibility, pilot training and experience, both general and
specific, auxiliary aids (electronic or others), weather conditions, and

many other factors

It 18 virtually impossible to test all possible combinations of all
factors However, a systematic testing program can focus on the values
of factors that bracket the range of values that the factor can take For

example, aircraft representative of particular extreme ranges of control
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characteristics might be used, 1nstead of aircraft representative of E£
control characteristics Caution must be exercised so that test pilots are
representative of the pilots who will use the system, continued use of the
same test pilots can lead to biased results due to their unusual familiarity
with the system being tested In addition, of course, inherently unsafe
conditions can not be routinely programmed as a part of the testing pro-
gram But a factorial design approach, as opposed to random or functional

approaches, would insure that test designs are comprehengive

Operational testing in the past has been characterized 1n general
by use of a relatively small number of pilots and only a few combinations

of the many factors which potentially affect test results

The Proper Role of Operational Tests

The cost of operational testing in the future can be expected to be
higher due to projected increases 1n complexities of aircraft and opera-
tions Care must be taken to see that as much preliminary screemng of
design proposals as 18 possible has been accomplished before the opera-
tional test stage is reached The use of semi-operational screening
techniques, such as simulators with visual presentations, should be i1n-
creased These screens can weed out designs that appear to be sound on
the drawing board, but which have serious deficiencies i1n the operational

situation

In the past, a number of operational tests have been conducted on
designs which were still being drastically modified during the testing pro-
gram It 1s most difficult to justify the use of operational tests as a
routine experimental design procedure Operational tests properly should
be considered as the last step before service installation In this role,
operational tests are viewed as a proving grounds for designs which have

passed thorough analytic and semi-operational evaluations
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Cument. Status of AM L Installateons
and Ongowng Oporational Jests

The preceding sections have ranged over what "has been'', what "1s"
and what "may be'" in airport marking and lighting operational tests Asa
summing up, it may be useful tc shift this emphasis A picture of what 1s
likely to be actually installed today at a ''typical' heavy traffic airport 1s
described 1in this section, along with a review of operational tests currently

underway
Typical Awrport Marking and Lighting Installations

Installation of airport marking and highting systems at service air-
ports has not immediately followed operational tests demonstrating a
system's or component's effectiveness There has been a built-in time
lag due to budgetary limitations and attempts to resolve different opinions
of interested groups Above all, there has been a phenomenal rate of 1n-
crease in air traffic and i1n operations under night and poor visibility
conditions These factors have tended to widen the gap between what could
be done, what had to be done, and what needed to be done The rapid
development of high-performance aircraft (which also increased the diverg-
ence of total aircraft performance characteristics that must be handled by
a common system) has outmoded some systems before they were in wide-
spread use The net result of all these conditions has been an irregular
installation of marking and lighting systems, making 1t difficult to find
more than a few airports with the same over-all system Needless to say,

this si1tuation has been the source of widespread demands for standardization

From a practical standpoint, one of the most significant contribu-
tions that can be made to the airport marking and lighting system program
15 a reduction in the time required between introduction of a design concept

and its acceptance or rejection The centerline approach system was first
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introduced in 1948 It was not made the national standard until 1958
Transmissometers, used to measure atmospheric transmissivity, are
just now getting into full use, but have been developed since 1948 A
reduction in lead time can be expected through the use of more objective
operational testing procedures recommended in the preceding sections,

masmuch as data should help resolve differences in opinion

One can expect to find the following at today's '"typical" heavy traific
airport,

Beacon Alternate green and white flashes, 12 per minute (Dual
white flashes at mulitary airports )

Approach Lights, On instrument approach runways, and used only
in poor visibility conditions short left-hand single red
rows, extended runway edge white rows, or white centerline
approach systems, There were 14 naticonal standard (NSla)
centerline systems 1in operafion in June 1957, a total of 89
were planned for installation through 1962 Sequenced flash-
ing lights were programmed for 36 centerline systems by
the end of 1958, a total of 83 of the 235 centerline systems
planned through 1962 are to have sequenced flashing lights.
(GA34)

Threshold Laghts A continuous or split row of aviation-green
lights extending across the end of the runway

Runway Marks White centerline painted in 120-foot stripes with
80-foot spacing White runway number just beyond thres-
hold Eight threshold lines extending 150 feet down the
runway Other markings vary considerably from airport to
airport

Runway Laghts White runway edge lights extending along both sides
of the runway,

Taxiway Marks Yellow continuous centerline

Taxiway Lights, Aviation-blue (in some cases, yellow) edge light-
ing along both sides of the runway

Runway and Taxiway Signs Vary considerably from airport to air-
port
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Ongoing Operational Tests

At the present time, maJor emphasis 1s being focused on ihe

following projects

Beacons. The usefulness of beacons as visual aids for locating and
identifying the active runway 1s being actively explored The
more promising of these appear to be approach-bheacons
recently tested at Arcata and soon to be further evalunated at
El Toro, California, and Oceana, Virginla, runway-end
identifiers (170-degree coverage) soon to be service tested
at Norfolk

Runway Lights. This 1s currently the area of most activity The
flush narrow-gauge system testing at Dow AFB 1s approach-
ing an end A narrow-gauge system 1s being installed on a
runway at Idlewild, Floodlighting is being tested at Wash-
ington National Airport., Both narrow-gauge high intensity,
"pancake' medium intensity, and floodlighting systems will
be further evaluated at NAFEC, Atlantic City Centerline
"button-lights" for runway roll-out guidance were also 1n-
cluded in the Dow AFB installations and will be further
tested at NAFEC

Runway Marking Materials Experiments and tests of runway mark-
ing materials, including retro-reflective paints, are
currently under way at Washington National Airport

Taxiway Lights New edge lights are being service tested at Idle-
wild Centerline (flush) taxiway lights are being evaluated
at Indianapolis and probably will be further tested at NAFEC,
Atlantic Caty
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Chaptn 3

Fhght Mode Analysis of AML Functions

The survey of operational test results presented in the preceding
chapter was organized around hardware systems and components, In this
chapter, focus shifts to functions served by the AML system. The analy-
s1s 15 presented by flight modes, which are logically related portions of
the pilot's tasks 1n air and ground movement involving use of the AML
system Modes are discussed in the following order

Initial Approach (VFR)-~1ncluding entry into traffic pattern

Circling (VFR)--mncluding downwind and base legs

Final Approach--VFR and IFR.

Flareout and Landing--including runway rollout,

Turnoff and Taxiing

Takeoff

A brief discussion on total AML: system functioning 1s presented last

Explanation of Mode Analys Farts

The analysis for each mode consists of the following parts

General Pilot Task Description. Brief statements are made re-

garding those parts of the pilot's task involving the AML system These
statements are not meant to cover all of the pilot's tasks 1n the flight
mode For example, his systems' management tasks (e g , hydraulic,
o1l systems) and aircraft configuration tasks (e g , operation of flaps,
spoilers, landing gears, speed brakes) are not included These tasks
have 1implications for the AMI, system to the extent that they place time-
sharing demands on the pilot, which in turn place a general requirement
on the AML system to provide easlly and quickly interpretable informa-
tion to the pilot  Our focus in this part of the analysis 1s to find what

information must be presented and how this might be best accomplished
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To the extent possible, task statements have been made as broad
as possible 1n order to cover different variants of the task introduced by
different types of aircraft and operating procedures The statements are
based on literature describing the pilot's tasks analytically and interviews
with commercial and military pilots The interested reader 1s referred
to Technical Note 2 for a general technical analysis of the nature of the

pLlot's task formulated during the present study

Information Pilot Requires from AMI System, Statements in this

part of the analysis form the standard against which the adequacy of the
AML: system was evaluated in thas study The information requirements
were formulated on the basis of a distillation and synthesis of all opera-
tional test and analytic literature, as well as interviews with commercial
and military pilots Following logically from task descriptions, the list-
ing 1s restiricted to information the pilot typically receives from sources
external to the cockpit The interested reader is referred to Technical
Notes 3 and 4 for a general analysis of the basic information requirements
for flight control and the kinds of basic visual cues typically utilized as

sources of information

Inasmuch as 1nformation requirements represent the keystone of
the analysis, these statements of information requirements have been
phrased, not in terms of characteristics of the AML system or other
sources of information, but rather in terms of the information content the
pilot requires To get this information, he will frequently need to make
judgments based on what he sees, but 1t 18 the information which he re-
quires, not some particular visual cue. Thus, distance to the threshold 1s
listed as the requirement and not visual definition of the threshold The
latter 1s too restrictive in the sense that 1t refers to an external visual
cue that may some day not be required as a basis for the pilot to make a
distance judgment Distance to the threshold might conceivably be given

to him by another source of information, such as the indicator provided
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with Distance Measuring Equipment (DME) displays One can see how
phrasing functional requirements i1n terms of external visual cues places

restrictions on 1maginative research and development

The preceding discussion leads into another critical distinection
which must be kept 1n mind throughout the entire chapter The light

reflected or emitted from an object at once typically gives the pilot infor-

mation about the nature of the object, 1 e , identification of what it 1s,

and information about the relationship of the pilot to the object, 1 e |
guidance for flight control Some patterns of marks and lights provide
these two kinds of information better or more poorly than other patterns,
Each type of information 1s 1mportant to the pilot at various times There
has been a tendency during the hstorical development of the AML system

to focus on the identification function of light and to accept the relationship

2
function as given and dependent upon the "natural" ability of pilots 4
g P P

A final point regarding information requirements 1s related to
both of the preceding considerations There are three general ways in
which the AML system can provide guidance to the pilot

(1) The AML system can highlight "'natural” visual characteris-
tics or provide substitutes to help the pilot make better
judgments -« Qutlining the edges of the runway so that they are
more easily seen helps the pilot make better distance and
height judgments on the basis of apparent changes 1n the size
and shape of the runway. This has been the conventional
approach to airport marking and lighting

24 Because judgments are involved, accidents involving faulty judgments

are frequently attributed te pilot error The 1mplication 1s plain that
the pilot should have done better, that 1t was within his capabilities to
have done better While this labeling 1s true to the extent that a poor
Jjudgment may have been involved, the important point 1s that the poor
judgment, in the absoclute sense, may have been the best one that the
pilot could have made, given the visual cues provided him and the
limats of his ''natural” ability Better ways to do the former, and rec-
ognition of the latter, should lower the accident rate and go far toward
reducing the accidents currently labeled as pilot error The 1interested
reader 1s referred to Technical Note 5 for a discussion of the implica-
tions of accident data for AML systems design
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{2) The AML system can change the nature of the judgment the pi-
lot has to make by providing him with a more easily interpreted
visual signal incorporating standard and error informatioan
The angle of approach indicaters represent developments of
this type It 1s easier for the pilot to make a judgment about
being on, or off, course on the basis of color discrimination or
separation of two visible bars of light than to have to integrate
height and distance judgments and to compare his final judg-
ment about his glide slope against a standard of what 1t should
be stored in his memory

{3) A third option 1s for the AML system to provide control infor-
mation directly by visual means, This has not been attempted
to date It 1s similar in concept to the steering information of
flight director cockpit displays and to many functions performed
by the Navy Carrier Landing Signal Officer (LSO).

The statements of information requirements in this chapter have

been formulated 1n such a way that they will be most useful for research
and development 1n the first two options listed above, but also serve as

useful anchors for research and development withan the third option

Again, requirements have been formulated for the general case 1n
the sense that a particular operating procedure used by a particular avia-
tion group (such as private aircraft owners) that requires special
information has not been included These kinds of considerations are

treated 1n the Discussion under each flight mode as appropriate

Finally, 1t should be noted that this part of the analysis does not
list requirements other than those based on the pilot's information needs,
nor does it include statements about what the AML system should not do
It 15 recognized that such factors as cost, ease of installation and mainte-
nance, and safety are important criteria Also, 1t 1s critical that the
AML system should not interfere with snow removal procedures or equip-
ment, produce glare, or in other ways be incompatible with other re-

quirements and considerations Focus 1n the analysis 1s on what the AML

system should do positively for the pilot
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Existing AML System Sources of Information. There are two

categories 1n this part of the analysis The first category, Designed for

Requirements, lists those AML systems and components which have been

developed specifically to meet one or more of the flight mode information
requirements The category includes the present national standard and

prior systems still in existence, Other Visible Sources, the second cate-

gory, lists those characteristics of visible cbjects which are present i1n
the operational situation to some degree and which can be used as a source
of information by the pilot, although not specifically developed or designed

for that purpose

""Sources of Information', as used in the title of this part, refers
to an object, or its characteristic, which provides the pilot with a visible
basis {cue) for making the visual-perceptual judgments involved in con-

trolling his aircraft

Relevant AML Components Under Development  This part lists

those AML systems or components which are being designed or evaluated
specifically to meet one or more of the flight mode information
requirements Information for this part of the analysis came from the
operational test and analytic literature, as well as from interviews with

personnel engaged 1n on-going research in civilian and military agenciles.

Summary of Reported Pilot Problems In this part of the analysis,

problems currently being experienced by pilots using the existing AML
system are presented briefly Problems were 1dentified through
interviews with commercial and malitary pilots This part serves to
supplement and highlight the operational test evidence on the AML system
presented in Chapter II.

Digscussion Each flight mode 1information requirement is dis-
cussed 1n terms of how well the existing AML system 1s meeting that

requirement Problems reported by pilots and identified in operational

73



tests on the existing system are used as focal points of the discussion.
Possible solutions to the problems are discussed in light of operational
test evidence on AML system components under development, applicable
human factors research data, and suggestions made by interested avia-

tion groups

Recommended Research and Development, The final part of each

flight mode analysis lists research and development projects which seem
compelling on the basis of the flight mode analysis Generally speaking,
the projects recommended fall into three categories basic analytic

studies or development of components, semi-operational evaluations, op-

erational or service tests

It should be noted that recommendations for research and develop-
ment are made primarily from a pilot information requirements viewpomnt
Each suggestion 1s phrased in terms of 1its objective from that viewpoint,
The hsting 18 not meant to spell out the research or development project
in detail. It 153 assumed that relevant reports contained i1n the Technical
Appendix to this report would be reviewed as a matter of course by those

planmng any of the research projects 1n detail
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ntial, Appeoach (0 F R)

General Pilot Task Description

Locate airport and fly toward 1t

Locate duty runway and fly to traffic pattern eniry point
Information Pilot Requires from AML System

Identification of airport

Identification and orientation of duty runway
Existing AML System Sources of Information

Designed for Requirements

Beacons

Other Visible Sources

Characteristics of Airport--Day

(1) Color or brightness contrast between airport
area and surrounding area

(2) Contrast in terrain features between airport
area and surrounding area (relative absence
or presence of man-made structures, such as
Elldmgs, and natural features, such as hills
and trees)

(3) Color or brightness contrast between runway
and surrounding airport area

{4) Runway markings

(5) Presence of buildings typically associated with
airports {e g , hangars, tower)
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Characteristics of Airport--Night
(1) Threshold and runway edge lights

(2) Illumination of hangars and other airport
buildings

(3) Contrast in lighting between alrport and
surrounding area

Relevant AML Components Under Development

Approach beacons on extended runway centerline

Runway 1dentification lights {(170-degree coverage) at threshold
corners of runway

Runway - end 1dentifiers (30-degree coverage) at threshold
corners of runway,

Circling guidance lights along edges of runway.

Summary of Reported Puot Problems

It 15 difficult to i1dentify some airports during both day and mght
operations because they are not distinct from their surrounding areas
Present civil beacons are frequently indistinguishable from flashing lights
of supermarkets, drive-in restaurants and similar advertising signs in a

city

Identification of the duty runway 1s very difficult, both in day and
night operations In the day, black-top runways blend with surrounding
terrain. At might, runway lights and other airport lights blend with city
street and parking lights as, for example, at Chicago Midway

Discussion

The new beacon lamp tested at Wright-Patterson AFE should m-

crease the maximum distance and altitude at which beacons are visible, if

installed at civil airports (C36)
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It 18 apparent from discussions with pilots and researchers, how-
ever, that at certain airports, the present beacon alone does not provide
sufficient airport identification information It 1s doubtful whether
further re-design and development of beacons themselves would help,
because the problem seems to be less one of beacon conspicuocusness than
airport area conspicuousness During day operations, there does not
seem to be enough color or brightness contrast between the airport area
and the surrounding area at a number of airports At night, the beacon
and other airport lights are "imbedded'" among city lights at some air-
ports No operational evidence was found which conflicted with pilot

reports of this problem

The same problem seems to exist with identification of the duty
runway During the day, there 1s frequently insufficient contrast between
runways and surrounding airport terrain One study shows that in many
cases, 1nstrument-measured contrasts of runway surfaces to the surround-
ing area were less than 0 05, which 15 commonly accepted as the contrast
threshold applicable to service conditions When one considers that glare
and windshield diffraction can even further reduce the contrast figure,
the basis for reported pilot problems in runway identification 1s clear
Even with the best contrast measured (white concrete against dark earth),
the runway 1n day haze was not visible until the measuring aircraft had
approached to within a 1/2 mile when meteorological visibility was re-

ported to be 1 mile (TV18)

At might, threshold and runway lights are not very useful, partic-
ularly at city-area airports Their beams are directed so that maximum
intensity falls along the approach path and runway centerline, respective-
ly, thus, even in non-city areas, the utility of these lights to pilots of
alrcraft in any other location 1s mimmal In city areas, these lights
are again ''imbedded" and difficult to detect 1n off-axis approaches be-

cause of low intensity settings (to prevent excessive glare when the pilot

15 1n the main beam)
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What tends to solve the runway identification problem at might may
solve the airport identification problem also, Looking at runway i1denti-
fication for the moment, the use of either approach beacons or runway
1dentification lights (or both) in night operations would form, with the air-
port beacon, a pattern of flashing lights From a human factors
standpoint, this pattern of flashing lights would be more easily detected
by pilots, whether or not "1mbedded" 1n city lights at night, than 1s the
airport beacon alone, Because of narrow beam width, the proposed con-
denser discharge lamps at the threshold corners of the runway are not
as satisfactory as the approach beacons or runway identification lights

(HF47)

During day operations, contrasts between runway and surrounding
terrain, already demonstrated to be 1nadequate alone at many airports,
would be supplemented 1f the approach beacons and runway i1dentification
lights are used. At might, particularly when thought of 1n combination with
circling guidance lights (see next section), the total pattern of flashing
lights should readily identify the duty runway for pilots i1n the 1nitial
approach When considered in combination waith the airport beacon, the
same patterning of flashing lights should readily identify the airport with-
out the necesgsity of relying on the inherent contrast between the airport
area and surrounding terrain (At longer distances, this inherent contrast
1s not readily visible in the first place due to the apparent bluish hazing by
atmospheric transmissivity conditions ) It should be recogmzed that lights
in general will be useful during day VFR operations when visibhility condi-
tions are marginal (e g., haze, dawn, twilight), in bright daylight, the
effective intensity required to overcome surrocund brightness would be most

difficult to attain

Although colored lights could be used to code i1dentification infor-
mation, the loss of effective 1ntensity due to color filters makes a

solution of this sort prohibitive in cost In addition, there are no
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significant haze or fog-penetrating differences among the colored lights
For this reason, all of the suggested designs use white lights (TV15,
TV33)

Of course, operating high-intensity approach lights with strobe-
beacons 1n day VFR conditions might accomplish the same result, and has
been suggested TFrom another consideration, namely, gaining familiari-
ty with the approach light system during final approach and thus increasing
transfer of training to night and IFR operations, this solution is pre-
ferred. But for purposes of 1mitial approach, this would be a fairly costly
solution and would be useful only where 1nstalled on IFR runways The
use of approach beacons and/or runway 1dentification lights 1s relatively

mexpensive

Pilots frequently have circumvented the airport area and runway
identification problem by learning the relationship of other landmarks to
the airport and runway At Melbourne, Australia, for example, an area
of white sandy beach bordering a fairly large water inlet adjoins the air-
port area. Pilots use the "white beach' as their airport identification
cue The same kind of process 1s used by pilots for identifying (and thus

orienting their aircraft to) the duty runway

If 1t 1s considered too costly to operate lights as described 1n pre-
ceding paragraphs during day operations, or if intensity settings feasible
are not adequate, pilot practices point to an alternate solution. Airport
buildings could be painted so as to provide maximum contrast with build-
Ings and terrain 1n the surrounding area for airport identification, There
would be no "operating' costs, as such, with such a solution, but 1mtial

cost and maintenance might introduce gerious cost problems
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Recommended Research and Development

It 13 recommended that operational tests be conducted on the
National Bureau of Standards (NBS)-developed approach beacons and run-
way 1dentification lights These designs should be tested both against

each other and in combination In both instances, they should be tested

alone and with circling guidance lights,

It 15 further recommended that the tests be concerned with the
effectiveness of the designs in providing both airport and duty runway
identification during both day and night operations For this reason, 1if
tested at the National Aviation Facilities Exparimental Center (NAFEC),

and found acceptable, the designs should be subjected to an early service

test at a city-area airport, such as Chicago Midway, before being finally
accepted. It 15 not considered necessary to use a wide variety of test
aircraft, effectiveness of the identification (and thus location) function of
the AML system would not be expected to vary sigmficantly because of

different aircraft performance characteristics
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Cudig (VF R)

General Pilot Task Description

Fly downwind leg parallel to and at prescribed distance from duty

runway

Initiate, maintain, and roll out of base leg so that resulting posi-
tion is aligned with extended runway centerline at proper altitude

for imtiating approach
Information Pilot Requires from AML System
Changes and rates of change in
Orientation to duty runway during downwind and base legs

Distance from runway edges during downwind leg,

Distance from threshold during base leg
Existing AML System Sources of Information

Designed for Requirements

{1) Runway lights
{2) Threshold Lights

(3) Runway markings

Other Visible Sources

Characteristics of Airport--Day

Color and brightness contrast between runway and
surrounding area

Characteristics of Airport--Night

Miscellaneous airport laights (e. g , ramp lights)
having a known relationship to duty runway
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Relevant AML Components Under Development

Circling guidance lights along edges of runway
Approach beacons on extended runway centerline.

Runway identification lights (170-degree coverage) at threshold
corners of runway

Condenser discharge lights with baffle (30-degree coverage) at
threshold corners of runway

Summary of Reported Pilot Problems

Pi1lot problems during this mode are closely related to those re-
ported for the Initial Approach mode. At many airports, the lack of
brightness contrast between the runway and surrounding airport terrain
leads to a lack of definition of the runway during day operations Inasmuch
as pilots typically "trail" the runway edge with some referent on their
aircraft (e g , wing tip, side window structure) for directional guidance,
this lack of definition leads to an irregular downwind flight path and forces
the base leg to be "tighter" or "looser'' than the pilot desires. Distance
judgments are based on apparent size and shape of the runway, and lack
of definition of the runway edges makes this judgment more difficult With
blurred edges, actual distances are likely to be overestimated, leading to

"tight" downwind and base legs (HF18, HF36, HF37)

During night operations, runway lights are reported by pilots to be
of minimal directional or distance guldahce agsistance during the down-
wind leg because of having narrow beam widths and being "imbedded' 1n

city and airport lights The same 1rregular downwind flight path results

The green threshold lights do not serve effectively as "anchors"
for judging when to 1mitiate and roll out of the base leg, probably because
of narrow beam widths, This leads to missing the extended runway

centerline on the first roll-out attempt and the necessity for making flight
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path corrections during the early part of the approach when corrective
maneuvers should be decreasing A recent fatal airline accident was
attributed to a stall condition resulting from a violent correctlve maneu-
ver after the aircraft had "overshot" the runway centerline rolling out

of the base leg.

Discussion

There 18 no operational test evidence on the existing AML system
for this mode because no component now in use has been designed specaf-

1cally for guidance within thig mode

The operational test evidence with respect to developmental circ-
ling guidance lights has been favorable in all cases The only major
deficiency found has been, again, that the lights tended to get lost among
city lights in urban-area airports, although testing conditions were not
optimal when these observations were made This result, however, 1s
an 1dentification problem primarily and may be resolved when circling
guidance lights are used in conjunction with approach beacons and/or
runway identification lights The pattern probably would be visually com-

pelling enough to i1dentify the runway guidance lights

Another possible solution would be a shorter spacing (1000 feet
has been used 1n operational tests) between lights, This would provide a
more continuous indication of the runway edge, with the '"line" as a whole

being easier to detect

From a human factors viewpoint, either of the above sclutions
would be more desirable than increasing the unit intensity of the 1000-foot
spacing arrangement, The problem 18 primarily one of pattern detection,
in this case, the runway edge pattern, Brighter lights would not be ex-

pected to be significantly easier to detect from among competing lights 1n
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. luch they are "imbedded", unless perception of a pattern 1s enhanced It
probably would be prohibitive in cost to accomplish this pattern improve

ment by increases 1n light intensity alone

By the same reasoning, increasing the beam widths of the circling
guidance lights would not be expected to increase their detectability under
"ymbedded" conditions Such an increase might increase the "'region of
guirdance' which such lights could service, The minimum beam width re-
quired should be based on servicing typical entrance points on the downwind
leg to the point at which the base leg 1s typically initiated To the extent
that more lights would be visible from a given point on downwind leg, then

pattern perception would be enhanced and directional guidance improved

Again, the operation of high-intensity approach lights with strobe-
beacons might solve the downwind and base-leg guidance problems in day
VFR operations, but their use 1s difficult to justify economaically In
addition, day use of strobes has been reported to be digturbing by pilots in

the final approach stage

The above analysis applies primarily to night operations, but circ-
ling guidance lights also would provide guidance during the downwind leg
in marginal VFR day operations as well Combined with the turntables of
heacons and/or threshold beacons, 1t 1s probable that adequate guidance

during the entire circling mode would be available

The 3-foot side stripes (70 feet to either side of centerline) current-
ly specified in the national standard for all-weather runways might be used
on all runways to increase the conspicuousness of the runway shape 1n good
VFR day operations. For this marking solution, 1t would seem that the
turntables of beacong, threshold beacons, or some such similar runway
1dentifier would he required to aid the pilot to locate the duty runway edge
in marginal VFR day conditions. The adequacy of any such runway mark-

ings 18 open to question, however, particularly during minimum VFR
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conditions, because of the large slant range (ditstance) between the pilot
and runway--1/2 to 2 1/2 miles--during the downwind and base legs But
paint 1s relatively 1nexpensive and the width of siripes could be increased
in order to increase their conspicuousness Serious constderation should
be given to more liberal use of paint for edge stripes, a relatively unused
portion of the runway 1s 1nvolved, thus maintenance would not be as large
a problem as it 1s with centerline stripes and markings on heavily-used
portions of the runway, High color contrast with each airport's runway
surface and surrounding terrain should be a gumide for selecting colors,
standardization of color 1s less 1mportant than high contrast. Such con-
tour outlining would be useful 1n the 1mtial approach mode, as well as the

circling mode, by assisting the pilot 1n locatihg runways

Pilot practices at airports where circling guidance is poor, due to
either poor runway-airport contrast or low visibility, afford some in-
teresting insights. At Baltimore Friendship International, for example,
the orientation of Runway 15 to the Calvert distillery complex has led to
the (visual) use of the distillery for directional guidance during the down-
wind and base legs--the '"Calvert Distillery Approach'’ At New York
LaGuardia, the "Rikers Island Approach" to the main north-south runway
15 so-named because of the use of the island itself, and a tall tower and
prison buildings on the 1sland, as directional cues during the base leg
In short, pilots make heavy use of tall buildings, water towers, and other

consplcuous non-airport cues for required guldance

The basis for the use of these non-airport cues is probably broader
than the 1nadequacy of runway-airport contrast Although no human fac-
tors research data are availlable, 1t seems reasonable to believe that
flying a straight path in a given direction 1s easier when the visual _ue
being used 1s along the path of movement, rather than off to the side In
the former instance, a flight path can be gun-sighted on a target, 1n the

latter, continual parallel judgments must be made, typically on the basis
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of the apparent size, shape, and edge of the runway and the apparent
position of the runway edge with respect to some part of the aireraft's

structure.

The analysis in the preceding paragraphs suggests that markers,
perhaps lights, patterns of laights, or cleared areas with paint for con-
trast, strategically placed on the extended downwind path ahead of the
pilot might provide downwind leg directional guidance by serving as
targets. This could lead to an increase in VFR traffic acceptance rate
at high-density airports at which a variety of performance characteris-
fics are 1nveolved in the air traffic load Slower aircraft would fly a
tight pattern and faster aircraft a loose pattern, both patterns being set
by the 'targets' ahead of the pilot during the downwind leg. This is
simalar in principle to the final approach entry technique used by con-
trollers for IFR traffic, aircraft are brought on to the final approach
heading at various distances from the runway Presumably, this tech-
nique would still involve rotating turntables or threshold beacons for
base leg guidance. The problem of target lights being 'imbedded", and
thus difficult to identify and locate, would need to be considered care-
fully. Also, day use of lights probably would be restricted to marginal
VFR conditions, 1n good daylight conditions, lights would be difficult to
detect.

Recommended Research and Development

It 15 recommended that operational tests be conducted on the run-
way circling guidance lights of the single-fixture type developed recently
by NBS Special attention should be given to determining optimal distance

between units and optimal beam width settings

It 15 further recommended that these tests be conducted 1n conjunc-

tion with the recommended operational tests on use of approach beacons
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and runway identification lights for Initial Approach mode guidance As in
that instance, 1f found acceptable at NAFEC, the lights should be subjec-
ted to an early service test at a city-area airport before final acceptance
Consideration should be given in the testing to using different traffic pat-

tern techniques

It 15 further recommended that an analytic feasibility study be made
of downwind leg "markers' such as described in the Discussion Special
attention should be given to utilizing different-sized traffic patterns, per-
haps at different altitudes, for different classes of aircraft as a means for

Increasing airport acceptance rates of VFR traffic
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Fonal Approach

General Pilot Task Description

Imtiate descentat proper distance from runway to set up an optimal
approach angle to flare-out point,

Maintain proper attitude and air speed in order to maintainoptimal
approach angle and rate of closure with runway.

Reduce power at proper distance for optimal touch-down air speed

Information Pilot Requires from AML System

Identification of duty runway approach area,
Distance to threshold when threshold not visible,
Changes and rates of change 1n

Distance between intersection of glide path with runway and
aircraft--closure (a function of elevation (height), sink rate,
and ground speed),

Attitude of aircraft--pitch, roll, and heading-lane of flight
coordination,

Glide path (direction of flight path).

Displacement laterally from extended runway
centerline,

Displacement vertically from opitmum approach
angle with runway--ghde slope (a function of
elevation).

Existing AML System Sources of Information

Designed for Requirements
IFR Approaches

(1) Configuration "A" Approach System, with
sequenced strobebeacons.
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{(2) Short single row of red lights on extended left
edge of runway

(3) Rows of white lights on extended edges of run-
way.

(4) Threshold lights (green)
{5) Runway edge lights {(white).

VFR Day Approaches
(1} Runway markings
Threshold marks
Centerline stripe
Si1de stripes
(2) Navy Mirror Landing System--Aircraft Carrier
Approaches,
VFR Night Approaches
(1) Approach hights, where installed onIFR runways
(2) Threshold Lights.
{3) Runway edge lights

(4) Navy Marror Landing System--Aircraft Carrier
Approaches

Other Visible Sources
IFR Approaches

Depends upon meteorological visibility conditions
Ground lLights and texture can be the only sources
present 1n mummum visibility conditions. As visi-
bility increases, more of the sources listed below
for VFR flights become useful

VFR Day Approaches

(1) Color or brightness contrasi between runway
and surrounding ferrain.

(2) Approach area ground texture (e.g., small
shrubs, trees)

(3) Runway surface texture, including tire marks
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VFR Night Approaches
(1) Taxaway lights,

(2} Approach area ground texture 1f landing lights
are used.

(3) Miscellaneous airport hights having known rela-
tionship to duty runway

Relevant AML Components Under Development

Angle of approach indicators
(1) Two-color split beacons
(2) Double-bar.
Flush lights 1n runway surface,
Floodlighting of runway surface.

Approach beacons on extended runway centerline.

Summary of Reported Pilot Problems

IFR Approaches

The most persisient problem mentioned in pilot interviews
centered around intensity of approach lighting, i1ncluding strobebeacons.
Glare and very high background brightness during latter portions of the
approach have been frequently experienced, particularlyin rainy or snowy
conditions. This glare and high background brightness ruined dark adapta-

tion and led to later problems during flareout and landing.

Some pilots expressed a desire for having approach light
intensities dimmed and strobebeacons cti off after imtial contact Others
felt that dimming lights led to another problem. Thesge latter pilots
believed they were using apparent brightness of the approach light bars as

a cue to height judgments. According to this line of thinking, a dimming
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of lights would lead to a visual perceplion of an increase in height when

1in fact such an 1ncrease would not have ocecurred

VFR Approaches--Day and Night

At a number of airports, the lack of distinct landmarks
makes distance judgments difficult Thts in turn affects proper initiation
of the final approach and the maintaiming of optimal glide path. Raleigh-
Durham and Savannah were mentioned as typical of airports where this

condition exists

Irregular terrain in the approach area increases the diffi-
culty of making elevation judgments, with resultant effects on maintaiming
an optimal ghde path and landing at the proper place on the runway The
Wilkes-Barre airport represents an example of this type of problem.
Related to this, Binghampton, New York, Arcata, Califorma and Charles-
town, West Virgima airports were mentioned by airline pilots as examples
of airports on-a-ull, making above-runway elevation judgments most

difficult

Discussion

Without a doubt, gmdance during the final approach flight mode has
commanded more research, development, study and comment during the
last two decades than any other function of the airport marking and lighting
system This primarily can be accounted for by two factors an increase
in mght and poor-weather flying, and the criticality of errors of judgment

during this phase with higher-performance aircraft

In the discussion that follows, IFR and VFR approaches aretreated
separately, although basically the pilot's information requirements are
the same This 1s necessary because the differences in visibility condi-
tions place gqnte different requirements on the positioning and intensity of

marks and hights for the two types of approaches As might be expected,
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marking and lighting problems turn out to be quite different for the most
part., Because Configuration ""A" with sequenced strobebeacons 1s the
current national standard, the discussion on IFR approaches uses that

pattern as a starting point,

IFR Approaches

One of the more critical problems in designing lighting
systems for the IFR final approach flight mode concerns positioming light
umits correctly and operating them at proper tntensities, The pilot must
see enough lights, at a distance far enough away from the GCA or ILS
intended touch-down point, to give him time to properly use the visual
information provided by the lights, Much attention has been given this
problem by national and international pilot and transport groups, as well

as researchers.

The approach area boundaries 1n which the pilot should re-
celve required information has been labeled the "region of gutdance' and
1ts dimensions generally determine positioning and intensity of approach
lights. Determination of the region of guidance 1s based on

(1) ILS or GCA accuracy

(2) Aircraft and pilot response time characteristics for
making corrective maneuvers,

(3) Aircraft landing procedures

(4) Cockpit visibility restrictions,

These determinants of positioning and intensity of approach
lights, as well as considerations of transmissivity measurement, are dis-
cussed more fully in Technical Note 6 Although the primary concern of
this analysis 18 more in the direction of optimal visual cue patterns, the
subject of positioning and intensity was considered quite critical. It 1s
included as a Technical Note in order for the report to provide cor.prehen-

sive coverage of airport marking and lighting problems,
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The Use of Strobebeacons

The use of sequenced strobebeacons with Config~
uration "'A'" approach lights 1s still a subject of national and international
debate TUnited States pilots consistently report a preference for strobe-
beacons The i1ssue seems to be centered on the attention-getting value of
gtrobebeacons in low visibility conditions, since rost pilots mterviewed
digscounted their value for providing directional guidance {displacement
laterally from extended runway centerline) after transition from instrument
to visual flight control 1s made It will be recalled from the summary of
reported pilot problems that a number of pilots expressed a desire to have
strobebeacons turned off after visual contact 1s made, The 14-foot approach
light bars are evidently quite satisfactory for lateral displacement guidance,
and most pilots interviewed prefer to use them instead of the sequenced

strobebeacons

It has been suggested that pilots feel strobebeacons
are more conspicuous than approach lights because of differences in beam
width and angle at which the highest intensity of approach-light beams are
set While the observations about beam width and direction may be valid,
the weight of human factors evidence favors flashing lights over steady
lights as attention-getters when factors such as beam width and 1ntensity
are controlled This advantage of flashing lights apparently 1s greater at
low contrast levels (between the light and 1its background) and when the lo-
cation of the lights in the visual field 18 not known beforehand These
latter two factors are typically present in the operational IFR situation

(FL2-FL#8)

In light of these considerations, the use of sirobe-
beacons seems to be justified for providing approach area identification
information and direction-to-go to the approach area. Their placement at
each approach-light bar for runway centerline alignment guildance 1s more

debatable One possible kind of solution that might be explored 1s to place
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strobebeacons 1n the outer region of the approach light system only (e g.,
the first 1000 or 1500 feet) Their attention-getting value would be utilized,
but they would not be distracting or affect dark adaptation, during the latter
stages of the final approach mode, It 1s likely that special dimming or
cut-off practices would not be required in this instance Needless to say,
reduction 1n the number of strobebeacons must be carefully evaluated to
see that there 1s no significant loss of their attention-getting value (See

Figure 21,)

Approach Light Intensity

Pilot problems with the intensity of approach lights
obvicusly can not be handled in the same way as suggested in the preceding
section for strobebeacons There have been three general solutions sug-
gested for this problem

(1) Have the tower dim the lights at the request of
the pilot

(2} Give the pilot cockpit control over approach
light i1ntensity,so that he may dimthem himself

(3) Set the inner portions of the approach light sys-
tem at a lower intensity than the outer portions.
(‘TV4)

With respect to the first solution, the tower opera-
tor already has a fairly heavy work load, as does the pilot when considering
the second solution  Thus, both suggestions build in opportumties for
errors, not only with respect to setting the intensities, but in other tasks
being performed on a time-sharing basis In addition, both suggestions
would mvolve a conflict 1n heavy traffic conditions when a pilot in the final
stages of the approach would want the lights dim, but the next pilot, trying
to gain visual contact, would want the lights at maximum intensity
Furthermore, the comment of one of the pilots interviewed that dimming

might produce 1llusions of change in height 1s well taken here.
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The third suggestion for having different portions of
the system at different intensities introduces fewer operational problems
and appears least costly There 1s a possibility that series of "steps"
maght be perceived by the pilot which would affect his height judgment,
this can be investigated quite easily on the NAFEC simulator, The use of
wider light unit beams in the outer approach area and a system of separate
intensity controls for the different sections also have been suggested The
controls would be geared more precisely to prevailing transmissivity con-
ditions These latter developments would further tend to reduce approach
Light glare and discomfort now experienced by pilots in the inner portions

of the approach light system (See Figure 21,) (TV4)

Distance to Threshold Information

With Configuration "A'"', the first unequivocal infor-
mation on distance remaining 1s provided by the 100-foot crossbar of
lights positioned 1000 feet from the threshold It seems apparent that un-
mistakable 1dentity of this point in the approach area must be preserved,
since 1t 1s variously referred to as the "zero error'’ point and, in Config-
uration "A', as the "decision bar' By this, 1t 15 meant that beyond this
point, the pilot 18 committed to land with higher-performance aircraft and,
1f not 1n a condition to do so at this point, he should 1nmfiate a go-around
irnmediately to avoid a probable accident The decision bar also repre-
sents a go-no go anticipatory signal for imtiating the flare-out procedure,
Thus any scheme for providing distance information must not destroy easy

identafication of this point (GA17)

An additional constraint on providing approeoach dis-
tance remainmng information 1s that color coding probably 1s not useful
because of high power cost and poor penetration in low visibility conditions

(TV15, TV33)
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Within the preceding constraints, the problems
of providing approach distance remaining information are ag follows
deciding what specific distance information needs to be provided, and

determining the best way of providing it,

Both of the above problems will require solutions
that compromise some of the many considerations involved, It has been
estimated that the pilot needs to see a source of information at a minimum
of 600 to 800 feet (depending on height) 1n front of him if the information 1s
to do him any good, and approach lights are positioned and operated at 1n-
tensities designed to meet this requirement. Thus, 1if the pilot 18 to have

distance information provided to him at every instant after making visual

contact, the light encoding the information should not be spaced farther
apart than 600 to 800 feet for use in mimmum IFR conditions, On the other
hand, 1t seems likely that as more distance points are encoded, discrimai-
nation time required of the pilot will increase And, the less "unmistakably

identifiable'” will be the decision bar (GA6, M9)

Using the same basic reasoning which leads to the
use of the 1000-foot decision bar, 1t might be most helpful to the pilot to
have anticipatory-type distance information at 2000 feet from the thres-
hold Depending upon his exact approach speed, he would know that he 1is
3 to 4 seconds from the decision bar and must make flight corrections and
adjustments 1n that time 1n order to achieve the flight condition he wants

at the "zero error" point, or decision bar

The way in which distance-to-go information might
be presented to the pilot i1s related to the proposed solution to intensity-
setting problems previocusly discussed The use of strobebeacons in the
outer portion only of the approach area was suggested 1n a preceding
section., Also, operating the approach lights at different intensities in the
outer and inner portions was mentioned, Whatever the length of the outer
portion (e g , 1000 or 1500 feet), the two suggestions can be combined

so that the same portion of the approach lights 1s 1nvolved 1n both  If this
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instance, the point at which the strobebeacons stop and the intensity of the
approach lights changes would provide positive, easily interpreted distance-
to~go information at the 2000-foot (or 1500-foot) point. One important
virtue of the combined suggestion 1s obvious--economy A reduction in
installation and operating costs would be realized for strobebeacons, wh:le
the cost of installing the differential intensity control system would be oft-

set to a large extent by reduced operating costs

The combined suggestion would need to be evaluated
carefully to insure that visual contact could be maintained without strobe-
beacons 1n the inner portions of the approach lights in minimum IFR
conditions When thinking 1n terms of all-weather recovery capability for
military aircraft, 1t might be that the strobebeacons should extend to the
decision bar, further enhancing its 1dentification along with i1dentification
of the enlire approach area It is here assumed that one of the develop-
ments 11 runway lighting now under consideration would be visible for
guidance from the point in the approach at which the decision bar can no
longer be seen  (Sce Fugare 21 )

Glide Pati and Attitude Information

Operational test results and pilot preferences clear-
ly indicate that Configuration ""A'" provides adequate guirdance to the pilot
1n terms of his lateral displacement from the extended runway centerline

Also, therc 15 no evidence that pitch guidance 1s 1nadequate

Some pilots report confusion when making the transi-
tion from instrument to visual flight when the ILS or GCA has built in a
heading-line of flighi coordination setting to compensate for crosswinds
In addition, wind shear, for which GCA or ILS corrects, can create
serious problems of this type However, this type of problem should not
be considered a fault of the AML system It is difficult to conceive of ways
in which any system of marks and lights would compensate for thesc con-
ditions Rather, the solution to this problem should be sought 1n improved
procedures Accurate rcporting of wind direction and velocity to the

approaching pilot, as well as relayed reports of pilots who have previcusly
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landing on the heading-line of flight compensation they discovered at
breakouat, should alert the pilot to what he can expect to see at breakout
Evidence with respect to roll, glide slope, and distance closure guidance

provided by Configuration "A" 1s not as clear-cut.

When the 1000-foot crossbar 1s visible, 1t apparently
provides adequaie roll guidance But assuming that the pilot makes con-
tact with the outermost bar and that low visibility conditions limits his
forward visual range to 1000 feet, there will be a period of 6 to 8 seconds
after he makes his transition to visual control when he must get his roll
guidance from the l4-foot approach lights, Two interrelated cues are re-
portedly used noting whether or not the individual bars are parallel to
some part of the aircraft structure having a known relationship to the air-
craft's roll axis (e g , bottom of windscreen), noting whether or not the
array of visible 14-foot bars 1s perpendicular to that part of the aircraft
structure The latter judgment 1s dependent to a great extent upon the
first, since a single row of lights (independent of appearance of lateral
length) would yield no differentiation between certain bank attitudes, alta-

tudes, and lateral displacements, (M18)

Some pilots participating in operational tests on
Configuration "A'" have reported that roll guidance 1s somewhat mmadequate
in the minimum visibility conditions assumed i1n the preceding paragraph.
However, published comments by airline pilots have consistently main-
tained that roll guidance 1s adequate, no pilots interviewed mentioned roll

guidance as a problem (AL1, GA31l, GA46)

On the other hand, lack of conscious awareness of
a problem 1s not always a good criterion to use for saying it does not
exist Among other things, it 1s certain that pilots also are using internal
body cues induced by gravity in making the roll attitude judgment, But 1n
a moving aircraft which produces artificial g forces, these can not be re-

lied upon solely Human factors evidence shows that when a conflict
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occurs between visual indications of body orientation and internal sensa-
tions, a compromise judgment somewhere between the two indications 1s
reached When the visual indications are not very, very compelling, the
judgment tends to favor the internal body cues Thus, to the extent that
pilots may be basing their judgments about roll guidance adequacy of the
14-foot roll bars on internal body cues, the adequacy of roll guidance

being provided visually by Configuration '"A" deserves further investigation.

(PV1-PV15)

Additional support for further investigating roll
guidance adequacy comes from a geometrical analysis check performed
in this study Assuoming a 15-degree downward visibility (larger than 1s
available 1n most aircraft), a 3-degree glide slope, and a speed of 150

miles per hour, the apparent size at the windscreen of the 14-foot approach

light bar varies between 27 of an inch and 2 inches during the outer por-
tions of the approach. No human factors data bear directly on this
problem but, rationally at least, it would seem toc be most difficult to

make a judgment about whether or not a line segment 27 of an inch 18
parallel to another line (bottom outline of windscreen}, particularly when
the two lines are relatively far apart on the windscreen The problem is
further complicated by the fact that the pilot's eye would need to be focused
at the windscreen or on the approach-light bar, with one or the other being

out of focus

The problem seems most suitable for simulator
investigation at NAFEC, 1nasmuch as varying gravity cues would be elim-
inated as an influencing factor in the judgments., In terms of cockpit
visibility limits, the approach attitude of some mulitary aircraft, the
typical lateral displacement errors assoclated with ILS and GCA landings,
and the importance of not interfering with the integrity of the 1000-foot
bar, one suggested pattern would be white wing barsg at 1500, 2000, 2500,
and 3000 feet from the threshold The optimal length of the wing bars and
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distance from the centerline could be determined in the simulator From
the 1000-foot bar on 1n, roll guidance can be obtained from the 1000-foot
bar, the pre-threshold bars, threshold lights, the 14-foot flush centerline
lights (altitude 1s low enough to make their apparent size on the windscreen
quite large) and patterns of flushlights in the runway surface (1f instalied

because of flareout and landing mode considerations) (See Figure 21 )

Glide slope and distance-closure guidance problems
are closely related. Their solutions require more analytic understanding

of how these judgments are made by pilots

During the final approach, after visual contact 1s
made, photographs of pilots' eye movements show that most pilots visually
shift their attention between visual landmarks outside the cockpit and the
cockpit display Depending upon the type of aircraft invelved, the films
show that the pilot time-shares his attention so that for 60 to 85% of the
time he 1s looking outside of the cockpit and for the remaining time he 1s
looking at two cockpit displays--air speed and vertical speed. Of the
time spent loocking at the cockpit displays, the air speed indicator receives

the greater proportion of hig attention (A1, M5, M28)

The plot visually integrates this cockpit display
information with the information he receives from outside of the cockpit
to make final judgments about his angle of approach and rate of closure
with the surface Before discussing how the pilot utilizes the visual cues
outside the cockpit, a brief word should be said about an ancillary develop-
ment that might help ease some of the difficulties of the pilot during final

approach,

Human factors data show that 1t takes approximate-
ly 2 seconds to complete the shift cycle, that 15, focusing on an object at
some distance, then focusing on the cockpit display and reading an indica-

tion, then re-focusing to the distant object During the shift time, the
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pilot may be restricted to making any judgments required on the basis of
"fuzzy' visual impressions of whatever visual cues outside of the cockpit
he may be using. It may be possible to project an image of the air speed
and vertical speed indicators on the windscreen The projection could be

a virtual image focused at infimity, such as the reticles and aiming dots
used in military aircraft gun sights, thus requiring no, or very small,
shifts in the pilot's line of sight and eye accommodation and convergence,
Apparently, even further advances in projecting virtual images have recent-
ly occurred and are being considered for use in orbital and space vehicles.
WADC has sponsored some feasibility research by Minneapolis-Honeywell
on a visual landing aid sight system similar in concept Lane and Cummngs
in Australia and Calvert in England have made similar suggestions As
with gun sights, intensity controls could be provided the pilot. The optimal
location for the projection would need to be determined by simulator tests

(M5, RT4)

We are suggesting here that many of the pilot's de-
mands for having AML information positioned ahead of them may be more
a function of problems i1n shifting focus rather than sensitivity areas of the
eye With air speed and vertical speed more easily momtored, and
assuming for the moment accurate information 1s provided on glide slope
and lateral displacement from the extended runway centerline, the pilot's

over-all task would be made much less difficult

Given 1mprovements along the lines suggested above,
1t would be expected that the pilot would reach the decision bar, or point of
""zero error', with greater tranquility of spirit, as well as with fewer
flight path adjustments that may be caused by loss cf guidance while check-
ing cockpit displays.

With respect to glide slope information, accident
statistics show that about 80% of landing accldents are made 1n conditions

with visibilities 2 miles or greater, and ceilings 400 feet or higher (this 1s
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not a rate difference, but a total number difference) The utility of an
acceptable angle of approach indicator, even for a large number of IFR
approaches, seems obvious The 1mportant positive feature of an angle
of approach indicator 1s that it eliminates the necessity of the pilot making
elevation judgments on the basis of ""enhanced' natural cues, a process
that seems basically most difficult from a human factors standpoint,
prcbably because man 18 not normally called upon to make such judgments
If the pilot 18 on the correct glide slope, as determained by the indicator,

his height must be correct (within error limits of indicator), if his air

speed 15 optimal, his rate of closure must be correct (MS5, MS6)

It 15 difficult to differentiate, on a human factors
basis, the relative merits of the varicus angle of approach indicators under
development Those indicators which utilize white lights would seem
preferable to those which use colored lights because of power and trans-
missivity penetration considerations Also, the cloger to touchdown the
indicator continues to provide information, the more preferable 1t would
be to others, Finally, the indicator that provides information from one
location 1n the visual field would seem preferable to those that require
looking at more than one location to make a judgment It should be feasi-
ble to check out the various indicators in the approach and landing
simulator at NAFEC, 1if modified The cost of providing the simulator
with such an evaluation capability would be more than justified by reduc-
tion in the cost of operational tests and, to the extent that a successful

mdicator emerges, expected reduction in accident rate

Angle of approach indicators probably would not be useful
until the flareout and landing mode, if then, 1n minimum visibility condi-
tions. Thus, the pilot would be in the same position in which he finds
himself at present with respect to angle o: approach and distance closure
Jjudgments, It 1s commonly accepted that these judgments are made on

the basis of visual impressions of the ground plane Those visual
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characteristics of the ground plane which are believed to provide the basis
for the judgments are apparent distance between approach light bars,
apparent size of the approach light bars, apparent expansion of the visual
field (e g , streamer pattern theory) Changes and rates of change 1n
apparent size and shape are actually specific cases of the expansion pat-

tern theory (GA3, GA4, GAll, GAl2, HF6)

It seems apparent from the perspective views of the
centerline system (Figure 7 in Chapter II) that the greatest differences 1n
s1ze of, and interval between, approach light bars occur with those lights
nzarest to the aircraft. This may account for the tendency of some pilots
to drop below the ILS or GCA-inmtiated glide slope and ''come 1n on top" of
the lights As a roatine practice, this 1s somewhat less than optimal,
particularly at airports where approach area terrain texture 1s poor (e g ,

over water, alrports located on a hilltop, etc )

No direct human factors evidence is available on
what ki~ds of visual characteristics allow the best height judgments which
are basic to angle of appreach esumations Rectangles have the highest
amount of shape constancy, that 1s, a rectangular figure 1s recognized as
a rectangle, regardless of the orientation of the rectangle to the observer
This would suggest that patterns that have regular rectilinear characteris-

tics with respect to the airport surface may be the best for giving

impressions of the ground plane This suggestion concurs with the recom-
mendations of IATA and ICAQ study groups on alrport marking and lighting
that equal spacing of major lateral elements 1n the approach and landing

area would be best It also may account for the poor acceptance of the slope-
line system which attempted to encode elevation information from a series

of v wund pline gtrooctur o3 wnatht were net regalar or rectiluear with re-

spect +0 ine a.rpori €. ~r G CALG TG, 1LY HiS4)

¥
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In terms of improving elevation guidance in the final
approach, then, the following possibilities emerge from a human factors
standpoint. Use wing bars every 500 feet, as suggested for improving roll
guidance, to make the visual impression of the ground plane more com-
pelling In terms of the regular rectilinearity requirement, the outside
edge of each pair of wing bars could be located 50 feet from the centerline
to match the outside edges of the decision bar. When considering patterns
of flush lights within the runway surface, lateral arrays spaced at 500-foot
mtervals along the runway should be seriously considered 1n addition to
runway longitudinal axis arrays (See Figure 21.) Floodlighting the run-
way surface probably would not help much during the final approach mode
1n minimum visibility conditions On the other hand, flush lights, being
point sources, would have better transmissivity penetration characteris-
tics and a portion of them might be visible during the final parts of the
approach (dependent upon intensity and vertical angle along which their

maximum intensity 1s directed).

The above suggestions also can be expected to imn-
prove distance closure judgments durlng final approach because more
elements would be visible i1n the expansion (or streamer) pattern No
direct evidence 1s available, but it 1s reasonable to assume that the entire
visual field does not need to be seen as expanding 1n order to make a rate
of expansion judgment However, 1t may also be reasonably assumed
that, up to a point, better judgments might be made with more visible
elements i1n the expansion pattern This basic question deserves further

human factors research effort

Simulator study of the wing bar design already has
been suggested with respect to improving roll guidance The experimental
program could also include evaluation of how well the wing bars aid angle

of approach and distance closure judgments
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It should be noted that wing bars can not be justifi~
ably objected to on the basis of being outside of the sensitive portion of the
pilot's eye during the final approach mode Their linearity would be quite
compelling with peripheral vision alone, even if the pilot chose not to make
the small angular shifts in line of sight required to center his visual atten-
tion on them  The question of retinal sensitivity ts discussed more fully

under the flareout and landing mode

VFR Approaches

Accident statistics suppert the contention that the major
guitdance problems in both day and night approaches are concerned with
angle of approach and distance closure judgments VIR problems with
angle of approach and distance closure differ from those in IFR approaches
in that the existing AML system sources of information 1n VFR approacles
are located nearer the intended touch-down point--runway markings, thres-

hold lights, and runway edge lights

The use of an angle of approach indicator and windscreen
projections of the air speed and vertical speed 1ndicators has been sug-
gested in the discussion on IFR approaches Their use for both day and
night final approaches seems as well justified, although for somewhat

different reasons which are discussed next

Calvert, Gibson, and Hochberg and Sm.th have put tomrwoxd
theories of aircraft control based on a geometric analyeis of the landing
situation The several theories lead to the same kinds of conclusions with
respect to use of the X -spot--the point 1n the pilot's visual field which 1s
the center of an apparent radial expansion pattern--and with respect tc the
use of rate of expansion of this pattern Essentially, both theories suggest
that the X-spot can be used as a source of information for control of the
angle of approach and that the rate of expansion can be used for distance
closure judgments ©More recently, Calvert has modified his position

somewhat to take account of inherently difficult height judgments in the
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final approach situation because of the angle of regard of the ground plane,
and has recommended the use of an angle of approach indicator on this

basis (GAl, GA3, GA4, GA6, GAT7, GAll, GAl2Z2, M6, HF6, HF?9)

The rationale for use of an angle of approach indicator
from a human factors standpoint 1s even more basic. The concept of an
X-spot regaires that a relatively small area of the visual field (the X-
spot) be discriminated by the pilot as not moving, while the area surround-
ing it expands The best estimate of the human's lower limit for detecting
movement indicates that an object must be moving at 2 minimum rate of
2 to 4 minutes of arc per second (measured at the eye) 1n order to be de-
tected These data were collected under 1deal laboratory conditions, when
operational conditions, such as a bouncing aircraft, windscreen distortion,
and time-sharing attention with other tasks are considered, 1t seems
apparent that the lower limit for the pilot surely must be somewhat higher

(VAL-VAZ25)

However, even using this laboratory-determined figure, a
geometric analysis of the pilot's visual field when 4000 feet from touch-
down on a 3-degree glide slope (intersecting the runway 1000 feet from
threshold) and flying at 150 miles per hour shows that the X-spot 15 1n
fact quite a large area shaped much like a cigar lying symmetrically on
the runway centerline This "'lane of no perceptible movement'' extends
between points on the runway 500 feet and 1600 feet from the threshold,
being approximately 150 feet wide for the most part The intended touch-
down point 15 not located in the longitudinal middle of the lane, butis
roughly at the 1/3 point from the threshold end of the lane (See
Figure 22 )

Even when the surface wiich 15 being approached 1s per-

pendicular to the line of sight and movement of the observer, evidence
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1n the laboratory suggests that errors on the order of 5 degrees of visual
arc in locating the intersection point may be the best humans can do
The hypothesis, then, that the X-spot 1s, 1n fact, an area of some extent

and not a point--or even a small area--seems fairly compelling.

Of course, ag the pialot gets closer to the intended touch-
down point, the lane will reduce 1n size The important point, however,
1s the obvious difficulty of placing the so-called X-spot on the intended
touch-down point 1n order to adjust glide slope or to intersect the surface
at that point, as some have suggested It seems that such control could
not be feasible until very close to the runway, probably closer than the
flareout distance Characteristic glide slope oscillations during final
approach, as shown in photographic recordings of the approaches, are
understandable on the hasis of this hypothesis Only the one geometric
analysis was conducted in this study for illustrative purposes to get at the
problem, the analysis should be centinued to touchdown using various air

speeds

The 1mplication of the preceding discussion is clear It 15
unlikely that any system of runway markings, runway edge lights, or
patterns of flush lights will sigmificantly improve angle of approach and
distance closure judgments during the early parts of the final approach,
Their utility would seem to be confined primarily to the flareout and land-
ing mode The value of an angle of approach indicator and windscreen
projections of air speed and vertical speed indicators in the final approach

mode seems more apparent 1n light of these considerations

It might be pointed out that the pilot can make height judg-
ments on the basis of objects 1n the approach area and thus indirectly make
angle of approach judgments This judgment 1s exceedingly difficult at

night, over water, or over irregular terrain For VFR day approaches

Personal communication between the authors and Dr W, Carel, General
Electric Advanced Electronics Research Center
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over fairly flat terrain, a suggestion concerning objects not typically con-
sidered in the province of the airport design engineer might be useful
Lateral rows of shrubs, trees, or other foliage might be placed at 500-foot
intervals from 1000 to 3000 feet from the threshold, with a centerline of
shrubs extending for the same distance. (This suggestion 1s similar 1n
concept to the line of o1l barrels used 1n the bay at Nantucket ) Selection
of good hardy shrubs that do not mature to too large a height would make
operating costs mimimal However, this suggestion should only be 1mple-
mented as an auxiliary aid to the pilot, not as a substitute for an angle of
approach indicator. Needless to say, the shrubs, if placed as suggested,

would give the pilot distance-to-go information as well as height guidance

Recommended Research and Development

Research should be conducted to collect the following data related
to determining the AMI, system region of guidance required by higher-
performance aircraft

(1) The lateral and vertical digplacement errors at visual contact
of IL8, GCA, and Flight Director guided instrument approaches,

(2) The minmimum flight path correction times for various lateral
displacements at various altitudes (within final approach ranges)
of newer high-performance aircraft in order to get the outer
lateral boundaries, of most maneuverable conventional com-
merclal carriers to set the inner lateral boundaries.

The data would be used for determining positioning, intensity, beam width,
and maximum-intensity angle setting for light units utilized 1n providing
guidance for the visual portion of IFR final approaches The data would

be applicable to runway lighting design as well as approach lighting
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Basic human factors research 1s required to determine

(1) Accuracy of distance closure judgments made on basis of
seeing only certain portions of an expanding visual field
and as a function of the number and arrangement of ele-
ments in the visual field Stimulus conditions should be
selected on the basis of fields of view provided by differ-
ent types of cockpit designs, the kinds of light pattern
variants feasible for the AML system, and viewing angles
approximating the final approach glide slope,

(2) Damensions of the "lane of no perceptible movement" during
final approach to touchdown,

Results of both studies would have applicability to the flareout and landing

mode as well as the final approach mode,

A feasibility study should be conducted on techniques for windscreen
projection, with image focus at infimty, of air speed and vertical speed 1n-
dicators Recent work conducted at WADC can be used as a starting point,
Again, the technique 1s applicable to the flarecut and landing mode as well

as the final approach mode

Semil-operational tests of angle of approach indicators and sug-
gested wing bar additions to Configuration "A" should be conducted on the
landing and appreoach simulator at NAFEC, if feasible If not possible,
then operational tests should be conducted at the NAFEC facility,

The suggested use of sirobebeacons 1n the cuter portion only of the
approach light system, differential intensity of the 14-foot light bars in the
cuter and inner portions, differential beam width settings of the 14-foot
light bars in the outer and inner portions, and variable intensity control of

each portion should be operationally tested at NAFEC,

110



Human Sciences Research, Inc.

Flareout and Landing

General Pilot Task Description

Rotate aircraft to pitch attitude for landing at proper distance
from intended touch-down point so that rate of descent 15 zero at
touchdown,

Align heading with longitudinal axis of runway before touchdown.
Keep wings parallel to runway surface (zero roll attitude).

After touchdown, keep rollout on some prescribed path (typrcally
middle of runway) aligned with longitudinal axis of runway.

Brake aircraft rollout in order to be at optimal ground speed for
turnoff.

Information Pilot Requires from AML System

Ideniafication of safe landing area on runway.

Changes and rates of change 1n

Dstance between aircraft and intersection of glide path
with runway--closure {a function of elevation, sink rate,
and ground speed).

Attitude of aircraft--patch, roll, and heading--runway axis
coordination,

Glide path (direction of flight path)
Displacement laterally from runway centerline.

Displacement vertically from optimum approach
angle with runway--glide slope {a function of
elevation).

Displacement of ground track on rollout from runway
longitudinal axis,

Runway length remaimng.

Identification of duty runway exits--prescribed and optional,
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Existing AML System Sources of Information

Designed for Requirements

IFR Approaches

(1)
(2)
(3)
(4)
(5)

{6)

Threshold lighta {green).
Runway edge lights (white),
Runway markings.

Runway distance markers,

Runway exit signs, runway and taxaway
identification and intersection signs.

Taxiway edge lights (blue).

VFR Day Approaches

(1}

(2)

(3)
(4)

Runway markings
Threshold marks,
Centerline stripe, including exat stripes.
Side stripes.
Distance markings,

Navy Mirror Landing System--Aircraft Carrier
Approaches.

Runway distance markers (signs).

Runway exit signs, runway and taxaway
intersection signs.

VFR MNight Approaches

(1)
(2)
(3)

(4)

(5)
(6)

(7

Threshold Lights.
Runway edge hghts,

Runway markings (as listed under VFR Day
Approaches) for use by pilots in aircraft having
landing hights.

Navy Mirror Landing System--Aircraft Carrier
Approaches.

Runway distance markers.

Runway exat signs, runway and taxiway
intersection signs.

Taxiway edge lights.
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Other Visible Sources

IFR Approaches

Depends upon meteoroclogical visibility conditions.
Runway surface texture can be the only source
present i:n mummum visibility conditions, As
wisibility increases, more of the sources listed
below for VFR flights become useful,

VFR Day Approaches

(1) Color or brightness contrast between runway
and runway exat surfaces, and surrounding

terrain,

(2) Runway surface texture, including tire marks,

VFR Night Approaches
{1) Taxway lights.

(2) Runway surface texture, mcluding tire marks,
1f landing lights are used.

Relevant AML Components Under Development

Angle of approach indicators

(1) Two-color split beacons.

(2) Double-bar,
Flush lights 1n runway and taxiway surface.
Floodlighting of runway surface.

Runway zone lighting.
Summary of Reported Pilot Problems

The most consistently reported problem was the difficulty in
making elevation judgments, The problem was reported as especially
acute on the wider runways, on black-top runways--particularly those

with inadequate runway markings--on rainy or snowy days even with good
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runway markings, and at mght, when, in IFR approaches, the well-known
"black hole'' condifion exasts, Lirung up with the longitudinal axis of the
runway under the same conditions was also reported by a number of pilots

as a most difficult task.

Runway distance remaimng information after touchdown 1s the next
most pressing need according to the pilots interviewed. Runway distance
markers were reported to be difficult to read in marginal vigibility condi~
tions and at mght because they are located outside of the pilot's primary

focus of attention.

Discussion

The AML system function currently receiving the most research,
development, and evaluation effort 18 gwidance during the flareout and
landing mode. This attention 18 due meostly to an increase 1n awareness
of the "black hole'" problem in IFR and mght approaches, which occurred
with 1nstallation of mgh-intensity approach lights.

IFR Approaches

The suggestions in the previous section on the final

approach mode regarding lower intensity settings of lights and removal

of strobebeacons in the inner portion of the approach light system should
help allevaate the "black hole" problem. To the extent that the strobe-
beacons and the approach lights have been affecting the dark adaptation
level of the eyes, the suggestions will reduce the total light flux reaching
the pilot's eyes. Human factors data show that mght vigual sensitivity 1s
dependent upon adaptation to all stray light falling on the retina, not just
light from sources in the line of sight. Effects on adaptation of a steady
light, or lights flashing within a 3-second time interval (the strobebeacons

fall wathin these bounds) are egsentially the same. (RT1, FL1)
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But maintaining good dark adaptation 18 not a complete
solution to the '"black hole" problerm, even if such could be achieved,
The guidance problems associated with flareout are essentially the same
as those identified for the final approach mode. Angle of approach,
particularly the elevation component, distance closure, alignment with
the longitudinal runway, and roll guidance apparently are lacking in
minimum IFR visihlity conditions.

Angle of approach indicators may be useful for the initial
few seconds of the flareout part of the mode for maintaining a constant
angle of approach. However, the pilot can be expected to quickly focus
s attention on the runway surface, rather than outside the edges of the
runway, as he gets closer to touchdown, at this point, the angle of
approach indicators lose theiwr utility. In any event, he 15 commitied to
a given angle at this point. Whatever use the pilot can make of runway

edge lights 1s affected by this same shift 1n attention,

The pilot's critical problem 18 deciding when to 1mtiate the
flareoui, Since this point will vary with different aircraft, 1t 15 difficult
to 1magine a go-no go signal {(such as the decision bar represents for
some types of aircraft regarding go-around) that could be used. It would
be a most desirable feature, 1f feasible. But there appears to be a basic
conflict between the need for presenting continuous information about the
flight path, and the need for a discrete signal for a spec:ial action, when

both sources of information must come from the same source.

It appears likely, then, that the pilot will have to make lus
flareout decision on the basis of elevation and distance closure judgments
obtained from wvisual impressions of the ground plane. This brings the
AML design problem back to a consideranion of what visual characteristics

provide the best visual 1mpressions of the ground plane,

As pointed out 1n the final approach mode discussion,

regular rectilinear patterns appear best from a human factors viewpoint,
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When considering patterns of flush lights 1n the runway surface, this
would mean providing lateral arrays of light bars as well as lights runmng
along the longitudinal axis. When considering floodlighting, runway

markings should have lateral stripes as well as longitudinal stripes.

On a rational basis, patterns of flush lights appear more
switable than floodlighting a marlking pattern. In the first instance, flush
lights with swtably wide beams properly angled would be visible during
much of the final approach {except in -0 weather), as well as after the
decision bar has been reached and the flareout mode begun. Itis question-
able whether runway markings i1lluminated by floodlights would be as
visible. Perhaps more importantly, there 18 no firm evidence of a signi-
ficant breakthrough on development of a runway paint or other material
that would maintain good reflectance characterisiics 1n rainy weather,
Finally, because of the determinants of dark adaptation discussed in a
preceding paragraph, floodlighting would have more of an undesirable
effect on dark adaptation levels of the pilot's eyes than would patterns of
flush lights.

The point often made about floodlighting regarding repro-
duction of so-called "natural" cues for the pilot (those that he uses in VFR
conditions) should not be considered a virtue uncritically. As discussed
in a preceding section, most landing accidents occur 1n visibility condi-
tions far above IFR mumimums. The '"natural’ capabilities of the pilot
regarding elevation and distance closure judgments are limited as dis-

cussed in the section on the final approach mode.

However, operational tests are programmed at NAFEC to
compare the merits of the two systems and the rational reasoning present-
ed here should only be considered a commentary pending the outcome of

these tests.

Whether considering patterns of flush lights or floodlighting

with runway markings, the lateral arrays suggested in a preceding section
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should be spaced at regular intervals down the runway, probably for the
first 3000-4000 feet, depending on the length of the runway and requre-
ments of heaviest traffic umts, A 500-foot spacing conforming to the
spacing suggested for the approach-light bars would provide a cons:stent,
regular frame of reference for the pilot in both the approach area and the
runway., The requrement of identifying the safe landing area can be met

by either patterns of flush lights or runway floodlighting,

For the early portions of the flareout part of the mode, the
lateral arrays would prowvide visual field elements for the apparent expan-
s1on patiern, thus assisting distance closure judgments. The width of the
lateral arrays would be dependent upon the dimensions of the "lane of no
perceptible movement." A sigmficant portion of the arrays obvicusly
would need to be located out's:Lde of the lane. In addition, the lateral

arrays would prowide roll guidance to touchdown.

He:ight judgments when the pilot 1s closer to the surface
and 1s looking between the 500-foat lateral arrays would be based on the
apparent size and separation of the light units in the light bars forming
the longitudinal array, or arrays, providing directional guidance It
appears that two longitudinal arrays (instead of one) should be used 1n
order to clearly differentiate the landing area from the approach area,
although the low-intensity lights under FAA development, when used 1n a
single centerline longitudinal array, may appear quite different(narrower)
than the broader lane of approach lights Also, there 1s the further prob-
lem that a centerline array would always have a large portion in the '"lane
of no perceptible movement, ' depending upon aircraft, Unless landing to
the side, the centerline array would not be visible to pilots of some air-
craft, due to cockpit visibility restrictions. This consideration would
seem to indicate that the gauge of the longitudinal arrays (distance between
arrays) should be kept relatively narrow. On the other hand, the arrays

need to be far enough apart to allow distance closure judgments on the
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basis of rate of apparent expansion of these elemenis of the visual field.

The best gauge needs to be determined through simulator studies.

With respect to runway markings for use with floodlighting
(but also useful for VFR approaches), very wide lateral stripes could be
used to mark the 500-foot intervals, with smaller checkerboard or cross-
hatching stripes used in between. As with the flush lighting, 1t is suggest-
ed that this patterning extend for the first 3000-4000 feet of the runway.

it should be noted that skill in flareout, even withanoptimal

lLighting or marking structuring of the ground plane, will have to be
dependent upon practice. It i1s difficult to envision, for the near future,
an AML system or component that will provide guidance in thus mode by
other means than prowviding a visual impression of the ground plane,
Given this situation, the pilot who must flare out on the basis of these
cues must become familiar enough with them through actual landings to
have stored in his memory a good standard for knowing when the visual

picture he sees appears '"'right'' and when 1t appears "wrong''

One other consideration with respect to flush lights 1s
important. The beam width of individual light umts should be wide enough
to provide guidance to touchdown regardless of reasonable flight path
displacement errors that can occur., Although 1t might be useful to have
beam widths set so that one gection of the lights '""disappears'' if the aair-
craft is laterally off course, this design 1s somewhat inadequate from
other guldance considerations. When the lights appear ""off' the pilot
loses a great deal of roll, angle of approach, and distance closure guid-
ance, Thus, the merits of use of flush lights with such narrow beams

seems more than offset by 1is disadvantages.

For landing rollout, the centerline array of flush "button"
lights tested at San Francisco and Dow AFB yielded favorable results,
although limited, and led to the development of the low-intensity center-

line Lighting concept which has been suggested as an alternative to the
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narrow-gauge concept The use of "button" lights for rollout guidance
beyond the 3000- or 4000-foot point on the runway deserves sermi-

operational or operational testing.

With respect to the requirement for runway length remain-
ing information, 1t may be that the rollout button lights may alleviate
current problems to some extent, If runway distance markers meeting
malitary specifications are used, showing runway length remaimng, 1t may
be that the pilot will find 1t easiler to use them because he will have come _
by his directional gmdance somewhat easier, thus reducing his time-

sharing load

The reguirement for i1dentification of runway exits 1s

discugsed in the turncff and taxiing mode

VEFR Approaches

The suggestions made in the discussion onthe final approach
maode with respect to an angle of approach indicator and windscreen pro-
jections of air speed and vertical speed 1ndicators should assist the pilot
in the same way during the imtial seconds of this mode, As the pilot gets
closer to the runway surface, the runway markings suggested in the pre-
ceding section for IFR approaches would provide angle of approach, roll,
and rate of closure gwidance. Using the same pattern on all runways has
the advantage of building 1n pilot practice with the patierns, Increased
skall with the pattern that would be expected to result should prove useful
in IFR approaches and night VPR approaches.

Alignment with the longitudinal axis of the runway 1n VEFR
night landings was reported as a serious problem by pilots, both while in
the air and after touchdown. Consideration might be given to use of flush
button hghts on the centerline of the runway, starting 3000-4000 feet down
the runway (as suggested for IFR. operation), or perhaps overlapping some

with the narrow-gauge a centerline lighting 1n the first part of the runway.
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Use of the proposed runway markings and button lights
would effectively define runway zones for the pilot. For ilis reason, 1t
would not be necessary to consider extending colored laights down the sides

"sleeve''--appearing red on takeoff, and green

of the runway to define a
on landing, Using the markings and the button lamps has the further ad-
vantage of maintaimng the color integrity of the threshold, If the button
lights are used for might VFR operations, it would tend to free more of

the pilot's fime to attend to properly constructed runway distance markers,

The vasual acwuity of different parts of the eye has been used
as a justification for suggesting that the AML system sources of informa-
tion during the flareout and landing mode should be located near the center
of the runway, Suggestions of tms nature have been made regarding place-
ment of flush hhghts and runway distance markings. The rationale for such

"stare'’ period of pilots believed to occur during

suggestions refers to the
the last few seconds prior to touchdown, and the fact that vision for fine
detail during this period 19 located within a small visual angle subtending

the fovea--the most sensitive part of the eye. (GA47, M3, HF16)

Human factors dala show that when the eyes are Light
adapted, vision just 5 degrees to erther side of the line of sight is 1/2 as
acute as 1t 18 at 0 degree (straight ahead), 1t 15 1/10 as acute at 10
degrees. In terms of the absolute size of objects 1n a non-dynamic
situation, an object 1 minute of arc can be seen straight ahead, while at
10 degrees off center an object needs to be 10 minutes of arc to be seen,
It should be recognized that this advantage 1s lost when the eyes are dark
adapted, Visual acuaity 1s poorer generally, with there being very little
difference between the acuity of different parts of the retina. In terms of
sensitivity to light, the retinal area just outside of the fovea (about 4
degrees off center) seems to be the most sensitive 1n might vision, (MS3,

HFZ, HF16)
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The patterns of flush lights and runway markings suggested
heremn will be 1n the area of maximum sensitivity during the final few
seconds before touchdown. However, the pilot may be making his closure
judgments on the basis of the apparent motion of elements inthe peripheral
portions of his eyes (more than 5 degrees off center) because of lack of
apparent motion 1n the "lane of no perceptible movement" As was sug-
gested, simulator tests are required to see just how far apart the

longitudmnal arrays of light bars should be on the runway

While the pilot may be staring during the final few seconds
before touchdown, .aere 1s no evidence that he does on the landing rollout
and on takeoff The difficulty of reading runway distance markers may be
partially tied up with poor directional guidance, as briefly suggested 1n a
preceding paragraph, but also with the time required to shift focus, not line
of sight. If the w 1 screen projections previously suggested are developed
and button lights are used for better defining directional guidance, the pilot
can keep his eyes focused at infimty outside of the cockpit for most of lus
landing rollout {(and takeoff). It can be expected that he would find runway
dis a1ce markeres ard intersection signs somewhat easier to read under
these conditions.

In summary, the important implications of human factors data for
positioning of flush lights and runway distance markers are the following.

(1) Areas of differential retinal sensitivaty (and thus shifis

in line of sight) probably are less related to pilot

demands for "centered" positioming of AML information
sources than

a poor alignment gumdance--i1f tlis guidance 1s
improved, the pilot won't have to work as hard
at getting alignment information, thus freeing
more of his attention,

b. decreased acuity during shifts in focus (accom-
modation and convergence) and time required to
shift focus,
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the so-called "stare' period ag a matter of
attention habit built 1n by factors & and b,
above

(2) Rate information must come from peripheral portions
of the visual field--outside of the ""lane of no perceptible

movement'',

{3) Use of windghield projections of air speed and vertical
degscent rates and the herein recommended patierns of
flush lights and runway markings should help alleviate
the problems of obtaiming information from runway
distance markers and improve rate of closure judg-

ments.

Recommended Research and Development

AML system design requirements in this flight mode support the

following research and development projects previously recommended in

the section on the final approach mode

(1)

(2)
(3)

Feasibility study of windscreen projections of air speed
and vertical speed indicators

Research to gather region of guidance data to touchdown

Basic human factors research on the dimensions of the
"lane of no perceptible movement"

(4} Operational tests of use of strobebeacons in outer

portion of approach system only, and differential
intensity of approach light bars in inner and outer
regions

(5) Simulator studies of angle of approach indicators

(1f feasible--1f not, operational tests ai NAFEC)

Dafferent patterns of flush lights and runway markings should be

semi-operationally evaluated through simulator studies at NAFEC if

feasible Special attention should be given to providing lateral as well as

longitudinal visual arrays along the runway With respect to longitudinal

arrays of flush hights, low intensity single centerline systems and high

intensity lane systcms can be compared and optimal gauge settings for

the lane system determained.
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AML design needs for this mode also support the operational tests
programmed for NAFEC on floodlighting and flushlighfing systems.

Further operational tests at NAFEC of a centerline system of
flush button lights for prowviding directional guidance during landing roll-
out and takeoff seem indicated, particularly with respect to the extent to

which such a system aids utilization of runway distance markers.
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Tunsff and Tarng

General Pilot Task Description

Turn off at optimal ground speed at prescribed {or optional)
runway exit

Guide turnoff through path (typically the middle) aligned with
longitudinal axis of exit extended onto runway.

Guide ground movement at optimal ground speed through path
on taxiway (typically the middle) aligned with longitudinal axis
of taxiway

Information Pilot Requires from AMIL System

Identification of duty runway exits
Identification of safe taxung and parking areas and taxiways
Changes and rates of change in

Displacement of ground track from longitudinal axis of
taxiway

Distance of aircraft structures from limits of safe taxiung
and parking area,

Tax1 route information, particularly at intersections,

Existing AML System Sources of Information

Designed for Requirements

(1) Runway edge lights (whate)
(2} Runway markings.
Centerline siripes, including exit stripes
(3) Taxiway edge lights {blue)
(4) Taxiway markings

Centerline stripes
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(5) Runway distance markers (s1gns)

(6) Runway exit signs, runway and taxiway identification
and 1ntersection signs,

Other Vaisible Sources

Color, brightness, and texture contrast between taxiway
surface and surrounding terrain

Relevant AML Components Under Development

Flush lights 1n runway and taxiway surface

Summary of Reported Pilot Problems

Identification and location of runway exits 1s reported to be very
difficult at night when the view from the cockpit has been likened to look-
ing at a "maze of blue lights' at the larger airports The linearity of the
taxiway edge lighting 15 not seen until the turnoff 1s actually reached--
too late to make the turn safely Thus, some pilots expressed a need for
anticipatory information about location of the exit, particularly if hgh-

speed turnoffs are expected to become routine

Once on the taxiway at the larger airports, whether coming from
the runway or after leaving the parking area, pilots report that it 1s ex-

tremely difficult to find their way to their airport destination,

Idlewild and LaGuardia at New York were mentioned as examples
of airports where runway exit and taxiway routes are overwhelmingly
confusing to the newcomer, and often time-consuming and difficult for the

pilot who uses the airport only occasionally
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Dhiscussion

Identification (and thus location) of runway exits at might and 1n poor
visibility 1s a problem that may require solution combining a number of

marking and lighting technmiques with different operating procedures,

A recent operaticnal study of runway exits at McClellan AFB sug-
gests that a line of flush button lights be used, with the line of lights
curving from the centerline of the runway through the middle of the exit
and extending down the centerline of taxiways in order to define what has
been termed "linear contours'. Exits and taxiways are currently marked
with a stmilarly-designed centerstripe which also, by specification, curves
into the runway centerline., Thus, the suggested pattern of flush button
lights would be familiar to the pilot and 1ts introduction should not lead to
any serious re-traiming problem Centerlines are in use at Gatwick and
London, England, Gatwick also uses retro-reflective edge lighting Results
of the McClellan AFB study indicate that taxaway edge lights are required

to define the lateral limits of the safe taxiing surface

Color coding techniques might well be used along the edge of the
runway to identify the runway exit From a human factors viewpoint, the
problem seems to be primarily one of discrimination, the pattern of white
runway edge lights 1s not sufficiently broken, from a visual standpoint, at
runway exits Specially-colored lights, perhaps flashing to increase their
conspicuousness, could be used at the exit corners to make the exits easily
discriminable The pilot would not need to perceive the linearity of blue
taxiway lights to select two runway edge lights between which he should

taxi,

A third technmique that might be helpful for providing anticipatory
information 18 to assign ldentification numbers to runway exits based on
runway length remaining The pilot typically 18 checking on runway length

remaining during his landing rollout and 1t would be relatively easy for him
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to use this information as anticipatory signals for a runway exit whose

location 15 keyed into the system  The fact that more than one exit at an

airport would have the same number would be of little concern The pilot
only uses one runway at a time, for briefing or other purposes, the run-
way designation can be affixed to the exit number, A pilot who frequently
uses the airport would rapidly become familiar with exit designations for
major runways, the i1tinerant pilot could be quickly and easily given the

designation as part of his landing instructions

Ground traffic guidance 1s largely handled by the tower through
radio mnsiructions But, as one pilot interviewed indicated, the message
"use Taxiway S'' leaves the pilot with a somewhat helpless feeling when

he does not know where "Taxiway S'" 1s located

A recent study by Franklin Institute Laboratories exploring the
potential use of various sign techmiques for reducing the amount of radio
communication needed to control departing ground traffic, provides some
useful insights Lack of a sumple confirmatory process was 1dentified
as a major reason why signs can not be expected to replace voice com-

munications completely (GA27)

However, the study suggested that use of highway-type signs and
use of intersection traffic lights would reduce tower communications con-
siderably. It was recommended that highway-type signs, reflectorized
or floodlighted, should be ample 1n number with relatively simple redun-
dant text, rather than tricky abbrewviations, This would alleviate the
pilot's problem of finding and staying on "Taxiway 8'". The tower would
have simple manual control of the intersection traffic lights 1n order to
control movement of traffic over prescribed routes, The suggestions

above are applicable to both incoming and outgoing traffic
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Recommended Research and Development

Further cperational tests of the flush button lights for exat and
taxiway guldance are in order These should be done 1n conjunction with
the runway centerline rollout guidance tests recommended in the flareout
and landing mode discussion, At the same time, 1t would be relatively in-
expensive to evaluate an exit designation system based on runway length

remaimng and the exit light color-coding suggested above,

Operational testing of highway-type signs and intersection traffic
lights should be conducted, and evaluation based not only on a reduction

of radio communications but also on measures of 1mproved guidance,
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Taeof

General Pilot Task Description

Position alrcraft at prescribed optimal distance (typically the
middle) from sides of duty runway, as close to threshold as
necessary.

Initiate and maintain take-off ground roll through path on run-
way aligned with longitudinal axis of runway

Break ground at prescribed air speed, its safe feasibility having
been determined on the basis of runway length remainming during
ground roll

Initiate and maintain optimal angle of attack for climbout
Information Pilot Requires from AML System

Distance of imitial aircraft position from runway edges and
threshold

Runway length remaining
Changes and rates of change 1n

Displacement of ground track on take-off roll from run-
way longitudinal axis

Attitude of aircraft--pitch, roll, and heading-line of
flight coordination

Existing AML System Sources of Information

Designed for Requlrements

(1) Runway edge lights (white)
(2) Threshold lights (green)
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(3} Runway markings
Centerline stripe
Si1de stripes
Dhstance markings

(4) Runway distance markers (signs)

Other Visible Sources

Coler, brightness, or texture contrast between runway
surface and surrounding terrain

Relevant AML Components Under Development evelopment

Flush lights in runway surface
Floodlighting of runway surface.

Runway zone lhighting

Summary of Reported Pilot Problems

A number of pilots pointed out that runway distance remaining in-
formation needs to be presented by some means other than by runway
distance markers It 1s especially critical during low-visibility takeoffs
when the end of the runway can not be seen  Pilot objections to the run-
way distance markers are the same as those presented for the flareout

and landing mode the signs are located outside of the focus of attention

Staying aligned with the longitudinal axis of the runway during
take-off roll was reported as a preblem on wide runways when the take-
off roll 1s located close to one side Even when the aircraft is located in
the maiddle, the centerline stripe 1s difficult to see 1n rainy or snowy

weather
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Discussion

The problem of presenting runway distance remaining information
on takeoff is the same as dtscussed in the flareout and landing mode
With a windscreen projection of air speed, with image focus at infimity,
effectiveness of the present system of runway distance markers would be

expected to improve

It has been suggested that an acceleration check-point should be
marked on the runway surface, However, adequate runway distance re-
maining 1nformation, combined with the air speed projection, should

alleviate the need for thas.

The centerline system of flysh button lights in the middle sections
of the runway should improve directional gmidance on rollout at mght and
in poor visibility conditions For day takeoffs, consideration maght he
given to using a thin '"pencil" stripe located halfway hetween the wide
centerline and edge stripes on all runways, The stripes would extend for
the same length as the button lights and depending upon results of the run-
way marking research suggested in the flareout and landing mode, might
be an integral part of a cross-hatch system in the first 3-4000 feet of each
end of the runway As recommended 1n the circling guidance mode, wide
edge stripes might prove useful on all runways. The pencil stripe would

assist pilots taking off on one side of the runway or the other,
Recommended Research and Development
Research and development projects previously recommended cover

the distance remaining problem during takeoff Evaluation of the flush

button lights should include takeoff criteria,
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The simulator studies recommended for - del g runaav marking
of the landing mat can include evaluatior of thar ~-ro I stripes for provad-

ing additional directional guidance during takcoff
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Comments on. Qverall AM L Sysiem Functions

The nature and amount of traffic at an airport 1s the principal
determinant of the kind of AML system required and justifiable In thus
functional analysis, focus has been placed on the heavy-duty general
aviation airport (commercial, military, civil traffic). Suggestions for
future research and development have been directed toward an AML
system for this type of airport It is hoped, however, that some of the
relatively less expensive components, particularly angle of approach
indicators and runway end identifiers, might be suitable for common use,

much like the beacon, at small civil airports.

Necessarily, our analysis has not treated every particular need of
all potential aviation groups using a general aviation facility, For example,
small civil airports largely servicing light private planes and helioports
require considerations which were beyond the scope of this project's
efforts. It may be that the special performance characteristics of some
military or private aircraft require particular additional components. The

recommendations do envision, however, a common core system, unmodi-

fiable 1n the sense that what 1s provided would not be changed so that
different kinds of visual judgments are required of the pilot for the same
control task (e g , using a left-hand row, then a centerline row at suc-

cegsive airports for approach guidance)

It has been suggested many times that standardization 1s a vital
need However, because of the varying needs of different aviation groups,
the standardization principle applied uncritically would be extremely ex-
pensive and some group would always be quite unsatisfied Without a
doubt, some aspects of the AML system should be, and to some extent are,
standardized Thus, green color-coding of threshold lights 1s international-
ly standardized But, not all airports require all possible AML capabilities,

standardization i1s not an applicable principle across the board
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Compatibility has been suggested as a comparison principle and
was used as one basls for the recommendations made. In 1ts operational
sense, compatibility primarily means the following an AML component,
designed for the special use of one aviation group, can be included at a
heavy-duty, general aviation airport, provided that its functioning does
not interfere with the functioning of other components i1nstalled and pro-
vided that 1ts functioning 1s critical to the safe performance of the aviation
traffic for which 1t was designed. With some guidance requirements, this
may mean that some redundant information 1s presented (e g , more than
one source of roll guidance) 1n an absolute sense. But, for any given
aircraft, only one of the sources may be useful because of factors such
as cockpit cut-off restrictions, ete. At a general level, compatibility

means the avoidance of requmring the pilot to use, as his only alternative,

fundamentally different visual cues to make his required judgments (e g.,

left-hand row vs centerline row for alignment guidance).

Working within the framework of the common core system en-
visioned, research should be conducted to determine the specific traffic
needs for an AML system, both current and anticipated, at each type of
airport if such data are not presently available This would 1nvolve analy-
s1s of the nature and volume of traffic, current and projected, at each
airport., A large amount of the survey might be conducted by means of

questionnaires

Concomitant with this, a study to determine what parts of the AML
system should meet the standardization principle and which should be
considered from a compatibility viewpoint should be conducted Criteria
of compatibility need to be developed for application to particular designs

suggested for use by various aviation activities

A merging of the results of the two studies would yield a blue-
print for systematically improving national AML system facilities at a

pace consistent with the projected increase 1n use of these facilities

136



Human Sciences Research, Inc

Quthne of Recommended Research

and Development

In the vast literature on airport marking and laghting, almost every
possible solution to problems has been suggested at one time or another
This 1s probably true of the recommendations listed 1n the following out-
line, a recap of those presented in the different sections of Chapter III.
The integrating characteristic of the list developed in this study 1s that 1t
18 based on a frame of reference composed of

(1) Pillot information requirements

(2) Results of operational tests,

{3) Data on basic human capabilities,

One category of recommendations 1s based on the agssumption that
a visual simulator study capability wiil be avallable for research and
development purposes Such a capability for the United States was recom-
mended for studying airport marking and lighting problems as long ago as
1948 It can be justified not only on grounds of flexibility and economy,
both very obvious, but also for the need to get closer to the operational
situation in studying the human factors involved in airport marking and
lighting The basic need is for a variable characteristic simulator--one
in which certain factors can be contrelled and manipulated and from which
one can get performance measurements Its design requirements are, 1n
many respects, quite different from a simulator developed for traimng
purposes It 18 hoped that an adequate simulator capability will be made
avallable to those charged with the responsibility of conducting research

and development on airport marking and lighting, (M13)

As 1ndicated 1n the commentary on operational tests presented at
the end of Chapter II, operational test procedures have varied considera-

bly during the last decade There 15 a pressing need for development of
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comprehensive standardized operational measures of AML design effective-
ness, Such measures must not only include pilot opinicn, a very critical
measure of "input", but also analytic, objective flight control performance
meagures which will provide feedback information for further development
as well as testing of a particular design Measures of 1nstallation cost,
power requirements, compatibility with airport operating procedures

(e. g., snow removal) would need to be included A general formula for
comparing increase in effectiveness, and thus accident reduction, to gen-

eral cost needs to be developed.

Such measures would provide a standard for evaluation, rather than
forcing dependence on the pilot's prior experience as the only criterion, A
pilot who has lived through many landings in the ''black hole'" can be ex-
pected to react favorably to any improvement in gmdance in that area But
the aim from a research and development point of view should be to do the
best job possible--and the improvement in gumidance favorably received by
the pilot, because previously he had none, 1s not sufficient evidence, by

1itself, that the improvement 1s the best that can be achieved,

Relying solely upon pilot opinicn 1s tenuous because of the natural
inclination of pilots to trust what they are accustomed to using more than
innovations. A gooed case in point is the distance separating runway edge
lights and the reported experience of pilots at Dow A¥B with separation of
the flush runway light bars Attempts 1o change the spacing of runway edge
lights by 20 feet have met with almost universal rejection on the part of
the pilots Yet, 1t was difficult for pilots to detect 100-foot changes 1n the
spacing of the flush lights at Dow AFB., The answer 1s not found in
differences in absolute value of guidance received, nor in basic human

capabilities, but rather i1n experience,
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As the ultimate users, pilots must be satisfied that an AML system
does a good job of providing guidance. It behooves the researcher to rec-
ognize this and demonstirate to the pilot that he 1s working for the pilot's
best interests, even when he 1s not using pilot opinion as his sole standard

during research and development.

Summary Outlne
Research and Development Recommendations

Basic Analytic Studies—Development of Components

For Circling Guidance

Analytic feasibility study of downwind leg '"markers"

For Final Approach and Flareout and Landing Guidance
Determination of optimal region of guidance

{1) Lateral and vertical displacement from pre-
scribed flight path at visual contact for various
types of electronically-guided approaches.

(2) Minimum flight path correction times, at final
approach altitudes, of representative range of
alrcraft

Determination of human capabilities for making rate-of-
closure judgments

Determination of dimensions of '"lane of no perceptible
movement'',

Feasibility study on techniques of projecting air speed and
vertical speed displays on windscreens, with rmage focused
at infinity,

For General AML System Design, Evaluation, and Installation-

Determaination of current and projected traffic loads
{nature and volume) of each class of airport,

Development of criteria of AML system component
compatibility
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Determination of which AML system components should be
standardized and which should be viewed from a compati-
bility criterion

Development of comprehensive, standardized operational
measures of AML design effectiveness, including both ob-
jective performance {output) and pilot opinion (1nput)
measures

Semi-Operational (Simulator) Evaluations

For Final Approach Guidance
Wing bar additions to Configuration '"A"
Angle of approach indacators (If feasible otherwise,
operational tegts should be conducted )

For Flareocut and Landing Guidance

Patterns of high-intensity and low-intensity flush lights,
and runway markings (see Chapter III for recommended
patterns)

Operational and Service Testing

For Imitial Approach and Circling Guidance
Approach beacons
Runway identification lights

Circling guidance lights

For Final Approach Guidance

Strobebeacons 1n outer 1000 {or 1500} feet only of Config-
uration ""A",

Dafferential intensity settings of 14-foot light bars on outer
and i1nner portions {1500 feet each, or 3 settings--one for
every 1000 feet) of Configuration "A",

For Flareout and Landing Guidance

Initial testing of relative merits of flush lighting (high
intensity and low intensity) vs floodlighting with specially
marked runways
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For Turnoff and Taxiung Guidance
Low-intensity centerline lights (runway, exit, and taxiways).

Highway-type signs and intersection traffic lights
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INTRODUCTION

A study which attempts to present an integrated,
state-of-the-art description of research results related
to airport marking and lighting (AML) 1nitially must
develop a general conceptualization of the domain The
conceptualization must be sufficiently broad in scope to
identify primary areas of knowledge which have an 1m-
portant bearing on AML, Ii also must be sufficiently
structured to indicate how these relevant areas of knowl-

edge relate to AML,

Such a basic structuring of the problem area 1s
required at an early stage in the study so that the crit-
ical domains of,information can be adequately sampled
A more specific structuring then 1s required to place in
proper perspective the knowledge contained 1n a general
source of information such as human factors Within
the general area of human factors, certain types of
studies, such as reaction time or perception of motion,
have greater relevance than others to AML problems
The relevant information 1s i1mportant i particular
ways Eventually conceptualization of the AML problem
area must become developed in sufficient detail to permit
application of results of specific studies to critical AML

problems
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AML as System Deslgn

and

Research and Development Problems

AML as a System Design Problem

In this study, the airport marking and lLighting (AML) problem was
approached from the point of view of the system designer The designer's
problem consists of deciding how to arrange the photometric properties avail-
able to him into a pattern which will maximally aid pilots in the performance
of their tasks. At the same time, the demands of operational use must be
considered in terms of fabrication, power supply, maintenance, and safety
limitations on design options The wide range of alternatives theoretically
or potentially available to the designer are significantly reduced by the prac-
tical considerations i1nvolved 1n landing aircraft, maintaining runways, and
other requirements placed upon airport facilities, as well as the level of
current technical development in lighting equipment, After accounting for
such restrictions, there remains considerable latitude for decision, and the
AML system designer should have guiderules to axd haim 1n discraiminating
between particularly good and particularly poor design options. The basic
conceptualization of the present study developed out of a consideration of how
this AML System Designer's Handbook might be structured if it existed, or

how 1t might be developed to be of maximum use

Guidance for design of an optimal AML system stems from the pur-
pose it 15 intended to serve. BSince the effectiveness of any given AML system
is ultimately evaluated 1n terms of the degree to which 1ts purposes are
achieved, an analysis of AML design objectives provides a fundamental basis
for the development of design principles or guiderules Basically, the func-

tion of marks and lights 15 to provide pilots with information required for
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successful control of aircraft during final flight phases and ground move-
ment, The objective of an AML system 1s to provide this information to
pilots 1n a form that 1s 1mmediately identifiable and easily interpreted under

the range of atmospheric conditions encountered,

While the current state of the fabrication art and related installation
and maintenance considerations represent one class of restrictions on the
design of AML systems at a given point 1n time, advances in engineering

technology tend to overcome these limitations.

On the other hand, the basic information required by the pilot in the
performance of his landing task and the basic capabilities of pilots which
largely determine guiderules for deciding how best to provide the informa-

tion are much less subject to change

In summary, three kinds of design guidance information are needed
by the AML system designer first, knowledge of the information which 1s
required by the p1lot in his task performance, second, the basic capabilities
of pilots within whose limitations the system designer must work, and thard,
the AML equipment available to 1mplement theoretical or potential design

options.

AML as a Research and Development Problem

The concept of an AML System Designer's Handbook would include an
up-to-the-moment account of knowledge applicable to design decisions As
technological and scientific advances extend this body of knowledge, im-
proved guiderules can be provided the design engineer. Furthermore, as
new developments in airframe design occur, extended and perhaps qualita-
tively different requirements will be placed on the AML system. The system

may be required to provide information more quickly at longer ranges and at
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increased levels of accuracy. Should landing techniques change qualitatively

in the future, new kinds of information may be required by tomorrow's pilot

As the frontiers of knowledge are extended 1in the fields of meteorology,
physical optics, and optics, new sources of radiant energy and new forms of
transmission will be at the disposal of the designer as additional design
options, As research in visual/perception functioning advances, more de-
tailled knowledge will be avallable as to how best to provide optimum patterns

for interpretation by pilots

Ongoing work by illuminating, mechamcal, and electrical engineers
will continue to remove old barriers to the implementation of potential design

options

These examples but brush the surface of the role and challenges of
research and development in progress toward the solution of AML design

problems
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The Nature of the Pilot's Task

The fundamental desgin decisions bf the AML system planner concern
identification of information which patterns of marks and lights should encode,
and selection of means by which such information 1s tabe encoded and displayed
The first problem 1s one of determining the kinds and amounts of information
to display that will allow the pilot to perform his task without overloading him
with redundant, useless, or confusing information The second problem is
one of determining, from among all possible options, that encoding option
which 18 most compatible with the relatively invariant visual perceptual and

motor-response properties of the pilot

An approach to the solution of the design problem must be based on a
detailed analysis of the pilot's task i1n controlling an aircraft by visual ref-
erence Such an analysis should first 1dentify the human functions invelved in
task performance The next step should focus on the question "How well does
the human perform these functions under task-related conditiong?" Asa
subsequent step, human performance differences 1n critical functions then
must be related to differences in AML design options to evalurate various solu-
tions. The optimal solution will be that system which compensates best for

the human's "weaknesses" and takes maximum advantage of his "strengths",

The pilot's tasks, when viewed 1in the context of the aircraft as a man-

machine system, are generally those of system sensor, evaluator, and

controller., Assurning conditions of contact flight, the pilot as a sensor re-
quires information which indicates the aircraft's response to the combined
effect of external conditions and control inputs, As the system's evaluator,
the pilot acts as an error detecting device Sensory inputs from the ongoing
situation are continually compared to some 1deal pattern of "how things should
look'" As controller, the pilot functions as an error nulling device, making

control inputs which are designed to bring about the eventual matching of
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actual sensory inputs and the 1deal specified by the pilot's training and

experience.

Basically, the pilot 1s performing a compensatory tracking task.
He 15 attempting to maintain a desired degree of relationship between some
index of optimal aircraft movement and the actual movement of the aircraft
he controls. The nature of this task, however, 15 far more complex than
any two-dimensional tracking task characteristically experienced by huméans
such as steering a bicycle or driving an automobile, In automobile driving,
for example, the path of the vehicle 1s essentially in exact correspondence
with the heading of the vehicle. No necessary correspondence of this sort
holds in the control of an aircraft's flight path. The method of controlling
associated with the two types of tasks 1s even more dissimilar, Turning the
steering wheel of an automobile establishes the turn radius for the vehicle,
When the turn has progressed to the satisfaction of the driver, he "straightens"
the wheel and the turn 1s ended. In the aircraft, however, the pilot must
introduce a rate of change in some rotational axis, for example, pitch This
change in rotational tendency eventually, but not immediately, brings about
a desired change in the aircraft's pitch position, Thus, the pilot must an-
ticipate the time delay required for the given rate of change of pitch to bring
about the desired pitch position and then reduce the control change to zero.
He must further anticipate the amount of change in location 1n altitude, which
the new pitch position will bring about through time, in order to begin intro-
ducing a counter-rotation in pitch rate that will produce a leveling off at the
new altitude desired. Again, he must anticipate effects and return the

counter-rotation to zero.
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A desired change in location of the aircraft requires a four-step
control procedure as follows

Introduce a rate of change 1n rotation which eventually changes the
aircraft's attitude

Reduce the change to zero while desired attitude change is being
achieved

Introduce a counter-rotational change which eventually changes
the aircraft's attitude in the direction of a return to normal atti-
tude at the desired location

Reduce the change to zero while desired attitude change 1s being

achieved

As the system's controller, the pilot directly manipulates four basic
elements thrust and rate of change of rotation about the three principal axes
of the aircraft Manipulation of these controls first brings about changes and
rates of changes in the attitude of the aircraft with respect to the surface of
the earth Eventually, changes and rates of changes in the aircraft's location
occur with respect to some point on the earth's surface, In his role as sensor,
therefore, the pilot potentially can employ whatever visual stimuli of the
earth's surface and objects on 1t which are present in his visual field as cues
to changes and rates of changes i1n his aircraft's location Since changes in
attitude are predictive of changes in location, the pilot who "knows his air-
craft”} 1 e., has experience with the control lags and aerocdynamic functions
of the aircraft, can make good use of information about his attitude and rates
of change in attitude as cues to his future location When performing as the
system's evaluator or comparator, the experienced pilot can time-sample
information about his present location and attitude to confirm or deny his ex-
pectations of where he should be at that time and, further, to predict his
future location. To extrapolate his future position, the pilot 1s required to
integrate location information through time and in combination with hig present

attitude and eontrol settings.



Present location and, more importantly, future location must be
evaluated 1n terms of the degree to which this actual and projected actual
location conforms to the pilot's 1deal flight path. When significant devia-
tions occur, the pilot must estimate which control adjustments and 1n what
degree now will effect the desired change in future location. As the pilot
approaches the threshold in the landing mode, 1t becomes increasingly crit-
ical that he also estimate whether a given correction in future location can
be effected by present control mampulations soon enough to conduct a suc-

cessful landing,

At a general level of description, the basic ingredients of information
required for the pilot to function as comparator are these

Knowledge of the ideal flight path and of the visual cues that serve as
an 1ndicant of the achievement of an ideal flight path. (The pattern of
visual cues which indicate the anticipated flight path has been re-
ferred to as pilot visual "expectancies',

Informatipn about the present location of his aircraft.

Information as to the present relationship between actual and i1deal

location, and projections of this relationship into the immediate

future.

The pilot's task has been conceptualized as a sensor-comparator-
controller link 1n a closed loop man-machine system (see Figure 1). From
this frame of reference, the following sequence of events describes one

cycle of the continuous compensatory tracking task performed by the pilot

In response to a required change in the flight program, such as a
transition from downwind to base leg, the pilot introduces an
appropriate set of control 1nputs, 1. e., thrust and rotation changes.

Following a control fesponse lag and then an aerodynamic lag, the
attitude of the aircraft changes 1n one or more rotational dimensions,
1. e., roll, pitch, and yaw, accompanled by a change in the air-
craft's thrust component

The changed aircraft attitude and thrust results in a change in flight
path.
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Figure 1

Generalized Aircraft Control System and Pilot Information Requirements

A:rcraft Control and Aerodynamic
Response Characteristics

Aircraft Response Controller
Comparator

To External Conditions . ' or ’ or
And

(Forcing Functions) Error Detecting Role Error Nulling Control Input

Control Inputs A Role

i A

Information Requirements Information Requirements
1 Knowledge of the 1deal flight path 1 EKnowledge of his own
2 Information about present attitude reaction time
and location of aircraft 2 Knowledge of the air-
3 Information about present and pro- craft control and
jected discrepancy between actual aerodynamic response
and 1deal flight path characteristics
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On the basis of visual stimuli from the external environment accom-
panying the system changes, the pilot makes an estimate of his
aircraft's actual attitude and flight path Subsequently, the pilot per-
forms a comparison between his actual attitude or location, and the
ideal flight path he intended to bring about at that time through his con-
Mmputs.

The direction and magnitude of the discrepancy between his actual
path, as estimated from the visual cues available, and the ideal or
standard, based on a stored-in-the-pilot's-memory expectancy of how
the visual world ""should look", forms the basis for new control inputs
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Information Requirements Derived from Analysis

of the Pilot's Task

Based on the abstract description of the pilot's control task presented
1n the preceding Technical Note, information required by the pilot 1s that
which denies or confirms correspondence of an 1deal or standard flight path
with the actual path achieved. This statement 1mplies the presence of a
standard and a means for perceiving it (or recalling 1t from memory}, an
index of actual performance, and a means by which the two can be compared

to permit estimates of magnitude and direction of errors.

What, then, are the ways in which the pilot can be 1n error and how
can the nature of these errors be "displayed" to him by airport marking and
lighting systems? At a basic level, flight error can occur 1n two aspects of
aircraft performance location and attitude. * The present location of the
aircraft can be 1n error with respect to location prescribed by an ideal flight
path. The present aittitude of the aiarcraft can be 1n error with respect to the
ideal attitude required to bring about future correspondence with the ideal
flight path. Since the flight control of an aircraft occurs under dynamic con-
diticns only, the basic information requirements are as follows-

Attitude control information requirements.

Changes and rates of changes in pitch and roll with respect
to the earth's surface.

Changes and rates of changes in heading with respect to the
aircraft's previous direction of flight.

Attitude 1s used here 1n 1ts broad sense covering pitch, roll, and heading-
line of flight coordination.
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Location control information requirements.

Changes and rates of changes i1n direction of movement over
the earth's surface with respect to a task-related point or
area on the earth's surface {e. g., the duty runway).

Changes and rates of changes in altitude with respect to the
earth's surface.

The means by which error in attitude or location 1s ''displayed"
through marking and lighting systems potentially may take one of several
forms. Cues to information requirements present in real world objects may
be highlighted--an enhancement of natural cues--as visual stimulus inputs to
the pilot, On the basis of apparent changes 1n the cues produced by control
wnputs, the pilot can estimate his current attitude or location. This estimate
1s then compared to 1deal attitude and location values stored in the pilot's
memory and an error estimate results. This has been the conventional

approach to alrport marking and lighting design,

Part of the pilot's 1integration requirements can be reduced through
the use of a partially integrated display. This class of display encodes in-
formation about the i1deal as well as the actual and may provide the pilot with
an indication of magnitude as well as direction of his error. Examples of
this display type are found in the several angle-of-approach indicators that

have been developed.

A fully integrated display would program the response of the pilot as
a result of present location error. As yet, no airport marking and lighting
design has achieved this level of display sophistication. The carrier
Landing Signal Officer (LSO) who projects future location of the aircraft as
a result of its present location and signals corrective control action to the
pilot 18 an example of visually encoding control commands. Another exam-
ple 15 the flaght director concept utilized 1n certain cockpit displays in which

guidance on "where to steer" 15 presented,
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Visual Cues to Required Information

Basic Properties of the Visual Field

The visual field 1s contained within the angle defined by the array of
Light, reflected or emitted from physical objects, which enters the eye.
Brightness differential (intensity) among elements of this array of light is
basic to seeing a physical object. A surface 1s seen when the brightness
differential of small elements 1s uniform or regular over the entire visual
field, or patches of 1it, This property of the visual field 1s optical texture.
Contour 1s seen when there 1s an extended sharp break in brightness differ-
ential, If the contour 1s closed, a form 1s seen. Color tends to increase

contrast. (HF1, HF2, HF6, HF7, HF13, HF17)

When an observer 1s in motion, his forward visual field "expands"
from a "zero point" in the visual field at which he will collide with a surface
or object 1f he maintains that instantaneous direction of motion., The ele-
ments of the field expand radially from this "zero point"' at a rate related to
the speed of movement and the distance from the observer to the objects
reflecting or emitting the array of light entering his eyes The movement
of elements or '"rate of flow" in the observer's visual field 1s directly re-
lated to both the direction in which he 1s looking and the direction in which

he 15 moving. This fundamental property of motion perspective 1s basically

a geometrical transformation, with both variants and invariants, between
the objects emitting or reflecting light and the light entering the eyes.
Familiar objects are not necessary to give a perception of movement, un-
familiar textured projections have been utilized to give a compelling
impression of movement through space (GAl, GA3, GA4, GAll, GAl12,
M6, HFB6)
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Correlated with the fundamental property of motion perspective,
familiar objects, or classes of objects (e. g., trees, houses) will change

1n si1ze, shape, interposition, light reflectance {shading), and aspect

(perspective view) in the visual field. (GA1ll, HF6)

Visual Field Properties Related to Required Information

Unfortunately, there 1g no cone-to-one relationship between informa-
tion requirements and properties of the external visual field A given visual
property can yleld more than one type of information, the same type of infor-
matien can be gotten from many different visual properties, The following
discussion relates the kasic properties of the visual field to the primary

classes of information required by the pilot.

Pitch and Roll

Texture gradients provide information about the slant of the
surface with respect'to the pilot. The texture elements of a receding sur-
face appear closer together at the far end of the surface and farther apart at
the surface location nearest the pilot, When texture elements are equally
spaced in the center of the visual field, and appear more closely spaced in
the periphery, the surface plane 1s oriented 90 degrees to the pilot's line of
vigsion. Because roll and pitch information derived from texture gradients is
dependent upon position of the pilot's head, it can only be used by an obser-
ver if his line of sight 18 coincident wath the aircraft reference axis of

interest,

Contours on the earth's surface, particularly the horizon, are
used with reference to some structural aspect of the aircraft for roll and
pitch orientation. When using visual contours other than the horizon, the
relationship of the contour to the horizon must have been learned previously.

In each instance, however, the aircraft structure 1s used as an index for
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aligning the aircraft in some relationship with the horizon or other contour

such as may be provided by marks and lights,

The orientation of natural and man-made surface structures,
ordinarily built up at a 90-degree angle to the earth's surface, also provides
a basis for judgments about roll, In this instance, alignment 1s made verti-
cally with the constructed structure and the pilot assumes that the surface 1s

1n 1ts expected relationship to the object.

Heading-TLane of Flight Coordination

Perhaps the most useful heading-line of flight coordination
information comes from the direction of visual pattern flow "under'' or
"over" the windscreen. If the line of flight coincides with the fore-aft axis,
the flow will be aligned with the axis To the extent that the fore-aft axis of
the vehicle 18 not oriented with the direction of movement, the flow will
appear slanted in one direction or another with respect to the fore-aft axis
or some structural index of the axis such as a windscreen support. To the
extent that particular objects (e, g., approach lights) are learned to be
associated with direction of movement, their position in the visual field
(assuming for the moment that line of sight and the fore-aft axis of the ve-
hicle are coincident) and flow "under" or "over" the pilot yields reliable

heading-line of flight coordination information.

Elevation (Height)

The apparent relative size of familiar objects 1s probably the
most commonly used source of both distance and elevation information,
Apparent relative internal length between adjacent runway lights, and appar-
ent relative brightness alsc can be used as cues to height above ground
level, providing that the pilot has had sufficient prior experience with the

particular stimuli involved.
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Rate of Closure

Apparent movement velocity of visual field elements (rate of
pattern expansion) 1s a function not only of speed of movement, but slant
range to the object or surface as well. As might be expected, changes in the
apparent relative size and shape of a task-related object {e. g., runway) along
the projected direction of movement are frequently utilized by the pilot as
the source of information of elevation and distance changes. Again, some

.structure of the aircraft (e. g., windshield or nose structure} can be used as
an index for estimating the critical apparent size of the familiar object being

used as the source of control decision information.

Darection of Movement

Researchers have singled out the ""zero point'" of the visual
field expansion pattern as the most direct source of information of movement
direction, By positioming the "zero point" on the object or the surface area
toward which movement 1s desired (e. g., touch-down point), the pilot pre-
sumably has very reliable information about his direction of movement.

While the ""zero point' concept 1s sound geometrically, recent studies suggest
that 1t may not be easily picked out by the pilot unless he 18 very close to the
surface or object. At further distances, there 1s a large number of elements
1n an area which move at a rate slower than the typical pilot's capability to
detect movement (See Chapter IIl } Errors in location of the "zero point"

averaging about 5 degrees visual angle have been obtained in the laboratory.

When the direction referent 1s not 1n the projected movement
path, or i1s out of visual range (e. g., downwind leg of landing pattern) then
extended contours of natural or man-made structures (such as rivers or

landing strips) having a known spatial relationship to the direction referent

E
Personal communication between the authors and Mr. W. J. Carel,

General Electric Advanced Electronics Center.
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can be used as directional guides. Typically, some aircraft structure will
be used as an index for "tracing' the directional referent or to align move-

ment along a surface contour such as a runway centerline,
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The Information Required for the Visual Contral
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In order to land an aircraft, the movements of the controls have to be
in a very exact relationship to the information the pilot receives through his
sense organs But just what 18 this "information”? What 1s the best way to
specify 1t? What parts of 1t are essential and what merely incidental? Are
some aspects of it more trustworthy than others® It 1s clear at least that,
among all the different sensory channels, the optical 1s more important than
the others Consequently this paper will be concerned entirely with vision
But the same questions have to be asked about the optical input as about the
others The light which enters the eyes must somehow contain most of the
information which a pilot uses, and the question 1s how to describe and class-

ify at.

Visual stimul: or sensations are usually described as cues for the
perception of objects and of space The cues for space perception have been
clagsified and listed as an explanation of how we see the depth of objects It
15 assumed that 1f the pilot can see all the objects of the earth at their prop-
er distances he can then learn to make the necessary responses for landing
The accepted list of the cues for depth, however, comes from a long history
of special problems 1n psychology and philpsophy instead of from a direct
consideration of the problem of landing It 1s better to make a fresh start
In the following account, therefore, the classical description of visual sen-
sations and the theory of visual perceptiou will be omitted We are interestied

only i1n the optical information necegsary for flying
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1. The Field of View of a Pilot Without going into all the complexities

of optics and of binocular vision, 1t can be safely asserted that a man sees
his environment only because light, travelling in straight lines, converges
from all directions to the position of the man's head. The rays of light must
not be diffused (e. g by fog) or intercepted {(by an opaque barrier) and, of
course, the environment must be 1lluminated if the rays of light are to exist
at all. The man can move his eyes and his head so that he can explore this
complete field of view if he needs to, 1n a few seconds of time. At any one
moment of time he can take 1n roughly a hemisphere of rays, but he can reg-
1ster fine detail only in a very slender cone of rays at the center of the
hemisphere So he moves his eyes, or looks around, in order to see the
complete field. The focussing and fixation of the eyes on either stationary or
moving details of this array, the formation of retinal 1mages, the excitation
of the mosaic of cells, and the use made of the slight digparity between the
two retinal images--all these are simply mechanisms by means of which the

information in the field of view 15 picked up

What, then, 1s the particular field of view of a pilot like? Consider-
ing only the hemisphere in front, which he can take in without having to turn
his head, the upper sector 18 made up of light coming from the environment
through the windshield, the lower sector 1s made up of light coming from the
cockpit and the instruments. Now the information i1n the upper sector 1s of a
quite different sort from that in the lower sector, that 1s, from the instru-
ments, The former may be called natural information, whereas the latter 1s

coded information The pattern of the light coming from the world depends

only on the shape of the world, whereas the pattern of the light coming from
the instruments depends on the way they were designed, and on the codes
adopted for instrument reading The remainder of the paper will be con-
cerned mainly with natural information, that 1s, with light coming directly

from the physical environment to the pilot's eye.
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The question, then, is this, What are the stimul: or cues, or what-
ever one wants to call them, which are contained in the array of light-rays
from the sky and the earth, and which provide the information necessary for

the performance of landing?

1L What Does the Pilot Need to See? Before attempting to answer this

guestion 1n the exact language of optics, 1t would be well to ask a preliminary
question 1n commonsense language what does the pilot need to see 1n order
to make a successful landing? Admattedly, different pilets emphasize differ-
ent things when asked about this, but they might agree on the following general

statement

First, the pilot needs to see the layout of the earth. This comprises

the overall layout of the terrain, that of the airfield, and that of the runway,
in a sort of descending order. This assertion will be expanded a little later

on

Second, the pilot needs to see at all times where he 15 going relative
to this layout This means the momentary direction of flight, or the point of
aim, relative to the terrain, the airfield, and the runway Obviously he

needs to see this so that he can control where he i1s going.

Third, 1n the final approach the pilot needs to foresee the moment of

impact with the ground for the present direction of flight, He needs to see

this, of course, so that he can aveoid the impact He does so 1n a fixed wing
aircraft by changing the direction of flight, 1, e. levelling off, and in.a
rotary wing aircraft by decreasing speed We here assume that the "fore-
seewng” of collision 1s 1n fact a kind of "'seeing'', and the evidence for this

psychological assumption will be given

If these three types of perceptior are possible, a landing can be
made In the most general sense, all one needs to do 1n order to get to a

certain place 1s to see 1t 1n relation to other places, to see where one 1s
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going at any given moment, and to avert collisions. These are the essen-
tials Other kinds of perception are of course important, but they are
supplementary A knowledge of altitude, groundspeed, air speed, heading,
wind-direction, glide angle, angle of attack, etc , are very helpful, it 1s
better to have redundant than insufficient information. Of these supplemen-
tary kinds of knowledge some are given by instruments (e, g. air speed and
heading) some are given by combinations of stimuli (e g. angle of attack or
altitude), and some are equivalent to the former (e. g. glide angle to the di-
rection of flight). But the former kinds of perception are the fundamental
ones for locomotion, And they are given directly in the light from the earth

to the eye, as can be shown.

The layout of the earth 1s given by the overall pattern and sub-patterns
of the light--by the "optical texture' in the field of view, The momentary
direction of flight 1s given by the position of the focus of radial expansion in
this textured array. And the degree to which collision 18 imminent 1s given
by the relative rate of expansion of the pattern surrounding this focus These

three assertions will be taken up in order.

III. The Information for Perceiving the Layout of the Earth, The pilot

needs to see the country at large, and the parts of 1it, and the details within

these parts. He needs to pay attention only to the parts and details which are

sigmficant for his job, 1t 1s true, but he needs to see the whole. Now, the
terrain, the airfield, and the runway are at different levels of size Taking
all these shapes together at the different levels of size, the result 1s an
enormously complicated physical structure, Nevertheless, however compli-
cated 1t may be, the complete structure 1s represented exactly in the light
which comes to the pilot's position in space, at least in clear daylight. The
light 1s textured, as it were, just as the ground 1s textured, and it 18 formed
as the countryside 1s formed Mathematically speaking, the physical struc-

ture 1s projected to a station point in the air The kind of projection 18 not
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that of a blueprint, 1t 1s a perspective projection, but 1t 15 nonetheless exact
and the physical structure of the earth 1s no less well specified by 1t As
modern geometry has demonstrated, the essentials of a structure or a form
are unaltered or invariant from one projection to another This is the 1n-

formation on which the perception of the earth 1s based.

When the flier loses altitude, the optical structure 1s magnified The
enlargement or expansion increases as the eye approaches the earth Any
given form 1in the structure keeps its geometrical :dentity, the difference 1s
that forms previously too small to be registered by an eye now become visible,
and other forms previously visible get too large to see all at one time During
a let-down and landing, the pilot 15 oriented first to the airfield in 1ts sur-
roundings, a little later to the runway in the airfield, and still later to the
landing spot on the runway. The corresgponding optical form gets big enough
for the eye to pick up at just about the time when the perceiver needs to pay
attention to the object, and eventually gets too big for the eye to pick up after

1t 15 too late to pay attention to the object

It 15 as if the human eye had on the one hand, a certain acuty for
registering small forms in the over-all structure of light (if they are not too
small) and, on the other hand, a kind of sensitivity to large forms in the
structure of light (1f they are not too large). The forms of intermediate size
are registered by the optical system, and any one of them can be attended to
if 1t 15 sufficiently interesting. The psychological basis of "paying attention"
and "arousing interest' 1s still a mystery to psychologists, but that need not
concern us here We are only interested in describing the potential infor-
mation about the face of the earth which comes to the eye And 1t 1s now
evident that this consists of a sort of hierarchy of forms within forms This
15 what the visual system 15 adapted to register The hierarchy of forms 1s
related to the actual face of the earth by what mathematicians would call a

perspective or projective transformation The laws of this relationship are

V-5



the laws of perspective geometry, although they have to be referred not to a
flat picture-plane, as the books on perspective do, but to a hemispher:ical
optic array.

1v, Optical Transformations and Motion Perspective. We must now con-

sider an important fact, not often emphasized in treatises on visual percep-
tion, When a man moves, the patchwork of forms changes In the course of
the maneuvers preparatory to landing, each of the forms referred to above
undergoes a continuous geries of projective transformations The form
representing a patch of forest, that representing the airfield i1tself, of the
runway, of any particular bulding, and of any one of the windows in the
bmilding--each 18 continually changing. A rectangular object, for example,
1s represented over time by a continuous family of trapezoidal forms, of
which the rectangle 1tself 1s only one member Another way of putting this 1s
to say that there are differential motions over the whole field of view, that
15, motions of all the parts of all the forms They arise, of course, because
the pilot 1s moving and his point of view is moving Consequently, there 1s

a different parallax, as the astronomers say, for each of the different ele-
ments of the earth's texture at different distances from the observer A
transformation can be analyzed as a set of differential motions of the points
which make up the form.

Now 1in the study of perception it has been considered very difficult to
explain why a trapezodial form should lead to the perception of a rectangular
object. The usual answer 1s that there has to be depth perception for the ob-
lect And this means that we must take 1nto account all the traditional cues
or clues for depth before we can ander stand the puzzle Bui the whole puz-
zle can be bypassed 1f we take a new approach to the problem of space
perception and make a simple, 1 unfamiliar, assumption, Let us suppose
that the principal stimulus for the perception of an object 15 not itg projected
form but 1ts family of transformations--more exactly the mathematical mwvar-

1ant of 1ts family. Strange as this hypothesis may seem at first, it clarifies the

IvV-6



Human Sciences Research, Inc

old puzzle The invariant property of the time-series constitutes informa-
iion about the object, the variant property of the time-series constitutes
information about locomotion, that 1s, about the change of position of the
observer relative to the object This formula will explain both object per-

ception and the perception of one's own motion 1n space at the same time

If now we consider all the forms in cn array of light to a moving point
of view, 1t 1s evident that there are subfamilies and superfamilies of contin-
uous transformations in the total array. Theyare all interlocked geometrically.
Now the fact 1s that for any given super-transformation, there 1s one and only
cne movement of the point of view 1n space which will correspond to it
Strange as 1t may seem, the transformation specifies the movement of the ob-

server The total array vields information not only about the unchanging face

of the earth but also about the changing point of view of the observer himself

Considering these famailies analytically, as a set of differential motions
of points over the greater part of the whole field of view, one can describe
them 1n terms of angular cpordinates In this analysis, the forms as such
disappear as it were and leave only the motions of their elements The re-
sult 1s what the writer has called '"motion perspective', that 1s, the set of the
parallax motions of all elements on the face of the earth as projected to an
observer moving relative to the earth A mathematical statement of the law
of motion perspective was derived and published by the author and his col-
laboraiors a few years ago It says that the momentary angular velocity of
any point projected from the surface of the earth is a function of two con-
stants and three variables The formula makes it possible to plot the
pattern of velocities as vectors on a hermispherical array around the head
of the flier This pattern will be the same whether the flier be an airplane
pilot, a bird, or an insect Such a plot has very interesting characteris-
tics, which differ for different circumstances of aerial locomotion Several

of these plots are shown in the paper referred to The pattern of velocities
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1s more easily visualized, however, 1if less conveniently specified, on a
plane, that i1s, by a picture The direction and speed of each optical veloci-
ty can be represented by a vector. BSuch pictures can be found in the
writer's velume of research on aviation psychology or in his bock on visual

perception. Three of them are reproduced here.

In general, the over-all pattern of velocities in the total spherical
field of view 1s one of centrifugal flow from a focus in the direction of loco-
motion and centripetal flow to a focus in the direction opposite to locomotion
One can observe the latter from the rear end of a train  The magnitude of
any velocity in the field vanishes at the optical horizon. Hence the angular
velocity of any point 1n the array 15 an inverse indicator of the digtance away
of the corresponding element of the earth's surface It 1s a clue to the dis-
tance of the object, 1n classical terms, but this way of considering optical
information 1s laboriocus and clumsy. A perceiver does not have to see all
the velocities in his field of view, one at a time, and then put them together
Instead, his eyes register the pattern of velocities, that 1s, the gradients of
optical flow and the parameters of optical transformation, These indicate
the actual layout of the environment in important respee¢ts. And, as a bonus,
the flow pattern also tells the perceiver important facts about his own

locomotion

v The Information for Seeing Where One 1s Going In addition to seeing

the face of the earth, we suggested, the flier must be able to see where he

15 gomng relative to the face of the earth, Only so can he choose where to

go. The point of aim at any time during locomotion 1s given, in the pattern
of optical velocities described above, by 1ts focus The center or origin of
the centrifugal flow of the elements 15 the direction of one's movement In
level flight, this 1s on the horizon, 1n a glide or dive 1t 1s at some angle down
from the horizon The form within which this center falls represents that

feature of the earth toward which the pilot 1s heading Assuming that he can
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FIGURE 1 Motion Perspective in the Visual Field Ahead

FIGURE 2 Motion Perspective in the Visual Field Looking to the Right
If the arrows are reversed, this becomes the visual field looking to the left
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wdent1fy a city, an airfield, or the upwind end of a runway from 1its {changing)
form, all he needs to do 1n order to get there by the shortest path 1s to keep
the focus of flow on that form., If he turns, the focus sweeps over the features
of the earth, if he dives the focus moves downward from the horizon to a new
feature of the earth. This point of aim 18 given unmistakeably in the field of
view, it 15 a point of no optical velocity and, moreover, the vectors of all the
velocities 1n the field point exactly away from it It is always there to be seen,

whether or not 1t 15 attended to

As every flier knows, the axis of the aircraft 1s no indicator of the di-
rection of flight The angle of attack and the angle of "crabbing' in a
cross-wind are variable But the focus of flow 15 an wmndicator of the direction
of flight, and a perfectly reliable one. Moreover, it 18 directly visible The
ability to see the point of aim relative to the ground, rather than to conceive
it or to infer it, 1s 1mportant to pilots, for it 18 trustworthy information. This
fact explains the dissatisfaction pilots feel for all blind landing systems medi-

ated predominantly or wholly by instruments.

One does not have to look directly at the focus on the ground in order
to apprehend 1t, since all vectors in the field of view, wherever one looks,
radiate outward from the focug and line up with 1t In the customary round-
about approach to an airfield necessitated by traffic, wind and other
considerations, the cone of light rays coming through the side window in-
stead of the front may réceive the most attention This i1s the case, for
example, during the downwind leg. But this picture 1s just a part of the
whole melon-shaped pattern of optical velocities in the total flow of the face
of the earth. And all velocities point to the pole of the melon. The whole

pattern can be visualized by combining the pictures shown,

During the final approach, of course, the focus must be watched

with care so as to keep 1t just above the line representing the near edge of
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the runway Here 1s the case where vision for details 15 necessary If the
focus 18 too high there 15 danger of overshooting the runway, if too low, of
undershooting As this situation approaches its climax, there 1s less and

less time for looking around. The pilot begins to anticipate the touchdown.

VI. The Information Needed to Foresee the Moment of Impact. Collision

with the ground, 1n a fixed wing aircraft, 1s avoided by levelling off. This
consists physically of changing the direction of the path until it 1s tangent to
the ground. It 1s quite a trick, however, and there 18 a danger of levelling
off either too late, which results 1n immediate impact, or too soon, which
results mn eventual impact The direction of flight, or the point of aim, must
be altered by just the right angular amount and over just such a period of
time that the wheels touch when the path 1s parallel to the ground. In terms
of motion perspective, this means that the focus of flow must be shifted up-
ward from the beginning of the runway to the horizon of the earth, and must
cowncide with the horizon at that moment when the wheels touch. The shift
1s easy enough, it 1s accomplished by pulling back on the stick What 1s diff-
1cult 18 the timing of the performance The information for pulling out of
the glide 18 contained in the pattern of vectors relative to the horizon. Is

there also information in 1t for the timing of the pullout?

The answer 15 yes. In the mathematical statement of the law of
motion perspective referred to, it can be shown that the pattern at any

moment of time gives the time remaining before collision with the earth, for

the speed and heading of that moment. An attempt will be made to put this

fact into ordinary language

When approaching any object or patch of surface at a constant speed,
the visual angle intercepted at the eye increases, It reaches 180° when the
eye touches the surface. This 1s the angular size of the object. The n-
crease of size per unit of time 15 accelerated as the distance of the object

lessens Visually, it seems to "loom' in front of the perceiver as he gets
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closer. When this happens, he blinks, or dodges, or ducks, The effect can
be demonstrated experimentally with a harmless shadow on a translucent
screen in front of his face Now 1t 18 easy to prove that the relative 1ncrease
of s1ze per umt of time 1s 1nversely proportional to the length of time remain-
ing before collision. If a silhouette increases in diameter 10 per eeniper sec.,,
collision 18 10 seconds in the future. If i1t increases 50 per cent per sec ,
collision 15 two seconds off And if it increases 100 per cent per sec , col-
lision 1s one second off This rule holds whatever the absolute physical size
of the object or the absolute angular size of its projection may be Calling the
shortness of time before collision the degree to which collision 1s imminent,
we may now assert the law that the rate of increase of relative size, the rate

of magnification, 15 an exact indicator of the imminence of collision

Note that the rate of magnification 1s not simply one event which sig-
nals a future event, 1n the same way that a dihner bell enables us to expect

"signal'', Collision 1s continuously fore-

dinner. It 18 more than a ''cue' or a
seeable; and 1ts closeness in time 1s literally visible if the rate can be
registered by the eye. It is possible to say that the pilot can theoretically
perceive at all times the moment of impact during his final approach to a
landing Foreseeing of this sort 1s more like seeing than it 15 like expecting

or predicting

The continuous change in the rate of magmfication of the runway or
of 1ts details 18, therefore, information by which the pilot can time the per-
formance of levelling off. He does not have to know the width of the runway
i yards or his altitude above the ground in feet in order to do sc. In short,
he does not have to depend on an estimate of depth or distance based on the
traditional cues, although he may, of course, make such an estimate
There 1s one reservation which must be made, however, in the application
of the foregoing theory. The pilot does not land on his own feet, but on

wheels, which may be 10 or 20 feet above the surface of the runway,
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depending on the airplane he 1s flying. He has to know where his wheels are,
as a sort of extension of his own body Or, to put 1t 1n another way, he has
to know what the absolute perspective of a runway looks like when the wheels

are on the ground In short, he must know the airplane

In the case of a vertical helicopter landing, the performance 1s sim-
pler The pilot has only to slow down his rate of approach to the ground so
as to just to cancel the magnification in the field of view when the landing
gear touches. The operation of decelerating as one approaches an object 1s
one at which we all have had considerable practice in everyday life--when-
ever, 1n fact, we wish to get close to something or someone without colliding

with 1t,

It 15 worth noting, incidentally, that birds and insects make success-
ful landings onvarious surfaces of the world, and have done so for millions of
years longer than man has, Some creatures land by hovering, and some by
gliding, or by both The information they need for landing 15 the same as a
man needs Their eyes differ but the light entering the eyes 1s the same for
them as 1t 1s for us Presumably the rules for success are also essentially

the same

VII. The Special Character of Continuous Feedback Information. The

pilot needs to see three things, the earth, his point of aim, and his future
moment of impact. The latter two depend on the first In other words, he
cannot see the point of aim or foresee the moment of impact except 1n rela-
tion to the earth  But not only that, these two differ in still another way.
The information for point of aim and moment of 1impact depend on motion 1n

the light, the information about the face of the earth depends on what remains

constant in the light despite motion. There are inpvariants of the energy input

as well as continuous variations of the input, or transformations of pattern.
The fact to note 1s that the transformations are produced by locomotion and

also serve to control locomotion The 1nvariants are simply a constant
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background of information, The transformations are examples of continuous

feedback information.

The focus of centrifugal flow shifts when the flier turns, and thus
serves to control the turn. The rate of magnification increases as the flier
approaches and thus serves to control the approach These two are "cues"
for perception or ''stimuly'' for behavior only in a special sense of those

terms, 1nasmuch as their action 1s circular

The invariant properties of an optic array, on the other hand, provide
cues or stimull in a more familiar sense These enable the perceiver to re-
spond to permanent objects, large or small, in the world The flier, of
course, must have cues for both the world and for his flight, but the analysis
of the cues must be different for the two kinds The one 1s environment-
produced stirmnulation The other 1s response-produced stimulation The
iraditional analysis of the cues for depth perception fails to make this distinc-

tion, and thereby loses much of its relevance to aviation

The commonsense theory which says that if the pilot can see the earth
he can land the airplane 1s not enough It fails to explain how he can land the
awrplane The information which specifies locomotion and provides for its
control 1s necessary for that The pilot may be unaware of this kind of infor-
mation and quite unable to say how he uses 1t It 1s apt to be registered
unconsclously, In learning to use 1t, practice 18 more 1mportant for the
novice than verbal instruction This would be expected, since the wordsavail-
able to describe the motions and transformations which occur in his field of

view are difficult and unfamiliar, as may have been noted

VIII The Information Required for Low Visibility Landings We have said

that the piiot needs to be able to register the over-all pattern and subpatterns
in the light, the position of the focus of radial expansion 1n this over-all

pattern, and the relative rate of expansion of the pattern arcund this focus
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This structure, the patchwork of color-differences and intensity differences
1n the light, obviously depends on the presence of light. The countryside,
the airport, and the runway must either be illuminated by the sun or hghted
by artificial sources, More exactly, they must be sufficiently illuminated or
sufficiently highted to fix these surfaces in perception and to define at all
times the position of the pilot relative to them The question of just what 1s
sufficient information 1n the way of patterns and transformations of light 13

an extremely complicated and difficult one

At might, 1t 1s possible, of course, to supplement natural light with
artificial light, either "direct" lighting by luminous sources 1mbedded 1n a
surface or "indirect" lighting which sends reflected light from the surface
In either case the 1mportant parts of the siructure of the earth, although not
the whole of 1t, can be represented in the light to the pilot's position 1n
space. The greatest difficulty arises when the airspace 1s filled with haze or
fog. The light 1s then said to be ""diffused" and the pattern at the eye 1s said
to be "'veiled" or "blurred” and to lose "contrast'. In the extreme case of a
diffusing substance i1n front of the eyes (e. g spectacles of frosted glass),
there 1s no pattern in the entering light at all, and the perceiver might as
well be blind In cases of partial diffusion of light, only one thing 1s certain-

the information about the external world 1s reduced.

No one seemns to know, at present, a good way to measure the loss of
information produced by the diffusing or blurring of light or by reducing 1ts
contrast. In practical aviation, "visibility" has a definite meaning., But 1t
1s measured only by a rule-of-thumb method, that 1s, by measuring the dis-
tance at which objects are detectable through haze or fog, The kind of
information we are considering, it should be remembered, is what we have
called natural. There are newly developed methods for measuring coded in-
formation, as 1n speech communication, but they do not seem to be appropri-

ate for the quantification of the information about the world which i1s carried
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by light. Information theory has not yet been successfully applied to this

problem, and i1t may be that a different mathematical procedure 1s required,

The problem of defiming optical information cuts across several differ-
ent sciences, psychology, visual physiology, optics, physics, and i1lluminating
engineerlng. A great deal of research has been carried out which is more or
less relevant to the problem but not centered on it--work on visibility, visual
detection, visual contrast or brightness discrimination, visual contour per-
ception, visual acuity in relation to 1llumination, form perception, surface
perception, brightness constancy, and perhaps still more The problem of the
definiteness of an optic array should not be confused, of course, with the
problem of the definition or clarity of a retinal image. The latter depends not
only on i1llumination and diffusion m the air but also on the anatomical condi-

tion of the eye, with which we are not here concerned,

The practical problem for flying at night or with fog or both 1s how to
mark and 1lluminate airports and runways i1n such a way that the light reaching
the pilot carries at least the essential information for landing the aircraft
According to the present analysis, the essential information consists of a
"sufficient" degree of patterning of the light--sufficient to carry the geometri-
cal 1nvariants and the transformations of pattern which enable the pilot to see
a surface and to control his flight relative fo the surface But we do not know
what degree of patterning is sufficient for this purpose, and we are not even
sure how to define "patterming''., Various systems of airport marking and
lighting can be designed, but they will be based on guesswork until these basic

gquestions are clarified,

Part II Recommendations for

Research on Airport Marking and Lighting

The reason for the present confusion about airport marking and light-

ing systems 1s simply that we do not know enough about how light enables us to
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see things. The accepted theories of perception have hindered rather than
helped by concentrating on the stale philosophical question of how the mind
constructs a picture of the outer world, or if not the mind, then the brain,
The thecries and experiments of physics and optics have been concerned with
light, but not with the kind which makes visual perceptiion possible, The
visual physiologists have concentrated on the cells in the retina of the eye
but not on the way the whole system works., The only remedy for this situac

tion 13 bagic research.

Experimental work 1s needed in at least three areas, first, studies
of the patterning of light projected to a station point 1n an environment,
second, research on motions or continuous transformatipns in such an op-
tical array, and third, an effort to find a method for quantifying the
information carried by the array under unfavorable conditions In each of
these areas, cooperation 1s required between physics on the one hand and
psychology on the other. The light has to be manipulated and controlled, and

then its effect on a perceiver or a pilot has to be determained,

Studies of the Patterning of Laght, This area includes a great variety

of experiments on vision which have been treated as separate problems but
not as parts of an over-all problem--experiments on aculty, form-perception,
brightness-discrimination, contrast, ete. This diversity 1s illustrated by
the different terms used 1n the present paper to describe the information-

carrying capacity of light structure, texture, form, pattern, or a ''patch-
work'' of intensity differences and wavelength differences. Some experiments
in the area which seen. to be capecially relevant to airport lighting and mark-

ing are as follows

1. Research to determine the stimulus conditions for the perception
of a surface This involves experiments on optical margins and textures,

It 18 related to older work on filin-colors vs. surface-colors, on the figure-
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ground phenomenon, on the constancy of surface-color under varying 1llumi-
nation, on brightness contrast, and on the relation between acuity and
illumination

2 Further experiments on the optical conditions producing sharp
contours 1n perception (e. g. Mach bands) and the conditions producing a
shadowy transition or penumbra

3 Further experiments of the type now performed on visibility,
visual detection, and several kinds of visual acuity targets,

4  Research to determine how the variables of natural objects and
luminous sources do in fact determine an optic array This is a new and un-
coordinated field of study which the writer has called '"ecological optics'.

It invelves studies of 1llumination, reflectance, the directionally reflecting

properties of surfaces, and the geometry of perspective

Further Studies on Continuous Transformations or Differential Motions

in an Optic Array Theére are few existing experiments in this area except

those from Cornell University carried out recently under contract with the
Office of Naval Research Most of the early experiments on visual motion

are not relevant. Some projects that would be profitable are as follows

1 A further mathematical study of motion perspective or the gen-
eralized formula for the parallactic motions of points on the surface of the
earth. Also the application of this method to the analysis of particular arrays
encountered during aircraft landings This method should be compared to
that advocated by Calvert in England for analyzing the apparent motions in the
field of vtew during an approach glide

2. Psychophysical experiments in which the variations in perception
aroused by variations of optical transformation are determined This in-
volves the producing and controlling of artifical arrays such as those from
displays, simulators, mmotion picture screens, or shadow-projectors HRe-

gearch in this field has been handicapped up to the present by the difficulty and
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expense of wide-screen presentation.
3 The construction of optical simulators, intended wholly for re-
search rather than for training, for the study of two abstract control

mechanisms 1n a human operator steering and making contact without

collision

Discovery of Methods of Quantifying the Information in Optical

Structure The information in ordinary visual stimulation has to do with the
places, objects, and events of an environment, and with the activity of get-
ting about in the environment It 1s not coded information as the information
1n speech sounds and wriatten symbols 18 As the Gestalt psychologists have
emphasized, there 1s great danger 1n trying to find elements or units in
visual forms and patterns But units of some kind are necessary for quanti-
fication, and the question 1s whether appropriate ones can be discovered
which do not do violence to the facts of perception

An exploratory collaboration between a perceptual psychologist and a
mathematician might be useful in attacking this problem.

There are various ways of blurring, weakening, impoverishing, re-
ducing, or otherwise attenuating visual patterns, Many of them have been
tried experimentally in psychological laboratories, and they occur naturally
when fog or darkness intervenes. Efforts should be made to measure the
reduction of information in these experiments.

There have been recent efforts to define "regular' as compared to
"irregular'' visual patterns 1n a mathematical way, and to discover what
difference this makes for perception The regular are superior to the irreg-
ular stimuli by several criteria But regularity 1s by no means a simple
mathematical variable and further work 1s necessary to clarify the concept
The only thorough going discussion so far published of the possible ways of
concelving the amount of information 1n a pattern undergoing continuous
magnification 1s that of Hochberg and Smith, and even this treatment 1s con-

fined to small patterns with a limited number of elements
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Implications of Accident and Pilot Reaction Time Data

for AML De51g1_

Accident analyses are one source of insight into problems associated
with pilot control of an aircraft having implications for airport marking and
lighting design. A summary of accldent statistics presented in the reports
reviewed 1n this present study indicates that a majority of military and com-~
mercial aircraft accidents occur where visibility and weather are far above

mimimal conditions, although there 1s not much difference 1n accident rate

between VFR and IFR conditions. However, the majority of accidents occ-
curred when
the palet 1s 1n final flight phases associated with landing s aircraft,

he has transitioned to visual contact as the information source for
flight control,

it 18 night, and

visibility 158 greater than 2 miles

In a recent speech, the Director of Flight Safety in the Air Force re-
ported the following concermng 235 cases of major undershoot accidents.
All except four (4) occurred in VFR operations

All except 15 occurred with visibility greater than three (3) mailes

The data on which these conclusions are based have been gathered
over a period of several years. The experiences of both the United States

and United Kingdom military and commercial aircraft are included (GAS,
GA8, A2-A10)

This descraiption of the conditions associated with the major percent-
age of accidents suggests that the accident problem 18 not solely a matter of
poor visibility, or other performance-degrading conditions. Rather, there
appears to be a basic failure in the information-response system which links

the airport marking and lighting system with the pilot. (GAB8)
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Approach speed, sink rate, and aircraft response lag to pilot control
inputs (throttle, flight controls), all combine to place a time demand on per-
formance of the pilot's task. As these dimensions of aircraft performance
have 1ncreased through recent years, increased demands have been placed on
the pilot's reaction time. A basic problem appears to be the fact that, while
increasing aircraft performance characteristics are placing heavier reaction
time requirements on the pilot, these response characteristics of the pilot
remain relatively fixed As alrcraft-generated response requirements
approach the upper bounds of pilot performance, and pilot "band width'" 1s
used to capacity, the probability of linkage failure, somewhat erroneously

termed "'pilot error', ncreases (GAS8)

Assuming a contlnuing increase ln approach speeds and sink rates of
aircraft, and continued use of the pilot as principal controller of such air-
craft, there 1s a consequent necessity to compensate for the relatively fixed
upper limits of the pilot., In this context, the reguirement for improved air-
port marking and lighting systems 1s paramount, The information utilized by
the pilot 1n the landing phase must be provided at a time and level of clarity
concomitant with the demands of the landing task. The pilot soon will be un-
able to compensate for airport marking and lighting systems which provide
him visual information which 1s either inadequate or ambiguous 1n the sense

that it takes the pilot a relatively long time to interpret and react successfully,
(Al, A4)

With the increasing demands of high-performance aircraft in mind,
consider the information processing time requirements of the pilot as de-

scribed by Zeller

Whatever the information encoded by the airport marking and lighting
system, the light falling on the retina must be transmaitted to the
brain., 30 milliseconds to 3/10 of a second.

The stimulus pattern must be recognized. 1/2 second,
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The stimulus pattern must be interpreted and a decision reached as
to the appropriate response indicated by the interpreted information
1 - 2 seconds

The decision must be translated into a control response. 1/10 -
5/10 second.

The control responses, in turn, affect aircraft control surfaces and

eventiually an aerodynamic response of the aircraft occurs.

Each of the first four steps must be perfiormed in visual contact flight
and each step implies a function or process of the pilot which 15 relatively
fixed by his physiology, musculature, etc. Total time required by the first
four steps thus appears to be somewhere between 1.5 and 3 seconds. Jenks
also has estimated this time to be about 3 seconds. However, i1t may be that
this time 1s shorter 1if the pilot 1s "set" for a stimulus which, when seen,

triggers off a sequenced response, (A4, MT)

For all five steps, total time has been estimated by Jenks to be on the
order of 7 seconds Cornell Aeronautical Laboratory also has estimated
total lag time for the first five steps to be about 7 seconds. In this calcula-
tion, the following breakdown was used

Time for pilot to receive and assimilate command 1 second.

Time to advance throttle, 1/2 second

Time to move stick., 1/2 second

Time to develop power, cointident with aircraft response time

5.0 seconds ((GA45)

Empirical data specifically collected to measure pilot-aircraft re-
sponse lag time 1n the final approach mode have not been systematically
collected. However, data on total time required for various corrective mar
neuvers have been collected in the United States and in England. Although
more directly to the point with respect to airport marking and lighting sys-
tems, the English data do not allow extrapolation to new types of aircraft.

(GA8)



A summarization of accident statistics in terms of implications for
airport marking and lighting design indicates the following

The pilot's task in the landing phase 1mposes the most siringent time
requirements for information on the airport marking and lighting
design,

The airport marking and lighting design which provides information
needed by the pilot in performance of the landing task must be guided
by the nature of information requirements in poor visibility conditions

The most critical information items that must be represented in air-
port marking and highting design seem to be rate of closure with the
surface and projected point of closure with the surface, (Al}
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Determinants of Intensity and Positioning

of Approach and Runway Lighting

While many approach lighting configurations to aid the pilot in poor
visibility conditions have been designed and tested, only a few have been
adaptable to the wide variety of operational conditions under which the sys-

tem rmust function

To make possible provision of information to the pilot on his position
in relation to the runway and the point at which he has to aim to make hag
touchdown, a sufficiently long segment of the approach and runway lights
must be visible during the approach and landing This segment must not only
be seen when the ailrcraft approaches the runway along the proper glide path,

but also when 1t follows a path that deviates from the proper one

This Technical Note 1s concerned with a discussion of operational
conditions which determine specific values of two fundamental design charac-

teristics of approach lights, namely, positioning and intensity

Position at Point of Transition from Instruments to Visual Contact

This variable 15, of course, highly correlated with atmospheric con-
ditions The poorer the atmospheric transmission, the closer to threshold
the pilot will be before seeing a given set of approach or runway lights.
Assuming a more-or-less linear glide path, this implies that for each 1n-
strument approach, values of the following factors will vary widely regarding
the point at which the pilot 1mitially obtaing visual guidance.

Height

Distance from threshold

Horizontal and lateral displacement from proper glide path.

Heading.

Rate of change of each of the factors listed above
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A recent report from an ICAQO meeting in Montreal gives the following
data on lateral displacements at 4000 feet from threshold The data bracket
95% of instrument approaches with the electronic aids and approach speeds

listed, (M30)

145 mph 175 mph
1LS automatic approach 110 feet 140 feet
ILS flight director 220 feet 280 feet
GCA 250 feet 0 —me----
ILS crosspomnter 440 feet 560 feet

Some data have been compiled both 1n the United States and England
on the possibility of a successful landing with transport class aircraft as a
function of horizontal departures from the extended runway axis (TV1,

TV11)

Small errors 1n heading at greater distances from threshold are
usually umimportant, but this factor becomes very important if heading

errors become significantly large at distances closer to the runway

In judging the relative importance of lateral and vertical displace-
ments, 1t has been said that lateral deviations result in missed aproaches

while vertical errors cause accldents,

It 1s realized that information on rates of change of the four basic
factors 1s critical also Once precise information on the momentary value
of the four factors 1s complete, 1t would seem advisable to study the much

more mtiricate effects of their rates of change.

Aircraft and Pilot Response Characteristics

It has been estimated that approximately 3 seconds are required by

the pilot 1n the approach zone to appraise his situation, apply the necessary
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correttion, and observe that the correction 1s taking place. This value can
vary several tenths of a second either way, according to the individual pilot
and conditions When only edge runway lights can be seen, it has been esti-
mated that the comparable time for this action 1s 6 to 9 seconds. (GA22, M7,

M9, M19)

It has been estimated by Jenks that the time needed by an aircraft to
show a measurable departure from track after a turn has been 1nitiated 1s be-
tween 4.5 and 7 seconds. The time then required to spot a displacement and
complete a corrective maneuver 1s at least 9 to 11 seconds, although the
time may be slightly shorter for very small displacement errors. Calvert
reports that tests conducted by the RAE 1n 1955-56 showed that the time taken
to correct a given displacement was nearly the same for each of a wide
variety of tested aircraft (mostly propeller driven). The following values
were given for the minimum time required to correct (in one maneuver) the

lateral displacements given below. {(TV1, M8)

Lateral displacement Minimum time to correct
40 10
100 12.5
200 15
330 17.5
500 20.0

It should be noted that due to the unstable aerodynamic characteris-
tics of aircraft at lower speeds required for landing, maintenance of an
absolutely straight-line flight 1s practically impossible unless the pilot can
"gun-sight' the aircraft toward a certain point, As can be 1magined, the
task of properly correeting misalignments 1s a much more complicated task.

The aircraft does not respond to minute lurns or corrections at the instant
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of application. The mass of the aircraft continues along a ballistic path
without significant deviations until the corrective forces become of sufficient

quantity to deflect the mass in the desired direction {(M8)

For the reasons described 1n the preceding paragraph, the pilot will
often over-correct or under-correct since he 1s estimating the future effects
of his control input. He does not have immediate feedback due to aerody-
namic lags. (It may be that "quickened'' indications, showing where the
aircraft will be at some future point in time, would be a useful developmental
program.) Thus, 1t 1s seldom that a pilot can correct a large displacement
in one maneuver Instead, the aircraft follows a more oscillatory track with
the oscillationis getiing progressively smaller. This track holds not only for
lateral and vertical displacements, but also for oscillations of the aircraft
around 1ts own axis as well In addition, it has been reported from England
that during the correction of a lateral error in poor visibility conditions,
visual guidance 1in the vertical plane from approach and runway lights 1s prac-

tically non-exastent, (GA7, GA1lS5)

Aircraft Landing Procedures

The particular aerodynamic characteristics of each type of aircraft
will primarily determine the airspeed and the type of approach which the air-

craft should follow for the safest possible landing.

The FAA requires that landings be made at 1 3 times the stalling
speed for all approaches. For a typical modern commercial aircraft, this
speed 15 approximately 130 to 140 miles per hour. This figure may vary

between 120 and 210 miles per hour for other large aircraft

Civil and military transport aircraft will usually try to follow a linear
glide path at an angle of approximately 2 1/2 degrees This angle may vary
from 1 5 to 3.6 degrees. (GA15)
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Groundspeed will, of course, be the determining factor in how much
time the pilot has available to spot an error, make the required correction,
and still land the aircraft Under the following conditions, the pilot will have
4800 feet remaimng to his touch-down point,

Cockpit cutoff of 15 degrees

Pilot dbtaining visual gumidance to make glide-path corrections needed
at the point at which the outermost bar of the 3000-foot approach con-
figuration is cut off by the structure of the aircraft

A straight-in approach path 2 1/2 degrees above the horizontal with
intersection at a point 1000 feet down the runway.

In the above sitvation, the maximum time remaimng for various ground-

speeds would be

120 mph (176 ft/sec) 27. 3 seconds
150 mph {220 ft/sec) 21, 8 seconds
180 mph (264 ft/sec) 18 2 seconds
210 mph (308 ft/sec) 15. 6 seconds

(GA22)

As has been discussed previocusly, at distances closer to touchdown,
maintalning a proper glide path becomes much more critical According to
Calvert, the time required to make a lateral correction (excluding "slipping')
of only 40 feet requires 10 seconds It can be seen that as the approach
speeds of aircraft increase, the problem of performing these necessary
corrections 1n the allotted time approaches the limit of what the human palot

can be expected to do (TV1)

Cockpit Visibility Restrictions

The structure of present commercial aircraft 1s such that only about
15 degrees (measured from the aircraft longitudinal axis) of downward view

15 available to the pilot Some military aircraft have as much as 5 to 8
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degrees less downward view available., Some of these aircraft, however,
have a slimmer fuselage which allows greater side vision. It i1s possible
that in some future military aircraft, forward visibility may be reduced to

as low as 5 degrees, (GA7, TV1)

In England, the RAE has collected some valuable data from flight
tests and experiments on the kinematic sumulator about cockpit cut-off angle
effects on aircraft landing procedures. From these studies, guidance re-
quirements of visual aids for aircraft with from 5 to 20 degrees of cut-off
angle have been established. Although the results are much too complicated
for our present discussion, it 158 recommended that the interested reader

become famailiar with them. (TV1)

The prevalent feeling today 1s that cockpit cutoff does not become an
important factor until the threshold 1s reached, except under very poor visi-
bility conditions. The cutoff consideration 1s important, however, 1n military
jet flare-out procedures. In some modern high-performance aircraft, the

forward visibility cutoff 15 above the horizon.

Runway Width and Length

The dimensions of the runway define the tolerance limits within which
the pilot must touch down. The adequacy of these limits varies according to

the type of aircraft being considered. {(TV1)

Lbngitudinally, higher-speed aircraft require more runway to com-
plete the touch-down and roll-out maneuver. Runways ranging from 3000 to
13,000 feet 1n length have been constructed. Most of today's civil runways
fall into the 5900 to 8000-foot class Present feeling seems to be that for
future aircraft, at least an 8400-foot all-weather runway will be required.

Most military {and NATO) runways conform to this standard (M30)
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The amount of lateral tolerance 1s mainly a function of aircraft size
and heading at point of touchdown (This last factor varies from landing to
landing.) Runways may differ in width from 150 to 300 feet., The 150 and
200-foot widths are most common, wider runways are being used where there

1s more malitary traffic

Atmospheric Conditionsg

For approach lights, the most intense part of the light beams should
1ideally be directed at the pilot at the most distant point from which he will
view the light during the operational maneuver, Conversely, he should be 1n
the less intense portions of the light beam as he approaches 1t to prevent

glare, (TV2, TV3, TV4, TV5, M11)

Approach lights have been developed which can meet these require-
ments when visibility 1s unrestricted, but when the weather becomes a htile
"soupy", the problem of meeting the requirements becomes almost 1mpossi-
ble Under these weather conditions, the character of the atmosphere 1s
seldom homogeneous so the probability that the pilot will be precisely in the
peak of the beam of the approach light when the light 1s first seen 1s very low.
Not only 1s the atmosphere non-homogeneous, but its character varies con-

siderably according toc position and time, (TV5)

The non-homogeneous conditions of the atmosphere in such instances
often results in the following

wntermittent loss of guidance,

some glare {as a result of trying to inake all lights visible), and

difficulty in informing pilot what his visual contact height and range

will be.

Rain, snow, and other forms of precipitation further intensify the

problem, especially by causing distortion on the windshield (M17)
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The character of the atmosphere 1s not the sole determinant of when
the pilot can expect to make visual contact with the approach lights. Back-
ground brightness 1s also an important consideration. The least favorable
conditions for observing approach lights 1s congidered to be daytime fog,
when approach lights have little contrast with the atmospheric hue (TV2,
TV24)

Increasing the intensity of approach lights will increase their visual
range. There 1s a point, however, at which this principle becomes 1mprac-
tical. For example, when day visibility 1s 1/16 of a mile, a 10, 000 candle-
power light can be seen for a distance of approximately 1100 feet while a
100, 000 candlepower light can be seen only for a distance of about 1300 feet.
(C1s6)

Si1ze of the light source also influences the visual range of approach
lights. For a given intensity, the source of smallest size will give the far-
thest visual range. However, for a given candlepower per umt area, the
light of largest size will give the greatest vasibility., Shape of the light, or
groups of lights, has some effect on visual range. Single sources of light
are usually kept as circular as possible, There seems to be little effect due
to the shape of a group of lights, provided the number of units is kept con-
stant, It should be noted, however, that at greater distances from threshold
the 1ndividual lights, grouped as (for example) 1n the bars of the centerline
system, have an additive effect in providing increased vasual range, (TV2,
TV35, M27)

For hghts of equivalent intensity, the influence of light color on visi-
bility is negligible., However, the addition of any colored filter to a light
source will significantly reduce the visual range of the light. For this

reason, clear lights are usually used 1n approach and runway lights. (C42,

TV32, TV33)
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A flaghing light of given effective intensity 1s generally more conspic-
uous than a steady-burning light of an equal intensity, However, the two will
have an equal visual range. With a given amount of energy, the flashing
Light with the shortest flash duration will have the greatest visual range.
Continuation of this principle becomes 1mpractical at time i1ntervals of less
than 0, 01 seconds. Peak candlepower and frequency of flash;also influence

the conspicuity of flashing lights, (TV10, TV40)

Visibility Measurement

The accurate reporting of atmospheric conditions 18 a prominent fac-
tor in landing an aircraft for two reasons, Primarily, 1t allows ground
personnel to determune whether the pilot should follow an 1nstrument or visual
approach, or should not approach at all. If an instrument approach is recom-
mended, ground personnel can use mnformation on visibility conditions to
judge the proper brightness control setting on approach lights which allow the
pllot to see the required number of lights at a required time and will avoad
glare at distances closer to threshold. An automatic brightness control de-
vice has been developed by NBS which varies the brightness settings of the
approach and runway lights according to transmissometer readings, and

sky-brightness measurements. (TV7)

In addition, the pilot uses visibility information as an indication of how
many lights he can expect to see at a certain point in time or space, and how
these lights will appear through the particular atmospheric conditions which

exist,

Two pieces of equipment have been predominantly used to measure
visibility conditions, the transmissometer and the ceillometer The trans-
missometer measures the transmission of the atmosphere, determining the

amount of light which 1s received at a certain horizontal distance from a light
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source of given intensity. The cellometer measures cloud height by measur-

ing the angle of light reflected by clouds from a light source at a given point.

The LAES Final Report for 1549 reported mixed results after using
a combination of fixed-beam ceilometers and transmissometers. This feeling,
however, apparently was not shared by a great many of the meteoroclogical
personnel connected with the tests. In November 1948, LAES recommended
further developmental and research work with the equipment, ¥ Tests were
continued at National Airport which ultimately led to the testing by Sperry

discussed nexi.

In a flight test program jointly carried out by the Air Navigation De-
velopment Board and Sperry Gyroscope Company at Idlewild and MacArthur
Fields from 1951 to 1954, 1t was concluded that the combination of a rotating-
beam ceillometer and transmissometer provided a satisfactory method for
remotely measuring routine weather conditons 1n the runway approach zone,
Supplementary photometric data were thought to be required for the optimum
interpretation of these weather observations. (TV1l, TV14)

Subsequent data gathered by the same organizations from 1955 to
1956 essentially supported this conclusion. Satisfactory equipment and tech-
mques which supplemented the transmssometer and cellometer information
were found. An alternate method, however, was proposed for evaluating
because 1t was thought that the assump-
tion of a homogeneous atmosphere (basic to transmissometer and ceillometer

measurement) could not be justified for these conditions. (TV12)

Stocher, G H. Preliminary plan for an objective system of reporting
celling and visibility 1n adverse weather conditions. Arcata, Califorma
Landing Aids Experiment Station, Meteorology Department, 16 November
1948
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Operational experience soon indicated that the proposed alternate
system, although giving satisfactory results, was much too cumbersome
and expensive for general use A simplified evaluation system was tested
at Newark Airport in 1957 and comparisons of computed altitudes based on
this system and the system proposed in 1956 revealed no operationally sig-

nificant differences between the two methods (TW8)

The feasibility of determining visual range along the approach path
by use of measurement of light back-scattered by the atmosphere {pulsed-
beam transmitted light was used) was investigated theoretically and
experimentally by Motorola 1n 1957 The experimental equipment did pro-
duce useful signals in the range of 1000 to 2000 feet. Although this range
15 not adequate, extrapolation of the data indicate the possibility of assemb-

ling a larger system as a means of securing large ranges (TV13)

In England, 1t was suggested 1n 1858 that marginal weather condi-
tions be reported according to one of the following categories cloud base

condition, uniform haze, fog, or shallow fog (GABS8)

The problem 1in effectively determining what visibility conditions
the pilot will encounter lies in the fact that 1n most cases atmospheric con-
ditions vary markedly according to position and time. These unpredictable
variations 1n the atmospheric transmission and in the position of the air-
craft limit the accuracy with which gmidance can be predicted For these
reasons, 1t appears that development of equipment which will precisely de-
termine the pilot's slant visual range or height 1s either 1mpossible or

impracticable (TV5)
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Flareout and Landing--- height guidance over the runway to
touchdown 1n night and IFR opera-
tions, runway distance remaining
information

Turnoff and Taxiing---- anticipatory identification informa-
tion of high-speed turnoff exits,
taxiway route i1dentification for air-
port ground movement

Takeoff--------------- runway distance remaining informa-
tion, directional guidance on runway
during take-off runin night operations

Total AML: System----- a resolution of the apparent conflicts
between standardization goals and
economic realities and among dif-
fering requirements of military,
commercial, and civil traffic

Many of the problems 1dentified are the focal points of current
research and development For others, analysis has progressed to the
point where semai-operational or operational evaluations are in order
Still others will require 1nitiation of research and development in order
to determane basic facts and data on which solutions can be based An
outline i1dentifying the areas in which further work is necessary 1s pre-

sented in the report

Technical discussions and analyses supporting the flight mode
functional analysis are attached to the report as Technical Notes A
catalogue of marking and lighting literature 1s presented 1n a separately
bound Appendix In the Appendix, annotations and bibliographies of
published materials reviewed during the study are organized in a form
easily usable by airport designengineers and research personnel engaged

in alrport marking and lighting work



