E
n
[S]
L4 +]

r
i

EE

»
{8}

FEFFPE

re

F
(13

n~

MICROCCPY RESOLUTION TEST CHART
NATIONAL BUREAL OF STANDARCS
STANDARD REFERENCE MATERIAL 19102
(ANS| and 1ISO TEST CHART No. 2)




NASA Technical Memorandum 103885

Human-Centered Aircraft
Automation: A Concept
and Guidelines

Charles E. Billings

v oy
. . Y Tt
] TR 22
- /L, - v e

August 1991 Quick Release - This Technical Memorandum is

a preliminary, unadited report. Itis being released
in this format t¢ quickiy provide the research
community with important information.

NASA

National Aeronauics and
Space Administration




3
E
-
E
-
i
=
=

=5
=

NASA Technical Memorandum 103885

Human-Centered Aircraft
Automation: A Concept
and Guidelines

Charles E. Billings, Ames Research Center, Moffett Field, California

August 1991

NASA

National Aeronautics and
Space Administration

Ames Research Center
Moftett Field, California 84035-1000




DEDICATION

Dr. Kathy H. Abbort NASA Langley Research Center

Dr. Kevin Corker NASA Ames Research Center
William W. Edmunds, Jr. Air Line Pilots Association

Delmar M. Fadden Boeing Commercial Airplane Group
Dr. Richard Gabriel Douglas Aircraft Company

E. James Hartzell NASA Ames Research Center
Charles S. Hynes NASA Ames Research Center

Dr. James Jenkins National Aeronautics and Space Administration
Dr. Johr K. Lauber National Transportation Safety Board
George Lyddane Federal Aviation Administration

Dr. Everett Palmer NASA Ames Research Center

Lissa Price Sterling Software, Inc.

Ronald Rogers Air Line Pilots Association

Dr. William Rogers Bolt, Baranek and Newman

William Russeli Air Transport Association of America
Dr. Thomas B. Sheridan Massachusetts Institute of Technology
Dr. Michael Shafio NASA Ames Research Center

Harty G. Stoll Boeing Commercial Airplane Group
Dr. David Woods Ohio State University

We are especially indebted 1o Bill Russell and the Human Factors Task Force of the Air
Transport Association of America for their recognition of the necessity for an explicit discussion of

criticism and for permission to use materials from its Flight Management System Pilot’s Guide.
Finally, we express our special appreciation to John Lauber for his principled approach to
aeronautical human factors, his unfailing enthusiasm, and his active support of this project from
the beginning.

PAGE__ | | INTENTIONALLY BLANK i
PRECEDING PAGE BLANK NOT FILMED




-
g
¥

TABLE OF CONTENTS
ACRONYMS
INTRODUCTION
I: CONCEPTS

Assamptions and Detinitions
The Piloting Domain
Mission
Functions
Tasks
Resources
Development of Pilot Aiding Devices
A Concept of Human-Centered Automation
The Role of the Human in Highly Automated Systems
Principles of Human-Centered Automation

II. AIRCRAFT AUTOMATION, PAST AND PRESENT

Introduction

Aircraft Functior's
Mission Functions
The Tasks of the Pilot

A

\

U RUIVRETRAN LA e e TR LU Ve ——_1

Control Automation
Flight path control
Power control
Landing gear
Aircraft subsystems
Discussion of Control Automation
Flight path control
Error resistance and error tolerance
Power control
Aircraft subsystems
The control-management continuum
The Future of Control Automation

|

Information Automation
Flight path displays
Power displays
Configuration displays and alerting systems
Subsystern dispiays
Information displays
Discussion of Information Automation
Flight path disnlays
Power displays
Configuration displays and alerting systems
Aircraft subsystem displays
Monitoring of automation
The Future of Information Automation
Electronic library systems
Electronic checklists
Air—ground digital commuaications

PRECEDI G PatE BLANK NOT FILMED

— . . - v~ "R - —




Management Automation
The context of management automation
Flight management system functions
Fiight management system controls
Flight management system displays

Discussion of Management Autotnation
Fligh: management system operation
Flight management system displays

The Future of Management Automation

II. THE ENVIRONMENT OF AIRCRAFT AUTOMATION

Introduction

The ircraft

The Physical Environment
The Operational Environment
Thz Human Operators

IV. ATTRIBUTES OF HUMAN-CENTERED AIRCRAFT AUTOMATION

Introduction
System Goals
Attributes of Aircraft Automation
Accountability
Subordination
Predictability
Adaptability
Comprehensibility
Simplicity
Flexibility
Dependability
4 Informativeness
- Error resistance
- Error tolerance
Discussicn of ~.riributes

V. GUIDELINES FOR HUMAN-CENTERED AIRCRAFT AUTOMATION

Introduction

Principles of Human-Centered Automation—General Guidelines
Guidelines for Human-Centered Control Automation

Guidelines for Human-Centered Information Automation
Guidelines for Human-Centered Management Automation

Some Thoughts on Aircraft Aatomation
The use of artificial intelligence in future automation
, The effects of automation on human operators
* - The flight criticality of aircraft automation

VI. CONCLUSION

APPENDIX: Aircraft Mishaps Cited in Text
REFERENCES

81
85
88
91
94
94
94
95
96
97

106



— et

i.
2.
3.
4.
5.
6.
7.
§.
9.
0.
1.

FIGURE)

Elements of the piloting domain

Pilot control and management continuum

A brief chronology of aircraft automation

Increasing complexity of aircraft automation

A construct of aircraft automation

First principles of human-centered aircraft automation
Control and display loops

Pilot information requirements

Control automation

Precision enroute and approach navigation aids: VOR aad 11.S
Dual-cue and single-cue flight directors

Overhead panel of AC electiical system

CRT synoptic display for system depicted in figare 12.
Touct -sensitive screen switches on a CRT display

A conaruum of aircraft control and management
Information automation

Primary flight instruments

Electronic primary flight display

Pathway 1n: the sky display

Electromechanical navigation instruments

Electronic map display

Primary EICAS display

Electronic display of flap-siat pc.itions

Flight control configuration display

Hydraulic system synoptic page

Quick reference handbook checklist

Simplified PFD presentation

Egine thrust parameters and trend

Electronic display of switch position and functiun

Amounts of information presented by various electromechanical displays

CRT displays of system information
Hierarchy of subsystem displays

Interaction of flight management computer with other aircraft avionics

Honeyweli FMS control and display unit

Control and display unit screen

FMS mode screens

Present and future options for management of air traffic
Aircraft in the future system

The physical hazards

Management of air maffic is shared

The air raffic control systern

Training is essential for uniformly effective performance
Monitoring and control functions

Accountability of automation

Subordination of antomation

Predictability of automation

Adaptability of automation

Comprehensibility of automation

Fiexibility of autenation

Dependability of zutomation

Informativeness of automation

Error resistance of automation

Error tolerance of automation

R -‘ - e -

D00 ~1 N W




GLOSSARY OF ACRONYMS AND ABBREVIATIONS

Note: Where appropriate, acronyms and abbreviations used herein conform to FAA-approved
acronyms as used in the Airman’s Information Manua! and other regulatory and advisory material.
Acronyms and abbreviations used for cockpit devices by specific manufacturers or in specific
aircraft are indicared.

AC
ACARS
AERA
ARINC
ASC
ASDE
ASRS

ATA
ATC

CADC
CDU
CHIT
CRT
CVR

DME
Doppler

Abbreviation for “aircraft”.

ARINC (gv) Communications and Address Reporting System.

Automzted En Route Air Traffic Control, the FAA’s advanced ATC system concept
Acronzatical Radio, Incorporated, provides data forwarding services for air carriers.
Aircraft System Controller (McDonnell-Douglas MD-11).

Airport Surface Detection Equipment (radar).

NASA Aviation Safety Reporting System, & voluntary, confidentdal incident reporting
syste:n operated by NASA for FAA.

Air Transport Association of America, the U.S. air carrier industry organization.

Air Traffic Control system.

Certral air data computer.

Coritrol and display unit: the fliight management system human-system interface.
Controlled flight into terrain.

Cathode ray tube.

Cuckpit voice recorder.

D:stancs measuring equipment, an element in the common navigation system.
Aircraft-based navigation system making use of Doppler radar to sense rate of change
ol position.

Engine Monitoring and Control System (ref 61).

Engine and Alert Display (McDonnell-Douglas MD-11).

Electronic Centralized Aircraft Monitoring System (Airbus Industrie A3 10, A320).
Electronic Engine Controller (Boeing 757/767).

Zxhaust gas temperature,

Engine indication and crew alerting system (Boeing 757/767, 747-400, 777).
Literally, “spirit™: European Strategic Program for Research and Development in
Intormation Technology.

Abbreviation for “flight plan”.

Federal Aviation Administration.

Full aushority digital engine controller.
Flight managemen: computer.

Flight management system.

Glotal positioning system, a satellite-based navigation system.

Greund proximity waming system.

Glide slope, the vertical path gencrated by a surface transmitter for instrument
approaches; an element of the instrument landin g system.

Horizontal situation indicator, either clectromechanical or glass cockpit display.

Instument landing system, coansisting of iocalizer and glide slope transmitters on the
ground. Also used to describe an approach conducted using ILS guidance.
Abbreviation for “intersection”, a Wwaypoint in a navigation plan.




IVSI

KIM

LCD

LORAN

MCP

MLS

NASA
NTSB

PERF
PFD

QRH

RNAV

SAS
STAR
TCAS
UHF

VOR

Inertial navigation system, an airborne system of gyroscopes ¢nd accelerometers that
keeps track of arcraft movement in three spatial axes.

Instantaneous vertical speed indicator, an elecromechanical irstniment using air data
quickened by acceleration data; aiso the dispiay of such informztion on a primary flight
displav ir: a glass cockpit aircraft.

Royal Dutch Airlines.

Load Alieviation: Function (Airbus Industrie A320), automaticn that acts on wing
contrel surfaces to smooth the: effect of gusts in flight.

Liquid crystal display.

Localizer, a surface transmitter that delineates a path to an instrument runway; a
component of the [LS. Also, the path so delineated.

Long-range navigation system, ground-based low-frequency radio aids providing
triangulation-based position derivation for aircraft and surface vehicles.

Mode contro! panel: the tactical control panel for the autofligat system; almost always
located centrally at the top of the aircraft instrument panel.

MITRE Corporation, an engineering firm that conducts systens analyses and provides
engineering technical support and guidance to the FAA, Department of Defense and
others.

Microwave landing system, a high-precision landing aid which provides the capability
for curved as well as straight-in approaches to a runway, and conveys certain other
advantages. The system is in advanced development and veritication testing by FAA.

National Aeronautics and Space Administration.
National Transportation Safety Board.

Abbreviation for “performance”.
Primary flight display, usually electronic.

Quick reference handbook, a booklet containing aircraft operating procedures,
especially abnormal and emergency procedures.

Radio magnetic irdicator, an electromechanical instrument showing magnetic heading
and bearing to VOR or low frequency nondirectional radio bezcons.

Area navigadon system, a generic acronym for any device which is capable of aircraft
guidance between piiot-defined waypoints.

Scandinavian Airlines System.
Standard instrurnent departure procedure.
Standard arrival route, like SID, an FAA-approved arrival rouie and procedare.

Traffic alert and collision avoid.uice system.

Ultra-high frequency, a portion of the electromagnetic snectrum used for acrorautcal
communications and riavigation.

Very high frequency, a portion of the electromagnetic spectrum used for aeronautical
communications and navigation.

Very high frequency Omnidirectional Range, a surface radio navigaiion beacon
transmitter which forms the core of the common short-rarige navigaton system for
arcraft.
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INTRODUCTION

The purpcses of this document are w sxamine aircraft automasion and its effects on the
behavior of flight crews, and tc propose guidelines for :he design and use of automation in
Dansport aircratt, mn order to stimulate increased dialogue between designers of aircraft, autormation
designers, and aircraft operators and pilots. The goal is to explore the means by which aatomation
can be made a more effective t0ol or resource for piots without compromising, and hopefully with
an inCrease in, aviation system safety. Human error i+ the dominant cause of aircraft accidents.
Most of these accidents are avoidabie. The most IMPe 1art purpose automation can serve is (o
make the aviation system more error resistant and more erroz toierant.

Automation at some level has been applied to aircraft since before World “war I (vef. 1). It has
been an invaluabie aid 1o pilcts flying special missions from 1930 onward. g J vly 24, 1933, the
New York Times. reporting on Wiley Post’s just-complet=d solo flight around the world, said,
“By winning a victory with the use of gyrostats, a variable-pitch vropeller aad 2 radiocompass,
Post definitely ushers in a new stage of long-distance aviation... Commercia’ fiving in the future
will be automatic” (ref. 2). Automation-assisted flight has been routine in militarv and civil air

4 ~lad

transport since shornly after World War I1. )

Crew-centered autornation principles incorporating automated devices that assist in flight path
and aircraft management have made it feasible to certify and operate complex irunsport aircraft
safely with a crew of two rather than three persens, jusi as the development of automated area
navigation systems (Doppler, INS, LORAN) had replaced the navigator some years before and
improvements in radic commurications had supplanied the radio operator still eariier. The report
of the President’s Task Force on Aircraft Crew Complement stated, “We believe that from an
aircraft systems stangpoint, the level of safety achieved by the B-757, B-767, and A-315 might be
even higher than that achieved in presenc-generation aircraft as a result of the increased
redundancy, reliabiiity, and improved information that are to be provided the flignt crews through
more extensive use of digital avionics and cathode ray tube (CRT) displays” (ref. 3).

More recently, aircraft have been introduced with fly-by-wire control systems incorporating
envelope protection that prevents pilots from flying outside a predestermined flight envelope,
advanced flight management systems that autorazte navigation and flight path management, and
autormated sudsystersis managen. :ut corputers thas releve the crew of essentially ali routine
subsystem maragement tasks. Indeed, the McDornel!-Douglas MD-11, now enternng service,
reconfigures aircraft subsystems automatically after certain hardware failures, reducing flight crew
involvement in subsystems manageraent still further (ref. 4). The MD-11 also atiempts 1o infer the
intentions of the pilots in ceais flight regimes and adjusts aircraft and engine parameters
automaticaily to conform with ve¢ - mmended operating procedures for those phases of flight. The
Boeing 777, now 1n design, 2nd 6. 1 nev- aircraft may incorporate electronic libraries which will
automate much of the information: raanagement now performed manually (ref. 5).

Two-person, highly automated aircraft have been in service for ten years, during which time
accident rates in United States air @ansport have remained level except for secular variation, or
have declined. The President’s Task Force in 1981 commented that “the increased use of
automation on the DC-9-80 has led to a change in the number, but not the nature, of the tasks that
the pilot performs compared to the DC-9-50. The role of the pilot is unchanged" (vef. 3}. There is
certainly no evidence that transport flying has become less safe since the introduction of highly
automated aircraft, and there is some evidence that safety has improved. What, then, is the
protlem that motivates this document? And why. in the face of this safety record, has the Air
Transport Association (ATA) of A merica cited aircraft auromation as the first element in its
“Nauonal Plan 1 Enharce Aviatior.  »tv through Human Factors Improvements™ {ref. 6)?

- - o : ———




Although accident rates have been stable or hove declined dering the past two decades,
evaluation of individual accident and incident reports reveals two contrary wends. First, there has
beer a sharp decline in accidents caused by controlled flight into terrain (CFIT) since the
introduction of ground proximity warning systems (GPWS) into transport aircraft in 1975. There
's some evidence that CFIT accidents have been replaced by incidents involving “controlled flight
toward terrain” (vef. 7), but it appears that the Congressionally-mandated introduction of automated
“*Train proximity sensors aud aierting sysiems has been largely successful in preventing most
accidents of this type in aircraft of the nations that require GPWS.

The success of GPWS has been one of several factors that has motivated the U.S. Congress
to require the nstallation, during the next two years. of wind shear alerting devices and collision
avoidance systems in transport aircraft (refs. 8 and G). Like GPWS, these devices can detect
conditions that may not be obvious 1o human pilots. Also like GFWS, these devices are advisory

lu nature; they alert pilots to the presence of a problem, but do not perform avoidance maneuvers at
this time.

There is a contrary trend, however. Several aircraft accidents and a larger number of incidents
have been associated with, and in some cases appear to have been caused by, aircraft autcmation
or, more accurately, by the interaction betwesn the human operators and the automation in the
aircraft. In some cases, among them a Northwest MD-82 at Detroit (ref. 10) and a Deita B727 at
Dallas (ref. 11), automated configuration warning devices failed or were rendered inoperative. In
orher cases, an Aeromexico DC-10 on departure from Frankfurt (ref. 12) and ar Indian Airlines

.320 landing at Bangalore (ref. 13), automation has operated in accordance with its design, but in
a2 mode incompatible with safe flight under particular circumstances. In stll other cases, automaied
devices have not wamned, or flight crews have not detected, that the devices were operatin g at their
limis, as in the China Airlinas 747 accident offshore from Sarn Francisco (ref. 14), or were
operating unucliably, as in the SAS DC-10 landing accident at New York (ref. 15).

Data from incident reports also suggest that automated information systems, originally
instalied 2s backup devices for pilots, have becorme de Jfacio primary alerting devices after periods
of dependable service. These devices were originally prescribed as a “second line of defense” to
warn pilots when they had missed 2 procedure or checklist item. Altitude alerting devices and
configuration waring devices are prime examples (ref. 16). In the Northwest and Delta accidents
mentioned abcve, the flight crews should have, but apparently did not, check the configuration of
their aircraft before takeoff as their procedures required. The automated wzmming systems failed to
warn them that they had not performed these checks. In these cases, the presence of (and reliance
upon) usually reliable automation may have affected the mind-sets and behaviors of the pilots being
served by 1t

Accidents and incidents associated with or caused, in whole or in part, by automation
constitute a new class of potentially preventable mishaps in transport aviation. As such, they
represent a new threat to safety, the paramount concern of the aviation industry. It is estimated that
passenger enplanements will increase 75% by the turn of the century (ref. 17). Itis not enough w0
maintain accident rates at ary non-zero level in the face of our current surge in air transport activity;
the number of highly publicized, enormously expensive accidents will rise unless rates can be
reduced further. It is for this reason that the ATA’s Nationa] Plan stated that “During the 1970’s
and carly 1980’s...the concept of autcmating as much as possible was considered appropriate.
The expected benefits were a reduction in pilot workload and increas. d safety...Although many of
these benefits have been realized, serious questions have arisen and incidents/a. cidents have
occurred which question the underlyiug assumption that the maximum available automation is
ALWAYS appropriate or that we understand how 10 design automated systems so that they are fully
compatibie with the capabilities and limitations of the humans in the System.”

The ATA report discussed specific issues, and went on to say, “The fundamental concem is
the lack of a scientifically based philosophy of automation which describes the circumstances under
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which tasks are appropriately allocated to the machine andior the pilot.” The report then defined an
approach 1o this domain, which in large nart has been the motivaton for this docurnent.

Te summarize: 1f there is a perceived problem, there is probably a real problemn Whether it is
precisely the proble-.: that is perceived is often susceptible to analysis but may be of little
impornance in the leny run. The aviation community clearly perceives thar automation conveys
important denefits, but it also perceives in automation a potential threat to air safety. Most
automauon-related mishaps may be preventable, jt st as most accidents involving human factors are
preventabie. We mus: therefore try by every means at our command to prevent them.

If automation is required, there must be an internaily-consistent philosophy to govern its
lesign and application. Accident, incident (ref. 18), and field study (ref. 19) data indicate that the
coricerns of the aviation community (ref. 6) are well-founded—that automation conveys important
benefits but that it can alsc pose new problems. We suggest a concept for a philesophy of human-
centered automation and will attempt herein to define its elements in rerms of what 15 known about

human behavior and air transport operations.

This paper does not purport 1o be a desi grer’s handbook. We have not atternpted to cover in
any detail the myriad deails of human factors engineering that detenmine how a cockpit should be
designed once a designer has determined what that cockpit should contain. Rather, we atternpt to
suggest questions that should be answered before beginning the design of the automation suite for
an advanced-technology aircraft. The report is aimed primarily at three groups: cockpit designers,
purchasers of auiomated aircraft and the pilots who must fly them in line operations. They are
thought of, respectively, as the creators, purchasers and end users of advanced aircraft automation.
To be effectve, automation must meet the legitimate needs and constraints of each of these groups.

It is hoped that this document will provoke discussion within our community about what
autommation should be like in future aircraft: what roles automation should play in future aircrafi,
how much authority it should have, how it will interact with the };uman operator. and what, if any,
roles should be reserved for the human. We draws extensively on the actomation of today.
without in any sense intending to be critical of the enonnously capable aircraft now being flown
safely in our aviation system. But the pertect design has never existed and probably never will; t00
many tradeoffs must be made in the course of the design process, and automation design involves
complex and imprecisely understood interactions berween human cognition and sophisticated
information procsssing machines.

In the first section of this paper wie define some terms, look oriefly at the development of pilot
aiding devices, then present our concept of human-centered automation and of the role of the
human in highly automated systems. In the second section we examine in more detail various
kinds of aircraft automation that have been used to date in an effort to discern what has worked
well, what has worked less well, and why. We also examine trends in automation that may be
applied in aircraft in the near-term future in order to identify issues that may arise from irs
implementation. In the third section we look at the environment in which new automation wili be
introduced and used, and the people who will use it, to determine factors that may interact,
favorably or unfavorably, with that automnation. In the fourth section we review guidelines that
have been proposed in the past and suggest desirable attributes for present and future avtomation.
The final section is devoted to a more detailed discussion of suggested guidelines for the
application of humar-centered aircraft autoration. An appendix provides brief descriptions of
aircraft rushaps cited in the text.

The style of presentation is essentially didactic, though we attempt to expiain the basis for our
conclusions. Automation is an art as much as a science, just as architectere 1s an art as well as an
engineering discipline. It cannot be approached from the standpoint of pure reason, nor can we
make the mistake of telieving that there is but one best way to design, construct or even operate
automated devices. Many elements of this document are therefore arguable, but we suggest that




the very process of arguing about them will in itself bring us closer 10 our goal of effective, safe
aircraft automation.

What follows is the product of 35 vears of observing and working with pilots, operators, air
traffic conwollers and zircraft manufacturers 1o try to buiid a safer national aviation system. It is
hoped that this repont will be perceived as useful by the community whose guidance and
forbearance over 2 long period of time made its creation possible.

Charles E. Billings
August, 199]




I: CONCEPTS

Assuniptions and Definitions

The ATA Human Factors Task Force states in its 1989 report. “This plan assumes thar
humans will continue 10 manrage and direct the National Aviation System through the vear 2010,
The pilot and the controller wil! both be integrai pans of the air and ground system. A utomation

should therefore be desigred to assist and augment the capabilities of the human managers”
(emphasis added).

Auwtomation, as used herein, refers to “g system or method in which many of the processes of
production are autcmatically performed or controlled by self-operating machines, electronic
devices, erc.” He:e, our concem is witn aircraft automation specifically, though we will discuss
other elemcnts of the aviation system insofar as they impact the aircraft and pilots. We do so
because the aircraft is the device managed or controlled in the aviation system, regardless of how
that control is exercised or where the locus of control may be. Even remotely-centrolled aircraft
must still be controlled or managed by a pilot; the automation through whick the task is performed
does not operate entirely autonomously, and the automation, we would argue, must still be human-

centered if the system is to operate effectively. We do not consider air traffic control except insofar
as it influences the management and control of aircraft.

By “human-centered automation,” we mean automazion designed io work cooperatively with
human operators in the pursuit of stated obiectives. We consider automation 0 be a tool or

resource—a device, systern or method by which the human can accomplish some task that might

otherwise be difficuit or impossible, or which the human can direct to carry out more or less

independently a task that would otherwise require increased human attention or effort. The word
“tool” does not foreclose the possibility that the toe! may have some degree of “intelligence’'~-
some capacity to learn and then to proceed independently to accomplish a task. Autoraation is
simply one of many rescurces available to the human operator, who retains the responsibiliry for
manigement and direction of the automaticn and the overall systern.

The Piloting Domain

We conceptualize piloting as the use by a human operator of a vehicle (an aircraft) to
accomplish a mission (tc move passengers and cargo between two points) (fig. 1). Rouse (ref.
20) states that “design objectives shouid be to support humans 1 achieve the operational objectives
Jor whick they are responiible. From this perspective, the purpose of a pilot is ner to fly the
airplane that wakes people from A to B—instead, the purpose of the airplane is to support the pilot
who is responsiblc for iaking people from AtoB.”

The mission requires more-or-less
simultaneous accomplishment of five
| categories of functions: inner-loop control of
airplane artitude and state, control of the fhight

MISSIOMN

A \\ , path in three dimensions, management of
Fu Fonciien Function Function .

airpiane position, manzgement of its systems,

-
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Fuy hu: Tas T and maintenance of communications with the
Tox Taux Tosk Dascase ennues respousible for its movements. Facn
bmsx T i:::: : of these funcuons may be decomposed into a

number of rasks. which may sometimes
involve several subtasks. Tasks (many of
| which may be carried out either by humars or

. by machines) are performed utilizing a
Figure 1: Elements of the piloting domain combination of resources.
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Th= resources available to the pilot include his or her own perceptual, cognitive and
psvchomotor skills, the krowiedge and skills of other flight and cabin crewmembers, the
knowledge and irnformation possessed by other persons with whormn the pilot may be abie to
communicate, and a variety of informton sources and control devicas, including the automated
devices, within the aircraft. These resources are controiled and managed by a pilot in command,
who 1s ultimately responsible for safe mission accomplishment.

Control and management of ar aircratt may be viewed as a series of levels, which are categonzed
by the degree of direct or immediate involvement of the pilot (fig 2).
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Figure 2: Pilot control and management continuv.m

Development of Pilot Aiding Devices

Not all of th= functions required for mission accomplishment in today’s complex aircraft are
within the capabilities of the uraided human operator, who lacks the sensory capacity to detect
much of the information iequired for flight and who is unable 1o make certain decisions or take
actions based on them within the time available for accomplishment of certain critical tasks. In the
early days of aviation, the pilot set forth unaided, with only human perceptual capabilities to
provide necessary information. It was soon discovered that th=:.e were insufficient, and aircraft
sensors and instruments were developed to avgment the imited human capabilities.

Even before the first powered flight in 1903, aircraft designers had recognized the instability
of their machines and had begun to work toward providing pilots with assistance in controlling the
ehicles. The Wrights worked toward development of a stability augmentation device in 1907 (fig.
3), they were preceded by Sir Hiram Maxim, who patented the first such device in 1891 (ref. 21).
Orville Wright was awarded the Coliier Trophy in 1913 for a demonstration of hands-off flight
using an automatic stabilizer. By the 1930s, autopilots were considered essential for long-distance
fiving. The iniroduction of retractable landing gear was accompanied by a requirement for
configuration warning systems. The introduction of four-engine aircraft led io the development of
automatic propeller synchronizing devices. Some World War I! aircraft were difficult to control if
an engine failed on takeoff; automatic propeller feathering devices were consequently introduced
for these aircraft. The development of improved electronics led to the capability for automatic
navigation. The intreduction of digital computers enabled t. lesign of on-board flight znd
performance management systems and, later, of tailored flight conu ol systems.




I T N T T I I >

FEW WITH ENVELOPE
FROYVECTION (A-320)

PERFOURMANCE MGT.
SYSTEMS (MD-80)

8 . : N R £LIGHT MGT. SYSTEMS
. ; ; ER SR ' {MD-80, B-767)

ACTIVE CONTROLS, ADV.
AUTOPR OT (L 1011500

TRIPLEX AUTOPILOT « AUTOLANE
FULL-CAPABILITY FLIGHT DIRECTOR

SPERRY “2ZERO-READER™ DIRECTOR
COUPLED NAVIGATION (DC-§)

AUTOX.OT IN WORLD FLIGHT (HUGHES)

AUTOPILOT IN WORLD FLIGHT (POST)
TWO-AXIS NON-GYRO SAS (TAPLIN
COUPLED STABR ZER (SPERRY)
STAB. AUG. SYSTEM (WRIGHT)
GYROSCOPIC STABILIZER (MAXNS

- Figure 3: A brief chronolog> of aircraft automation

Since shortly after World War II, nearly all transport aircraft have made extensive use of
automated devices 1o assist and augment the capabilities of the flight crew. The advent of turbojet
- transports during the 1950s introduced new requirements for automauon. These aircraft were
: considerably faster than their predecessors, and were less aerodynamiically stable. The requirement
for very precise control, particularly during approach tc landing, ied 1o the deveiopment of new
classes of pilot aids including flight directors, expanded and quickened displays, and stability

augmentation devices.

_ The demands on the pilot—vehicle system became progressively greater, both in the area of
‘ precision navigatior and in requirements for more reliable all-weather operation. Precision
navigation over land was enabled by the introduction of very high frequency (VHF)
omnidirectional range systems (VOR) and, later, distance measuring equipment (DME). Long-
range navigation over water was immeasurably aided by the development of area navization
systems—first Doppler, later inertial navigation devices that freed aircraft fron: dependence on
ground radio aids. Precision approach aids, primarily instrument landing systems (ILS) and
improved approach and touchdown zone lighting were introduced. Static-free VHF
communications equipment became standard for short-range radio communications.

The development of compact solid-state electroaics made it possible to accomplish rauch more
computation within the aircraft. Contemporary aircraft may contain well over 100 coraputers and
microprocessors, which assist in the control of aircraft state and energies, flight path management
and aircraft systems management. They may also assist cabin crew in certain of their duties.
Flight and performance management computers perforin nost taciical navigation chores;
sophisticated digital autopilots, interfaced with the flight managemer: systems, control aircraft
attitude and thrust from takeoff 1o landing roll-out. Electronic flighi displays are managed by
computers, as are the detection and monitoring of aircraft state and system parameters. In the
newest vehicles, aircrait systems management has also been increasingly automated (refs. 4, 22,
and 23).
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Figare 4: Increasing complexity cf aircraft automation

The introduction of these automated devices and system: has improved system performance
and has considerably simplified certain aspects of the piloting task, but it has also increased
complexity in the cockpit (ref. 21).  The versatility of contemporary autopilots nas provided the
piiot with many more modes of operation by which the aircraft can be controlled precisely, but it
also requires that the pilot remain apprised of much more information about the avtomated systems
(fig. 4). Contemporary flight management systems relieve the pilot of routine navigation chores
but also require pilots to perform new programming and management tasks and to monitor system
performance more closely. New displays have enabled the presentation of much more information
regarding aircraft systems, state, and environmenta! factors, but they have also considerably
increased the human operator's information processing load.

These trends toward more information, greater complexity, and more autornatic aircrafi
operation have the potential to isolate the pilot from the vehicle and to decrease his or her
awareness of the state and situation of the aircraft or system being controlled (ref. 24). This can
occur either because of information overload, leading to channeling of attention and failure to
perceive all relevant information, or because redundant perceptual cues have been reduced. It has
become necessary 0 ask whether the richness of the information supplied to the pilot and the
complexity of the automation (or at least its perceived complexity, from the viewpoint of the pilot),
makes it less likely that the pilot will remain fully in command of the situation.

Humans cannot assimilate very large amounts of raw information ir a short period of time,
nor can they handle tasks of great complexity under tight time constraints. A major objective of
this document is to facilitate discussion of how much information or complexity is too much.
Another 1s 10 explore how increasingly complex information processing and control tasks can be
simplified so as to remain within the capabilities of the persons who must perform them.
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A third objective is to consider how much automation is necessary, and why. If systems are
sufficiently simple (and this should always be a design goal), automation may not be needed. If
tasks cannot he simpiified, or are so time-critical that humans may be unable to perform them
effectively, automati>. must be utlized. Even then, simpler automation will permit simpler
interfaces and better iuman understanding of the automated systems. In particular, the structre or
architecture of automation tools must be simple enough to permit them to be effectively managed
by the human operator (fig. 5).
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Figure 5: A construct of aircraft automation

A Concept of Human-Centered Automation

“Human-centered automation” is a systems concept. Its focus is a suite of automated systems
designed to assist a human operator/controller/manager to accomplish his or her responsibilities.
The quality and effectiveness of the piiot-automation system is a function of the degree to which
the combined system takes advantage of the strengths and compensates for the weaknesses of both
elements. To bourd this concept, a fully autonomous, robotic system is not human-centered, by
definition. The human has nc critical role in such a system once it is designed. Conversely, a
fully manual system contains no automation. Noae of today’s complex human—machine systems
1s at either extreme, however; nearly all provide automatic devices to assist the human in
performing a defined set of tasks, and reserve certain functions solely for the human operator. Qur
concem is with these partially automated systems in which humans play a central and, in the case
of aviation, a commanding, role.

The Role of the Human in Highly Automated Systems

We have already inferred that current aircreft automation is able to perform nearly all of the
continuous ccntrol tasks and most of the discrete tasks required to accomplish a maission. Wty,
then, is the human needed in such a system? Could automation to accomphish the rest of the tasks
noi be constructed? Would it not be easier and even cheaper to design highly reliable automata that
could do the entire job without worrying about accommodating a human operaior?

11
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Under optimal circumstances, the “‘mechanical tasks” of getting an sircraft from one point to
another could be accomplished automatically. The aviation system, however, is not an optimal,
fully controlled system. Many variables within that system are highly dynamic and not fully
predictable (the severity and movement of weather systems are prime examples). Aircraft
themselves, while very reliable, sometimes fail in unpredicied and unpredictabie ways, as was seen
in the catastrophic engine failure of a United Airlines DC-10 at Sioux City in 1989 (ref. 25), the
structural fadure of a United 747 cargo door the same year (ref. 26), and the fuselage failure of an
Aicha Airlines 737 over Hawaii in 1986 (ref. 27).

Automation car also fail in unpredictabie ways. Minor system or procedural anomalies can
cause unexpected effects that must be resolved in real time, as in an air traffic control breakdown in
Atlanta terminal airspace in 1980 (ref 28). These effects are complex; some are poorly
understood. Even if the effects themselves could be predicted and modelied, ths computational
engine that can cope with such suate variability in real time has not been constructed.

Though humans ate far from perfect sensors, decision-makers and controilers, they possess
three invaluable attributes. They are excellent detectors of sigrals in the midst of noise, they can
reason effectively in the face of uncsrtainty, and they are capable of abstraction and conceptual
organizarion. Humans thus provide to the aviation system a degree of flexibility that cannot now,
and may never, be attained by computational systeras. They can cope with: failures not envisioned
by aircraft and aviation system designers. They are intelligent: they possess the abiiity to learn
from experience and thus the ability to respond quickly and successfully to new situations.
Computers cannot do this except in narrowly defined, well understood domains and situations
(refs. 29 and 92).

The abilities of humans to recognize and bound the expected, to cope with the unexpected, to
innovate and to reason by analogy when previous experience does not cover a new problem are
what has made the aviation system robust, for there are still many circumstances, especially in the
weather Jomain, that are neither directly controliable nor fully predictable. Each of these uniquely
human attributes is a compelling reason to retain the human in a central position in aircraft and in
the aviation system.

Principles of Human-Centered Automation

Figure 6 summarizes our view of

EARMISE. human-center=d aircraft automation.
The pilct bears the ulimate responsibility for the safety of any fight opemition. We assume that the human operator

AXIOM:
The human opermtor mus! be in command.
SQAQLLARIES:
To command effeciively, the human operaior mus! be iInvoived.
Te be invoived, the human opermator must be informedt.
The human operator musi be able to rnonitor the automated systems.
Automated systems must therefore be prediciable.
The aulomaied systems must also be able to Monitor the human operator.
Each slement of the system must have knowledge of the others’ intent.

Figure 6: First principles of human-centered aircraft automatior
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will continue to bear the ultimai2
responsibility for the safety of flight
operations (ref. 6). Federal Aviation
Reguiations confer on the pilot in
command essentiaily unlimited
authority to permit him or her to fulfill
this uitimate responsibility. This is
axiomatic in civil aviation. We
believe that certain corollaries devolve
from this axiom. They are described
briefly here and discussed in more
de-aii in the Guidelines (section V).
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To command effectively, tre human operator must be involved.

To remain in commard of a vehicle, operation, or situation, the commarnder mus.

involved in the operation. He or she must have an active role, whether that role is to controi

the aircraft directly or to manage the human or machine resources to which control has been
delegated.

Te be invoived, the human operator must be informed.

Without information about the conduct of the operation, involvement becomes random:.
The commander must have a continuing flow of information conceming the state and progress
of the overation or system to maintain involvement with it. The information must be
consistent with the command responsibilities of the pilot; it must include all data necessary io
support the pilot’s involvement in the operation.

The inuman operator must be able to monitor the automated systems.

The ability to monitor the automated systems is necessary both to permit the pilot to
remain “‘on top of”’ the situation, and also because automated systems are fallible. Flight-

critical digital computers, in particular, are likely to fail in unpredicted ways at unpredictable
times.

Automated systems must be predictable.

The human commander must be able to evaluate the performance of automated systems
against an internal mode! formed through *nowledge of the normal behavior of the systems, if
moniioring of them is to be effective. Only if the systems normaily behave in a predicrable

fashion can the human operator rapidly detect departures from normal behavior and thus
recognize failures in the automated systems,

The automated systems must also be able to monitor the human operator.

reason, it is necessary that human as well as machine performance be monitored. Many
automated monitoring devices are in use in aviation today, but the availability of highly
capable computers with access to much of the needed information makes it possible to

consider doing r re, in 2 more systematic fashion, to monitor pilot performance than has
been done to date.

Each element of the system must have knowledge of the others’ intent.

Cross-monitoring can only be effective if the monitor understands what the operator of
the monitored system is trying to accomplish. To obtain the benefits of effective monit
the intentions of the human or autornated systems must be known; this applies ~qually to the

monitoring of aircraft by humans on the ground, and the monitoring of air traffic contro] by
pilots in flight.

13
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II: AUTOMATION: PAST, PRESENT AND FUTURE

Inéroduction

In this section we look at automation that has been used in the pas:. We discuss some of the
ways in which automation has been chasacterized, using the functions that a pilot must perform as
a base. We examine automated systems that have worked well and some that have not been as
successful, and attempt to draw from these examples issues that need to be considered by
designers and operators. Finally, we atiempt 10 project current automaton technology into the
future in the hope of discerning new developmen:s that may pose new or additional questions
regarding the roles, functions and forms of automation technology in the next generatdons of
aircraft. Thae emphasis is on forming the questions that should be considered in specifying and
designing automated systems. Sectior: IIl examines pertinent characteristics of the environments in
which automation will be applied, and the people who mus: operate automated systems.

Aircraft Functions

The range of functions that an airplane can perform is really quite limited. An airplane,
properly controlled, can move about on a prepared surface. It can depart from that surface and
once above the earth, in the atmosphere, it has freedom of motior. in all spatial axe;. Finally, it can
return under control to a precise area on the earth’s surface, land, and again move about on 2
prepared surface, coming to rest at a predetermined spot. All of the sophistication of current
aircraft is devoted to insuring that this limited range of functions can be performed with compiete
reliability and safety.

All aircraft controls and systems are devoted to the performance of this narrow range of
functions. Fadden’s (ref. 30) taxonomy is very useful. Control automation assists or supplants a
huinan pilot in guiding the airplane through the maneuvers necessary for their safe performance. If
aircraft flew only under visual meteorological conditions over familiar routes between familiar
airports, experienced pilots would need only very simple, straightforward automated devices to
assist them in perforrmng their missions.

Control automation includes devices devoted to the operation of airc: aft subsystems, which
are quite complex in modem aircraft. These systems contro! fuel, hydraulic power, altemating and
direct current electrical power, pneumatic engine and anti-icing systems and pressurization, landing
gear and brakes, and sometimes other functons.

Much of the automation found in contemporary aircraft is not devoted to controlling the
aircraft, but rather to informiny the pilots about the airplane’s state and location and the location of
real or imaginary sites on the surface of the earth. Fadden has called this “information
automation.” It includes all of the displays and avionics devoted to navigation and environmental
surveillance, and also digital communications with air traffic conirol and airline operations.
I'.formation automation is expanding rapidly at this point in time; the next generation of transport
aircraft may incorporate electronic library systems containing much of the data now stored on
board in hard-copy form.

A third category can be added to this automation taxonomy, which one could cai!
“management automation.” This term denotes automation which permits the pilot to manage the
conduct of a mission. Roughly speaking, management automation permits the pilot to exercise
strategic, rather than simply tactical, control over the performance of a mission. In this sense,
management refecs to goal-directed rather than function-directec behavior. The pilot establishes a
set of goals, management automation directs control automation in the performance of the required
functions and directs information autornation to keep the pilot informed of the state of the airplane
and of progress toward satisfying the specified goals.




The pilot’s control and management tasks, assisted by these categories of automation, may be
considered as an hierarchy of closed loops, as shown in figure 7. The orincipal differsnce in those
tasks as one proceeds from inner loop to outer loop control is one of bandwidth; control
automation relieves the pilot of the high-bandwidth requirements of direct aircraft control.
Mar.agement aatomation decreases the bandwidth requirements still further. The amount and type
of irformation required by the pilot also changes dramatically.

Note in this figure that the system is no an entirely closed loop. Open loop forcing functions
inclnde requirements imposed by the environment, by air traffi~ conrol, and by operator
(company) requirements, Note also that each row of the diagram inu-_duces additional displays
waich increase the information that must b attended to by the pilot.
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Figure 7: Contro! and display loops

Mission Functions

As inferred above, much of the complexity of modern automation relates not to the realization
of basic aircratt capabilities but to the performance of the missions required of them in a wide ran ge
of environments. Within its fue! ran £¢, & moder airplane must be able to fly in nearly all kinds of
weather, night or day, in airspace containing other zircraft, from any airport to any other airport,
safely znd efficiently, carrying passengers or cargo. It must be capable of takin g off or landing
under less than perfect environmental conditions on surfaces that are livewise less thar perfect, and
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must avoid terrain and other aircraft throughout its flight, all the while observing airline and air
traffic control constraints.

This complex assignment introduces rew clements into the equation. Pilots must be informed
of where they are, where their destination is, and the existence of environmental threass including
terrain, weather and other aircrafy They must know the state of their airplane, its systems and its
consumables at all times. All of the things they need to know are dynamic and to some extent
urvredictaole, though the time constants vary; changes in 2ny of them can affect the mission and
require the establishment of new goals and the performance of new or different tasks.

Keeping track of al! of this information can tax the capabilities of even highiy proficient pilots.
Though aircraft today are easy to fly, pilots must keep track of much more than simply the flying
task. Herein lies one of the major challenges of aircraft automation. Properly designed and used,
automation can assist its human masters in performing, simultaneously, the many information.
gathering, cognitive, and mianagement, as well as conitui, tasks required for the reliable

performance of their missions. Fi guie 8 characterizes the range of information management tasks
required for missian fuifiliment.
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Figure 8: Pilot information requirements

The Tasks of the Pilot

The tasks pilois must perform are threefold. They must maintain controi of their airplane,
whether directly or through intermediate agents. They must remain informed of its state and
position, of where they are going, of the environment through which they are flying, and of threats
1o successfu! mission accomplishment. Finally, they must communicate with air traffic control,
their compary, and scmetimes other aircraft. An old training homily summarizes these tasks as
“aviate, navigate, communicate.” Though these are 50 fundamental as to be truisms, the Eastern
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A1r Lines L1011 that crashed 1. *he Everglades did so because of a failure to maintain surveillance
of the airplane’s flight path while on autopilot (vef. 31). A DC-8 crashed at Portland after running
out of fuel because the flight crew was preoccupied with preparations for an emergency landing
(ref. 32). Many “controlled flight into terrain” accidents have occurred because of faiiure or
inability to rnaintain positional awareness. The worst accident in air camier nistory, the collision of
two 747s at Tenerife. occurred because of a failure to communicate unamibiguousiy (ref. 33).

These three tasks are simple enough when decomposed, bui they can create severe workloac
burdens when pertormed simultanecusly under demanding conditions. Such conditions are often
not of the flight crew’s making; figure 7 indicates that there are open-loop forecing inputs from air
rraffic control, from airline companies, and from the environment. Automadon can lighten this
burden on pilats, first by relieving them of the burden of inner-loop control, second by providing
integrated information, and third by aliowing them to manage at a higher levei. The figure also
suggests, however, that each of these kinds of antomation increases the information processing
ourden vpon pilots, by requiring them to keep track of additional systenis and data. Thus, while
automation has decreased the bandwidth of pilots’ tasks, it has increased mentai (percepiual and
cognitive) demands upen them. It has also increased the “overhead™ the knowledge and
informarior necessary to operate the automation itself.

An aqutomation paradox: Herein lies a paradox of aircraft automation. To the extent that it
has taken over inner and intermediate loop tasks, it has changed the tasks of the pilot,
notwithstanding the conclusions of the President’s Task Force on Crew Complement. Whether it
has Lightened them depends to a considerable exient on the demands of the task, and on the amount
of information and attention required to operate and monitor the automated systewas and displays,
It has been observed (refs. 12 and 34) that automation may decrease workigad when it is alreadv
comparatively low, during craise flight and at high aitiude, but that it may increase workload when
u is already high, during climbing or descending flight in terminal arcas. It shovid be noted
immediately that ir is not clear whether this is an inherent antomarion problem, or whether this is
because we have not provided simpie enough interfaces through which pilots interact with
autymauon. in shor, have we automated the wrong things, or have we sumply done an inadeguate
Job in some of our efforts to implemen: higher levels of automation in a simple encugh manner?

The point of this discussion is that our information concernin g the effects of automaiior, and
particularly its unwanted effects, does not usunally diffsrentiate between “good™ automation, poorly
implemented. and “bad” auiomatior, in terms of roles and functions. It is critica] thar these he
differentiated in any discussion of automation, and we shall try to keep this difference in mind as
we proceed 10 a discussion of the autoration that has been developed o date.

LContirct Automation

Here we wiil describe automation that has been implemerited in transport aircraft to date. This
list is not exhaustive, but it attempts to place new automation in the context of increasing
requirements and in the context of other enabling technology. Figure 9 iliustrates the connol aspect
of the pilot’s task.
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Figure 9: Control automation

Flight patk control: As indicated in the introduction, control automation has besn around
for a iong time. The first automated controllers simply maintained atdtude in the roll axis; later
generations of such devices have been called “wing levelers” and they continue to be available for
general aviation aircraft today. Originally introduced to ease pilot workload in flying exremely
unstable airplanes, they still perform that function, though aircraft stability has improved
dramatically. Autopilots, as such devices came to be called, added other axes of conirol; the device
used in the world flight of Post’s Winnie Mae was a three-axis device which maintained the aircraft
in pitch, roll and yaw, the three inner-loop functions required (ref. 2).

In the early generations of autopilots, the gyroscope which sensed roli and yaw was aiso used
as a headirg, or directional, gyro in the cockpit. Sensors in this device permitticd & constan:
heading to be specified by the pilot and held by the autopilot, though the gyroscone was subject to
precession and its directional component had 0 be reset frequently by reference to the aircraft
magnetic compass. Some autopilots of this period later incorporated a relative barometric altitude
sensor which could be used to hold altitude as weli, once the proper altitude was attained and
indicated to the sensor. In these developments, we see the beginnir.gs of intermediate ioop contro?,
in which the pilot was able tc specify heading and altitude to be maintained, rather than simply roll
and pitch attitude.

To go beyond these tasks required many years and the develcpment of complex electronic
devices. The advent of precision radio navigation systems capable of providing both azimuthal and
distance information occurred during the late 1940s and early 1850s. Very high frequency (VHF)
navigationai radios eliminated problems due to radio frequency interference from thunderstorms.
out they were limited to iine-of-sight coverage. VHF omnidirectional range (VOR) trans__itters
became the foundation of the “common system” of aerial radio navigaton. Distance measuring
cquipment (DME), consisting of airborne interrogators and ground transponders, was co-located
with and augmented the information provided by VOR transmitters (figure 10),

For precision approach guidance, VHF high precision directional “localizer” transmitters
(LOC) and ultra-high frequency glide slope transmitters (GS) were located on airport runways:
together tney formed the basis for the instrument landing systems (ILS) which are still the standard
pproach aids in the current system. DME has more recently been co-located with ILS as well as
with enroute navigation aids.

These devices and specialized aircraft navigational radio receivers or ransmiftter-7eceivers

(transceivers) provided aircrafi with positional information of higher precision. Their signals
provided unambiguous azimuthal and distance information, which could be used either by pilots or
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by autepilots o provide intermediate loop control of zircraft paths. IS si gnals, which provided
height guidance as well, were used to perm.t both manual and automaric {“coupled™) precision
appraaches to runways. They enabled the design and implsmentation of autopilots with a wide
range of capabilivies including maintenance of pitch, roll and yaw, maintenance of 2 rack 1o or
trom a surface navigational aid, and the capture of localizer and giide siope caniertines followed by
the corduct of sutomatic approaches.
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Figure 1C: Precision errouis and approach navigation aids: VOR and ILS

Early autopilots with navigation coupliers were disliked hecause of the roughness with which
they handled statior: passage. (Navigarion radials become VETy narrow as the station is approached
and abrupt flight path changes often occurred.) If rilots used the navigation couplers at ali, they
tended to revert to heading conwol in the vicinity of VOR stations (ref. 35). Transport pilots rake
pride in providing their passengers with a smooth, comfortable ride; when automated devices were
uniable to de as weli, they were simply turned off.

Air mass dara were also required for conuol of aircraft speed and height. Barcmetric

aitimeters of extreme precision became the basis for control of heigh: precision air speed sensors
were utlized for speed sensing and later, with the inroduction of automatic throue controls, for
speed control. Central air data computers (CADC) were provided when jet-powered transpor:
arrcraft entered service in the 1950s; these devices provided integrated 3. .ision sensing of static
and dynamic air pressure  The computer likewise made possible the diffeentiation of barometric
altitude data and enabled precision climbs and descents.

Swept-wing jet aircraf: are suscepubdle to adverse yaw during banked turns. Early jet transport
aircraft (notably the Boeing KC-135 tanker) required very precise manual control o counter this
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tendency. When the 707 derivatuve of the KC-135 was introduced, yaw dampers were provided o
counter this problem. Though nominally under contro! of the pilot (they can be turmed off), yaw
dampers in fact operate autonomously in all jet aircraft. The same can be said of pitch trim
compensators, used to counter the tendency of jet aircraft to pitch down at high Mach numbers.
These devices, first introduced in the DC-§. likewise operate essentially autoncraously.

AT MOVOr® MO -r®

LOCALIZER DA&TA

Figure 11: Dual-cue (left) and single-cue Flight Directons. Aircraft is left of iocalizer and just
telow glide sicpe:; directors are commanding a right tixm and climb to regain centerlines.

Swepi-wing aircraft aiso required more precise centrol to compensate for decreased stabilicy
and higher speeds, particularly at high altitudes and duting approaches io landing. Flight by
reference 1o precision nav.gational data was made easier by the development of flight director
dispiays which provided pilots with coraputed pitch and roll commands, displaved as shown in
figure 11. The girectors were much easier 1o fly than unmeodified VOR or localizer and glide siope
datz, which were presented on the periphery of the same instruments used for the dirscior displays.
Such displays rapidly became a mainstay of transport aviation; they made it possibie for pilots of
average ability to conduct maneuvers with high precisiorn, though concern was expressed about
“lesing sight of raw date” while relying upor the directors for guidance. A Delia Airlines DC-9
impacted a sea wall short of runway 4R at Boston during an appreach in severelv limited visibility
(ref. 36); its crew is believed to have followed the flight director which was set in “attitude” mode
rather than “approach™ mode, without adequate cross-checking of localizer and glide slope data.

Control of aircraft longirudinal and lateral trim is maintained by severa! means. including smail
tim tabs on controi surfaces. Auromatic trim contol devices which operate either on these
surfaces or on the aircraft control system have been components of auntopilots for many yeass.
Most operate autonomously in cenain autoflight modes. Some newer aircraft with advanced
primary flight control systems incorporate a foad factor demand law which contir:uously srims the
aircraft toward a 1 G condition. This relieves the pilot of the task of re. immirg the airp.ane after
power changes, bat it alse remceves tactile feedback regarding longitudinal wim. Other aircraft,
which incorporate fuel shifting to minimize aerodynamic drag by adjusting aircraft center of
gravity, also tim the airplane to minimize pilot aitention to the load shifting. Most of these devices
require no pilot input or attention under nonmal conditions.

Spoilers, acrodynamic surfaces on the wing iong used in gliders to moderzte flight path during
approach to landing, were installed on jet awrcraft to increase: control authority and reduce adverse
yaw, to assist in slowing these acrodynamically ciean aircraft, to permut steeper descents and to
dump 2erodynamic lift during landings. Though early jets had munually-controlled spoiiers, later
generations had spoilers that were activated either mznually. in flighy, or automatically by main
wheel spin-op during landings. The Lockheed L1011-500 incorporated a sohisticated system
knewn as direct lift control for automatic precise flight path control during automatic approachss.




Sorne of the newest transponts also incorporate avtomatic gusi alleviation contro! using spoilers.
The newest aircraft aiso provide automate spoiier operatien if power levers are pulied fully back
during an aborted takeoff, and raay apply auiobraking when ground spoilers are depioyed.

Some aircraft now in service (A320) incorporate “fly-by-wiiz” insiead of conventional
mechanmical or hydraulic conzrol systems. In fly-by-wire systems, the pilot’s controls actuare
electronic controi devices whose outpuis are directed to hvdrauiic or electrical servomechanisms:
these devices actuate the control surfaces. The advent of fly-by-wire systems has provided conmol
System engineers wiih grear flexibility o tailor the control responses to march desired
Characieristics. An inherently unstable airpiane can be made 1o feel, to the pilot, Iike an extremely
stable platform, and indeed, some of these a‘rcraft deliberately incorporate a degrze of reduced
longitudinal stability, which s cormpensated for by a stability augmentation svstemn. Even
manually-conmolled Tight in such aircrat is actuaily accomylished by one or mare computers
interposed between the pilot and the machine.

This contro! architecture offers other OppUriuLLucs 1o the designer, who may now limit the
tlight envelope, provide precisely tempered degradation of flying qualitics as safe operating limits
are approached, or simply render it impossible for the pilot to exceed certain boundaries. These
swategies are usually referred 16 as “envelope protection,” though the latter strutegy cculd more
appropriately be termed “envelope limitation.” One issue of importance is the effect on the pilot,
over timse, of this “shift in respoasibility” from the pilot to the “system.” If the pilot believes he or
she is protected from contro} errors, will he or she be less mindful of safe operating limits? The
implications of these changes in the aliocation of functions require discussion (see p. 29-30)).

It is tikely that most or all future large transports will incorporate flv-by-wire (or fly-by-hghnt,
using elecro-optical conduits for control sigrals) as dves the A320. Along with fly-by-wire
systems has come a considerable increase in the fiexibility of avtopilot and flight management
systems. The newesi systems have a great many modes of operation, each of whick must be
undersiood by the piiot if they are to be used approprnately,

Pawer controi: Reciprocating engine aircraft had only limited irner-loop automaiion of
conrol systems. Autornatic mixture conols which utilized barometric altituds data to adjust fuel-
a1 ranos were installed in the DC-3 and later rransports. Autowmated control of propelier piizh was
inzoduced during ths 1930s, rot long after controllable-pitch propellers. La*r multi-engine
aircraft required precise synchronization of propeiler speeds to minimize vibradic.a and annoying
beat frequency noise; propelier auiosynchronizers were developed 10 maich the propeller speeds of
ali engines. Throttles, propelier and mixture controls were not integrated, however, until the recen:
introduction inte general aviation: of a Mooney airplane powered by a new Porsche ensine
incorporating a single power controiler.

Following world war 1, surplus military aircrafi were purchased in considerabis numbers by
civil operators. They thus required civil registration to standards quite different from those
imposed by the armed forces in the heat of wir. Some of these aircraft had undesirable flying
characteristics inder some circumstances. In particular, some were extremely demanding 1o fly
after an engine failure at low speed during or shortly following wakeoff. To ease the asymmetric
drag caused by a windmilling propeller and assist pilots in maintaining control during the critical
moments after takeoff, automatic propeiler feathering systems were ‘ntrodnzed in some atreraji.
These gevices sensed a loss of thrust in g malfunctioning engine and rapidly moved its propetler to
a fully feathered pc ion. The devices provided critical assistance when they functioned properly,
but szveral accidents occurred after fully funcdonai engines were shut down autonomously. There
kave also been accidents, such as that of an Acrospatiale Nord commuter airplane at Los Arngeles.
in which pilots have shut down the remaining engine after an autofeathering system has operated 1o
make the other, malfunctioning engire ineffective (ref. 37). Autofeathering systems, once armed
by pilots, ar independert of pilot controi and they do not nonfy the pilo: before taking acticn. To
that extent, they remcve a portion of the piot’s authority, a topic 01 which more will be szid iater,
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The earliest autothrottle systemns in turbojet transpoits simply controlled fuel fiow o rurboiet
engines. They were relatively crude and were ot liked (or much used) by pilots because of the
roughness of their power conrol (which disturbed passengers). Later devices, more sophisticaied
coatrollers and better powerplant models improved the operation of auwtothrottle systems. More
recently the development of fuli-authority digital engine contoilers (FADEC) has improved still
turther the precision wita which jet powerplants can be controlied. Nearly ali contemporary jet
alrcraft 1ncorporaie autothrust systems which are used to set engine power io automaticaliv-
deterrnined narameters even during the takeoff roil.

Lending gear: Landing gear retraction and extension is still a manual procedure in all
transport aircraft, but informatior automation in the form of configuration warning systems has
been used since 1t was first discovered by a hapless piiot that retractable gear aircraft could be
landed with the gear retracted. Most such systerus have provided a warning if throttles were pulied
back. The use of idle power routinely during descents in jet aircraft required that the landing gear
warning system be madified to take account of barometric altitude or other factors that could
indicate that landing was not contemplated at the time. Aircraft without such modifications
provided large numbers of nuisance warnings to pilots. In an imaginative attempt to circumvent
the problem of gear-up landings, the Piper Aircraft Company developed and instailed an automatic
gear-lowering device on its Arrow series of general aviation aircraft. The device used a simple
pitot mounted in the propeller airstream t- sense reduced power and air speed. It worked
autonomously and effectively, but it also 1:quired the pilot to exert continuous pressure on 2
bypass switch to prevent gear extensior auring intentional low-speed maneuvers at altitude, a
difficult task when both hands were required for aircraft and power control.

Virtaally all jet aircraft have anti-skid or anti-lock braking systems, in which whee! rotational
speed is sensed and used to rodify brake application. Newer generaions of transport aircraft also
ncorporate automatic braking upon wheel spin-up. The braking force is chosen by the pilots prior
1o landing; brake application using the selected schedule is then automatic.

Aircraft subsystems: In estly gererations of jet aircraft, the many aircraft subsystems
were operated in the conventional way, with switches in the cockpit controlling most aspects of
systern operation. Three-person flight crews included a flight engineer whose primary task was
the operaticn and surveillance of these systems: electrical, hydraulic, pneumatic and fuel systerns.
In some aircraft designed for a crew of two persons, attempts were made 1o simplify system
operations somewhat to decrease flight crew workload. Seat belt and no smoking signs were
activated automatically; automatic load shedding was introduced to simplify electrical system
reconfiguration following a generator failure; air conditioning pack deactivation was automatic
following an engine failure on takeoff, etc. These and other measures represented a piecemaa!
approach to the problem. however; subsystems were still considered in isolation by designers, and
until recently, system operaton during failures was still complex.

The DC9-80 (now designated the MD-80) innoduced a somewhat simpier architecture and
more subsystem automation in 1980 (ref. 38). The Boeing 767/757 series of aircraft incorporated
simplified procedures and a structured “need-to-know” concept in its information automation. An
engine indicating and crew alerting system (EICAS) provided pictorial and alphanumeric
information on cathode-ray tubes (CRT) in the cockpit. Pilots were informed by alphanumeric

essages of failures that required crew action; the aircraft “Quick Reference Handbock™ (QRH)
provided the required actions in checklist form. The “do” lists were also considerably sinuplified
(ref. 39).

When the Airbus A310 was introduced, it incorporated an electronic centralized aircraft
monitoring sysiem (ECAM). This sysiem provided synoptic diagrams of aircraft subsystems
which displayed systemn condition in piciorial form on cathode ray tube (CKT) screens (ref. 40).
Paper checklists were still used 1o handle faults, which were annunciated in alphanumeric form on
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a separate screen. The later A320 had 4 very similar system. In the 747-400, the first 747 mode!
desigred for a crew of two persons, Boeing incorporaied system synoptics inio its EICAS system,
while rezaining alphanumeric aiening messagss and paper checklists that :nformed pilots of ail
actions o be taken following an annunciated condition, as in its 7677757 types (ref. 22).

The Douglas Aircraft Company took a somewhart different direction in its MD-11, introduced
in 1990 .ref. 4). The MD-11 is a very long-range derivative of the very successful DC-10, bur
with a radically redesigned tv.o-person cockpit. Douglas cockpit designers were very concemed
about lightening pilot workload; their task and workload analyses indicated that major decreases in
workloac couid be achieved by automating aircraft subsystern operations. To quote Douglas’ chief
of MI>-11 operations, “One of our fundamer:tal strategies has been: if you know what you want the
pilot to do, don’t tel! him, do it” (ref. 41). Many normal subsystem functions formerly performed
by the fligh: crew have been automated; handling of faults is also largely automatic.

The MD-11 engine and alert displays (EAD) are superficially similar to the systerns described
above, but the subsystem management approach is markedly different. Most subsystem
reconfiguration foliowing component malfunctions or failures is automatic. Pilots are informed
with an alert; they may cancel the associated alerting message by selecting and viewing the
appropriate synoptic. This action is not required immediately, however, since the appropriate
actions have already been taken, Paper checklists are still used as a reminder of required flight
<rew actions.

The Boeing 777, now in design, will incorporate electronic checklists with some Ievel of
autcmatic sensing of checklist items (ref. 5). It will remind rilots of skipped actions and will
permit the crew to skip back and forth between checklists if required because of nultiple failures.

Discussion of Control Automation

Flight path control: Control automation has a long and honorable history. Most aspects
of conirol automation are well understood and zre not controversial. Taken singly, most automated
flight ¢ nrol systems are based on conmparatvely simple models that can be explained fairly easily
i pilots. The behavior of these systems is predictakle. Information concerning the actions of the
automation is observed in airplane behavior, this information is usually, though not invariably,
sufficient to maintain pilot involvement. It is also usually sufficient to permit the pilot to monitor
the behavior of the automation. Problems in monitoring contro! automation have occurred when
the devices were behaving reasonably, but incorrectly (as in the SAS DC-10 accident at New York,
ref. 15), or when pilots were not alert, for whatever reasons, to the state of the automation (the
China Airlines 747 mishap near San Francisco, ref. 14). Control astomation data 1o this time are
only beginning to be used to monitor or circumscribe pilot behavior (see discassion of envelope
protection and limitation, page 29).

Pilot re.sponses to and use of these automated flight coatrol devices and systems have been
studied thoroughly. They have not found most such devices to be difficult to understand or use
effectively, though the proliferation of control modes in the newest fly-by-wire systems poses
many more potential probiems than did earlier generations of coatrol auromation in which the pilot
was more directly coupled to the control surfaces. In the past, as an instance, the large-
displacement control yokes used by the two pilots were directly and physically coupled; they were
also coupled to the automation and thus moved perceptibly when the autopilot made control Inputs.

In the Airbus A320, small-displacement sidestick controllers are installed; they are not cross-
coupied, and inputs by ore pilot are not visible or tactuaily percepiible by the other. A fairly
complex mixing algorithm, a lockout device and visibie indicator lights are provided to assist the
pilots in knowing who is in control and to what extent. It should be mentioned that the C* conzrol
law used 1n this airplane is not specd stable, so different feedback l~ops may be required.
Autopilot control inputs are not fed back to the sidesticks. The lack of tactile feedback berween the
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sidesticks is not known to have presented problems thus far, but it has led to questions regarding
the usefulness of such feedback in transport aircraft

The large number of control modes in highly automated aircraft has aiso been of concem. The
A320 autopilot “open descent” mode, and its coupling to the flight director systera of the airplane,
may have been a factor in the Indian Airlines landing accident at Bangalore, in that there appears to
have been a late recognition on the part of the flying pilot regarding the need t¢ switch both
directors to another mode prior to the final approach (ref. 13). Incident reports have decumented
similar occurrences with earlier recovery. This mode, like all others, is annunciated in ext on the
flight mode annunciation panel; the problem rather appears to be a lack of understanding of a
relatively complex, highly integrated set of automated systems and of their interactions. Air
carriers operating the A320 have instituted procedures designed to prevent open descent below a
safe transition altitude on final approach, but it must be asked whether procedural approaches to
such problems are as effective as designs that are easier to understand or that are not suscepdtle to
misunderstanding.

Error resistance and error tolerance: System modes such as this necessitate a
consideration of human error in the operation of such systems. It is known that human errors will
occur; such errors are contributory factors in roughiy two-thirds of air carrier accidenis. Indeed, a
desire to minimize such errors has been a part of the rationale for the impletnentation of advanced
aircraft automation. At least two approaches can be taken to minimize the effects of human error.
A system may be designed to be highly error-resistant; that is, to make it very difficun for the
human to make an error in the operation of the system. Simplicity in system architecture and the
provision of clesr, unambiguous information on display interfaces are important tools with which
to improve error-resistance. (Gee Nagel, ref. 42, for discussion of these concepts.)

Attacking the problem of human error by design of error-resistant systems .s not enough.
however, it is also necessary that systemn designs be error-tolerant, able either to trap ezrors or to
mitigate their effects. Such error-tolerance can be strengthened by designing monitoring
capabilities into the automation, as is done in configuration menitoring systems, or by introducing
system envelope limitations, as is done in the A320 flight control system and several power controi
systems. The use of procedural controls as a substitute for designing inherently error-resistant and
error-iolerant systems may be cffective, but is lesc foolproof. In the case mentioned above,
procedures have been evoked to make the system error-resistant, since it is not inherently error-
wlerant. Both error resistance and error tolerance, discussed further in section IV, must be
paramount aims of the cockpit design team.

Power control: The A320 also incorporates thrust ievers that do not move when power is
appiied or withdrawn by the autothrust system. Visual ECAM displays indicate both power
commanded and power delivered, but ancillary tactiie or visible feedback is not provided by the
levers themselves. This difference from previous aircraft has evoked fairly widespread concemn in
the operational community, though it should be said immediately that the concern does not appear
to be manifested by airlines operating this aircraft type.

Based on limited operating experience to date, it appears that pilots are usvally able to obtain
all needed informanon concerning flight and power control either with, or without, tactile feedback
of contro! movements instituted by the automatic systems. This may be a case in which there is not
“onc best way,” based on empirica: or analytical knowledge, to automate a system, and in which.
therefore, any of several approaches may be effective, provided that pil¢ ts are provided with
sufficient information to permit them to monitor the systems effectively. Unfortunately,
information concerning the rare cases in which a particular innovation is nor effective in providing
adequate feedback may not come t light unless a mishap occurs. Research inio the proper
complement of conirel and monitoring functions for automated cockpits is bad!y needed.
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Aircraft subsystems: Automated fli ght control systems usually provide immediate
fee-dback 1o pilots conceming their continued functioning. Feedback concerning aircraft subsystem
status may ve much less obvious. Older three-person aircrafi incorporated a multiplicity of lights
and gages to provide the flight engineer or pilots with such information; cockpit automation and
sunplification efforts have attempied (with considerable succe:: 3) to minimize the amount of system
informatic~ which the crew must monitor. The provision of simpler interfaces, however, has not
been due catirely to the design of simpler aircraft subsysterms. On the contrary, system complexity
'n some cases has increased greaily. Where simpler interfaces reflect simpler subsystems, the
benefits are obvious. When a simple interface hides a functionally complex system, there may weil
Ge covert problems waiting to emerge durin g adifficult emergency.

Cockpit simplirication has included drastic
reductions in the number of subsystem controls
and also s:andardization of those controls,
nearly all of which are now lighted pushbuttons
with legends. Critical buttons may be guarded.
The switches are usually located in subsysient
diagrams (figure 12). The use of pushbutions
of identical shape and size in place of a variety
of toggle switches has cleaned up the overhead
panel, bat it has made more difficult the
location by feel of a given switch.
Manufacturers state that their “dark cockpit”
concept, in which buttons are lignted only 1f
they require attention, indicates those that must
be used, and point out that buttons should be
actuated only after visual confirmation of which
button to press. As noted above, Douglas
Atrcraft Co. has automated large segments of
the subsysiems management fask (a backup
manua! mode is provided, and all switches

necessary for subsystem control are on the
overhead paneli).

s

Fig. 12: Overnead panel, AC electrical system, 747-400.

Praciices with respect to the provision of ¢
information regarding subsystems have varied, -4 e e
from the Boeing 767/757 “need-to-know™
concept, to the provision of synoptics simply
for pilot information in the 747-400 (figure 13),
to synoptics that are the primary mezns of
subsystem feedback in the MD-11 and A-
310/320 types. The A320 also presents a Y unure —_—
limited number of normal checklists on its ouis: Rl CAURY  oALLEY ALY
ECAM screens; a broader implementation of BUS 1 BUS 2 BUS 3
electronic checklists with automatic sensing of
skipped actions is under consideration for the
Boeing 777, now in design, and wiil likely be GENCONT | oOFF
seen in many future transport aircraft. Such
automation will permit the flight crew to e v
alternate among several checklists when TEMP/ DRIVE
necessary (o resolve compound faults, though PaEss
automated prionitizaticn schemes for such faults ! 2 3 ‘
are under consideration by human factors “— of

researchers. Fig. 13: Synoptic display for system shown in fig, 12.
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Research is underway on CRT screens
on which subsystem synoptics containing
“soft switches”, touch-sensitive areas
overlying switch depictions, would be
depicted. Subsystem control would be
affected directly through such screens,
which would respond to switch actuations.
The advantages and disadvaniages of this
approach can be hypothesized but are not
yet clear. Dedicated panels in which
switches are always in the same place
permit memorization of switch locations
and set patterns of behavior, but
pushbuttor swich legends contain small,
sometimes cryptic alphanumeric legends,
and presbyopic older pilots may have
difficulty reading legends on tiie overhead
s unless they are fitted with special correcting
lenses. Synoptic subsystem diagrams wili
require familiarity with a number of differ-
ent switch locations, distinct ‘or each system depicted. The legibility of touch screens on the
primary display panels shouid be considerably better, but operation of tcuch-sensitive switches
may be more difficult in rbulence; they will also be farther from the pilots. Research will be
needed to determine whether the potential advantages of “soft switches™ outweigh their drawbacks.

Fig. 14: Touch-sensitive screen swiiches on a CRT display

The amount of aircrafi status information that must be provided is a function of the hur.an
operator roles in mission accomplishment. If humans are expected to control aircraft subsystems,
they must be given that minimum of information necessary to perforin those tasks. It the
subsystems are controlled autonomously and the human’s only role is to remain cognizant of their
status and the effects upon mission accompiishment, a quite different quantity and type of
information concerning system status may be called for, though it is necessary in this case that the
operator understand not only the system controlied but also the autornation that is controlling it, so
that autcmation failures can be detected. In this case, it may not be necessary ihat non-flight critical
information be made available at all. For these reasons, it ts necessary to consider the range of
control and management options to be provided the pilots of advanced, highly-automated aircraft.

The control-management continuwm: It is implicit in the above discussion that pilots
may play any of a variety of roles in the control and management of highly automated aircraft.
These roles range from direct manual control of flight path and all aircraft systems to largely
autonomous operations in which the pilot’s role is minimal. The development of highly capable
automation makes it necessary to cousider these roles in more depth. A control-management
continuum is presented in figure 15 to facilitate this discussion (ref. 43).

None of today’s aircraft can be operated entirely at either extreme of this spectrum of control
and management. Indeed, an aircrafi operated even by direct manual control may incorporate many
kinds of control automation, such as yaw dampers, a pitch trim compensator, automated
configuration warning devices, etc. Conversely, even remotely piloted vehicles are not fully
autonomous, the locus of control of these aircraft has simply been moved to another airborne or a
ground control station. Nonctheless, today’s airplanes, and those of tomorrow as weli,
incorporate clements at or near the extremes, and the full range of opticns must be considered.

The ability to control an airplane without the assistance of autcmation must be demonstrated
by any pilot before & type rating for that airplane can be issued, if the aircr: £t itself is certified for
such operation. This includes the ability to handle the machine without evin the automation aids,




such as yaw dampers, that normally operate full-time in an autoaromous mode. That flying task,
however, can be exmremaly demanding in a2 machine in which stability is relaxed and srability

augmentaton is provided by redundant, fai-operational systems.
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Figure 15: A continuum of aircraft contrel and management

Most flying today is assisted to a greater or lesser extent, if only by hydraulic amplification of
contro! inputs. Flight directors, stability augmentation systems, enhanced displays, and in newer
aircrafi various degrees of enveiope protection, assist the pilot in his or her manual control tasks.
To some extent, pilots can specify the degree of assistance desired, but much of the assistance
operates full-time and some of it is not intended o be bypassed. The pilot remains in the control
loop, but it is an intermediate rather than the inner loop.

Whether piiots of limited experience should be required by regulation to have and demonstrate
this level of manual control ability in today’s airplanes, which incorporate highly redundant
autcmated contrnl assistance, is beyond the scope of this document. Airbus has rendered this issue
moot io some extent by providing shared control as the A320’s basic control mode. Pilot control
inputs are considerably modified and shaped by the flight control computers; envelope limitations
prevent him or her from exceeding pre-determined parameters. In this airplare, pilots are provided

n1th considerable assistance even during control failure modes; manual flight capability is limited
(o ridder control and stabilizer trim and is designed only to maintain controllied fli ght while the
automated systems are restored to operation. Under normal circumstances, the aircraft automation
is responsible for much of the inner loop control, though conwol la s are tailored to respond in
ways that seem natural to the pilot. In the MD-11. a combination of longitudinal stability
augmentation and contro! wheel steering is in operation at all times; roll control wheel steering is
available as an opuon.

When an autopiiot is used to perform flight path (and/or power) control tasks, the pilot
»xecomes a manager rather than a controller (this is also true to some extent of the shared control
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option). The pilot may elect to have the autopilot perform only th: most basic functions: pitch, roil
and yaw control (this basic autoflight level is not available in all systems); he or she may dirsct the
avtomation to maintain or alter heading, altirude or speed, or may direct the autopilot to capture and
follow navigation paths, either horizontal or vertical. This is mar:1gement by delegation, though at
diifering levels cf management, from fairly immediate to fairly remote. In ali cases, however, the
aircraft is carrying out a set of tactical directions supplied by the pilot. It will not deviate from
these directions unless it is incapable of executing them.

As always, there are exceptions to the generalizations. The A320 will not initiate a
programmed descent from cruise altitude without an enabling action by the pilot. (This is the first
instance of which we are aware in which management by consent has been embedied in aircraft
automation.) Other modern flight management systems require that the pilots provide certain
inputs before they will accept certain corditional instructions.

Management by consent implies a situation in which automatior, once provided with goals o
be achieved, operates autonomously, but requires consent from its manager before instituting
successive phases of flight, or certain critical procedures. An exampie is given above. The
consent principle has important potential advantages, in that it keeps pilots involved and aware of
system intent, and provides them the opportunity to intervene if they believe the intended action is
inappropriate at that peint in ime. (Taking the princiz e to iic logical conclusion, it can be argued
that even yaw damping in older airplanes is by conser:. since the pilots can disable the function.
This may not be the case in future aircraft, however, in which more of the automation will be
transparent to the flight crew.)

This management mode may become more important as “smart” decision-aiding or decision-
making systems come into use (see page 94). A protracied period of close monitoring of these
systems will be necessary; requiring consent is one way t¢ monitor and moderate the potential
intluence of these systems. While managzment by consent is an atractive option worthy of further
exploration, it must be informed consent. More fundamental human factors research is needed o
identafy how to implement it without the consent becoming perfunctory.

Management by exception refers to a management-control situation in which the automation
possesses the capability to perform ail actions required for mission completion and performs them
unless the pilot takes exception. Today’s very capabie flight management systems will conduct an
entire mission in accordance with pre-programmed instructions unless a change in goals is
provided to the flight managemert system and enabled by the pilots. This occurs relatively
frequently when air traffic control requires a change in the previously-cleared flight path, most
often during descent into a terminal arca.

As previously stated, the desire 10 Hewien the pilot’s workload and decrease the required
bandwidth of pilot involvement led to n._ 2 of the control automation now installed in transport
aircraft. The more capable control and management automation now in service has certainly
achieved this objective, with benefits to safety, reliability and productivity. It also has the capacity,
however, to decrease markedly the pilot’s involvement with the flying task and even with the
mission. Today’s aircraft can be operated for long periods of time with very little pilot activity.
Flight path control, navigation, and more recertly subsystems management are almost entirely
automatic. The capabie, alert pilot will remain conversant with flight progress despite the low level
of required activity, but even capable, motivated pilots get tired, lose their concentration and
become diverted, or worry about perscnal problems unrelated to the flight. A critical task of the
designer is to find ways to maintain pilot irvolvement during operation at higher levels of
management.

This is less simple than it sounds, for pilots will both resent and find ways to bypass tasks

that are imposed merely for the purpose of ascertaining that they are still present in the cockpit.
Tasks to maintain involvement must be flight-relevant or even flight-critical, and equally important,
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must be perceived by pilots to be relevant. Designing pilot involvement into highly automated
systems will not be easy but must be accomplished to minimize boredom and complacency.,
pauicularly in very iong range aircraft which spend many hours in overwater cruise. The progress
of avionics, satellite naviganion and commurications, and data link may very well have an opposite
result unless this uniquely human f. *or receives more considerztion than 1t has tc date.

(Today’s aircraft are often easier to control than they are to manage, because interacting with
flight management systems is accomplished primarily by entry of alphanumeric intormation.
Reprogramming today’s flight management computers can be cumbersome, and such flight path
alterations are often more easily accomplished by reverting to a lower level of antomation rather
than by altering the FMS instructions. This in itself may be a problem, because some of the
protection provided by the fully automated configuration may be removed by such reversion. On
the other hand, TEprogramming can Occupy attention that might better be directed elsewhere.
Making this interaction easier and less eTTor-prone is a major task facing the human factors
communrity, and a number of research efforts are underway to mitigate this problem.)

Autonomous operation denotes opera::on in accordance with instructions provided by system
designers; no attention or management is required of the pilots. Until recently, relatively few
complex systems operated autonomously. With the introduction of the A320 and MD-11,
however, major systems operate in this way.

In the A320, the flight control system incorporates envelope limitation; this sysiem operates at
all times. Certain parameters {(bank angle, pitch or angle of attack) cannot be exceeded by the pilot
except by turning off portions of the flight conwrol computer systems or flying below their cutoff
values, as was done during the low-altitude flyover prior to the Mulouse-Habsheim accident (ref.
44). Predeterminec thrust parameters also cannot be exceeded. “The MD-11 incorporates angle of
attack protection, but its limits can be overridden by the pilot, as can the limits of the autothrust
system. In the MD-11, aircraft systems also operate autonomously, to a considerable degree.
Failure detection and subsystem reconfiguration are also autonomous if the aircraft system
controllers (ASC) are enabled {the normal condition). Any system may be operated manvally,
theugh the protections provided by the ASC systems are not available during manua! operation.

Systems designed for autoncmous operation pose serious philosophical questions with respect
to pilot authority as well as pilot involvement. These questions arose first in the design of fighter
aircraft and were discussed succinctly in a recent unsigned editorial in F ligh: International (ref. 45).
The American F-16 fighter’s fly by wire control system incorporates “hard” limits which “preserve
the aircraft’s flying qualities right to the limit of its closely defined envelope” but do not permit the
pilot to maneuver beyond those limits. The Flight ecitorial points out that “There is, however,
another approach available: to develop a ‘softer’ fly-by-wire system which allows the aircraft to go
to higher limits than before but with a progressive degradation of flying qualities as those higher
lirnits are approached. Tt is this latter philosophy which has been adopted by the Soviets with
fighters like the MiG-2Y and Sukhoi Su-27. It is not, as Mikoyan’s chief test pilot...admits,
necessarily a philosophy which an air force will prefer.” He says, however: “Althou gh
this...approach requires greater efforts...it guarantees a significant increase in the overal! quality of
the aircraft-pilot combination. This method also allows a pilot to use his intellect and initiative 1o
their fullest extent” (ref. 46). The “softer” approach has been taken in the MD-11, which permits
pilots to override automatic protection mechanisms by application of additional control forces.

Though civil aircraft do not fage the threat posed to a fighter whose maneuverability is limited,
taey do on occasion have to take violent evasive action (see also page 86), and thev mayv on
extremely rare occasions need cortrol or power authority up to (or even beyond) structural and
engine limits to cope with very serious failures. The issue is whether the pilot, who is ultimately
responsible for safe mission completion, should be permitied to operate to or even beyond airplane
Limits when he or she determines that a dive emergency requires such operation. The issue will not
be simply resolved, and the rarity of such emergencies makes it difficult 15 obtain eropirical support
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for one or the other philoscphy. Nonetheless, the issue is a fundamental one. Pilots must
approach such limitations on their authonty with extreme wariness; designers must recognize that
hard limits place them, rather than pilots, in the position of ultimate command, giver the capability
and flexability of automated systems. Pilots must alsc be concerned about the effects such systems
raay have on their perceptiocn of their responsibilities, which remain despite whatever protective
systems may be installed. Such systems can fail.

Another fundamental question is how wide 2 range of conirol and management options should
be provided. This may well vary across funcnors; indeed, pilots will often operate at a ra..ge of
levels, for example conroliing thrust manually while managing the autopilot and using the flight
director to monitor nav'gation. Pilot cognitive styles vary; their skill levels also vary somewhat as
a function of the amount of recent flying they have done, how tired they are, etc. These factors
lead us to argue that a reasonable range of options must be proviced, but widening the range is
expensive in terms of equipment costs as well as of training time and time required to maintain
familiarity with a broad spectrum of automation capabilities.

One way to keep pilots involved in the operation of the aircraft is (0 limit their ability to
withdraw from it by invoking very high levels of management. Another, perhaps preferable way
is to structure those higher levels of management so that they still require planning, decision-
making and procedural tasks. The use of a management by consent approach, rather than
management by exception, could be structured tc insure that pilots must enable each successive
flight phase or aircraft change of status, as an instance. It has beer suggested by one air carrier
that long-haul pilots should be given the toois with which 10 become involved in flight planning for
maximum economy on an ongoing basis; this is another approach to maintaining higher levels of
involvement.

Controi Automation in the Fuiure

Control automation is already highly advanced and highly competent. What may we
reasonably expect to see in the way of further advances? What additional factors should be
considered in this domain?

There is increasing concern regarding the problem of runway incursions, as airports become
more and more congested. Several studies (refs. 47 and 48) have highlighted this problem; two
recent accidents, at Detroit and Los Angeles, have underscored its seriousness (ref. 84). Improved
racar surveillance of airport surfaces is technically feasible and new devices as scheduled for
installation; light systems at runway-taxiway iatersections have been tried in the United States and
are 1n use elsewhere, but neither of these approaches will be fully effective in mitigating the
problem of human (either pilot or controller) error (ref. 49).

More errur-resistant and error-tolerant approaches to this problem are needed, especially given
problems of low visibility and contaminated taxiway surfaces which can obscure markings
temporarily. Suggested approaches inciude some degree of automation in control and ccnduct of
movements cn the airport surface. Automation has not been exiended to control of aircraft on the
airport. though techniques for lane-holding have been attempred in automobiles on roadways with
embedded wiring. Highly precise satellite navigational aids, particularly when accuracy is
enhanced by fixed-installaticr comparison techniques such as differential GPS (ref. 50), may
provide the means for true all-weather control of airplane positions on the ground. If airport
features can be described precisely, automatic control of iircraft during taxi is possible, though it
will require very large databases in the flight managemerit systems that will access the information
and very acc. -ate map displays in the cockpit.

It needs to be pointed out that if automated control of aircraft on the airport surface becomes a

reality, palots will be unabie to verify the correct operation of the automstion under conditions of
severely limited visibility. Before such technology is implemented, it will be necessary to consider
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how an independent monitoring capability can be provided. Cne possibility may be the use of
millimeter- wave radar and the provision of synthetic visual dispiay devices in the cockpit (such
Systems could also provide independent monitoring capability during low-visibility approaches,
and with the addition of other information to the displays. might provide independent takeoff
monitoring capability as well).

Although today’s aircrafi have the capability to follow an ILS localizer centerline accurately
and this capability is made use of during automatic landings, automatic takeoffs using centerline
guidance are not performed, propably because of concern about asymmetric power failures and the
ability of autopilots with limited authority to maintain directional control during an: aborted takeoff.
Certainly the pilot is more quickly able to counter variations in direction if he or she is involved in
inner-loop control, but during extremely bad visibility the pilot aiso introduces perceptual delays in
detecting deviations from centerline.

Microwave landing systems are in an advanced state of development; they permit the conduct
of more complex curved approaches and may thicreby increase Trunway acceptance rates while
mitigating some noise problem: for communities in the vicinity of airports (ref. 51). Flying very
complex approaches will lead to arpreciable increases in flight crew workload, however, even if
the approaches are automatic. Alternate means are being explored to enable equivalent approaches
using existing equipment capabilities, but these to will involve higher cockpit workload. The

expected gains are great enough so that such approaches will probably be required in the future
system.

We may certainly expect to see more highly integrated automation suites in virtually al! future
ransport aircraft. A higher level of integration may permit simpler automation architectures that are
more easily and intuitively understood by pilots, though the trend to date has been toward greater
perceived complexity. Whether the range of options available to the pilot should be narrowed is an
open question. Even before the advent of the present generaticn of aircraft, incidents were
reported in which pilots became confused about the mode in which they were operating; this led to
a stall at high altitude in the case of an Acromexico DC-10 departing Frankfurt (ref. 123; the

elevators sustaired severe darnage during the recovery process, though the airplane was flown on
10 its destination.

It should be pointed out again that problems such as this may be due to the automation of a
control function which should not have been automated, but they may equally well be due o failure
i0 make a needed function sufficiently obvious, that is to poor impiementation of an appropriate
function for automation. Qur first principles state that the pilot must be involved; they aiso state
that the pilot must be informed, and this includes prominently being informed. ar the level required

for him to fulfill his responsibilities, of the airplane and autornation characteristics at ali times. As

is pointed out several times here, too much information may be as bad as too lirtle, the critical point
is that the pilot must be able to mesntain state and situation awareness.

As subsystem automation becomes more capable and more common, we shall have 1o
consider carefully what subsystem management actions should not be automated. In the MD-1 i,
Douglas has refrained from automatin g fully any tasks that are irreversible in terms of therr effect
on the airplane’s ability to complete its mission. In future aircraft, we mrst consider as weli
whether certain actions that can be taken by pilots rather than by the automation should also be
proscribed, or at least made to require confirmation or consent. There have been twe cases in
which pilots shut off fuel to both engines of a twin-engine ransport shontly after takeff , thinking
that they were operating its electronic engine controllers {ref. 52). Ir. these cases, either designers
did not recognize the potentia! for the specification of procedures that could be hazardous, or the air
carmiers did not understand the {designer’s) inient for the EEC enable/disable funcron, or both,
Designers and purchasers of aircraft, and pilots as well, must understand automation intent equaliy
if the potendal for error is to be minimized.
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Our first principies suggest that the autornation must be able to monitor the pilots. Monitoring
automation could certainiy be designed fo question certain classes of pilot actions that can

potentally compromise mission completion, though for the automaion to proscribe such actions
would again limit the authority of the pilot. It is hoped that more serious thought will be given 1o
the piloi-automation and automation-pilot monitering functions, poih of w-ich are enabied by the
vighly competent digital computers now in place in advanced aireraft
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Information Auatomation

We nexi examive what Fadden has termsd information automation. Though primtive ievels
of information autom.ation have heen present for some time, information automation began its
expiusive growth widh the introduction of the “glass cockpit,” in which CRT screens replaced
sony: cr all of the older elecromechanical insouments. Even prior to this development,
information management had become a major probierw: in aviation. Billings, Lauber and Cooper
cited information managenien: as one of the priucipal issues :n an informal interview study with
flight crew of & U.S. flag cartier in 1974 (ref. 53). An early ASRS study found inforimation
tansfer problems in 73% of 12,000 consecutive incident reports (ref. 54).

The advent of CRT screens in cockniis made it possible for designers both
visua! information and to provide it in flexible formats, At atime w
was becoming available, the tempiaticn was very great 10 provide pilots with much more
information thar had previcusly been supplied. Further, pilots were not hesitant to demand more
information thar. they had before; experimentai studies have found that pilots want as much
information as may possibly be relevant, even at the cost of increased workicad (ref. 55).

10 provide more
hen rmore and more information

Though pronounced differences in philosophy exist among the major suppliers of transport
atreraft, most have been fairly conservative about new cockpit displays. 1t should be recognized

that automation, which enables more information to be presented, als

130 carries with it costs in terms
of the amount of information required to monitor the automated functions, as shown in figure 15,
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Despite this conservatism, new alerting systems have been introduced, several mandared by
Coengressional decree; each requires the presentatzen of new infonmation to pilots. Ground
proximity warming systems, mandated in 1974, provide visual and aural waruings. Traffic alest
and coilision avoidance sysiems (TCAS:, now being instalied in all ransport aircraft, srovids
visual displays and visual and voice warnings of traffic threats. Windshear advisory systems,
mendared for installation during 1991-19$3, wili also introduce visual and aural wamings.

Though map displays have greatiy simplified the presentation of navigationa! information. the
integration of weather radar dat and TCAS traffic displays with navigational data has complicated
tho = displays considcrably, especially on smatier CRTs. The coming of digital data link for ATC
messages will add stil further visua! displays that must be artended t0. We will now examine the
kinds of information in the cockpit. the ways in which it is displayed, and the =ffects of autcmation
on the information provided to flight crews to enable mission accomplishment.

Flight path displeys: Pilots are physiologically unable 1o maintain a stable airplane attitude
by reference only to their own sensory inpats because of limitations in their ability to sense motion
and acceleration in all spatial axes (ref. 56). The first anempts by Doolittle and others to develop
systems for instrument flight (ref. 57) were prompted by the recognition of this fact. Gyroscopic
tn indicators and ball slip indicators provided data concerning turn rate and sideslip; airspeed and
altitude indicators provided coarse information concerning ciimbs and descents. Two-axis
gyroscopes provided sensing for the more intuitive arificial horizon, which accurately displayed
bank and pitch angle on a single device; another single-axis gyrescope provided heading
information when set in accordance with a magnetic compass. Vertical speed instruments were
added to show rate of change of barometric altitude (figure 17).

ue' " veAnoaLsegED < -
. 1G00VECT.AER MeAITE

Figure 17 Primary flight instruments: airspeed indicator, ant:ficial horzon, tires-pointer altmeter,
wm and bank indicator, directonal gyro, vertical speed indicator. The airplane i in a left tumn,
withcut sideslip, at 147 knots, descending from 1340 faet at 63C feat per minute,
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The information provided by
these six instruments has been the
foundation of instrument flying e er
s R since.  Analogous information,
though derived in many cases from
different seasors (air data Computers
and inertial reference platforms), is
still the basts of the primary flight
. VERTICAL | display in the newest and most
. SPEED sophisticated aircraft (figure 18). The
several sources of data, in different
formats, require considerable mental
integration to permit the formation of
a coherent perception of the airplane’s
attitude, state, and rate of change. In

" advanced electronic displays, a
DIRECTION variet- of aids is made available to
AP assist the pilor in maintaining this
perception, but the basic information
displayed is not fundamentally
different.

AIRSPE

Figure 18: Electronic primary fiight display.

is stiil under development (ref. 58). Air Force human factors experts have likewise looked for
simpler means by which to convey primary flight information (ref. 59}. Airframe manufacturers
have shown interest in such concepts, but have been inhibited in bringing them to service use by
the maix of aircraft in nearly all fleets. Pilots fly a variety of aircraft during their careers, some with
advanced cockpits, some with conventional electromechanical instruments. There has been
considerable concemn that transition:ng back and forth between the older displays and advanced,
more integrated, displays could increase Taining requirements and perhaps compromise safety.

Figure 19: Pathway ini the sky display.




In older aircraft, several displays are also used to provide navigational (more properly,
position infcrmation to pilots. In essence, pilots are informed of their bearing and distance from a
radio navigation aid, or during inertial flight, from a geographic waypoint defined in the flight
management computer. During approaches, they are informed of their lateral and vertical
deviations from localizer and glide slope centerlines. This information, like attitude information.
must be (onsiderably transfermed to permit the derivation of present position. Figure 20 is a
sketch of this informaton. It chows a horizontal situation display containing a heacing indicator
(whose data now ¢omes from a remotely-mount=d. stabilized magnetic compass), a digital display
of DME distance, and a radio magnetic indicator (RMI), showing the bearing 10 two VOR stations
or iow-frecueacy rad:o beacons. The RMI also contains a heading indicator, whose inputs are
ncrmally from 2 second independent magnetic compass unit.

Figure 20: Flectromechanical navigation inst-uments: radio magnetic indicator (RMI) 10 leit, horizonta! situation
display (HSI) to right. The 18" radial of the VOR being tracked is 12° w0 the right; the VOR is 10.2 miles away.
Aircraft is flying paraliel to that ragial. The HSI also shows glide siope deviations when tuned to an [LS frequency.

“The introduction of CRT screens in the cockpit made possible drastically simplified navigation
displays. Although cor ventional HSI displays like that shown above are still provided, nearly all
piiots of glass cockpit a:rplanes use map displays for most enroute flying. The map displays uiilize
data stored in the flight management system to provide a pictorial planform display of present
position and future navigation waypoints. In some aircraft, terrain obstructi ons and airports can
also be selected. In rnoss glass cockpit aircraft, weather can also be depi:ted on the display;
displays of nther traffic are, or will be, provided by TCAS equipment.

When all of these o >tions are exercised at once, screens can be cluttered if significant weather
or a great deai of aearby traffic is present, but the displays still require less menta! effort on the part
of the pilot. Many navigation displays can also be used in a “north-up mode” to display the r_ute
programmed in the FM. compuiers. The scale of the navigation display can be varied: some
TCAS units also perrnit «ititude filtering. Figure 21 shows such a navigation display. I:includes
flight plan, present and pedicted flight path, waypoint and radio navigaton aid locations, location
of weather, altitude rzlatie to planned altitude, inertial ground speed and wind direction and speed.




Map displays have immeasurably

4 ") cased the cogritive tasks of pilots by
Kol Tax] 175 Jne o giving them &N 1nstantaneous, easily-
42 Interpreted picture of their location

with respect o their plan. Wierer

(1989) reported that chey are the most
desired single feature of advanced
automation. As with flight directors,
it 1s not difficuit to lose sight of the
raw navigauon data. Map displays do
not make it particularly easy to
evaluate the raw data from which
position is derived, and it has been
necessary to introduce special display
elements to aid in this task. American
and British incident reports (ref. §0)
describe circumstances in which the
apparent position was incorrect, and
the clarity and apparent precision of
the displays can be seductive.

Figure 2i: Electronic map display showing weather, flight pian
rou! - and rav aids.

™\ Power displays: The Boeing
o e e evas FIRE 757/767 introduced electronic engine
ENG 3 SHUTDOWN status displays. These displays

&2 (L8Z]
i YAW DAMPER uPh provided enhanced electroric
i depictions of information that had
been available on electromechanical
instruments, together with adaptive
J SEATRETON EGT limits, ?ata on commanded vs.
m—ou = actual thrust for autothrust operation,
(&7 e:c. The later Airbus A320 provided
TF a simi- ar set of electronic displays and
alpharumeric information. = The
GEAR Boeing 747-400 electronic power
displays \ cre the first to utilize 2
simplified wpe fo. ~at on a . rimary
T6z3] . and secondary display (figure 22). A
compacted format showing analog
tape and alphanumeric data is also
available. These displays were based
on research showing that pilots were
better able to evaluate engine prob-
12 owreness 12 lems with displays tailored 1o the
, caamy 7500 parg -255 vora Fue. 382.6 number of cngincs' The MD-11
e 206 ar 56 e s10c /} primary and secondary power
displays are again CRT represen-
Figure 22: Primary EICAS displa; , Boeing 747400, Z‘s‘;’gsy‘s’f the carlier electromechanicat

8

Itis interesting. in view of the integration of information in giass cockpit navigation displays,
that more integration and processing cf engine and power information has not been utilized in
current-technelogy aircraft. Abbott and coworkers at Langley Research Center have proposed a
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concept for a consideradbly-simplified set of power displays using bar graphs which show relative
data vs. appropriate values for engine parameters (ref. 61). (See page 44 for discussion.) The
engine monitoring and control system (E-MACS) concept will be evaluated in flight simuiations as
a part of the NASA Aviation Safety/Automation concept demonstrations.

Configuration displays and alerting systems: Ir older aircrafi, a variety of lighis and
gages were used to show the configuration of landing gear, flaps and siats, controi surfaces,
aircraft doors and other flight-critical systems. Nearly all current-generation aircraft have displays
that provide such information in graphic form, though Airbus Industrie has gone farther than other

rnanufacturers in showing the configuration of components of these systems as well as the systems
as a whole.

| Figure 23 shows an elegant little

FL Ap icon used in the A320 to indicate flap

and slat position. The diagram

S F appears on the engine display screen

s - together with engine data, status and

alerting messages. The number refers
3 e to flap selector position.

[ ] Alerting messages and aural
signals are still used in newer aircraft
for critical items prior to takeoff and
Figure 23: Electronic display of flap-slat positicns in A320. approaching landing, as in earlier
generatons. These takeoff and land-

ing configuration waming systems have prevented many accidents, but their occasional failure, and
their ability to generate spurious or nuisance warninys, raise a problem of a more general nature.
Devices that are extrerely reliable will come, over tirne, to be relied upon by pilots. In the rare
cases when they fail, or are disabled, pilots may not be sufficiently alert to detect the condition for
which the device was originally provided. This occurred in two recent atterapted takeoffs with
flaps and leading-edge devices retracted. The aircraft crashed with heavy loss of life (refs. 10,11).

The other side of this coin is that devices that produce too many “false alarms” will be
mistrusted by flight crews. In the extreme case, they will simply be ignored after pilots have
become accustomed to them. This was the case when the earliest mrdel of the ground proximity
warning system (GPWSj was introduced. At ieast two accidents have occurred because pilots
ignored, disabled or were slow to respond 1o warnings thar were appropriate. Later GPWS
models incorporated more complex algorithms and the number of nuisance warnings dropped
dramarically. We are now seeing similar problems with large-scale implementation of TCAS-II.

Alntude alerting systems, introduced to alert pilots when approaching a selected aititude and to
warn them if they thereafter depart from that altitude, provided both aural and visual alerts many
times in the course of routine flights. They were reliable and came 10 be depended upon; altitude
excursions resulted when the devices malfunctioned or were ignored because of distractions.
Pilots objected, however, to the number of aural alerts approaching altitude, and FAA amended its
requirements to permit the use of only a visual signal approaching altitude. After this change was
made, pilots accustomed to hearing the aural alert before reaching their selected altitude were aiso
involved 1n altitude excursions because it was no longer present (ref. 62).

Color is used in all cockpits to indicate problems (red or amber, depending on severity),
though display symbology ana color-coding for CRT displays has no: yet been standardized. The
Society of Automotive Engineers S-7 Committee is working on such a recommended standard. In
mos: cases, redundant shape or size coding is used in additon to color, to minimize deiection
problems for color-deficient pilots and to maximize legibility in bright sunkight {though CRTs used
in cockpits undergo stringent testing to insure readability in very bright light).
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The compiexity of configuraton

ICTS v \\ displays can be high because of the
GBY - number of items thai are pertinent

e’ﬂ T & i T (figre 24). Thcugh color can help to

i 1 i SPE BRK i 3 i ‘T direct a pilot’s attention to parameters
" T —— that are abnormal. 2 good deal of

LAF DEGRADED information must still he scanned.

Cockpit designers have done an

AL1L1 ELAC 1] SEC 1] AF;&_ excelient job of cl‘i‘mina!ing& l.argtf
ao 2] 2] B numbers of discrete “lights, beils and
g 3] k whistles,” within limits imposed by

! cerification regulations, but they have

“ PITCHTRIM G substituted large amounts of discrete

132%up data integrated into a smalier number

‘! L C; AUD : A of displays.

; ELEV GBY ELEV : L .

‘ BG vB This topic is discussed in more
detail in following sections, but it
should be said here that current
operaticnal constraints ctten require

T o ] 2 H 56 | aw soa0oka pilots to review, by whatzver (neans,

\_ v 3 // a great deal of important status

information prior :0 takeoff and

: R e L during approach, periods that are

Figure 24: Flight contro! configuration display, A320. already busy. Wayg of summarizing

this information that can alert pilots if

a potential problem is present are highly desirable, but only if they are trustworthy, for pilots will

come to depend on such aids. “Automation must be predictable,” but i: mus: alsc wam
unmistakably when it is unable 1o perform a flight-critica} function.

Subsysiem displays: Though there is stili a philosophical controversy abou: ti:e necessity
or ever: the desirability of providing synoptic subsystem information in the cockpit, pilots and
operators clearly find it desirable 10 have such displays and they are provided in most glass cocipit
arrcraft. Synoptics of simple systems may increase the risk of misinterpretation, though they are
probably advantageous for the depiction of more complex systems. Some of the controversy
probably relates 1o certification issues; manufacturers and cperators alike wish to incorporate as
few essential systems as possible 1o avoid grounding airplanes when they fail, and the overhead
panels on ese aircraft permit full manual operation of all subsystems.

Like configuration displays, subsystem synoptic displays can be very complex, though most
manufacturers have made them as simple as possible. Multiple faults, however, will still require
careful pilot attention to the screens to understand fuily the nature of the problems. Herein lies
another facet of the controversy. Modern airplanes are designed to reguire specific actions (asually
as few as possible) in response to any fault or combination of them. The required actions are
spelled out in checklists which are designed to be followed precisely. These aircraft are also
designed to require no more than checklist adherence for safe flight completion. There is
continuing concern among designers that providing toc detailed information or subsystem
configuraton may lead some pilots to adopt more innovative approaches to complex problems, and
thereby negate the care the manufacturer has taken to simplify fault rectification. Such behavior
nas caused serious incidents in the past and wall probably continue to do so in the future despite the
kest efforts of designers to achieve simplicity and clarity in their designs and procedures.

On the cther hand, pilots argue, with justificadon based on experience, tha: faults not

contemplaied by the manufaciurer may we'* occur in: line operatons. They peint, as one instance,
to a L1011 that was landed safely at Los Angeles after its crew was faced with a compietely
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ananticipated control surface fault for which no book solution existed (ref. 63). They do not wish
tc be deprived of any information that could assist them in coping with such problems.

The Boeing 757/767 cockpit, as indicated above, does not provide subsystem synoptics,
though EICAS messages provide a great deal of information on aircraft system status. Since not
all information can be presented, the questions that must be answered is at what point the
appropriate compromise can be found. Better models both of system behavior and of cognitive
responses to malfunction information are needed to answer this question. Such research is
underway within the NASA Aviation Safety/Auton:2tion program (ref. 64).

As noted above, Douglas Aircraft
HYDRAULICS (1/2) \ has taken a different approach ‘o

subsystemn management in that it has
automated most normal and abnormal
1080 3,000 actions in the MD-11 subsysterns.
1VADG The synoptics in the MD-11 are
simplified diagrams of each

2 subsystem. When an abnormal
—O®— condition is detected, the appropriate
system controller takes action; an

alerting message is displayed on the
. e laoe = o engine and alert display. The
appropriate subsystem puashbutton on

the systemns control panel is also
lighted. When actuated, this
(YD Svs 1 FAIL ) CONSEQUENTES pushbuiton brings up the Synoptic,

» FLIGHT CONTROL EFFECT REDUCER which will show the system diagram

> USE MAX 35 FLAPS with altered icons indicating the fault,
> GPWS GVRO iF FLAPS LESS THAN 3S

» IF FLAPS <35 SPOLERS AT NOSE what action has been taken, and a list

GR ON GND & THROTTLES ILE of the consequences for the conduct

- AUTOPILOT 2 INOF of the remainder of the flight. Figure

\ - PRESS HYD AGAIN TO CONTINUE - / 25 shows an example of a level 2 alert

(system A hydraulic fluid loss) which
: . ; : has been resolved automaticaliy by
Figure 25: Hydrauli . MD-11. nas been y
gure y © SySterit Synopuic page Inactivation of the two system A
hydraulic pumps (system at left of the
synoptic diagram) after low systemt A hydraulic quantity was detected. The depleted system A
hydraulic fluid reservoir is also shown.

Here, the synoptic display is very clear (and compelling); there is no Guestion about what has
failed and what has been done abou it, aithough a failed sensor could produce the same display as
a failed system and the pilot must still differentiate between these two conditions. This leads to a
Guestion about whether such systems should be permitted to be reconfigured autonomously,
without pilot consent. The designer of such a systemn bears the heavy burder of insuring that the
action taken by the automaticn is always appropmi~i-. and that it wiil not under any circumstances
worsen the situation. Ascertaining this may be comparatively simple for many fauits; for cthers, it
may not be. The design philosophy appears to i.ave been effective in lightening pilot workload;
rmore experience will be necessary o determine whether it hes unwanted eftects as well, aside from
the minimal burden of monitoring the automadon. Alerting messages appear if any of the
automatic aircraft system conwroliers fail; the computers reconfigure the subsysiem for manual
operation if both of the duai channels become inoperative.

It must be kept in mind that sensors. processing equipment or display generators can fail, and
that when incorrect informaton is presented, or correct information is not presented, there is the
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potential for confusion in the minds of the pilots.
accommodaied. The information must be important enough

NOTE: This aler: will be accompanied by the TRIM AIR
I AVNCS OVHT light on the ovsrhead panel, which wiil re-
main iliurrinated untii reset by maintenance.

Air System Veriry MANUAL
TRIMAIR VERIFY OFF

< _AVNCS COMPT OVHT* ALERT REMAING DISPLAYED >
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PACKS 1&3. ..o OFF

<‘AVNCS COMPT OVHT" ALERT >

REMAINS DISPLAYED
NO, PACKs 1 & 3 must remain off for remainder
of fiight.

*AVNCS COMPT OVHT ALERT>

DISPLAYED AGAIN

NOJ
PACK Y ..o OFF

When 'AVNCS COMPT OVHT" alert is no
'angsr displayed,

“AVNCS COMPT OVHT" ALERT
DISPLAYED AGAIN

NO

.....................

Packs 1 & 3 must remain off for
remainder of flight.

Pack 1 must remain off for remainer of
flight.

S NN

Pack 3 miust remain oft for remaindar of flight.

(END)
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END

Figure 26: Quick Reference Handbook checklist, MD-11.

Information displays: Many
management computers and CRT display media. At the
shows ground speed, wind direction and velocity,
to tne airplanc’
screen, but the arrow provides the infcrmation in

new information display

This adds complexity but must be
i warrant the added complexity.

It has been suggested here that
though many subsystem displays,
and some systems, have been
considerably simplified, other
subsystems have become more
commplex. Older aircraft contained
several hundred discrete cockpit
alerung and warning signals (ref. 63).
In current-technology aircraft, a smail
area on the primary EICAS or ECAM
screen is considered adequate for the
presentation of all warning anrd
alerting messages (though scrolling
through such messages may be
necessary with compound faults).
The messages themselves are highiy
abbreviated; quick-reference hand-
book checklists contain procedures
for each abbreviated alerting message.

While the number of discrete
alerting devices has decreased
markedly, the number of discrete
alerting messages that may be
displayed and may require action is
stiil large, though the number of level
3 (emergency) warnings has been
kept as small as possible and non-
essential wamings and alerts are
inhibited during takeoff and firal
approach. Nonetheless. fault
management may still be complex,
and newer aircraft are operated by a
crew of two instead of the former
three persons, so there may be more
for each crew member to do. It is
largely for this reason that Douglas
has automated many MD-11
subsystems management tasks. A
sample QRH page is shown in figure
26. It contains the checklist to be
followed in the event of an avionics
compartment overheat alert. A
manual troubleshooting procedure is

diagrammed logically.

s have been enabled by flight
upper left corner of figure 21, a box

and an arrow also shows wind direction relative
s track. This information was previcusly availabie on the FMS alphanumeric
a more immediately understandable form. In the
same diagram, a curved predictor display shows where the airplane will be at some time in the
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future if it continues in its present turn. In figure 18, a small arrow peinting downward from
present airspeed is a end vector; it points to the airspeed of the airplane 10 seconds hence if its
presznt rate of deceleration continues. These are just a few of a large number »f enhanced
information displays made possible by automated systems in glass cockpit aircraft.

A good example of enhanced intormation displays is the use of the navigation display for
flight plan verification. The entry of geographic waypoints into the FMS prior to departure is
known to be an error-prone task: elaborate procedures involving the endre flight crew have been
instituted 1o decrease the likeiithood of errors in performing this task. Nonetheless, input errors do
occur, are not obvious, and can be exmemely serious. The destruction of a Kerean Air Lines 747
over Soviet airspace is thought to have been due in part to an INS programming error that occurred
many hours earlier, before takeoff from Aachorage (ref. 66). In a more recent case, a Delia 747
and a Continental DC-1G nearly collided over the Atlantic due to an input error by the Delia crew
before takeoff (ret. 67).

Newer automation permits the use of the navigation display for graphic visualizaton of flight
plans. An expanded range (up to 640 NM in the 747-400 and MD-11), north-up presentation of
the flight plan enables the flight crew to detect obvious or gross errors in the waypoints they have
inserted into the FMS. At present, no terrain or other geographic orienting features are contained
in FMS databases, but it is expected that future electronic library systems (se¢ below) will contain
such features; they can be used to provide even more assistance to the crew in detecting errors in
flight plan construction. As always, there will be the added cost of learning to manage the new
systern and of still more information availability.

Even older aircraft incorporate a variety of more-or-less automated information displays; the
altitude alert system discussed on p2ge 38 is an example. A manually-set digital altitude reminder
is compared with actual barometric altitude; alerting signais indicate when the airplane approaches,
attains or later departs from the selecied alttude.

Aircraft equipped with flight management systerms but electromechanical instruments utilize a
small monochromatic CRT display in the FMS CDU for the presentation of alphanumeric
information derived from the FMS. These screens will undoubtedly also be used for digital dara
received by data link units in such aircraft. TCAS incorporates a planform display of traffic in the
vicinity of one’s own aircraft. In scme installations a dedicated CRT is used; in others, TCAS
information may be shown on 2 coicr rad: T screen, while in others, a new color display combines
a presentation of the instantaneous vertical speed indicator (TVSI) with a smail planform display of
raffic. This insttument replaces the conventional (VS]. In nearly all glass cockpit aircraft, it is
expected that the information will he shown on navigation and flight displays.

Discussicn of Information Automation

The purpose of information automation ir the cockpit is to enhance the flow of information to
the flight crew. This information is necessary to permit the crew members to maintain full
awareness of their situation. “Situation awareness” is a term in wide use, but it has been difficult
to define at all precisely. It is thought that much of the difficulty in arriving at an acceptabie
definition may be semantic rather than substantive; like other terms of art, it may be more difficult
to define than to understand. Sarter and Woods have reviewed the literature and have suggested
ways of delimiting the term more effectively (ref. 24).

In situation awareness, we include the crew’s perception of the state and status of their
airplane, its position in space, and the state of the physical and operational environment in which it
is operating and will operate in the immediate future. Information automation, like all other aircraft
automation, must assist the crew in maintaining situation awareness.
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Flight path displays: Given the Integration of information that has taken place in newer
cockpits, it may seem Strange that altemnative, more integrated primary flight displays have not vet
dppeared in transport aircraft. in fact, the primary flight display (PFD) shown in figure 18 does
Iepresent a step forward, in that the information previously shown on five or six instruments has
been combined on one Screen, carcfully designed o0 promote rapid scan of its elements. There is
much controversy with TeSpect (o the optimal layout of this sceeen, whether the airspeed tape
should have higher numbers above or beiow, how ruch information should be shown in various
phases of flight, etc., but almost none among operaiors and manufacturers about whether the basic
format should be retained.

The flexibility of CRTs has reade it possibie to sresent much more information on a single
PFD than was available in one place in electromechanical cockpit displays. The airsreed
indications. in particular, have been increased. Pilots were formerly required 1o sei “bugs’ (small
manual pointers on the circumference of ihe airspeed indicator) as reminders of criticaj speeds; in
current aircraft, these are presented automatically on the airspeed tape, and may be stored in the
FMS database. Whether having to look up and set these speeds manually in older aircraft
improved pilot awareness of them, and whether anything has been lost by providing them
automaticaliy, is not known. Pilot CITOrS in setting them have certainly been reduced.

Trend information based on acceleration or deceleration may also be avaiiable, as are not-to-
exceed and minimum safe speeds based on weight and airplane configuration. Bank and pitch
limits for maximum performance are shown on the attitude indicator. Pre-selected altitude or
decision height lirnits, indications that key altitudes are being approached or have been exceeded,
and altitude trends may also be shown (although the TVS], located at the extreme right of the PFD,
also provides rate of change information) TC'AS resolution advisory information requiring a
climb or descant to avoid conflicting traffic is aiso shown on the IVS] and i< reinforced by voice
warnings. Windshear advisory information ] also be shown or the PFD and will also be
accompanied by voice warnings.

Can all of this additionai information be assimilated by the flying pilot? Experience 1o date
would suggest that it can be. Has anything important been lost in the compressicn of a large
quantity of information onto the surface of a single display? There are indications (Fzdden,
personal communication) that at least some pilots experience more difficulty in maintaining
airspeed and altitude precisely when the relevant information is displayed in a tape rather than
round-dial format. This may be due t0 sub-optima! design of the ta = displays, though efforts to
improve the displays do not appear to have resoived the problem endrely. The phenomenon is not
known 1o have caused significant difficulties in line operations, though no specific research has
been conducted to determine this. There have been cases in new-technology aircraft in which
airspeed (presented in tape format) has decaved to dangerously low jevels during approaches to
landing, but it is not possible to determine whether this was due 1o the display itself or tg over-
reliarice on other protective features of the automation which were not, in fact, operative in the
mode being used.

Despite the apparent effectiveness of CRT primary flight displays, human factors researchers
continue 10 explore altcmativp formats involving a more path-oriented giisplay of attitude, Position

giver the Guestions raised earlier about transition between glass arnd electromechanical cockpits
(page 35), manufacturers and operators have elected thus far 10 remain with conventional displays.
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simplification of the information displayed would not be appropriate during cruising flight on
autopiiot.

Such an appreack is shown in
figure 27, which depicts a com-
pressed presentation cf the data
reguired under such circumstances.
Reszarch would be required to deter-
mine whether such tuncated displays
in fact permitied performance
equivaient to present displays under
all condidons, and whether detection
of anomalies was as easy as with
present formats. The use of different
displays in different management
modes might reinforce pilot aware-

Figure 27: Simplified PFD presentation. ness of the operating mode.

The primary flight display is not interactive; pilots cannot modify it, as they can the navigation
displays, to suit their circumstances or cognitive styles. Whether this should be permitted, or is
needed, also deserves discussion. If some degree of PFD reconfiguration or de-cluttering is to be
impiemented, should it be at pilot discretion or should it be done automatica'y as a function of
flight phase or automation in use? Should a range of PFD options be available? If so, why?

Peower displays: The pilot requires continuous information about the power being
developed by each powerplant. and information about any anomaiies in the propulsion system. Is
more than this needed on primary power displays? Abbott and colleagues (ref. 61) have suggested
that detection of power anomalies might be considerably enhanced by simplified displays. They
point to the Air Florida 737 accident on takeoff from Washington National Airport, ia which,
despite contlicting information on the various engine parameters due to icing of temperature
probes, the takeoff was continued with engines developing much less than takeoff thrust (ref. 68).

As noted above, raw data on
several engine parameters is displayed
THRUST even in highly automated aircraf.

MAX The Air Florida case points out the
NML importance of maintaining a scan of
T —h——— ali of them, and the display shown in
figure 22 attemnpts to ease this task.

But what the pilot needs to know is

simply the instantaneous thrust being
Figare 28: A simplified display of engine thrust Jz ters and developed by each engine, and

trends. Engine 4 is still accelerating but is commanded to reach perhaps any wends in thrust. T.his
normal takeoff tarust. could be done by modern aviomation

driving a very simple display, as
shown diagrammatically in figure 28.

Configuration displays and alerting systems: Much progress has been made in
simplifying alerting and warning systems. In view of tiveir very high reliability, it is necessary to
consider how pilots can be kept alert to the possibility of the failure of such systems. This has
traditionally been done by relying upon pilot knowledge as the primary tool for configuring the
aircraft, reinforced by the use of checklists to verify completion of the required actions. The
autoinated warning systems are a backup check that the most essential items have been attended to.
This approach has been extremely, though not invariably, successfui, as the Detroit and Daillas

44




{ FPRBJLE YY) W
AR RO POV LA LI L1 I VIRULE RS
TN Aa .

takeoff accidents make clear (refs. 10 and 11
resistant? Each added layer of automation in
more devices that can fail.

). Can more be done to maks the system error-
troduces stll further complexity and expense, and

Is it necessary that we recognize the propensity of pilots to rely upon reliable automation and
alter our thinking about alerting devices 1o recognize that they are essential to the successful
functiomng of air ransport? This would require that essential waming systems incorporate miore
redundancy than they do now, so that single-point equipment failures couid nos compromise
safety. Would such an approach further diminish it - pilot’s central role, or would it simply be a
Tecognition that we have already tacitly permitred pilots to rely upon automation and that we must
now buiid automation that will permit them 10 continue doing so? (See also p. 65.)

This question is raised because we are at a critical juncrure. We have relied entirely upon
human operators to insure that fi; ghts .re completed safely, and have considered automaton 1o be
but one of a number of kinds of tools designed to assist thein in their mission. Yet automation is
Now an essential tool in certain Tespects, as is shown by the A320 flight cortrol system. Should
primary fligh: control be the only case? Or should other automation applications aiso incorporate
fault-tolerant architectures and hardware? If we consider those mishaps in which humans failed
despite highly capable automation to assist them. or in which automation failed subtly, we must
acknowledgs that such failures are enormously expensive. If we consider all that is known about
human operazor error, we must concede that such failures wili continue 1o occur (refs. 69 and 70).

Are there ways to make the human-machine system more e1ro:-resistant and error-tolerant in the
detection of configuration probiems?

Aircraft subsystems: The MD-11 represents a benchmark in the automation of aircraft
subsystem controi and management. It also raises questions about aircraft control and

Mzragement, as discussed on page 39-40. Leaving these questions aside, guestions can be asked
about subsystem operation and subsystem displays

.

The issue raised on pages 25 and 26 about subsystem operating panels ard switches is under
investigation at this time  Whether “smart” displays with embedded controi devices are technicaily
feasibie is no longer in doub:. Touch-sensitive or cursor-operated ¢
Whether they are suited for aircrs its i 1
wit” issues related to safety and aircraft certification. Synoptic disp!
cleari - have to be recundant if they were to become the only w
the othe - hand, the coming impiementation of electronic ch

Siggesis . = desirability of locating the system controts close 10 both the synoptics and the
checklists (assuming that reconfiguration coatinues to be a manual operation to some degree and it

probably will for crifical items, and also assuming that such controls can be placed within easy
reachj. Crew inpu: errcrs might also be less if the effect of their actions was immediately obvious
on the display. What would be the new heman operator costs associatec with such systems?

The issue of positionai familiarity was raised on page 25, but the various subsystem control
panels on the overhead differ from each other; they would not differ more on well-designed
synoptic screens. The lack of tactie feedback from virtual switches on a display could perhaps be
compensated for by an audible click when such switches are actuated, and the operation of the
switch shoulg have a visible effect on its appearance. Control Position sensing and verification is
likely to be 2 feature of electronic checklists; this would provide an additional check 4gainst errors

either or omission or commission in the performance of checklists, tho

» though recent work suggests
that more automated checklists may decrease pilot awareness of Sysiem malfunctions or changes in

System status, and this may be an important cost (ref. 71). Further research is underway to
evaluate the benefits and costs of increased checklist automation (ref. 64).

Regardiess of the approaches that may be taken in the future 1o aircraft system madnagement,
computer monitoring both of system status and of potentially critical operator actions to decrease
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the likelihood of pilot actions that can threaten fli ght safety is warranted as a means of improving
error-resistance (vef. 72). Such monitoring could appreciably decrease the likelibood of flight crew
blunders such as those which resulted in shutting down both engines of two 787s shortly after
takeof? (ref. 527, or the severai instances in which fuel mismanagemeni has resulted in all engines
failing duning flight.

SWITCH DISPLAY The advent of synoptic displays

in cockpits has given rise to another
quesdon about the display of svnoptic
information. On such a screen,
should a switck display indicaie the
sensed position of the switch itself, ot
of the device affected? In older
aircraft, disagreement between
physica! swiich position and the
control actuated was usually
indicated. This can be done on CRT
dispiays by sensing and displaying
both function (flow, pressure or
voltage) downstream from the switch
or valve while indicating switch
; position on the switch icon, as is
suggested in figure 29. This
approach would increase disglay
redundancy as well.

Figure 25: Electronic display of switch position and function.

- How much information does the pilot need under various circumstances? A variety of
displays is used even in older aircraft, depending on how much information regarding a given
function is, or may be, required (figure 30). The formats available are limited, though either dial
Or tape representations of data can be used. Each level of display has benefits and costs in terms of
legibility, required space and weight, and mental workload necessary o assimilate the information.

The questions must always be asked: “How much information is enough? How much is too
much?” Though pilcts always wany more information, they are not always abie to assimilate it. To
provide toe much information simply guarantees that pilots under hi gh workload will ignore some

- of it, and which data they will igncre under particular circumstances is not predictable.
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Figure 30: Amounts of imfurmaton presented by various electromechanicai displays.
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The glass cockvit hus
made it possibie to tailor
displays more effectively, and
to provide alphanumeric,
Zraphic or iconic represen-
tations of data. A continuum
l f displays is again possible,

from the simples: indication of
overall subsystem function or
failure, through very simple
diagrams of system contin.
uity, to dispiays of systems
nodes and continuity, to more
complex dispiays that provide

Figure 21: CRT displays of system information.

quantitative data regarding
these functions, as shown in
figure 31.

Each successive increase in display and equipmen (sensor) complexity is again accompanied
by a cost in human resources, as noted above (refs. 20,24,29), though the weight and space
penalties of additional instruments are reduced when CRTs are used.

Pilots need much less information when subsystems are working prope:ly than when they are
malfunctioning. One possible approach to this is a hierarchy of subsystem displays: a minimum of
data would be presentud when a subsystem was working correctly; more data would be presented

malfunction was detected. If touch-sensitive

switches were being used, they wouid become availabie at the higher level of detail. Such an
approach to a fuel system is illustrated in figure 32, which shows a greatly simplified synoptic

diagram on the left, and a more complete diagram

with switches for manual system Operatior on

the right. Would such an approaci: provide information as needed without needlessly distracting

pilots when it was not required?
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Figurc 32: Hierarchy of subsysiem cienlays: simplified fuel Sysiem synoptic at iaf,

expanded synoptic with tonuck

‘vanel switches at right.
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Monitoring of automation: In an automated aircraft, pilots must be 2ble to monitor the
vanous automaticn functions, as well as the functions controlled by the automation. Mos’ current
aircraft provide simple lighis or lighted pushbuttons to irdicate computer failures. Is this enough
10 insure that the flight crew remains aware of automation stawus and proper funciioning? Or ic
another synopnc devoted specifically to the autoraticn required?

As fauit-tolerant automation becomes the rule. may it become necessary to indicate degradation
that wiil not be obvious because backup channels or processors are in usc? Many of the dual-
Processor comsputers in curren! use do not indicare to pilos thar one of the two yrocessors has
failed, though the information is iogged in meinienance databases and, in some awrcraft, this
irformarion is accessible in cruise or on the gound. Is this information necded by rilots? Ir can
be argued that if manual capability exists and is the backup {or a towai computer failure, it is oniy
necessary to alert the pilot when manual operasion becomes necessary, as in the MD-11 ASC
architecture. It can also be argued. however, that pilots shouid be able to ascertzin that the reserve
capability of the automation is iess because a backup processar is in use.

The Future of Information Automation

Electronic library systems, designed to reduce the amount of paper now required ir
Tansport Cockpits, are under active development by at least two aircraft manufacturers and several
airlines. These systems are likely to be instalied in current and future generations of transport
aircraft. They will probably be able to access data stored in flight management system computers,
bui they may not be permitted to interact with those computers 10 avoid certificatiors probiems.

Electronic libraries will require the addition of another dedicated CRT or flat-pare: display for
each puot. If they are to be able to present graphic information in fins detail (appraach plates,
etc.), display resolution will be a serious issue. The organization of informaiion and archirecture
of the libraries wili also require considerable research to 1nswre that information can be located
quickly when it is ne.-ded. and such systerns may add to the cockpit information glut.

Electronic checklists, able 10 reduce or eliminate paper checklists and guick reference
handbooks, will also be inroduced in the next generation of awrcraft. Depending on their
capabilides, these systems may relieve some, or a consideratle rart, of the routine workload of
pilots. A continuum of electronic checkiist avtomation can be proposed:

FROM: « 1. Paper checklists presently in use
* 2. CRT depiction of data on checklist, with scrolling on conumand

* 3. CRT depiction of checklist data with internal monitoring of status of items,
and auto-scrolling

* 4. CRT depiction of checklist with automatic execution on command of flight
crew

* 5. EICAS suatement of checklist required or a problem, with exccution of
appropriate checklist after consent by flight crew

* 6. EICAS statemen: of probiem followed by actomatic execution of checklist
without need for action by flight crew

* 7. Auomazic checklist execution when required; subsequent statss announced
to flight crew

TO:  « R. Fully automatic checklist execution when required: flight crew net notified




This approach is similar 1o that proposed by Sheridan in ~ discussion of iask allocation and
supervisory coanrol (ref. 73). The approaches currentiy in use in the A320 and MD-11 differ
somewhat from those described in this list, though the MD-11 utilizes option 7 for subsystem
reconfiguration. Electronic checklisis are presently under investigation by Paimer and Degani at
NASA-Ames Research Center {ref. 71). Whether pilot situation, or more properly state,
awareness is eshanced by baving 0 perform checklists is not known, though it is known that
present practices with regard to checklist completion are by ric means optimai (ref. 74).

Air-ground digitai communicatisrs: The technology for digital communications
between ground and aircrait is already in wide use (ACARS). Mode S transponder links wil! be as
widely used within the next few years. Sateilite communications will extend high-qualiry digital
communication o aircraft flying beyoad line-of-sight range from land. The bandwidth of
comrunications chanrele will increase enarmcusly, leading to the capability to transfer much more
information to the cozkpit.

The most imporiant issue raised by this new canability is what information needs to be
transferred, in what form, under what circums:ances, and over what channels {voice or digital) for
what reasons. Designers as a community reed 1 be involved in considerations of these questions
now in order to be able 1o implement cockpit information management in consistent and rational
ways and ic be able to integraie information automation into cockpit automation as a whole. There
will be considerable pressure to utilize the additional capacity for information that may ot be
related 1o the critical tasks of the pilot, and this pressure must be resisted or channeled to more
appropniate perscrs or sysiems. There is quite enough information in current cockpits, and not
enough integration despite advances in recent years.




Management Automation

The most revolutionary changes brought about by the introduction of digital comnputers into
aucraft automation have Seen in the area of flight management. Fl; ght management systems in the
coniemporary sense have been in service for littie rore than a decade, but they have ransformed
the pilot’s tasks during that tirre. In this section, we will describe the modern flight maragement
system, the functions it performs, its interfaces with the flight crew, and the questions raised by
this technology. We wii! suggsst where flight managemen. automation may go in the future, and
what new problems mav arise in this domain. First, however, we shouid consider briefly the
environment in which aircrafs fuAnagement automation must operate.

The context of meoenagement automation: Until compezratively recently, airline
operations as wel! as aircraft were largely manvally operated, Fhight and crew scheduling and
dispatch were exmremely labor-iniensive, All of this has changed radically; digital computers have
taken over many of the chores of flight operations management and controi. Computer-generated
flight plans are now devisec on the basis of cost cntrol, a critical factor especially when fuel costs
are high; diversion patterns are suzgested by computers when weather closes or delays operations
at air carrier stations. The algoritt ms that drive thesc a tivities are extremely sophisticated; they
take into account such variabies a« maintenance ctatus of airplanes, piiot flight-hour limitations,
availability of connections far passengers, and & multtude of other relevant variables. Research is
now underway to enable some of these functions in the cockpit. What effects will this have on
flight management? Do they belong in the cockpit, or should they remain on the ground?

"p to this time, the pilot in comrmand of an aircraft has been the sole arbiter of its fate once it
departs. The airline can communicate its strategy and its desires io the pilot, but the Caprain alone
decides what is best for his or her flj ght. Digital communications via the ARIN C Communications
and Address Reporting Systen (ACARS) have replaced much of the routine message traffic
between pilots and company 11 some cerners, but these units entil recently have sensed only a few
airplane parameters used to determine And transmit times of gate departure, takeoff, landing and
gate arrival (though even this limited capability brought at least one flight crew to grief when, after
landing at and immediately (and illegally) taking off from the wrong auport at the destination ciry,
ACARS automatically transmitted an extra set of “out-off-on-in" data to flight operations ;.

Air mraffic control communication with aircraf' has until now been entirelv by voice. The
introduction of mode $ transponders (required by TCAS) with the capabiliry to transmit and
receive digital data will also introduce rwo-way digital data link between ATC and aircraft. Thus,
digital data will be used to transmit clearan -es as well as company messages to airplanes in flight.
(Air Canada already transmits oceanic clearances via ACARS.) Data Fnks to flight and
maintenance management systems already exist; maintenance information cas, be down-linked 1o
companies. Everyone involved in the development of ATC data links to arrcraft envisions the
direct interaction of ATC computers and aircraft flight managemen: computers. This introduces the

r

potential for radical changes in the 1actical cor. ro} of aircraf: in flight.

Although flight managemen: automation technology itself has been brought to a high state of
development, it 1s vital that it now be considered in the larger comiext of aviation system

for the basic allocation of roles and functions that has characterized Past air transport operations.
The implications for the humans who operate in the systern are enormeus.

Flight management system Junctions: Contemporary flight management systems are
complex computational devices linked to and ‘cmmunicating with a great many other aircraft
systerns as well as with the pilots. Figure 33 saows this diagrammaucally for the MD-11] FMS
(ref. 75). FMS software, resident in a fligit management computer (FMC), includes an
operational prograin (containing. in this case, ¢ ver 1400 software modulzs). a navigation cata
base, and a performance data base for the aircraft n which it is installed.
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Figure 33: Interaction of {ught management computer with cther aircraft avionics (Honeywe!l FMS for MD-11).

The FMS software executes these functons:

Nzvigation Automatic radic tuning, dewermination of positicn,

- velociiy and wing.
- Performance Trajectory deternination, defirition of guidance and
I control targets, flight pach predictions.

Guidance Error determination laterat steering and contrcl
commard generation.

Electronic instrument System Computztion of map and situation daia for displzy.

Control-display unit Processing of keystrokes and flight plan construction.

Input/output Processing of mceived and ransmitied data.

Built-in test Systzm moniwring, seif tzsting and record keeping.

-3 Operating system Executive control of ihe opcrauonal pregram,
] memcry management, and stored routines,

The FMC navigation data base includes much of the information the piict would normally
determine by referring to ravigation charts. This information can be displayed on the CDU or
CRT map. The geographic area covered nciudes all areas where the atrpiane is norinally flown.
The data base, tailored to specific airline customers, presently contains 32,500 navigation poiuis
and airway routc structure data. The stored data includes the location of VEE navigation aids,

arports, runways, geographical reference points. and other airline-seiected information such as
starndard nstrument departures, standard arrival routes, approache

additional waypoints can be entered into the data base by the pilots

¢ and company routes. Upto 40
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The FMC performance data base reduces the need for the pilot 10 refer to performance manuals
during flight it provides speed targets and altitude guidance with whict. the flight control computer
develops pitch and thrust commands. The performance daia base is also used by the FMC to
provide detailed predictions ciong the entire aircraft trajectory. The data stored in the daia base
includes accurate airplane drag and engine model data, maximuin altitudes, and maxirnzm and
minimun speeds.

Functions performed by the FMS include navigation using inertiai data from inertial reference
units aboasg the airplane and a combination of radio aids where available. It provides lateral
guidance based on a stored or manually entered flight plan, and vertica! guidance and navigation
during climb and descent based on gross weight, cost index, predicted winds at cruise aititudes,
and specific ATC consmaints,

Flight management systein
controls: Interaction with all flight
management systems 1s through a
control and display unit (CDU) which
combines a monochromatic or color
CRT or LCD screen with a keyboard.
An example of a CDU is shown in
figure 34.

The unit contains a CRT display
screen, six line seleci keys on each
side of the CRT, a brightness adjust
knob, 15 mode select kevs, two
annunciators on zach side of the
keyboards, an alphabetic keyboard,
and a numeric keyboard. The mode
select keys provide quick access to
FMS function pages and data; the
alphanumeric keypads permit entry of
data into the ccmputer.

The newest FMSs provide 2
nuraber of routines to minimize pilot
workioad. Among them are the
“ENG OUT” function, which pro-
vides automatic or manual access o
the flight plen (F-PLN) or
performance (PERF) pages to assist
in evaluating and handlisg an engine
failure condition. The function
eaables FMS engine-oui operation
racdes.

Zntry of data 1s accomplished by
using the keypads. The entered data
are shown on a scratchpad line (see
beiow). when a line select key is
pushed, the data are transferred 1o the
indicated line if they are in a format
Figure 34: Honeyweli FMS control and display unit, MD-1. acceptable to the computer.
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Figure 35: Control and display unit screen, MD-11i.
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Figure 36: FMS mode screens, MD-11.

ht management systzm displays: The CDU display consists of a large aumber of

cach containing ap to 14 jines of alphanurmreric in Ommation as shown in figure 35.

The CDU screen shown here is
the one that would appear when the
“INIT” mode select key 1s actuated.
The title line, at top, shows that this is
the first of three flight plan screeris;
the cthers mav be accessed with the
PAGE key. The scraich pac line is at
the bottom of the display. Vertical
arrows indicate that the arrow keys
may be used to increment values,
The small font displays are predicted,
default or FMC-calculated values, and
labels.

The 50 CDU pages are arranged
ir a “tree” architecture. Portions of
the architecture are accessed by 12 of
the mode select keys. A nortion of
this logical, but complex, architecture
1s shown below in figure 36.

These diagrams show the wee
structure for two modes of this FMS.
There are 12 such stuctures. While
each is logical within itself, studies
have shown that the actuai number of
NeCessary paging sequences is much
larger. In a study of another FMS of
the same generation, it was found that
the number of sequences was several
times the number planned for by the
manufacturer (ref. 76). These
Structeres, as well as the displays,
vary greatly among aircraft rynes and
avionics manufacturers.

This large number of potential
trees involves a considerable atten-
tonal demand upon the pilot, even if
he or she is fully proficient in the use
of the FMS.  ‘Since flight plan
changes are most commenly required
during departure and arrivai, re-
programming the FMS can divert a
significant amount of attention that
may be needed for outside szan and
for cross-cockpit monitoring.




Discussion of Managemr >nt Automation

Flight managemen:! system operation: Both piiots may interact with the MD-11 FMS
simuaitaneously, however, the system will accept flight plan modifications only one at a time.
There are two FMCs, each of which may accept data from either CDU; one FMCis designated as
master, and both must confirm daia entry before new data will be accepted. The two computers
communicate with each other through a private data bus.

in all FMSs, the complexity of the mode and display architzcture poses substantial operational
1ssues.  Much has been done 1o stmplify rcutine data entry, bat recovery from errors in
programming can be difficult. Entry of certain types of data r -+2ins cumbersome and rtime-
consuraing and diverts attention from other flying tasks, as discuss-1 : =low. If an incorrect entry
is attempted, it is rejecied, but without explanation of the error that ed to the rejection, as one
instance.

Allinteraction with the FMS is through one of two or three identical CDUs mounted on the
center conscle. Even with color i asstst, operation of the FMS requires close visual attention to
the screen, and precision in entering data on the keypads. Alphanumeric data entry is known to be
subject to human errors: numbers may be recalled incorrectly from short-term memeory
(ransposition ts most common), they may be input incorrectly, or they may be misread when the
entries are verified in the scratchpad before eniry into the computer. Some data must be enzered in

a specific sequence which imposes additicnal memory Joad on the operator; scresn prompts are not
always clear, when they are available.

Avionics and aircraft manufacturers have made many efforts to make interaction with the FMS
miore error-resistant. Standard or frequently-used routes are stored in the navigation data base and
may be recalled by number. SIDs and STARS are also in the data base; if a change is required by
ATC, only the namme of the procedure need be entered. Charnging the arrival runway automatically
changes the route of flight. Approprizte navigation radio frequencies are auto-tuned as required.
Perhaps most important, newer FMSs interact directly with navigation displays: pilots are shown
the effect of a change of flight plan in graphic form. They can thus verify that an alternative flighi

plan is reasonable (though not necessarily what was requested by ATC) before putting it into
effect.

In some new aircraft, entry of tacticai fligh: plan modifications (speed, altitude, h=ading,
vertical speed) can be done through the mode conrol panel rather than the CDU. These entriss
may either supersede FMS data temporarily, or may be entered inte the FMS directly from the
panci. Experience with these improvements has been limited; it is thought that they may resolve

some preblems with tactical data entry, though pilots must keep track of more potenual mode
interactons.

Verticai navigation profiles generated by the FMS take account of standard ATC alttude
constraints as well as airplane performance constraints, though the air raffic contro! system is not,
at this time, able to take full advantage of the capabilities of management automation which
calcuiates profiles based on actual rather than best average aircraft weight. Optimal descent profiles
will therefore differ encugk: to causs sequencing problems for ATC.

In newer aircraft, manual tuning of navigation radios is possible orly by interacting with the
CDU. Mary pilots have complained that al phanumeric entry of frequency data is more time-
consuming and requires more proionged attention inside the cockpit than sctting the rotary selector
knoebs in older aircraft.

Though flight management systems ruly permit pilots to manage, rather than contro!, their
awrcraft, the dynamic nature and increasing congestion of today’s operational environment has
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strained the capzbilities of the human-machine interface (see below). Despite this, the systems are
extremely effective and have enabled many improvements in operational efficiency and economy.

Flight management system displays: The greatest improvement in FMS display
capability has been its integration with aircraft navigation displays, freeing the svsiems from some
of the constraints imposed by small aiphanumeric CRTs. The addition of color to the CGU display
(carly displays were invariably monochromatic) may help, though the resolution of the color
ciisplays is less and the usefulness of color in this application has not received much systematic
study. The design of pages, however, still represents a compromise between the amount of
alphanumeric data per page and the number of pages necessary to enable a particular functon.

As shown above, the displays are complex and the number of pages is large. The attention
required for re-programming has led to undesirable ad hoc procedures in the cockp:t; an
appreciable number of pilots prefer not to interact with the systems below 10,000 feer during
descent, in order not to compromise aircraft management and scan for other traffic (ref. 19,77).
This approach permits human resources to be devoted to more important tasks, but at the cost of
losing some of the benefits of the FMS during flight in the terminal area (such as its knowledge of
alttude restiictions). This is clearly a problem of human-system interface design, rather than a
problem in the design of the systems themselves. A number of research and development efforts
are underway to improve these interfaces and specifically to make them less totally dependent on
cumbersome alphanumeric data entry, but considerable attention to the CDU displays is also
warranted. There remain important questions about the integration of these systems into the overall
cockpit and autcmation design, and it is these integration issues that most need to be resolved.

The Future of Management Automation

Flight management systems have been brought to a highly-advanced technological state in a
very short period of time. New systems will be able 1o take advantage of new navigation aids, in
particular satellite navigation, without appreciable further development. Future systems may
provide further assistance to pilots by providing autotuning of communications, as well as
navigation, radios when new communications frequencies are uplinked to aircraft by data link: this
means of communication will also become the channel through which clearances and subsequent
amendments are transmitted to aircraft, and may become the primary means by which pilots assent
to or request modification of such clearances.

It is this technology and the uses that wili be made of it that raises the most serious questions
concerning the future of management automation. Data linked clearances will require only consent
from piicts to be entered automatically into the FMC, and acted upon thereafter. Will pilots fully
cansider the potential impact of a clearance change before accepting it? Will they be as aware of its
1mpact given the ease with which new clearances can be transferred to the FMS? Will situation
awareness be maintained? When the airplane is being manually controlled, will the flying pilot,
whose visual atteniion is largeiy centered on the flying task, be fully aware of the changes when
they are presented visuaily, rather than by voice as is the case today?

Pilot refusal to accept a new or amended clearance, on the other hand, will require negotiation
between the pilot and coniroller. How will such negotations be conducted? Will they be between
aircraft and ATC computers, or wili voice communications be used in such cases? If between
computers, how will the pilots (and controllers) remain directly involved? How will intent be
communicated between the pilots and controllers? If the negotiation process is slow or onerous,
some pilots will be tempted tG simply accept a clearance rather than argue about it, especially when
their workload is high. Ways must be found to avoid such problems.

Will the correct reception of uplinked data be verified with the ATC computer before the data

are acted upen by the FMC? How will errors in automatic clearances be detected? This is a
difficult probiem under high workioad conditions today; errors in clearance readbacks are not
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infrequently missed by controllers if indeed there is ime between transmissions to read themn back
(ref. 78). Will the architecture of the new communications systems be designed to improve Ciiux
resistance”?

Error resistance could be materially improved by comparison of pilot-entered FMS data with
clearance amendments, and by comparison of critical data in the FMC with ATC computer data to
verify that an airplane is indeed proceeding in accordance with ATC's intentions for it. This could
drastical'y dscrzase the large number of altitude excursions that occur in the present system (ref.
79). and most important, could prevent many such excursions before they occur rather than
detecting them only after they occur. Advanced ATC automation will look much farther into the
future to detect potential conflicts and resolve them prospectively (ref. 80); if the FMC is to
communicate with ATC computers, new methods of detecting and sspecially of avoiding potentiai
future errors also become possible and should be considered.

Ii 1s clear that ihe integration of the air and ground elements of the aviation system will proceed
at air accelerating rate. At this point in time, when the architecture of the more iniegrated system is
being developed, all system participants shou.d be considering how to improve system safety by
increasing error resistance and error tolerance, both by more effective digital communication and
by includinig data that can be used for error detection and mitigation. If this is not done prior to
ATC data link system design, it will be much more difficult later.

ATC
COMPUTER
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MANAGEMENT
OPTIONS
FUTURE

MANAGEMENT
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FLT. MGT.
SYSTEM
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/™ COMPUTER DIRECTOR
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PILOT COMPUTER
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Figure 37: Present and future options for management of air iraffic.

Questions regarding future management automation do not relate to flight management as it is
now accomplished, but rather to the rospective roles of the humans and computers (figure 37). At
this time, the pilot closes the flight control and management loops. The coming availability of data
link between aircraft and air traffic computers creates the potential for other management options
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that remove the pilot and controller from the loop, however.
options? It is accepted that humans wil] retain fu
however, remain in full command of the mcre auiomated system?

For that matter, will command of that future system even
recent MITRE study of AERA 2 (Auomated En Routz Air

ievel operating guidelines for air traffic controllers when
states that,

“Responsibility for safe Operation of aircraft remains with the piot in command

“Responsibility for separation between controiled aircraft remains with the
controiler.

“Since detecting conflicts for aircraft on random routes is more difficult than if the
traffic were structured on airways, the controller will have 1o rely on the

(automated) system to detect ptoblems and o provide resolutions thar soive the
problem.

“Alerts may be given in situations where later information reveals that separation
standards would not be violated... This is due to uncertainty in trajectory
estimation... Therefore, alerts must be given when there is the possibility that
separation may be violated, and the controller must consider all alerts as valid.”

In its Executive Summary, the report states,

“Machine-generated resolutions offe

red to a controller that are free of automation-
identified objections are assured fea

sible and imnplementable as presented.

“The controller wili use awiomation to the maximum extent possible.”

It is far from clear that air rraffic controilers in the AERA system wili be able to exercise more than
limited authority, but it is quite clear that they will continae 1o be fully responsible for the safery of
air traffic. Will advances in air-ground automation place the pilot in a similar position? More
appropnately, given the concept of human-centered automnation set forth at the beginning of this

ocument, how can we design and operate human-centered automation so that this does not
happen?
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Will there be pressure 1 utilize those
I responsibility for system safety. Will they,

remain within their capabilizies? A
Traffic Conwol) (ref. 3C; cutlines high-
AERA 2 becomes operational in 1999 It




III: THE ENVIRONMENT OF AIRCRAFT AUTOMATION

Introduction

It is not sufficient to consider aircraft autornation independent of the environment in which it
exists and is used. All tools are products of the societies and technologies and individuals which
developed them; aircraft automation likewise is a product of the environmeni and context within
which it was developed, and it is a tool for the people who operate and manage the aviation
system. Aviation is somewhat differcnt from manufacturing, however, in that the producton units
may be both operated or controlied, and managed, b’ the same persons. To that exten:, both
manual and cogritive skilis are required o be resident in the same operator, and the sharp division
between “‘doing’” and “‘thinking” :hat characterizes Taylor's scientific management notions (ref. 81)
1S not present.

The European ESPRIT program emphasizes the “human-centered workplace”, and much
research that preceded it or has been done under its auspices has been motivated by sociological
acd cultural concerns (ref. 82). This is relevant in this context, because in zviation more than in
most =ndeavors, the concept of social “class” is blurred. The workers, to a considerable extent,
are a. .0 the managers in flight operations and in air traffic control as well, and failure t0 recognize
this d.ality has brought more than a few operations to grief. Despite the best efforts of those who
seek 2 clear demarcation between labor and management, pilots and cortrollers alike persist in
actng in both capacities and do not, on the whole, behave consistently as one or the other.

In this section, we consider the context of aircraft automation: the vehicles, the physical
environment and the operational environment in which they fly, and the people who operate them.
All have changed considerably in recent years and will change further in the near futire. To remain
an effective resource, aircraft autoraation, now an essential tool for aviation system safety and
productivity, must take account of these changes.

Figure 38: Aircraft in the future system.




The Aircraft

Throughout this section, it must be remernbered that the advanced aircraft designed and buist
during the last ten vears will be in service for the next twenty or more vears. To a considerable
extent, the shape of the future can be seen in daily operaticn at any of our large airponts (figure 28).
For this reason if for no other. ir is thought most changes in the vehicles will he evoiutionary, not
revolutionary, during the nex: 1(G-15 years.

An important exception may be a new supersonic ransport which could vastly improve
service aiong the Pacific rim, ransporting economically large passenger loads in less than half the
ume presently reguired. Having said this, bowever, 1t is necessary 1o recall that the Aerospatiale
Concorde has been in daily scrvice hetween the United Siates and Europe for over twenty years,
and that withcut a fata! accident. Concorde does not carry economicaliy viable numbers of
passengers, but it was the first fly-byv-wire civil aircraft; it Incorperated the forerunners of some of
today’s advanc :d antoration, and it too will rerazin in service for a considerzple tme to come.

The changes in cockpit and automation techriology duning the past decade have been as
revolutionary as the changes in aircraft technology during the 1950s, when Jet ransports were
introduced 1nto air transport. At the beginning of the 1980s, ransport cockpits contained
electromecharical instruments. competent autopiiots and autothrust systems, and radio and inertial
navigation systems of limited capability. Communications were almost entirely by means of voice.
Pilots could mas:age their aircraft by delegation of duties to the autoflight systems ard, in equipped
aircraft, they could insert flight plans into the inerial navigation systems. Vertical navigation was
stll accomplished manually.

Ten years later, pilots are still responsibie for manual guidance of their arrcraft—but only from
the gare to the minway, and from the runway threshold through the takeoff. If they elect to do so,
they can resume manial control only after the aircraft is again on the runway at its destination.
They must still instruct the automation how to conduct the flight, though even these instructions
will be abie to be communicated directly to the FMS in the near future. Initial testing of data link
communications through satellites over the Pacific beg n at the beginning of 199i. Tests of ATC
pre-flight clearance delivery via data link were already in progress at that time.

~

Aircraft were once used almost exclusively for one type of mission, either short-haul or long-
haul transportatior. More flexible management styles, erabied largely by airline automation, havs
blurred this distinction. An airplane designed for very long routes mav well conduct flights of very
short duration at either end of its longer flights; these short fli ghts may be one hour or less ir
length. “Short-hau!” aircraf may new conduct trans-continental operations of five or more hours
when loads are light. Cockpit equipment and procedures, once very different in the two types of
aircraf, differ much less in present-day aircrafi and wil. differ still less in future derivat:ve and new
designs. High levels of automation, formerly installec only in long-haul rnachines, ars now found
to an almost equal degree in short-haul cockpits.

Aircraft fly much more these days. In areguiated air transport environment, aircraft flew, on
average, perhaps 6-8 hours out of each 24. Some airlines have now doubled these figures by
optimization of scheduling. This has meant profound changes in maintenance scheduling and in
aircraft equipment; the economic penaity of keeping an airplane on the ground awaiting
maintenance is simply too great to permit grounding the machine for any but serious malfunctions.
Redundancy of systems has increased gready and dispaich of aircraft with noperative components
awaiting repair has also increased greatly. This has been a sousrce of contention between pilots and
airlines, but like sc many other changes which have occurred in the wake of deregulation, it is a
factof life. It does require pilots to be prepared to undertake flights without some of the equipment
which they have become used to having, nowever, and 10 that extent they may be required 1o adapt
t0 a variety of operating and Inanagement styles even within a single flight sequence.




Indeed, the proliferation of aircraft models within a singie type and carrying a singie type
certificate has also posed potential problems. During a flight sequence pilots in some carriers may
fly both eariy (197C vintage; and just-delivered modemn variants of the same aircraft, carrving
vastly different amounts of automation, instrumentation and other cockpit aids. The enormmously
successful Boeing 737 series, of which more than 2000 have been delivered between 1967 and the
present, spans the entire development of advanced automation. The MD-90 cairies 1he same type
certificate as the original DT-5-10. first delivered in 1963, and pilots in some &irkines mmay flv
several of its seven models. Pilots are given differerices training to acquaint them with the features
of the various models, but cockpit operations may differ substantially across models, some of
which may contain modern flight management svstems while othars have only a simple autopilot
and folly menual subsysiems.

The Physical Environment

Though aircraft have changed dramatically, they are sti!l operated by “Mark I” humans in a
“Mark 1" physical environmeni. What has changed is the amount of pressure ovn airlines to
maintain schedule regularity in the face of uncontrollable variarions in weather (figure 39). The
increase in aircratt flying hours on tighter scheduies and the growing use of the “hub-and-spoke”
concept of airline operations have imposed increasingly severe penaities for delays and diversions.
A single non-arrival at a hub early in the moming can affect as many as ten departures later in the
day. Avrline gates are in shont supply, particuiarly at hubs; this again increases penaities for a iate
(or even an early) arrival.
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Figure 39: The physicai hazards: thunderstonas, high terrain, snow.

Though pilots stili remain the sole arbiters of their operations when safety is threatened by
weather or unfavorabie runway conditions, the tighter economic climate, reinforced by the demise
of many inefficient carriers, has affected everyone in the air carrier industry. Airlines and pilots
alike fird themselves forced 1o operate profitably in a real world whose physica! constraints have
not changed. They have dorne so in part by gathering and disseminating more and better
information about the state of the physical environment, in part by the use of automated scheduling
and planning aids, and int part by utilizing the flexibility of the human operator, who remains the
primary defense against operations beyond safe limits that may be difficult to discern at the time.
This defense has not always been effective, as was shown in a Delta Airlines L1011 accident
following a microburst encounter at Dallas-Font Worth (ref. 83). That they have usually been able
to do so in the face of unrelenting pressure says a great dea! about the effectiveness of airline
training and supervision; it also says a great deal about the effectiveness of regulatory and
certification aathorides in setting reasonable but safe minimum standards for air traasport.
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The Operational Environment

Under this heading, we include doth the air tvaffic managemert system and the flight
operations systems of the various aiy carriers; each impose ruies and limits within which pilots
must cperate. The air traffic m2nagement system manages and conTols all movements of air
carrier aircraft. Air currier fli ght operations systems, operaung within constraints imposed by air
traffic management, provide a continuirg feed of aircraft 1o the 4i- trafiic system {figure 40).

—
i
i

Figure 40: Managemen: of air taffic is shared among Flow Control, ATC, Airline Scheduling and Dispatch,
Though tactical air traffic control is still largely a manual System (this will change to a
profcund degree during the coming decade), strategic air traffic management has been automated to
a considerable degree. Flow management, designed to insure that the ATC system does not
become seriousiy overloaded, now determines capacity at heavily-ysed atrports and redirects the
fiow of air traffic during contingency operations forced by weather, runway closings, or
emergencies in progress. It provides the constraints under which the entire System must operate.

The original impetus for “flow control” was the fuel crisis brought about by the Arab oil

i sentially circling at a waypoint while awaiting a

landing siot ata congested airport) became unbearabie and efforts wers made 1o hold aircraft on the
groung at their points of Ceparture. The near-collapse of the ATC System during the controllers’
strike in 1981 forced the Federal Aviation Administration to impose draconian limits on the
capacity of the national airspace system; flow control was the primary means through which the
system was able to operate within the capabilities of the severely depleted ATC faciliti

; flow controi, considerably improved
and increasingly automated, provided the strategic airspace management capability which has

enabled the system to absorb continuing increases in traffic, albeit with increasing numbers of

The work of flow control 15 largely transparent to individual pilots, though those who are
delayed 1 departure due to mechanical or other protlems miy perceive its operations as delays
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obtaining a takeoff sict. Not so the AT system, which controls Lterally every movement of everv

air carrier aitplane from gate to gate. Air wraffic conirollers and pilots together are the operators oi

the syster; they share respornsibility for safe mission compledon.

Alr traffic controllers operate a largely manual air traffic control systemn under an extremely
cemprehensive set of ruies and procedures designed o cover virtually every eventuality that may
arise 1 the conduct of flight operations. Though controilers have been freed to some extent from
purely procedural control of air traffic by the adven: of radar aad alutude-enceding transponders
which provide them with three-dimensional indications of aircraft locanions, consmaints imposed
by the increasing volume of air waffic still force ther to work largely by inflexible rules, a source
of continuing arnoyaiice boih to them and o pilots who are unable, by virtue of those rules, to
operate as efficicndy as they would iike to and as their airbcrne automation would permit them to.
The discrepancy between airbomne equipment capabilities and the abilitv of ATC to permit the use
of those capabilitics has increased and become more obvious since the introduction of higaly-
auiomated aircraft with vertical navigation options.

\ \a' q“
_—
1 1
e Tower | ocal Tower Loces
) Contrai Conval
{ Grounc Corirol Convol Ground Convol

Figuare 41. The air tratfic contrcl system.

The inherently manual nature of air traffic controi forces it to operate in a highly orderiy
manner (figure 41). The present system is highly intolerant either of disoider or of human error,
as was wagically demonstrated in two recent collisions between two aircraft on runways at i.os
Angeles and Detroit (ref. 84). Incident reports demonstrate that in-flight emergencies also, while
generally well-handled, may in tum precipitate other problems involving other aircraft (ref. 85).
Indeed, the ability of the system to handie anomalies is largely due to the flexibility of its human

controilers, who demonstrate great professionalism and skill in their conduct under difficult
circumstances.

The FAA has embarked on a major re-equipment program to provide ATC with better tools
with which 1 conduct 1ts operations. Massive autoration of the ATC systern during the next two
decades will permit the limited capacity of U.S. airspace, and particularly its heavily-congested
terminal areas, 10 be utlized to the fullest extent possible, though without new runway capacity the
airspace system will continue to he vnder severe strain into the foreseeable future. As indicated in
the previous section, ATC automation will force drastic changes in ihe roie of the air traffic

controller; it may also cause major changes in the processes by which air raffic conwrollers and
pilots have worked together 0 accomplish the mission.

Not ail of these changes will be bad, by any means; the automated en Tovie system should be
able 10 accommodate pilot and company route preferences much more often than is now the case.
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AERA by itself will not, howeves, be able to improve terminal area operations appreciably, and
research ’s now underway both within FAA and NASA 10 assist terminai area maffic management
by providing controilers with automated decisicn aids to improve arrival traffic flows (-ef 6-,86).
If, however, an automated ATC sysiem inhibits the ability of controllers and pilots to work
cooperatively to resoive problems, it will severely limit the flexibility of the systen, and the ioss of
that flexibility couid unco much: of the henefit expected from a more antomated systenn.

Unfortenately, the gains in capacity from improved airspace usage will be limited at best
vithout new runways or radical differences in operating methods. The social and polirical
p: oblems posed by new airport construction have thus far seemed insurmountable, despire the
g owing dependence of the public on air transport for both the conduct of its business and its
le sure (ref. 17). This problem is beyond the scope of this document, but the fact that it has thus
‘ar been insoluble is forcing aircraft to operate to tighter and tighter tolerances. Separation
standards long considered inviolate have been relaxed in the Los Angeles and six other terniinal
areas; FAA and NASA will shortly begin to examine ways of permitting aircraft to conduct much
more closely-spaced parallel or converging approaches to landing under instrument meteorological
conditions (ref. 7). The latter change may be enabled. in part, by new collisicn avoidance
displays, along with betier ground radar, but it may also require more automated operations under
these conditions, and both changes will cerainly require higher levels of vigilance and will
probably place higher cognitive demands on pilots and controllers alike.

It should be noted that the rules and regulations governing air transport have not been
conclusively proven to be “safe enough” to produce an extremely safe system, though most of the
accidents that occur are due to contravention of those rules and regulations or to errors in carrying
them out. But we do not know how much of a margin of safety is embodied in those rules, for air
carsiers and ATC have usually operated to a standard somewhat higher thar the rules require. We
are now being forced by increasing traffic congestion to operate to the limits of the rules for air
traffic management, and in some carefully-considered cases to relax them. This is an exercise
fraught with peril and it must be approached with the greatest care, tempere by common sense and
careful research and operational testing. Improvements in automation technology can help humans
t0 accomplish new and more difficult tasks, but automation should nor be used t¢ increase system
throughput beyond the lirrits of human capability to operate manually in the event of automation
faijures if humans are to remain fully responsibie for system safety. There is increasmn & cvidence
that this could be allowed to happen during the coming decade, 2: least in air traffic contros.

The Human Operatsrs

In considering the context of aircraft aatomation, the most important facet is the human being
who operates, controls or manages that automation in the pursuit of human and social objectives.
Though in 2 previous section we made reference to improved aircraft still operated by the “Mark I’
human, this is true only in a general sense. Individual human capabilities have not changed very
mwuch in the short history of aviation, but kuman operators, considered collectively, have changed a
great deal, in the course of learning to design and undersctanding how to operate the advanced
technology that characterizes aviation.

Ar unprecedented expansion of air carrier flight operations during the 1980s, coupled with a
decline in the number of availabie military pilots and changes in Federal regulations conceming
hiring, has precluded the carriers from continuing 10 rely almost totally on fully-trained military
pilets for their new entrants. Persons without military experience, often with more limited aviation
packgrounds, have beer: hired in large rumbers ir recenr years. A large proportion has come from
the ranks of commater airlines, some of which have regularly experienced tumover of well oves
50% per year because of this. More women, minorities, and older persons have been permitted to
enter the air carrier work force. The overall complexion of the air carrier pilot population is
changing more rapidly than at any pmvious bme 1 history.

63




TR U L TR Ry e

Though this has had many effects, zood and bad, it has meant that airlines can no longer
assume a common pool of shared experieiice in their new pilots. They must therefore develop a
shared adherence to their desired standards through new-hire training, initial cperating experience,
and continued training in lire operations. Airlines have aiways rel:ied upon their captains to
conduct much of their training, and the system has worked well. but airline expansicn has aiso
mearnt that pilots progress much more rapidiy to caprain status: for this reason, captains alse may
have less experience than their counterpans of a decade ago. Thesc factors, rapid progressior,
through different seats and different airplanes, and other rulated factors pose another threat of a
different sort to operational safety. The NTSB has commented unfavorably or the pairing of crew
me:mnbers, both with very limited experience in the aircrafi being flown, in several accidents.
notatly 1 Coninental Airlines DC-9 takeoff accident at Denver (ref. 8%} and the US Air B-737
takeoff accident at LaGuardia Airport in New York (ref 89 ).

Experts solve problems quite differently from novices (ref. 903. As we train a more
heterogeneous population of air carrier pilots, we must also train problem-solving skills. a topic we
have tended to take for granted in the past. In particalar, it will be necessary t1 ain at icast some
of the new entrants in problem-so.ving under time pressure, a task for which cockpit procedures
trainers and more capable simulators are well-suited.

Each of these factors makes rule-based aperations a virtuai necessity; the imposition of
standard rules and standard operating practices can do much to maintain uniform operating
standards in a diverse group of people. Beniger points out, however, that while “programs controi
by determining decisions”, Gode!’s incompleteness theorem says that in any formal system there
exists an undecidable formula, and that the consistency of such a system is also undecidable (ref.
91). Cooley aiso discusses the “de-skilling” effect of automatizing behavior and derides the
“Amenican fallacy” of “the cne best wav” (ref. 92).

Humans are not automata. and it was noted above that pilots, in particular, persist in behaving
both like operators and managers. Too much reiiance on rules produces both 2 decrease in
incentive and over-reliance on set bekavioral formulas in an environment in which the unexpected
can be confidently predicted to occur. The point of this i< that while standard operating procedures
are necessary and desirable, they cannot in all circumstances be considered a substitute for what

our British colleagues call “airmanship’”: the ability to act wisely in the conduct of flight cperations
under difficult circumstances.

2 1.
Hlessed | TRAINING
. : ¢
iy s
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Figure 42: Training is essential for uniformly effective performance.

Training is expensive and time-consuraing. Trainees must be pa‘d while in training, time
spen! in training is lost from productor, and a raining staff must be raintained.  Air carders have
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taken many innovatve steps to reduce raining time while improving the quality of their training
programs; the FAA has recently issued a major revision of its policies regarding training (ref. 93).
Nonetheless, a less experienced. more diverse piot population is now the object of airline training;
ali students must be brought to airline standards <figure 42). The introduction of advanced
automatcen does #o! requce training requirements; on the contrary, pilots must now leam o operate
very complex auiomation as well as the other airplane systems. Training managers as well as line
pilots have expressed concern about whether training time formerly devoted to Improving
arrmanship is now diverted to training to Operate automated syste ms and about the possibie effecis
of this change in emphasis (refs. 77 and 94,

Iris tempting 10 suggest that advanced automation may be able to permit the selection a5 air
carnier pilots of less qualified persons than have been required heretofore  Indeed. in other
industries employing advanced avtomatior: ¢ notably the ruclear power industry’, operators without
advanced education and experience have been the Tuls.

In aviation, however, there has been no
tendency thus far to take this approach, and the need for pilots and air raffic controllers to bring
intellectual as well as manual skills o

their jobs has no: lessened. Experimental studies have
1ndicated that the most successfl pilots in taxing nussions bring to their asks a high degree both
of expressivity {sociai skills) and instrumentality. or task orientation (ref 95). One threat posed by
advanced automation is that it may make things too simple and may remove from flying the
challerges that are the source of much of the ego-gratificatior. and job satisfaction that the

profession now offers to pilots, most of whom would still rather be flying for a livin g than doing
anything elsc.
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IV: ATTRIBUTES OF HUMAN-CENTERED AIRCRAFT AUTOMATION

Introduction

In a landmark paper a0 198C, Wiener and Curry discusced “Flight-Deck Automatdon: Promises
and 2rob’ems” (ref. 35). They pointed cut that even at thar tirie, the quesuon was “‘not whether a
function can be automated, but whether 1t should be, due to the various human factor questions that
are riised.” They guestioned the assumption that automation can eliminate human error. They
poinieC out failures in the interaction of humans with attoiaanon and in auiomation iseif.

COMPUTER
CONTROLLING

PiLOT MONITORING

MANUAL-p. £

i COMPETENCE

« HIGH WORKLOAD CONTROL FUNCTIONS
c FATIGUIE

Figure 43: Monitoring and control functions
{redrawn from Wiener and Curry, 1980;.

They discassed control and mon-

. "" N‘ . > - -
) P ACENCY itoring automation and emphasized
» EROSION OF the independence of these two forms

AUTO4 | COMPUTER of automauon (figure 433 “it 1s
PILOT possible to have varicus levels of
SONTROLLING automation in one dimension inde-
pendent of the other.”
MONITOR - .
FUNCTIONS the authors then discussed

system goals ancC design philosophies
for contro! ana ~Monitoring auto-
mation. They .iggested some
generalizations about advantages and
disadvantages of automating human-
machine systems, and went on to
propose some autornation guidelines
for the design ar” use of automated
sysiems in aircra. .

It is worth recalling Wieoer and Curry’s guidelir. s, because they foresaw many of the
advantages and disadvantages of autemation as it is used tow. y. The following are abstracted from

their gideline statements.

Conatrel 1asks

{. System operation should be easily interpretable by the operator to facilitate the
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etection of improper operation and te tacilitate the diagnosis of malifunctions.

Isign the automatic system to perform the task the way the user wants it done...this
may require user control of certain parameters, such as system gains (see guideline
7). Many users of automated systems find that the systems do not perform the
function in the manner desired by the operator. For example, autcpiiots, especially
olde: designs,.have too much “wing waggle” for passenger comfort when tracking
ground-based navigation stations...Thus, many airline pilots do not use this feature...

Design the automation to prevent peak leveis of task demand from becoming
excessive.. keeping task aemand at reascnable levels will insure available time for
rpontonng.

... he operator must be trzined and motivaied (o use automation as an additional
rexource (L.e., as a helper).
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5. Operators should be mrained, motivated and evaluated to monitor effectively.

6. If automation reduces task demands to low levels, provide meaningfui dutes to
maintain operator involvement and resistance o distraction...it is extremely important
that ainy additional duties he meaningfui (not “make-work™)...

7. Allow for different operator “styles” (choice of automation) when feasible.

8. Insure that overall system performance will be insensitive to differen: options, or
styies of operation. ..

9. Provide a means for chec ing the setup and information input 10 automatic systems.
Many automatic system failures have been and wili continue 1o be due to setup error,
rather than hardware failures. The automatic system itself can check some of the

setup, but independznt error-checking equipment and procedures should be provided
when appropriate.

10. Extensive training is required for operators working with autormated equipment, not
only to insure proper operation and setup, but to impart a knowledge of correct

operation (for anomaly detection) and malfunction procedures (for diagnosis and
treatment).

Monitering tasks

'1. Keep false alarm rates within acceptable limits (recognize the behavioral effect of
excessive false alarms).

12. Alarms with more than one mode, or more than
alarm for a mode, must clearly indicate
display.

one condition that can trigger the
which condition is responsible for the alarm

Sand
L]

- When response time is not critical, most operators will arempt to check the validity of
the alarm. Provide information in the proper format so that this validity check can be
made quickly and accrrately...Also, provide the operator with information and
controls to diagnose the ..utomasic system and warning system operation.

14. The forma of the alarm should indicate the degree of emergency. Multiple levels of
urgency of the same condition may be beneficial.

i5. Devise training techniques and possibly training hardware...10 insure that
are exposed to all forms of alerts and to many of the
and that they understand how to deal with them,

flightcrews
possible combinations of alerts,

The authors concluded that “the rapid pace of automation is outstripping one’s ability to
comprehend all the iraplications for crew performance. It is unrealistic 1o cali for a halt to cockpit
automation until the manifestations are completely understood. We do, however, call for those
designing, anaiyzing, and installing automatic systems in the cockpit to do so
recognize the behavioral effects of automation: to avail themselves of present and future guidslines,
and to be watchful for symptoms that might appear in training and operational sattings” (emphasis
suppiied). Their statement is trus today and their call is as ap

propriate as when it was written. The
remainder of this document is devoied to expanding on their

additional decade of experience and hindsight.

guidelines with the benefit of an
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System Goals

Before consideriag guideiines for aircraft automation, it is wise to remind ourselves of whas
the aviatior system is all abeut, to consider now and why zutomation is necessary and beneficial,
and 12 review thse aspects of automaton thai may need improvement.

Wiener and Currv (ref. 35) outlined several sysiem goals from the viewpoint of the user:

o I. To provide a flight (from pushback 0 docking) with infinitesimal accident
probability.

to

B . To provide passengers with the smoothest possible flight (by weather avoidance,
N seiection of the least rurbulent altisudes, gracdual ums and pitch changes, and gradual
, alutude changes).

Wl

N To conduct the flight as economically as possible, minimizing flight ime, ground
3 delays, fuel consumptior, and wear on the equipment.

. 4. To minimize the effect of any flight on the ability of other aircraft to achieve the same
K goals (e.g., by cooperation with ATC in rapidly departing altitudes when cleared,
freeing them up for other aircraft).

5. To provide a pleasant, safe and heaithfu! working environment for the crew.

We suggest a very similar list as the minimum which must be attained: we fee! aiso that the list
must be sufficient from the viewpoints of all involved: the manufacturer, the airline, the pilots, the
air traffic management systern, and the passenger. Not all (nor indeed any) of these participants
will be sansfied with every flight, but ajl must agree in general with the goals of the system. We

helieve these are the goals of the air transpurtation system:

i. Safety: To conduct all flights, from pushback to docking, without harm to persons
or property.

2. Reliability: To provide reliable ransportation without interference from weather or
other variables.

3. Economy: To conduct all flights as economicaily as possible.

4. Comfort: To conduct all flights in a manner that maximizes passenger and crew
health and comfort .

These goals may obviously conflict; tradeoffs among them in operations as well as in design are
often required.

Safety has always been proclaimed by the aviation industry as its primary objective, even at

. the expense of the other goals. The Federal Aviation Act of 1958 {ref. 96) required the FAA to

: control air carrier operations to maintain “the highest level of public safety,” but even this term is

S elusive. Taken literally, it can be read to require that any step that may improve safety, no matter

1 how expensive or burdensome, must be implemented. Taking a slightly less extreme approach,

the phrase could be interpreted 1o mean that any step that can be proven to increase safety will be

- taken. Ths is fairly clcse to the approach that has guided the industry in the past, despite

‘ occasional unfortunate exceptions. Reliability, economy and comfort have been secondary goals,
though they are critical to the survival of this critical element of the national economy.




Has aircraft automation contributed 1o the fulfiliment of these syseem goals? An examination
of air carrier accidents by Lautmann and coileagues (ref. 97) suggests that more highly automated
aircraft have had substantially less accidents than earlier aircraft. Ten years afier their iniroduction,
the Boeing 757/767 types have been invoived in orly one fata! mishap (Thailand. 1991, under
investigation), a truly remarkable record in view of the propensity of new typss t6 accumulate most
of thetr accident experience during their earliest years of operation. There bave been fatal accidents
(though a very small number) involving ather current-generadon zircraft, but Lautmann’s finding
1s probably correct, and it may auger well for the future, when newer aircraft will have replaced the
older fleet.

Nonetheless, the same study showed that some air carriers, nations and regions of the world
operate considerably moie safely than do others. As these other carriers, nations and regions
become more prosperous and acquire mere ad vanced-technology aircraft, will their safety records
likewise improve dramaticallv? The infrastructure of aviation in many areas of the worid is stil!
sorely lacking, and it takes more than excellent aircraft to make an excellent safety record. Will
advanced technology be able to compensate for deficient navigation aids and airports? Can
automation itseif make the system more error-resistant?

Inertial reference systems and map displays certainly make an aircrafi less dependent on
properly functioning navigation aids and improve position awareness, the lack of which is still
associated with an appreciable number of air carrier accidents. Will such improvements, together
with satellite navigation systems, compensate for the greater complexity of advanced automation?

Reliability has been improved; autoland-capable automaticn has increased the number of
flights able to land at destinations obscured by very low visibility, and windshear detection devices
will provide warning of serious hazards that may not be apparent to pilots. Collision-avoidance
systems wiil likewise provias additional protection against an increasingly frequent hazard. Will
improvements in aircraft automation be able to counteract, to some extent, the delays forced by
increasing congestion in the airspace system? Time-based {“four-dimensional,” or 4-D)
navigation, a probable featu.e of the next generation of flight managemen: systems, will at least

ermit us *o miake most effective use of the fixed volume of airspace.

Economy has been improved by fhi £ht management systems that can take costs into account
in constructing flight plans, though the benefits possibie frem such computations have been diluted
hy the inability of the ATC system to permut aircraft to operate on most cost-efficient profiles. This
shouid be improved by ATC automartion during the coming decade, as well as bv time-based
navigation software in new flight management systems.

Comfort has been improved by gust alleviation algorithms in some of the newest aircraft, as
well as by the ability of newer aircraft to fly at higher altitudes; comfcrt in the cockpit has also been
improved by better ergonomic design. Greater flexibility enabled by ATC autornation will pernit
pilats to utilize a wider range of options to achieve more comforiable flight paths.

In what respects are we still deficient with respect to these systern goals? It is not the purpose
of this doctment 0 laud what has already been accomplished, but 1o examine what can be done to
affect further :mprovement, and in the ‘introduction we suggested that further improvement is
clearly possible. Most of our accidents can be traced to the human operators of the system, and
some can be traced to the interactions of humans with automated sysicms. We believe that more
can be done to make aircraft automation more human-centered, but perhaps even more important,
we believe that advanced automaton can be designed and used to make the svstem as a whoie more
resistant to and tolerant of human errors ir the design, the impiementadon, and the operation of
these systems. Our guidelines accordingly emphasize this aspect of astomation, one that we think
has received less attention in the past than it deserves.
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Attributes of Aircraft Automation

We will discuss here several atributes that human-centered aircraft automation should
possess. Our discussion of these atributes may ssem anthropocentric, but humans are used to
thinking in these terms. If automation is to be ar effective and valued member of the cockpit
management team, it, like the other members of the team, should possess these characteristics.
Each attribute is named, defined, described and discussed briefly. Cur first guideline mizht he
simply that human-centered aircraft automasion should possess these attributes in proper measure.

The reader of this section must keep in mind that these requiremeants are not mutually
exclusive  An automation suite that possesses some, or even many, of these atributes may still be
a failure if they are considered in isolation during design, for severz] are interrelated. As in any
engineering enterprise, it is necessary that the right compromise among them be sought. The only
way to be sure that an effective compromise Aas been reached is the evaluation of the total svstem
in actua! or simulated operation by a vanety of piiots of differing degrees of skill. Such testing is
expensive and time-consuming; it must often be conducted late in development, under extreme
pressure 1o certificate and deliver a new aircraft on time. Nevertheless, it is the only way to prove
the safety and effectiveness of an automation concept.

We are indebied to Fadden (ref. 98), who has pointed out that many of these attributes are to
some extent bipolar, though not truly opposites. That is, increasing the attention to certain
auributes may require e-emphasizing others. We will discuss these attributes, shown here in the
manrer suggested by Fadden. Human-centered automation must be:

Accountable < —> Subordinate
Predicrable < > Adaptable
Comprehensible < > Flexible
Dependable < > Informative
Error-resistant < > Error-wierant

Accountable means “subject to giving...a Justifying analysis or explanation.” In older
aircraft, automation executed actions only at the specific and immediate instructon of a human
crew member. Advanced automation, however, is capable of more independent action (modifying
a climb or descent based on pre-determined strategic objectives such as fuel conservation, entering
or leaving a holding patiern, resolving a conflict. etc.). Automated decision-aiding or decision-
making systems, already in development for transport aircraft, will suggest or carry out courses of
action whose rationale may not be obvious to flight crews.

i Automation must be accountable. |

it must inform the piiot of its actions
and be able io expiain them on request.

Figure 44: Accountability of automation.
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The human in command must be abie to request and receive a justification for such decisions
(figure 44). This is a particular problem in aviation; there may not be time for the human operator
to evaluate such decisions (terrain avoidaace, collision avoidance or windshear compensation
maneuvers). Where possible, automation mus: anucipate the pilot’s request and provide advance
information (as TCAS does by providing traffic advisories prior to requinng action to aveid an

imminent hazard) or its rules of operation in a particular, annunciated circumstance musi be so
thoroughly understood by pilots that its acuons in that case are already understood and accepied. it
is particalarly important that explanations provided by automation be cast in terms that make sense
to the pilot; the level of abstraction of such explananon:. mus: be appropriate o the pilot’s need for
the explanation.

The MD-11 aircraft systems controliers take actor. autonomously when certain failures occur,
In these cases, pilots can access information regarding the faults by examining the system
Synoptics if time permits. They could reverse the actions takesn, if necessary, by reverting to
manual operation of the reconfigured subsystem, though such action is not encouraged. As more
autonernous systems are inroduced, however, it may be increasingly difficult for pilots to keep
track of what the airplane (or its automation) is doing, and increasingly difficuit for them to
maintain oversight of all aspects of their operation even if they are informed of each action. The
bipolar attribute of accountability is subordination, to be discussed beiow; grear care must be taken
to insure that this cannot ever become insubordinaiion. The 206/ “Hal” scenario is almost within
our grasp technically, but it is not acceptable philosophically as long as human operators remain
respoasible for the outcome.

Subordinate mears “placed in or occupying a lower class, rank or position.” Qur definition
of human-centered automation requires that the auiomation, while an important tool, remain
subordinate to the human pilot or air traffic contoller, who must remain in command (figure 45).

Automation must be subordirmefl There are situations in which it is
accepted that automation should
perform tasks autonomously. as
indicated above. More such si:-
uations will be proposed for imple-
mentation in the future; in particular,
it is expected that ground proximity,
traffic avoidance and windshear
advisory systems will be provided
with the means to act independently.
Other similar situations are likely to
be proposed in future, involving the
Except in pre-defined situations, t should naver assume command. interaction of aircraft and ATC.
In those situations, #t must be able to be countermanded eagily, Should these be permitted?

Figure 45: Subordination of automation

We have seen cases in which automation acted in ways not expected nor desired by pilots. in
one case, aircraft occasionally turned toward the outbound rather than the inbound track ofan LS
Incalizer. In another, a particular automation mode permitted descent at idle thrust without regard
to safe minimum operating altitudes. As automation becomes more self-sufficient, capable and
complex, it will be increasingly diff; it for pilots to remain aware of all actions being taken
autonomously and thus increasingly difficult for them to be aware of exactly whai the automation is
doing and why. Such a situation will tend to compromise the command authority and
responsibility of the human operators, but more important, it may iead them to a position of
extreme distrust of their automation, which could compromise the integrity of the entire human-
machine sysiem. Wiener has reported that pilots of highly automated aircraft frequendy ask,
“What’s it deing now? Why is it doing that?” (ref. 99). These questions should not be necessary.

71




CADT R TR T W UL

I A 1

Predictable is defined as “able to be foretold on the basis of observation or experience.” It
is an important characteristic; recent occurrences in which automation did not appear to behave
predictably, 1.e., as expected by pilots, have led to major repercussions due in large part to
aviators' inherent distrust of things over which they do not have control. Some of these
occurrences are cited above. Here again, the level of abstraction at which automatior. is explained,
or at which it provides explanations, is critical to the establishment and maintenance of trust in it.
The third question toc often asked by pilots of automated aircraft is “What's it going to de next?”

As automation beccomes more
adaptive and intelligens, it will acquire
a wider repertoire of behaviors under
Automated systems must be predictable. a wider variety of circumstances.
This will make its behavior more

difficult for pilots to understand and
@Pma QNPUT@ predict, even though it may be

operating in accordance with its
design specifications. It will also be

IF more difficult for pilots toc detect
NO when it is not operating properly.
YES /;F\‘ NO I
YES If such a system it not
NO predictable, or if it does not provide
YES | pilots with sufficient indicadons of its

intentions, its apparently capricious
behavior will rapidly erode the trust
PROCESS PROCESS that the human wishes to place in it.
Some automated devices in aircraft
have simply gone unused because of
this mistrust.  Altitude capture
modules in some high-performance
aircraft have appeared ungprediciable
because their tigh rate of approach to
a selected aititude has not provided
the pilots sufficient confidence that
— they would stop the airplane’s ciimb
OUTPUT |@—o - = at the selected point, even though they
N were functioning properly—until
disabled by the pilots in atternpts to
slow the rate of climb, which negated
Figure 46: Predictability of automation. the capture function (refs. 62, 100).

Advanced automation must be desigried both to be, and to appear to be, predictable to its
human operators (and these are not always the same thing, which is why explanations may be
necessary) (figure 46). As noted earlier, when digital computers fail, they may do so in quite
unpredictable ways; the difference beiween thesc failures and their normal behavior must be
immediately apparent to the pilot.

Adaptability (discussed below) and predictability are, in a sense, opposites, in that highly
adaptive behavior is liable to be difficult to predict. The behavior of the human organism, which is
characterized by a very high degree of adaptability may be difficult to predict (ref. 70), a fact that
we constantly try to overcome by training, standard operating procedures, line and proficiency
checks and a variety of other safeguards. This suggests the necessity for constraints on the
adaptability of automation in a context in which the human mus: be abie to monitor t.e automaton
and detect either shortcomings or failures in arder to compensate for its inadequate behavior.
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Adaptable, as used here, means “capable of being modified according to changing circum-
Stances.” This characteristic is a."eady incorporated in aircraft automation: control laws may differ
in different speed regimes; certain alerts and warnings are inhibited during takeoff, descent or
approach; some displays are reconfigured or de-cluttered in specific circumstances; some
information may be uriavailable either in flight or on the ground.

Automanon should be adaptabie.

it should be configurabie within a wide
range of pilot preferences and needs.

Figure 47. Adapability of autoration.

Pilots need, and are provided with, a range of options for control and management of their
aircraft (figure 47). This range of opuons is necessary to enable pilots to manage their workload.
take account of differing levels of proficiency. and compensate for fatigue, distractions or other
necessary cockpit activities. In this regard, automation truly acts as an additional member of the

control and management team, assisting with or taking over entirelv certain functions when
instructed to do so.

Adaptability is not an unmixed blessing (nor is any of the other auributes). An incident report
received by ASRS in 1976 (ref. 101} described a wide-body aircraft which was turned onto final
approach inside the final approach fix with autopilot in contro! wheel steering mode and
autothrottles engaged. During the flare, at 10-20 feet altitude, the airplane seemed to “hang in the
air.”” The pitch angle was very high (14 degrees nose-up) and on touchdown the tail cone and afr
fuselage contacted the runway. The autopilot had not been disengaged prior to touchdown, and
none of the crew members had noticed that the airplane was still being guided by manual inputs,
but in a rate command mode rather than a direct column-to-controls mode. Some air carriers have

disabled the autopilot control wteel steering mode in newly-delivered aircraft to lessen the ran ge of
options available to flight crews.

How much of a range of sptions is enough? At this point in time, control automation in some
aircraft requires only manazegient by exception. In an earlier section, we have asked whether it
would be wiser, in order i maintain pilot involvement at a high level, to require management by
consent with respect tc conwrol tasks. We have also asked whether the capability for unassisted
manual control sheuld be a required option (and have pointed out that this option is foreclosed in
some flight phases by at least one flight control system).

Adaptability increases apparent coruplexity and is shown above contrasted with predictability,
to emphasize that extremely adaptable automation may be relatively unpredictable in certain
circumstances. One of our firsi principles of human-centered automation states that automation
must be predictable, if the human is to remain in command.
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Comprekensible is “intelligible.” Many critical automation functions are now extremely
cempiex, with several layers of redundancy to insure that they are fauli-tolerant. Is it really
necessary that the human operator understand how these functions are accomplished, or will
simpler models suffice tc permit humans 10 remain in command of the functions (figure 48)?

Autcmation must be comprehensible.

Autornated system

ROLLY ROLL2
PITCHY 2
COMP1* cOouP2

PROC1T | | PROC2 PROC3

NYD2 HYD3
HYD1 > N STBY

Pilot's internal
model of system

Figure 48: Comprehensibility of automation

It has been noted that training for advanced automated aircraft is time-consuming and
expensive, ard that much of the extra training time is spent learning about the automation. If
simpier models that still permit reversion in the cass of failures could be devised, they muight result
in training benefits. It should be remarkeq, however, that while automation can be used 10 make
complex functions appear simpler to the pilo, the consequences of failure modes can appear highly
unpredictable to that pilot unless the modes are very thoroughly considered in the design phase.

Simplicity has not been named as a necessary attribute for human-centered autormation, but
it could well have been. It is vital that systems either be simple enough to be understood by human
operators, or that a simplified construct be availzble to and usable by them. If a system is simple
enough, it may not need to be automated. If it cannot be made to appear reasonably simple, the
likelthood increases that it will be misunderstood and operated incorrectly.

Technological progress is often equated with increased complexity. A careful examination of
any reasonably capable video-casette recorder will support this assertion and :ndicate how far we
have yet to go to make high technology intuitive and simple to operate. It is worth noting that new
technelogy has had to be developed to simplify the operation of VCRs and that many computer
manufacturers have provided several “help” levels at which their machines can be operated. We

have not provided this range of options in aircraft autormation; perhaps we should consider doing
s0, at least in training.
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Flexible ‘s “‘tractable; characterized by & ready ability to adapt to new, different, or changing
requirements.” The term is used here to characterize automation that is abie 1o be adapted to a
variety of environmental, operational and heman variables {figure 49).

It was suggested immediately
above that computer and software
manufacturers have gone to
considerabie efforts to make :their
progucts simpie to operate by people
of widely diffe-ing skill leveis. The
term ured by the trade is “‘user-
friendly.” Though overworked, this
term denotes & device or application
that a wide variety of users can
operate comfortably and effectively
with comparatively iittle instructicn or
practce, surely a worthy aim for any
human-machine system but one to

LAutomation shouid be flexible |

“SHARED
_ CONTRG.

SSISTE e ; .
MUX&UAL \ . which. thus far, too little attention has
CONTR An appropriate range of control been paid by avionics designers. It
DIRECT and management options would be desirable to allow pilots to
MANUAL shouid be available. . .
CONTROL tailor the degree of assistance they

wish under giver circumstances.
Figurc 49: Fiexibility of automation.

Advanced aviorics systems now receive much of their knowledge base from periodic updates
by means of disks or cassettes. We believe they could as easily receive information regarding the
pilots for a given flight by the same means, and that this information could assist in tailoring the
systems and displays both to the preferences of specific pilots and to any limitations under which
the pilots are operating at the time (increased minimums, etc.}. The cassettes could be updatec
automaticaliy after each flight to provide a running flight log, types of approaches conducted, eic.
If improved monitoring of pilot performance becomes a part of aircraft automation, a subset of
monitored data siored on the cassettes after fii ght might alsc be of use to flight training departments
in tailoring periodic training to individual pilot needs.

This sert of fiexibility might be of real assistance both to individual pilots and to companies,
by easing the pilot’s cockpit setup tasks and aiso by improving safery thrc :gh more effective
training. It has been observed in military studies that pilots of advanced strike aircraft rarely make
use of more than a subset of the availabie attack modes; by .imiting the options that they use, pilots
become extrzmely proficient in their use. Air transport pilots may not need to be proficient in the
use of the full range of autormation options, as long as they are able 1o get the job done effectively
under both normal and anomalous circamstances. The major reason for having a wide range of
automation options is to provide flexibility for a wide range of pilots with experience that varies
from very little to a great deal and cognitive styles that vary as widely.

Flexibility was shown above as bipolar with comprehensibility. Givew. the tendency to an
inverse relationship between these variables, comprehensibility must sot be sacrificed for
flexibility, because the ability of pilots to understand their automation is cernitral 1o their ability to
maintain command. But they can be given more help in understanding it and in manipulating it by
the means used in other fields. Providing that help in recognition of differing needs and styles
among pilots can help to improve the esror resistance of the total rystem by permitdng individual

pilois, within the constraints imposed by flight operauons, to conduct their tasks in ways that are
most comforiable for them.
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Dependable, as used here, means “‘capable of being...relied upon or trusted” (figure 50). In
a cooperative human-machine system, the issue of trust becomes paramount. Pilots will not use,
or wiil regard with coatinual suspicion, any aircraft device or function that does not bchave
reliably, or that appears to behave capriciously. This cistrust can become so ingrained as to nullify
the intended purpose of the designer. i may be wiser to omit 2 function entirely, even a srongly-
desired function, rather than to provide or enable it before it can be certified as reliable. This issue
came up during imnitia! impiementation of GPWS. It has recently surfaced again as & recult of a
smali number of apparently paradoxical resolution advisories provided by TCAS-II, leading some
members of the community o suggest that the resolution advisory mode of the systern be disabled
unati its algorithms are made fully dependable under ali curcurnstances.

I Automation must bs dependable. !

i shoulo do, depencably, what it is ¢rderad to do.
It should never do what it is ordersd nct to do.
it must never make the situation worse.

Figure SC: Dependability of automation.

Another example of unéependable automation was cited above, thai of the Jocalizer capture
mechanism which occasionally directed the aircraft to tum away from, rather than toward, the
landing runway during the captine process. From the pilot's viewpoint, it makes little difference
whether such behavior is caused by the hardware, a software error, or an improperly-defined
function; the net effect is a deterioration of trust.

Dependability is of particular importance with respeci to alerting and warning systems. We
have observed before the problem of “false alanms™ with early ground proximity waming systeims
and the tragic results due to mistrust of iegitimate warnings by those systems. Unfortunately, any
Increase in the sensitivity of sach 2 warning system will be accompanied by an increase in false
warnings, a decrease in sensitivity wili be accompanied by an increase in failures to wam when a
warning is needed. Increasing the complexity of the algorithms to mirimize false wamings while
increasing sensitivity is accompanied by a decrease in reliability or dependability of the system.
This diiemma exists today with regard so TCAS algorithms, already very complex, in the face of
large numbers of “nuisance” alerts in certain congested terminal areas.

Dependability is shown as bipolar with irformativeness, discussed immediately below. If a
system were perfectly dependable in operancn, there might be rin need to inform the pilot of its
operation. Ferfection is impossibie 10 achieve, however. ard the informaticn provided must be as
nearly foolproof as possible, bearing in wind that each increase in information quanticy makes it
more lixely that the infornmation may be missed, or even inconect. Simplicity of systems breeds
dependability; when faced with a dilemn a such as this. any system simplification that can be
achieved will probably pay dividends.




Informaiiveness is simply the condition of “imparting knowledge.” Our first principles of
humz.:-centered autoration state that the pilot must aiways have basic information (figure 51)

|
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Automation miist keep the piier informed. ]

( N o ™\

What is the automation doing? Where dc i go next?

Have | any prebiems? When dc tdo it?

J e |
/ What is the airplans doing?\- \ / Z Where am | now?
L. \

Figure 51: Informativeness of automation.

As was noted earlier, the flexibility of automation and display technolngy have permitied the
designer wids latitude in providing new graphic information in the cocipit. It was also noted that
new displays have preliferated, and thar this is not an unmixed blessing. The piicts of the A320
aircraft whiuch contacted the ground at Bangalore {ret. 13) failed to notice, among other things,
ser:ous decay in airspeed Gurir g the apprcach. The pilots of the 737 that crashed on takeoff at
LaGuardia did not detect that the rudder mim was In an exicale position (ref. 89). Of course,
priots of older aircraft have alse failed to detect incorrect configuratiors whose presenice was
clearly visible in the cockpit, and the flight crew of the China Air 747 over the Pacific failed to
detect several indi-ations, ali clearly visible, that their autopilot was working at its Jimits followin g
an engine failure (ref. 14).

How much information is enough? How muck informatior is too much? Pilots want all they
can get, but they cannot assimilat. too much, and waat they will leave out is unprediciable. In an
effort to make available as rouch information as is desired, we may have provided too much
information — or we may stmply not have dorie it welj enough. This is our reason for suggesting
(pp- 43-47) the desirability of de-clutter, sunplified displays and format changes: in shor, of active
as opposed :0 passive information management, 1o assist the piiot in prioritizing information
transfer to insure that the most important things are attended to first. Once again, problems may
arise because of automation itsclf, or simply because the interfaces between the automation and the
tiuman are not optmal. Information is critical both for involvement in the task and for maintaining
command over it. The form of that information will often determine wheiher it can be attended 1o
or not. Some Jeve! of active information Irparagement is practiced now (non-essentia’ informarion
suppression during critical fli ght phases); a smal! amount more might convey addizonal benefits.




Error resistance: 1deally, aircraft automatior should prevent the occurrence of all errors, its
own and those of the human operators. This is unrealistic, but it is possible to design systems to
De as error-resistant as possible, both with respect 1o their owrn errors and those of the operator.
Resistance 1s “an opposing or retarding force,” a definition that recognizes the relative nature of the
rhenomenon. Resistance to error in 2utomation itself involves internal testing 0 determine that the
svstem 15 operating within 1ts design and software guidelines. Ressstance (o human erntor is more
subtle, it may involve comparison of human actions with a template of permitied actions, a
software proscription against centain forbidden actons under speci®ed conditions, or simply clear.
uncomplicated displays and simple, intuitive procedures 1o minimize the likelihood of errors.

|

{ Automation must be error-resistant.

5 : Zs
it must keep pilots from committing
errors wherever that is possible.

Figur: 52: Error resistance of automaton.

Auromation ot unavoidably complex procedures (such as fuel sequencing and transfer among
2 large number of widely-separated tanks to maintain an optimal center of gravity) is necessary and
entirely appropriate provided the human is “kept in the loop™ so he or she undersiands what is
going on. The system must be able to be operated by the human if the automation fails, and it must
provide unambiguous indication that it is functioning properly. Guidance in performing corrplex
tasks (and fuel balanciug may be such a task) is helpful, whether it is 1t 2 quick referencs
handbook or 1n the forra of ar electronic checklist. Prompting has not been used as effectively as it
couid be in aircraft human-system interfaces.

Questioning of critical procedures (those thai ireversibly aiter aircraft capabilines), er
requiring that critical orders be affirmed by pilais before they are executed, can be additior ai
safeguards ag:.inst errors. These queries can aiso be automated, either by themselves or ¢s pait of
a procedures monitoring module which compares human actions with a mode; of predicied actons
under varisus circumstances. Such models have been developed in research settings (ref. 102).




,
4]

The human operator is known to commit apparenidy random, unpredictaple errors with some
frequency (refs. 70 and 103); it is exaemely unlikily thet designers will ever be able 1o devise
av*nmaticn that will wap all of them. This being the case. 1tis essennal to

¢ provide alternawe means
by which pilots can detect the fact that a human, or an awtomerior. error has occurred. Suck

warmings must be rrovided in enough nme 1o permit plots to isolate ¢ e error, and a mean: must
be provided by which to comect the esror once it i found. Where this is nor possible, the
consequences of an action must be queried before the action itself is allowed 10 proceed.

Error-iolerance: Since error-resistance is r-ian ve rather thar absolute, there rieeds to be a
“layered defense” against humar errors. Betde bulling systems 1 resist errers as much as
possible, 1t is necessary a~ highly desirable 10 make systems tolerant of error. Tolerance means
“'the act of allowing some :ang ™ in this case. it covers the entire 1 anosly of means that can be used
to insure that when aner or i\ corumited, it is got allowed 10 jec sardize safety.

Automation must be error-tolerant. J‘

Some €rrors will occur, even in a highly error-resistant system.
Autornation must detect and mitigate the effect of ‘hese ertors.

Figure 53: Error wlerance of automation.

Nagel (ref. 42} has pointed out that “it is explicitly accepted that errors will occur: automation
1s used to monitor the human crew and to detect €rTors as they ate made.” The aviation Systerns is
already highly tolerant of errors, fargely by virme of mon:toring by ciher crew mernbers and by air
raffic control. But cenain errors possible with automated equipment become obvious only long
after they are committed, such as data entry errors during FMS programming. New monitoring
software, displays and devices may be required to trap these more covert er-ars.

As was suggestzd above, checks of actions against rcasonableness criteria 1
for an aircraft in the eastern hemisphere, a west longitude waypoint between
entnes is probably not appropriate. An attempted manua! depressurization of an aircraft cabin
could be an appropriate maneuver (o rid the cabin of smoke, but it 1S more probably an error and
should be confirmed before execution. Closing fuel valves on both engmes of a twin-engine
Tanspori, an acticon that has occurred at least twice, is almost cenainly an error if airborne ‘ref. 52j.

nay be appropriate;
two edst longitzde

Given that it is umpossible either to prevent or to trap all pessible human errors, aircraft
accident and especially incident data can be exmem:ly useful in pointn £ out the kinds of errors that
occur with sore frequency. System hazard analyses are appropriate to elucidate the most senous

79




TPRELIA LN R W R RAnEE LR |

possible errors, those that could pose an imminent threat to safety. The latter should be guarded
against reganess of their reported frequency. (See also Rouse, reference 20.)

Discussion of Attributes

Error resistance and error olerance are not Opposites, as migt be inferred from the bipolar scale
shown at the beginning of th s section; on the contrary, they are complementary in every respect.
Botn are hLighly desirable a:d necessary. many aspects of automation today incorporaie both,
though consulerable further irr.provement 1s possible. The other attributes are more nearly bipolar,
and a balance must be struck amc ng them.

The artritutes we have suggested are not mutually exclusive; there is overlap amcag thern. Our
first principles suggest a rough prioritization where compromises are necessary. We have stated
that if humars are (0 be in command, they must be informed. Accountability is an important facet
of informing the hurnan operator, as well as an important means by which the operator can monitor
the function ng of the automation. Comprehensibility is another critical wait if the human is 1o
remain iaformed; he or she must be abie to uncerstand without ambiguity what the automation is
doing. Each of these traits is an aspect of informativeness.

Informativeness may be interpreted to impiy a system that provides information beyond the
minimum necessary to operate or manage the equipmes:t, though we do not intend this implication.
Rather, it is necessary that the human operator be informed effectively of at least that minimum of
information at all times, and informed in such a way that there is a very high probability that the
information will be assimilated. In those cases where it may not be entirely clear why a system is in

a particular state, an explanation should be readily availaole if it is not already known or fairly
obvious.

It can be argued that system dependability is degraded by the addition of more information.
Though this. can be countered in part by adding redundancy and error-checking, the predictahility
and comprehensibility of the system may be degraded thereby. On the other hund, we know how o
rroduce highly fault-tolerant fiight control systems; are highly relizbie, fauit-tolerant information
systems any less important? (See also page 95 )

It may oe considered that adaptabiiity and flexibility are frills rather than necessiries. To argue
this is t~ argue that humans can be made to behave uniformly, and 10 a considerable extent this is
indeed tue, as demonstrated by the enormous success of the air transport industry. The costs of
produc ing inflexible systems, however, are considerable Increases in training costs to produce that
uniformity in the humans who operate them, and a possible decrease in human operator inidative, 2
risky enterprise in an industry that reguires a high degree of human cognitive flexibility,

The question of subordination has not loomed large until very recenily and it should not he
contentious today, given that humans bear the ultimate responsibility for the safety of flight
operations. Despite this assertion, which is agreed to by regulaiors and the public alike, it is
thought that the degree of independence of axtomation may be a major battle ground during the
coming decade, as the ground eiement of the air transportation system is automated. We argue
simply that automation that bypasses the humar, operators will of necessity diminish their
involvement in and thei ability to command the aviation systern, which in tum will dirmiiish their
abiiity to recover from failures or compensate for inadequacies in the auromated subsystems. That
such inadequacies will not exist or that such failires wiil not occur must be proven conclusively by
automaton designers before the aviauon community can consider an alternative view.

So a balance must be struck; where compromises are necessary, they must srr on the side of
keeping the human operator in the 10op so that he or ske will be theie when needed. This will be far
easier if he or she is there all the time: if the pilot 1s helped to remain actively involved in normal as
well as abnormal operations. Exactly the sare statement can be made aoout the air traffic controller,
of course, and about the desirability, if not the necessity, of maintaining and using voice channels
of communication between them so that each can remain conrazant of the other’s intentions.
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V. GUIDELINES FOR HUMAN-CI'NTERED AIRCRAFT AUTOMATION

Introduction

Having come this far. are there firm requirements that can be applied to all human-centered
aircraft automation? We believe there are, though their “firmness™ must be tempered by the
imperfect state of our knowledgs of human behavior, by the compromiscs that are inevitable 1a the
design precess, and by the constraints inherent in the aircraft certification process. In this fina)
section, we will set forth certain guidelines tha: we believe flow from our rcview of vast and

resent automauon and our best guesses as to the future of this technology.

It 15 necessary to remind the reader again that no attempt has seen made 10 cover the
engieering aspects of human factors in this document. In accordance with the call of the Air
Transport Association, we nave attempied 10 construct a philosephy of human-centered
automation. Ore definition of philosophy is “the pursutt of wisdom,” and while we may be

pursuing it at scme considerable diziaice, we hope our results wiil further the dialogue we have
aftempted to provoke.

Principles of Human-Centered Automation —General Guidelines

First, however, we still believe that the principles of human-centered automation set forth
briefly in sectior: I constitute a reasonabie foundaticn upon whick to build. We therefore repzat
them here as general guidelines, with some further discussion of each of them. ‘Page numbers in
parentheses refer to discussions in this documcut, WC numbers 1oic W inc “Wirner and Curry
guidelines on pages 66 and §7.)

* The kuman operator must be in command.

in 1ts discussion of AERA 2, tiie automared en ronts cir wraffic conwol system of the
future, MITRE Corporation stated unequivocally that even when the automated system is in
foll operation, “Responsibiiity for safe operaton of an aircraft remains with the pilat in
command,  and “Responsibility for separation between controlled aircraft remains wirh the
controller.” Command i< “power to contrel or dominate by position; authority to coramang.”
We believe that if they ate 10 retain the responsibiliry for safe operation or separation of
aurcraft, pilots and controilers muss retain the auzrority to command those operations. Further.
there ¢ pears to he no appreciable argument concerning this point  The issues relate to

iw L

wheth -r pilots and controllers wili have the authority neces:iry 10 execute the responsibilites.

It 15 a fundamental *25:¢: of our concept of human-centered auiomation that aircraft (and
ATC auteizion exists 1o assist pilots {and controilers) in carrying out their responsibilities as
stated above. Qur reasoning is simple. Apart from .ne statutory responsibility of the human
operators of i1e system, automation is not infallible; like any o ber machine, it is subject to
failure. Further dizital devices fail unpredictably, and produce unpredictable marifestations
of failures. The human’s responsibilities include detecting such failures, correcting their

manifestations, and continuing the operation safely until the automated systems can resume
their normaal functions.

Since automation canrot be made faiiure-proof, automation must not be designed in such
a way that it can subven the exercise of the humar operator’s responsibiiities, from which it
follows that automation must not be used to confi gure the airplane or load the sysiem bevond
kuman capacity to control and manage .t if tie automation fails. For a contrary concept, sce
the quotations from the MITRE report on page 57, which present a considerabiy differeat
view of air traffic control avtomation. (See pp. 7, 12.57)
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* To command effectivelv, ihe human operator must be invelved.

To cxercise effective command of 2 vehicle or operation, the commander must be
mvelved in the operanon. Javolved is “to be d=ov a™; the commander must have an active
roie, whether that role is to conuol the aircratt (or wraffic) directiy, or to manage the human
and/or machine resources 10 which control has been delegated.” The pilot’s isvolverment,
nowever, must be consistent with his or her comumand responsibilites; the priorities of the
piioting tasks remain inflexible, and the pilot cannot be aliowed to become preoce pied bya
welter of detail. Automation can assist by providing appropriate information.

Modem aircraft automaiion is extremely capable; it has made it possible for the aircraft
commsnder to delegate nearly all tactical control of an operzation to tne machine. We believe
that at least some of tie aircraft mishaps cited herein can be traced at least in part to the human
operators being oo remote from the details of machine operation; the China Air 747 mishap
necar San Francisco is one example. We suggest tha: human-centered aircraf: automation must
be designed, and operated, in such a way thai it does not permit the human operator to become
100 remeote from operational details, by requiring of that operator meaningful and relevant
tasks throughout the conduct of a flight. (See pp. 28,20, WC 6.)

* To be involved, the human cperator must be informed.

Without information concerning the conduct of an operation, involvement becomes
urpredictable and decisions, if they are made, approach randomness. We have suggested
what we believe to be the minimum amount of information necessary to apprise the
commander of the progress of a flight operation. The level of detail provided to the piic: may
vary, but centain information elements cannot be absent if the pilot is to remain involved, and
more important, is to remain zble to resume direct contro! of the aircraft and operation in the
event of automation faiiures.
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On the other hand, toc muck information concerning the conduct of the operation can be
at least as dangerous as 1co littis. Both the conteat of the informaticn made available and the
ways in which it is presented must reinforce the essential priorities of the piloting task; in
particular, situation awarencss must be supportec and reinforced at all times. (See pp. 14, 16, ‘
wWC 13.)

In avtomaied aircraft. one essential information clement is ; “formation concerning the
automaton. Just as the pilot must be alert for performance decrem nts or incapacity in other
human crew members, he or she must be alert for such decrements 1. automated systems that
are assisting in the conduct of the operaiion. This leads to the requizement that:

* The Luman cperator must be able to monitor the automated systems.

The essence of comunand of automated systerus is the selection and use of appropriate

means to accomplish an objective. The pilot must be able, from information zbout the

~ systems, tc determine that sysiem performance is, and in all likelinood will continue to be,
) appropniate 1o the flight sitwation.

To monizcr, or “keep track of,” automated systems, the hurran must have access to data
concerning the functionality both of the hardware in those systems and of the software that
instructs them. Because of the difficulty of verifying software while it is functioning, most
fiight-critical automation involves either duplicate (or triplicate), or dissimilar software
performing the same task in different processors, usually with a comparison module that
indicates any differences in the results of the calculations performed by the two units. Some
triplex systems conduct continuous “voting” to insure continued function; anomalous results

. in one processor lead to its exciusior from the operating sysiem.




in most aircraft systems to date, the human operator is informed oniy if there is a
N discrepancy between or among the units responsible for a particular functon, or a failure of
s those units sufficient to disrupt or disable the performance of the function. In those cases, the

+ operator is usually wstructed to take over contref of that function. To be abie 10 do so without
deiay, it is necessary that the human operator be provided witl; information concerning the
operations (0 date if these are not evident from the behavior of the airplane or system
B controlled. It is thus necessary that the pulot be aware both of the function (or dysfuncton’ of
B the automared system, and of the results of its labors, on an ongoing basis, if the pilot 1s 10

understanc why compiex automated systems are deing what they are doing. (See. pp. 23, 24,
ALWC L, 5,9, 100

PRI

* Automated systems must be predictable.

To know whar automation 1o use {or not to use), the pilot must be able to predict how the
airplane will be affected by that automation, riot only at the time of selection but thiroughout the
flight. This task requires that the intent of the automated system be known and that the system

. be proven by experience to perform in a consistent manner. It is most important that not only

3 the nominal behavior, but also the range of allowable behaviors, be known; all unpredicted
E system behavicr must be treated as aberrant behavior.

3 If pilots must monitor automation against the likelihood of failures, as we assert they
- 3 rnuust, they must be able to recognize such failures, either by means of specific wamings or by
B observation of aberrant behavior by the automated sys'ems. Both are probably desirable for
ﬁ critical systems, to improve detection probability. To recognize aberrant behavior, the pilot
g must know exactly what to expect of the automation when it is performing correctly.

This requires that the normal behavior of autornated syst=ms be predictable and that the
pilot be able to observe the results of their operation. It also argues strop gly for simplicity in
= the behavior of such systems, and suggests, as did Wiener and Curry, that astomated sysiens
should perform their tasks in the ways that pilots expect them to, in order 1o make
performance failures more obvious, (See pp. 72-73, 76, WC 2. 8, 1G)

_ *

The cutomated systems must also pe able :0 monitor the kuman operaior.

Because human operators are prone to errors, it is necessary that error deiection,
-3 diagrosis and correction be integral parts of the aviation system. Much effort has gone iato
5 making all critical elements of the aviation system redandant, though new technology is stili
required for certain aspects of this task (independent landing and takeoff menitors are

examples). Pilots monitor air raffic controllers, who in turn monitor pilots, as an important
1nstance.

Automated devices perform a variety of monitoring tasks in aircraft, as indicated
b throughout this document.” Incident reports confirm their effectiveness in preventing mishaps.
» It is alco indisputable, however, that failures of such automation have enabled serious mishaps
; when the automation did not warn that it was disabled and pilots, perhaps made corupiacent by
= " its effective functioning over a long period, failed 1o detect the conditions it was designed to
-3 detect. Designing warning systems to detect failures of warning systems can be an endless
chain, but it is necessary that we recognize the human tendency to rely upon reliable assistants
and consider how much add:tional redundancy is required in essential alerting systems.

We also believe that information now residert in light manragement and other aircraft
comnputers can be used to monitor piiots more comprehensively and effectively, if specific
o attention is given to the monitoring function. We have mentioned the substartial number of
K nor-obvious navigation data entrv errors, some of which have had serious effects long after
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they were committed. This would seem 1o be a productive area for error-detection ioduies,
and there are several others which are mentioned herein. Research should be conducted using
accident and incident data o determine other areas ir which errors ars common Or bave
particulariy hazardous implications, and ways should be devised to detect such errors and aien
pilois o their presence.

The most difficult task, of course, is to monitor pilot cognitive performance and decision
muking. When a pilot consciously decides w do nothing, his decision cannot be differennated
from a failure to do something. Further, advanced automation has made the need for
dacisions and actons infrequent during cruising fiight. The advent of extremely long haul
aircraft has emphasized the problem of moeniionng human alertness and funcuonality. This ic
the motivation for our emphasis on keeping puets involved in a meaningful way in the
operation.

There is no way to make the system 1otally foolproof. and each additional piece of
hardware or software has a pctential decremental effect on system reliability, but as we
pointed out in our discussicns of error resistance and ervor tolerance, a layered defense against
errors is essential if we are to make the system as foolproof as possible. (See pp. 32, 78-79,
wC9.)

« Each element of the system must kave knowledge of the others’ intent.

Cross-monitoring (of machine by human, of human by machine and ultimately of human
by human) can only be effective if tlie agent monitoring understands what the monitored agent
is trying 10 accomplish, and in some cases, why The intentions of both the automated
systems and the human operators inust be known and communicated; this applies equally to
the monitoring of automated systems by pilots, of aircraft by human controllers on the
ground, and of air traffic control by human pilots in flight. Since humans are so much more
versatile than any machine, ultimate responsibility for monitoring of human behavior rests
upon the other humans in the system.

Under normal circurnstances, pilots communicate their intent to ATC by filing a flight
plan, and to their FMS by inserting it into the computer or calling it up from the navigation
data base. ATC, in turn, communicates its intent to the pilots by granting a clearance to
proceed; data link in the near future will make this information availabie to the FMS as well.
The MITRE document referred to above mentions specifically that “Information on aircraft
flight intent can be sent from aircrzft to the ATC systemn so that conflict prediction and
resolution capabilities of AERA use the best data available” (ref. §0). The document is silent
with respect to communication of intent in the other direction, however, and such
communication must be a two-way channel.

It is when circumstances become abnormal, due either to environmental problems or 10
in-flight emergencies, that communication of intent among the various human and machine
agents becomes less certain. ASRS and other data provide evidence of the frequency with
which the handling of an in-flight emergency may lead to other anomalies in the system, most
commonly involving aircraft other than those involved in the emergency. In one study, the
handling of in-flight emergencies led in approximately one-third of cases 1o another problem
(ref. 85).

It cannot be stated with certainty from the ASRS data that communication of intent would
have averted these secondary problems, but it seems likely that it would have prevented some
of them. Further, the communication of intent makes it possible for all invelved parties to
work cooperatively to soive the problem. Many traffic control problems occur simply because
pilots do not understand what the controlier is trying to accomplish, and the converse is also
true. Finally, automation (or ATC) cannot monitor pilot performance effectively uniess it
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understands the pilot’s intent, and this is most important when the operation departs from
normality. (See pp. 28, 55. 56, 72, 80.)

To the principles ser forth above. we will add a few other ~uidelines of a general nature which
have emerged from our review of automanon.

&

Functions should be automated only if there is q good reason for doing so.

To quote from Wiener ard Curry (ref. 35), “Any task can be automated. The queston is
whetner 1t should be...” Would automating a new function improve piiot capabdilities or
awareness” Would not doing so improve the pilot’s involvement, situation awareness, or
ability to remain in command’ We pelieve that both of these questions should be asked prior
1o the consideration of any new element of automation in the cockpit. (See pp. 4, 10, 31-32)

Automation chould be designed to be simple to train,

L]

to lecrn, and io operate.

We believe that aircraft automation
under difficult conditions in an unfavo
below-average ability. Yet these are p
needed. We urge thar simplicity,

to date has not always been designed to be operated
rable environment by tired and distracted pilots of
recicely the conditions where its assistance may be most

clarity and intuitiveness be among the comerstones of
autom: 'ion desiga, for they will make it a better and more effective too. Though training,

strictly speaking, is not the province of the designer, training must be considered during the
design of cockpit systems and should reflect that design in practce. (See pp. 11, 25, 35, 39,
60, 63-65, 74, 78-79, WC 5, 10, 15)

Guidelines for Human-Centere¢d Control Automation
Based on our review of aircrait automation, and drawin

by Wiener and Curry a decade &0, we propose some more
automation. We first consider control automation.

g heavily upon the guidelines set forth
specific guidelines for kuman-centered

« Control automation shouid perform tasks in a manner familiar ¢ and used by
pilots; it should never be permitted to fail silently.

Wiener and Curry set forth the dictum that automation should behave the w.
(WC 2). There are two advantages to this. First, pilots will be more likely to accept and
utilize automation that behaves in a familiar manner. Second, and perhaps more imponant,
they will be more likely 10 recognize a departure from such performance if the automation
continues to perform, but in an aberrant manner. Particularly with faujt-tolerant control
autornation, partial or incipien failures may be very difficult to detect because sysiem behavior
usually does not change. Whether such parual failures should be announced in order to keep

the pilot informed also needs to be considered; it may depend on how rauch functional
redundancy remains in the automated system.

ay pilots do

“Fail-passive” control automation represents a particular potential hazard, in thar its
failure may not change aircraft performance at the time if the airplane is in a stable condition,
Such failures must be announced unambiguously to insure that the pilots immediately resume
active control of the machine. Automation shouid never pemit a situation in which “no one is
in charge”; piiots must alway. ‘aviate,” even if they have deiegated contro) 1o the autopilot. It

is for this reason that autopiiot disconnects are usually announced by both visua} and aural
alerting signals. (See PP-4,19,24,71-72, WC 1, 2, 8)




« Control automation should be delimiied in its authority. It should mot be
permitted to become insubordinate.

Control automation should not be able to endanger an aircraft or to make a difficult
situation worse. It should not be able to cause an overspesd, a stall, or contact with the
ground without explicit instructions from the pilot, and possibly not then. If the pilot
approaches safe operating limuits, the automatior: should wam the pilot, giving him or her time
to recognize the probiem and take corrective action.

Some current electronic engine controllers withdraw engine power to flight idie

S autonomously if an overspeed is detected, without regard to whether other engines are

— operating. This feature cannot be locked out at presert. We weuld argue that this is
L potentially insubordinate automaaon.

The pilot should not be permitted 1o select a petentially unsafe automatc operating mode;
autcmation should either foreclose the use of such modes or shoulid alert the pilot that they
= may be hazardous, and why. (Sec pp. 30, 71, 80, WC 4.}

« Do nrot foreclese pilot authority to override normal aircraft operating limits
when required for safe mission completion without truly compelling reasons for
- doirg so.

Limitations on pilot authority may izave the pilot unable to fulf-U his or her responsibility

_ for safety of flight. A recent ASRS incident report, one of many, underscores the need to

I preserve piiot capability 1o do what is necessary: an abrupt 50" banked turn was required for

' coliision avoidance in an advanced techinclogy wide-body airalane (ref. 104). There have

. been several cases in which pilots have violated legal G limits; in nearly ali of these, the

= aircraft have been recovered, though with damage. These maneuvers would not have been

' possible had hard envelope limits been incorporated. We suggest that the “soft limits”

approach represents a way io avoid limidng pilot authonty whiie enhancing fiight safery. (See
pp. 21, 29-30. 39-40, WC 7))

, « Design contrel auiomation 1o be of most kelp during times of highest workload,
K and somewhat less help during times of lowest workload.

Field studies of aircraft automation have sugges:ed that it may appreciably lighten
workload at imes when it 1s already low. while imposing additional worklcad during times
1 vhen it is already high, during climbs and particularly descents. While muck: of the addstional

- >usden relates to problems in interacting with the flight management system (see below), the
end product of that interaction is the control and guidance of the airplane as it moves toward its
Jestination.

Avionics manufacturers have made appreciable strides in easing this workload by
providing lists of arrival and runway options at particular destinations, but air traffic control at
busy terminals may utilize procedures that differ from those listed. In particuiar, “sidestep”

» maneuvers 10 ilternate parallel or converging runways are a problem in this regard, especiaily
. if clearances are aliered late in a descent. Easing such problems may require a better
understanding by ATC of what 1s, and is not, reasonable to ask of a highly autcmaied
7 airplane. Given the congestion at cur busiest termunals, however, ATC is likely to continue to
seek more. rather than less, {lexibility and any short-term improverments will have to be in the

cockpit (see also management automation guidelines).

During cruise flight at aititude, the maintenance of pilot involvement is important (sze
. above). Workioad mav be very low and should quite possibly be increased during long flight
segments. {Sec pp. 17, 28,47, WC 3, 6.)
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* Keep the flight crew involved in the operation by requiring of them meaningful

and relevant iasks, regardless of the level of management being utilized by
them.

Figh jevels of strategic management have the potential to decrease pilot involvement
beyond desirable limits. Control av*omation should not permit this degree of detachment, les:
the pilots be unable to reenter the loop in the event af its failure. Keeping pilots involved may
require iess automation rather than more, but involvement is critical o their ability to rerain in
command of an operatit .

Much critical flight data is now accessed from lookup tables ir aircraft performance data
bases resident wathin the FMS. {Critical speeds for approach and landing are examples.) If it
Is necessary to be more cenain that pilots are aware of these data, the designer may wish 1o
consider requiring that the data be either entered manually, or verified by the pilots, before

use. The latter opdon takes less time, but may be less effective.

We have suggested that requiring management by consent rather than management by
exception may be one way to maintain involvement, though it has also been pointed out that
we do not yet know how to keep consent from becoming perfunctory, and this must also be
avoided. One way {0 assist may be to give more attention to workioad management, as is
suggested in the preceding guideline. (See pp. 28-29, 65, 94, WC 6.)

Control automation should ie designed for maximum error resistance and error
to.erance.

Both automated control systems and their associated displays should be made as e.ror
resistant as is feasible by designing clear, simpie displays and unambiguous responses to
commands. Thereafter, safety nazard analvses should be periormed to elucidate remaining
points at which errors can be committed. The designs should then te modified 10 incorporate
the highest possible degree of error tolerance as well. by proscribing potertially hazardous
Instructions or by providing unambiguous warning of potential consequences that can en-ue
from an instruction. Accident and inciden: data should be reviewed on an ongoing basis 10

identify likely human and machine deficiencies ard these deficiencies should receive special
attention in this process.

Human errors, some enabled by equipment design, bring more aircraft to grief thar. any
other facior. Error resistan: systems car protect against many of these e-rors, bu it is
necessary to give pilots authority 10 act contrary to ncrinal Operating practces when necessary

and this requires that designs alsc incorporate error tolerance. {See pp. 24, 56, 78-79, WC I,
9.)

« Control automation should provide the human operator with an appropriate
range of control and management optians.

The conrol and management of an airplane must be saiely accomplished by pilrts whose
abilities vary, under circumstances that vary widely. To provide effective assistance to
whomever is flying, under whatever conditions, a degree of flexibility is required ‘n aircraf:
automation. The aircraft control-management continuum has been discussed; problzms at the
exiremes of this coniinuum have been indicated (high workicad at the 'ow end of the
spectrum, possible decreased involvemer: at the high end of the spectrum). The range of
control and management cptions approprizte 10 a given airplane must be wide enough to
encompass the full range of pilots who may operate it, under the fuil range of operating
conditions for which it is certificated. (See pp. 26-29, 73, WC 7, 8.)
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Guidelines for Human-Centered Information Automation

It wili have been noted that some of the guidelines above relaze to information provided to the
pilots as well as to the control of the airplane and its subsystems. It is not always possible 10 draw
2 clear distinction between control and information automeation, for all automation involves the
requirement (o kesep pilots informed. The tollowing are suggested guidelines specificaliy for
information automation.

The primary objective of information automation is to maintain and enhance
situation awareness. Ali displays should contribute to this objective,

We have indicated (p. 77) what we believe are the minimum elements of information
required by pilots at all imes. Many other information elements are also required in some
form, however (p. 16). The question is not whether these are needed. but in what form thev
will best reinfurce the pilot’s awareness of his or her situation and state. The remaining
guidelines in this section address this issue in general terms. (See pp. 23-24, 35, 42, 43, 62)

* Assume that pilots will rely on reliable automation, because they will.

Once pilots have flown an automated airplane long enough to become comfortable with it,
they will come to know which cc ~trol and information elements can be trusted. Thereafter,
most (though not all) pilots will become increasingly reliant upon the continued reliability of
those elements and therefore less liable to be suspicious of them if they become unreliable.
For that reason, the designer must not make flight-critical information available unless it is
reliable (and must also provide the pilot with information concernming the status of the
automaunon as well as of the element controlled by that autornation).

If information is derived or processed, the designer must insure that the data from which
1t 1s denved is also either visible or accessible for verification. If it is not critical information

for a particular flight phase, make it available only on request, but insure that it remains
accessible.

Future automated decision support systems may pose a serious problem in this regard, if
pilots come over time to rely on the quality of the machine decisions. A poor decision may be

much more difficult 1> detect than an aberrant subsystem operation. (See pp. 4, 37, 38-29,
48.76, 95, WC 15)

* Automated systems muss be comprehensible to pilots.

As automauon becomes more complex and integrated, with more potential interactions
among modes, pilots must be assicted to understand the irmplications of those inieractions,
especially to interactions which can be potentially hazardous at a critical point in flight.
Systems need to be as error resistant as possible in this respect, for the likelihood that pilots
will remember all such potential interactions is not high if they are not encountered frequently.
The memory burden imposed by complex automation is considerable; infrequently-used
knowledge may not be immediately available when it is needed. (See pp. 21, 23, 24, 53, 55,
74-75, WC 1, 12, 14, 15)

* Alerting and warning systems should be as simple ar. ' fooclproof as possible.

Warning systems for discrete failures do not present a particular problem; whether
reconfiguration should be autonomous remains an open question awaiting experierce with the
MD-11 systeras. The probiem of quantiative WArning system sensitivity and specificity has
been discussed Faise or nuisance warnings imust be kept to reascnable levels 10 aveid the
unwanted behavioral effects of excessive alarms.




At the nisk of providing pilots with more information than they need 1o know, we believe
(as did Wiener and Curry) that it may be appropriaie to provide pilots with tread information
before a parameter reaches a level requiring action, to improve their awareness of a potentialiy
serious swuation. This serves the added purpose of increasing their trust of the automated
menitoring systems. We have suggested some ways in which trend information might be
provided on simplified system displays.

A TCAS providss ratfic alerts with respect to traffic that may in the near future pose an

imminent hazard, which gives pilots time to attempt visual acquisition of the traffic. An

e aveidance maneuver is advised if the traffic thereafter is assessed zs a serious threat. Such

S sysiems in:rease piiot invoivement. but this can pose a problem under conditions of high
] workicad. Tt is possible that “low™ and “aigh™ sensitivities could be used during short and
g longer flighis, or that non-critical alerts could be inhibited during flight at low altitudes, as is
Y already done in newer aircrafi.

_ When wamings are provided and response time is not cntcal, many pilots will attempt 10
o evaluate the validity of the warning. Means should be provided for them to do so quickiv and
accurately.

R Warnings and alerts must be unambiguous. When common signals are used to denote

- more than one cor.dition (as are the master caution and master warning signals), there must be

- 3 a clear indication of the specific condition which is responsible for the alert. (See pp. 23, 25,
38-39, 44-45,48. 76, WC 11, 12, 13, 14))

* Less information is generally better than more information, if it is the right
informaticn for a particular circumstance.

- There is no conflict between our guideline of keeping the piior informed and the
=g recognition that too much information may prevent the pilot from assimilating the most

. imporntant information. It is a matter of understanding what the pilot needs to know at a
particular time oi in a particular sicuation. Cockpit designers have generally done a
comimendable job of providing the most important infermation; they have not aiways done as
well in keeping that information at the forefront of the pilot’s awareness or in reducing the
amount of ron-essential iformation.

K

- Less information is generallv better than more information, but only insofar as no critical

: element of situation awareness is neglected. Selective de-cluttering of primary flight displays,
analogous to what has been done with navigation displays, should be counsidered; as indicated
in the text, more integrated PFDs are under study. See also the desciiption of the “dark

cockpit” concept on page 25. (See pp. 10, 17, 26, 33, 36-37, 39, 41, 43-44, 46, 48, 49, 77,
20, 82

e Iniegration of information does not meen simply adding mare elements 0 a
single display.

Integrarion in psychology means “the organivarion of various traits into one harmonious
. personality.” An integrated display combines disparate information elements into a single
5 g picture that renders unnecessary many cognitive steps the pilot would otherwise have to
. perform to obttain a concept. It thus relieves the pilot of mental workload. Primary flight
displays are not integrated; rather, they combine information previously shown on many
Instruments on a singie screen. The elements, however, are still discrete and the mental
O workload of adducing aircraft state is sl required.

Clutter in dispiavs is urdesiradble for the piiot may fail to notice the most important
. information or may focus on less irmportant data. It is for this reason that we have suggested




that fairly radical de-ciuttering of the PFD would still provide the pilot flying at cruise on
autopiiot with the information required © moniter the autopilot and return to the consrol loop
rapidly if required.

Subsystem displays can also be made more simple and intuitive. Again, the contmlling
variabie should be what the pilot needs to know under particuiar circemstances. As long as all
riformation necessary 10 take over manual controi of these systeras is available when required,
1t is not necessary that cther date be visible in circumstances where they are not central 5o the
pilot’s tasks, though we believe that power informaton, perhaps in simplified torm, is needed
ai all umes because it is an element of flight path conwe:. (See pp. 34-35, 37-28, 30,42, 44,
47, 54-55, 77, WC 12.)

* Automation poses additional monitoring requirerients; insure that pilots are

able to monitor both the status of the automation and the status of the functions
conirolled by that automation.

On page 46, it was asked whether displays shculd show the position of a switch, or the
position of the device controlled by that switch. Should automaiion status be announced, as
well as the status of the function being controlled? One can argue that it should be, by some
means. while the “dark cockpit” concept (no annunciations as lonyg as evervthing is normal)
has distinct advantages in preventing information overload, nio information can mean either
that everything is normal or that the annunciator has failed. No information is juite different
from nzgative information. In the case of subsystems, where nothing happers for long
periods of ime, pilots need some type of reassurance that the automation is stll monitoring the
systemnis.

Automaton can fail covertly as well as overtly, and in either case, the pilot must become.,
or be ready 1o hecome, a contreller rather than a manager. To do so, he or she must know by
some means that the autornation has failed, and the condition of the controlied elements or
funcnons. (See pp. 23-34, 40, 48, 82, WC 5, 9, 10.)

* Emphasize infor-nation in accordance with its importance.

o1}

The most important information should be most obvious and most zentrally-located.
Information relevant to aircraft conrol deviations, power loss or impending collisions with
obstacies 1s always more important than information coacerning other facets of the operaton.
Symbolic information should be redundantly ceded (shape, size, color, use of two or more
sensory modaiities) to insure that it is derected. Aud.tory (sounds) or tacile information
displays can te used to reinforce, or in some cases to substitute for, visual information; this
can be particuiarly useful during periods of high visual workload (p. 38).

It should be noted that a strenuous and largely successful attempt has besn made to
decrease the Jarge number of discrete auditory warnings that were present in older cockpits.
The use of discrete voice warnings is increasing, however: GPWS, TCAS and windshear
alerts ali incorporate voice signals, and arn increasing number of aircraft also incorporate
synthetic voice aititude caliouts on final approach. This may be less of a potential probiem as
digital data link replaces some of the voice communications now required, but there remains
the potental for interference among voice messages, as well as the potential for overuse of
voice signals leading to diminished aitoniiveness to voice em.rgency messages,

The queston of tactile information transfer has been brought to the fore 5y the A320
control systems (p. 23,24). The two piiot sidestick controllers are not interconnected, and
therefore do not provide information concerning coptro! inputs from the other side of the
cockpit. Because the zirpiane utilizes a load factor demand control law, pilots cannot detect
changes in rim from control column pressures. Also. the thrust Jevers do not move when the




autothrust system changes engine power. The discussion points out that this may be

appropriate automation and that companies flying this airplane do not manifest concern

regarcung these features, but it is aiso necessary fo recogmze that certain elements of the

feedback previously provided to pilots are not present in this airpiane. Continued scrutiny of

= A320 operations is needed 1o determine whether the absence of this feedback mode nas any

= undesirable consequences, or whether the redundancy of the inforaation it provides i other
K aircralt is not truly necessary. (Sce pp. 26, 35, 45, 77, WC 12.)

* Design autemation to insure that critica! functions are monitored as well as
executed,

The safety venefits of independent monitoring are indisputable. ATC radar DEITrits
4 conwollers te moniter flight path control; TCAS permits pilots to monitor controller actions.
- There are functions that are not independentiy monitored at this time; airplane acceleration with
Tespect 1 runway remaining during takeoff is one, ILS guidance duning instrument
approaches is another. A third is aircraf: position on the airport surface, a: most facilites.
Monitoring of inpu: to aircrafi systems. especi.y the FMS, remains a probiem despite the
monitoring capability provided by map dispiavs. In the firsi two cases mentioned, new
; technology will be required. In the latter case, FMS softwars could be provided tc monitor,
as well as assist in, pilot interactions with the sysiem. Where critical errors couid compromise
safety, independent monitoring of inputs (perhaps by dowrnlinking of FMS data for

comparison with ATC clearance data) should be enabled.

It is not clear at this point in time that airplane-to-ATC digitai data hirk wili be used to

=} confirm that clearance data has been received and enterzd into the FMC correctly. Such a link

— could also be used to confirm that manually-entered flight p : data conforms to ATC

R mtentions. If such a monitoring link is not provided for, ar important element of redundancy
: will have been Jost  (See pp. 4§, 56, 78, 7S, WC 9).

* Consider the use of electronic checklists to improve error resistance and
. tolerance.

Depeading on how they are implemented, siectronic checklists have the potential to

R improve error resistance, by performing checklists on command, and error tolerance, by

_: reminding pilots of checlklists that need 10 be performed and by providing reminders of items

N not completed. Chieckiist usage is known to be somewhat variable (ref. 74) and failures to

’ pe.iomm checklists have been associated with serious mishaps (refs. 15.i1). “Sensed”

checklists (those that verify that most or all items have been completedy will be more error

: tolerant than those that rely entrely on pilot confirmation of actions taken, and this may

gl suggest a desirable minirmum architecture for such moduies. On the other hand. data from

- recent checklist studies suggests that automated checkiists may reduce pilot vigilance for
aircraft sysrem fauits (ref. 711, (See pp. 48-49, WC 9.)

Guideiines for Human-Centered Management Automation

Management automation has been & remarkably successful tooi in the cockpit; the development
of air raffic automation wil} further improve its uti'ity and effectiveness. It has made the aviation
swstem much more error resistant, though it has also enabled new errors in the cockpit, as does any
rew equipment that must be operated by humans. We offer the following guidelines for future
flight management systems.

91




—
»
——

Y

MICIQTOP
NA
STANTAR

ANS:

IIO =
=
[

[

<

rer

i
Ve

1.4

oo
miiz—‘*

TEST CHART




R

* Management automction should make airplanes as easy to manage as they are to
Jfl.y'

The major probiem with flight management systerns is that they are often curabersome to
operate. Under some circumstances. it is easier tc operate without them than to use ther,
with the predictable resuls that they are apt 1o be bypassed under these circumstances. This is
a pity, for the error resistance that they bring to flight path management is also bypassed. One
partial solution to this problem is to improve the interfaces between system and pilot so that
they can be manipulated more easily

This will not be a trivial task, for it may requir- establishing a different leve! of interface
betwecn the pilot and the system, one “vhich involves a high-level interaction rather than the
present point-by-point description of desired ends. Or the other hand, data link may enable 2
higher-level interaction and may ever require it for effective interaction with ATC, most of
which may be through the FMS.

Within the constraints of present-generation systems, efforts to improve system
operability in high workload segments of flight would be most helpful to piiots, and would
improve system safety. The problem of manually tuning navigation radio aids rapidly has
been mentioned; providing alternate interfaces through which such tasks could be
accumplished more readily is worthy of consideration. (See pp. 27-28, 29, 54, 55.)

 Flight management systrm interfaces must be as error tolerant as possible.

Ir. view of the known problems in data entry, FMS software should accomplish as much
crror trapping as is possibie. Some ways of doing this have been suggested above. When
data link is avaiiable. the data entry process may be simplified, but that does not necessarily
unply that ¢ata enry errors will be elii. inated. (See pp. 52, 53.)

As noted earlier, CDUs will refuse to accept incorrectly-formatted entries, but thex do not
provide feedback as to why an entry was rejected. If the computer knows, why doesn’t it teil
the pilot? Some data entry errors are obvious, but others may be less obvious and pilots may
be tired or distracted by other problems.

» Future flight management system and aviation system automatior must insure
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that the pilot cannot be removed from the command role.

We have indicated our concern that increasing automation of the ATC system and
increasing integration of the ground and airborne elements of that system have the potental 10
bypass the humans who operate and manage the system. One way to guard against this is to
design future flight management systems so that the pilot is shown the consequ -~ces of any
clearance before accepting it; another is to insure that the pilot must actively consent to any
requested modification of flight plan before it is executed. A third, more difficult way is 10
make it possible for pilots to negotiate easily with ATC on specific elements of a clearance,
such as altitude changes, rather than having to accept or reject an ertire clearanze or
modification. All three, and possibly other wa - as well, may be required to keep vilots
firmly in command of their operations. (See pp. 55, 54.)

These steps will require more than simply software changes. They will require careful
negotiations between the operating community and air traffic management system designers.
In view of the rapidity with which the enabling technology is being pursued, the long-term
goals and objectives of system designers and planners need to be known with precision. We
do not believe that they have been se* forth with sufficient clarity thus far, and we believe also
that the consequences of fundamental changes in the locus of command of the system are so
major as to require consensus before proceeding farther with system design.




* Irsure that flight operations remain within the capacities of the human operator.

There are a very few flight maneuvers that require such precision that they have been
entrusted only to automation. Category lland IN IS approaches (approaches when ceilings
are less than 200 feet and visibilities are less than 1/2 mile) are an examp'e. It has been
generaily accepied that pilot perceptual capabilides may not be sufficiert 1o permit a safe
landing from approaches under these very bad weather conditions. With these exceptions,
hov ver, pilots have not been asked to engag : in operations that they cannot complete
inaided.

The limited capacity of the airspace system has motivated intensive efforts 1o increase
system: throughput by making better use of presently-available runways and terminal airspace.
As noted earlier, this includes studies of closely-spaced parallel approaches, the use of more
compiex approach paths, closer spacing in the terminal area, and other Strategems. At least
sor  of these maneuvers will Tequire extreme precision in flight path control: it is likely that
automation will be cailed upon to perform them, and possible that 1t will be required.

"+ his will be a safe stratagem if and only if pilots are provided with monitoring capability
sufficient to maintain ful] situation awareness throughout the performarnce of the mareuvers,
and with ways of escaping from the maneuvers safely and expeditiously in the event of a
contingency either within the airplane or the Systent  New monitoring automation and
displays may well be necessary if pilots are t0 remain in command during such maneuvers.
We must confess our concemn about an automated ATC system which requires that controllers
assume that the automation has provided a conflici-tee flight path for controlled traffic (See
pp- 56-57, 63, 95.)
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Some Thoughts on Aircraft Automation

What follows is some comments that need to be made but that do not seem to fit elsewhere in
this document. They are not conclusions; rather, they are issues that need to be considered by
designers and operators, and perhaps by the human factors research community as well.

The use of artificial intelligence in future automation: We have made reference :n
several places in this document to the development of decision support or decision making systeT:s
as a future thrust in aircraft automation. Desnite the promise of artificial intelligence (Al)
technology in limited applications to date, Al remains a promise-—an exciting one, but one whose
bounds we do not yet understand. Itis our belief that ruly “smart™ svstems will find their way
into the cockpit only slowly, and that those applications will be accept:d by aircraft manufacturers
only after protracted evaluation in less safety-critical environments. This is as it should be: the
paramount interest in safety of all members of the aviation community requires a considerable
degree of conservatism with respect to new and largely untested technologies.

Ths, of course, suggests that cognitive systems may be a long time coming, and that the
introduction of smart systems should initially be for the control or management of non-critical
functions. Al systems for the management of information in electronic libraries have been
suggested; this might be such an application. It has been implied here that decision making
systems should probably not be adaptable, because that would decrease their predictability and the
human operator needs automated systems that are predictable. Pilotz admittedly adapt to
inexperienced copilots who learn as th:y accumulate operating experience, but the pilot in
command is likely to be less confident of an iranimate system whose inner workings are less clear.

In an effort to take advantage of decision support technology without foreclosing the decision
authority of the human operators, researchers have turned to decision-aiding systemus that assist
both pilots and air traffic controllers in decision-making (refs. 64, 86, 105). These systems
provide options to the human operator, based on understood rules, but they icave decisions about
the use of those options in the hands of the operator. (See also p. 88.)

The effects of automation on human operators: We have referred io the considerable
and growing literature on human-centered workplaces. Cooley, among others, has discussed the
problein of “deskilling” in highly automated :-.- ;- 1 ments. Aviation is certainly such an
environment, though it differs in appreciaole = . . .. from the usual production environment.
Nonetheless, automation does cause behavioral anc attitudinal effects over time in those who work
with it. Depending or how it is built and operated, these effects can range from a sense of
growing mastery over another complex machine system across the spectrum to complacency and
boredom in the face of tasks made routine and mechanical.

Scientists and physicians in the Soviet Union who have worked exiensively with cosmonauts
during long missions report that under the severe confinement and other stresses inherent in such
missions, their charges become increasingly intolerant of boring, repetitive, routine tasks, to the
extent of severely diminished performance (ref. 106). On the other hard, they remain capabie of
being stimulated and challenged by novel, inteliectually demanding tasks even after many months
of exposure in this most difficult and constrained environment. It is their belief thiat great care must
be taken to insure that tasks remain challenging and stimulating.

There is much that is boring and repetitive in the cockpit environment as well, especially in
long haul overwater flying. Few tasks are more soporific than watching a highly automated
vehicle drone on for many hours, directed by three inertial navigation systems all of which agree
within a fraction of a mile. This boredom can be compounded by fatigue during operations that
often traverse the hours of darkness and normal sleep. Maintaining involvement in such a task, let
alone a sense of challenge and intellectual demand, will be a real challenge to cockpit designers, but
it must be met. Pilots are people who like challenges and have chosen aviation because it is a
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challenging occupation. If we are to keep them from becoming :neffective, we must design their
tasks in such a way that they can maintain their interest in them, and thus their performance of

them. This, we believe, is the foremost challenge facing those who design and shape the aircraft
autematon of the futare.

The flight-criticality of aircraft automation: We have suggested in this document that
pilots will come to rely on reliable automation. There is much evidence that they do so, though
there have not been, to daie, indications that the potenually deskilling effects of control automation
cannot be countered by increased emphasis on manual flying for a short time before reverting to a
less automated aircraft type. Will this continuc *» be the case in the futuie, as more pilots receive
their initial airline exposure in highly automated aircraft? As auiomation becomes increasingly
reliable, will pilots with considerable experience in fully functiona! automated aircraft remair, as
able to manage those aircraft when the automation is degraded? Finally, will pilots most or all of
whose experience is in aircraft with highly tailored flight control systems be able to convert to o:her
aircraft which do not provide them with the protecton such systems afford?

All of these questions, like the previous section, relate to the effects of automation on human
operators. They give rise {0 another question, perhaps more difficult to answer. In highly
automated aircraft, how much automation should be considered essential for safe operation under
the wide variety of circumstances that may de encountered in line operations? At present,
certif cation requirements permit dispatch of such aircraft without substantial elements of the
automation normally provided. We have indicated the reasons for this in several places. We
wonder, however, whether future pilots, brought up with highly automated aircraft, will adapt as
readily and effectively to the demands of a more manual style of operation as have their

predecessors who graduated to automation after considerable operating experience in largely
manual aircraft.

The demands of the aviation system have motivated much of the automation we now take for
granted, and those demands will increase, not abate, in the future. Is it prudent, therefore, 10

continee to ask pilots to be prepared to operate as effectvely without important tools on which they
are normally expecied to depend?

During certificatior: flights, many features of automation are disabled, along with many other
subsystem failures; the flights must demonstrate that the airplanes can be operated to a safe landing
under circumstances unlikely to be encountered in line t.,ing. Despite the great care with which
regulatory authorities and manufacturers have approached the certificaiion process, however, only
a subset of conditions, failures, and pilots can be evaluated. Is this sample adequately
representative of the population of pilots and conditions that may be encountered on the line? Does

it adequately test the worst-case circui=<tances to which the airplane may be exposed during its
long service?

The answers to these questions are not known and may never be known conclusively, given
the redundancy in the system and the relative rarity of transport aircraft accidents. In this
soliloquy, our concem is simply with how little automation is enough for pilots accustomed to (and
in the future, perhaps accustomed only to) a great deal more. We do believe the question needs to
be considered as we approach the time when highly automated aircraft supplant earlie | models in
the airline fleet. We have asked repeatedly in this document how rmuck automation is enough, and
how much may be too much. We will close oy asking how litrle automation is enou gh? Is there an

amount that is too little, given the changing demography and experience of the pilot population and
the increasing demands of the aviation system?
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VI: CONCLUSION

Humans must remain in command of flight and air traffic operations.
Automation can assist by providing a range of management options.

Human operators must remain involved.
Automation can assist by providing better and more timely information.

Human operators must be better informed.

Automation can assist by providing explanations of its as*ions and intentions.

Human operators must do a better job of anticipating problems.
Automation can assist by monitoring trends and providing decision suppor.

Human operators must understanc the automation provided to them.

Designers can assist by providing simpier, more intuitive automation.

Human operators must manage all of their resources effectively.
Properly designed and used, automation can be their most useful resource.

This is human-centered automation.

It has been suggested in this document that automation evclution to date has been largely
technology-driven. This is ciearly true, but it is a'so unfair in one sense; designers of new aircraft
in recent years have made a determined attempt to help humans do what they may not ¢o well in the
press of day-to-day operations. In doing so, they have eliminated some causes of human error,
while enabling cthers directly associated with the new technology.

If there has been a shortcoming of automation as implemented to this time, it is perhaps that 1t
has not been sufficiently thought out in terms of the average pilot's needs during worse-than-
average conditions on the line in an air traffic system that is not et able to take advantage of what
airplanes are now able to do. That is not a criticism of the designers of the automation; rather, it
implies that a more holistic view of the aviation system is necessary. Pilots fly airplanes in a
complex and increasingly crowded airspace environment, working with controliers who must deal
with whatever comes their way. We have automated the simple functions; it is now up to us to
learn to assist the humans who manage and control the aviation system, wit the intent of further
enhancing their perfermance under the most difficult circumstances we can envision. This will be
as great a challenge as any that has confronted us.
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APF>NDIX: AIRCRAFT MISHAPS CITED IN THE REPORT

This appendix contains a brief description of salient aspects of aircraft mishaps and incidents
cited in the body of the paper. Each occurrence described here is listed in the references section.

Northwest Airiines DC9-82, Detroit Metro Airport, Romulus, MIi, 8/16/87 (ref. 10)

The airplane, {light 255, crashed almost immediately after takeoff from runway 3C! enroute to
Phoenix. The airplane began 1ts rotation about 1200-1500 feet from the end of the 8500 ft runway
and lifted off near the end. After liftoff, the wings rolled to the left and night; it then collided with a
light pole located !/2 mile beyond the end of the runway. 154 persons were killed; one survived.

During the investgation, it was found that the trailing edge flaps and leading edge slats were
fully retracted. Cockpit voice recorder (CVR) readout indicated that the takeoff warning systemn
did not function and thus did not wam the flight crew that the airplane was improperly configured
for takeoff.

Delta Airlines B727-232, Dallas-Fort Worth Airport, TX, 8/31/88 (ref. 11

City. The takeoff roll was normal but as the main gear left the ground the crew heard two
explosions and the airpiane begar to mll violently; it struck an ILS antenna 1000 f: past the runway
end after being airoorne for about 22 sec. 14 persons were killed, 26 injured, 68 uninjured.

The investigation showed that the flaps and slats were fully retracted. Evidence suggested thai
there was an intermittent fault in the takeoff warning system that was not detected and correcied
during the last maintenance action. This problem could have manifestad itself during the takeoff.

The NTSB found the probable cause to be the Captain’s and first officer’s inadequate cockpit
dascipline and failure of the takeoff configuration warning system to alert the crew that the airplane
was not properly coniigured for takeoff. It found as conwributing factc.s certain managei:.ent and
procedural deficiencies and lack of sufficiently aggressive action by FAA to corre~t known
deficiencies in the air carrier’s flight operations. The Board ook note of extensive non-duty related
conversations and the lengthy presence in the cockpit of a flight attendant wt “ch reduced the flight
crew’s vigilance in ensuring that the airplane was properly prepared for flight.

Aeromexico DC-10-30 over Luxembourg, 11/11/79 (ref. 12)

During an evening climb in good weather to 31,000 ft enroute to Miami from Frankfurt, flight
945 entered pre-stall buffet and a sustained stall at 29,800 ft. Stall recovery was affected at ; 8,900
ft. The crew performed a functional check of the airplane and after findin g that it operated properly
continued to its intended destination. After arnival, it was discovered that parts of both outboard
elevators and the lower fuselage tail maintenance access door were missing.

1 Runways are numbered to indicaie their magnetic heading to the nearest 10"; 3=30° (actuaily
from 26-35°) Paralle] runways aiso have letter designators: L=left, C=center, R=ri ght.
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The flight data recerder showed that the airplane slowed to 226 kt during an autopilot climb,
quite possibly in vertical speed mode rather than indicated airspeed mode. Buffet speed was
calculated 10 be 241 kt. After initial buffet, the #3 engine was shut down and the airplane siowed
to below stali speed.

The NTSB found the probable cause to be failure of the flight crew to foliow standard climb
procedures and (- addequately monitor the airplane’s flight instruments. This resulted in the aircraft
entering into proiong:-* <tall buffet which placed it cutside the design envelope.

Indian Airlines Airbus A320, Bangalore, India, 2/14/90 (ref. 13)

(Officia! report not available) This airplane crashed short of the runway during an approach w
land in good weather, killing 94 of 146 persons aboard including the pilots. The best available
data indicate that the airplane had descended a: idle power in the “idle open descent” mode untii
shorty before the accident, when an attempt was made to recover by adding power but t00 late t¢
permit engine spool-up prior to impact. The airplane was being flown by a Captain undergoing a
route check by a check airman.

The crew allowed the speed to decrease to 25 kt below the nominal approach speed late in the
descent. The recovery from this condition was started at an altitude of only 140 ft, while flving at
minimum speed and maximum angle of attack. The check captain noted that the flight director
should be off, and the trainee responded that it was off. The check captain corrected him by
stating, “But you did not put off mine.” If either flight director is engaged, the selected autothrust
mode will remain operative, in this case, the idle open descent mode. The alpha fioor mode was
automatically activated by the declining speed and increasing angle of attack; it caused the
autothrust system to advance the power, but this occurred 100 late for recovery to be affected
before the airplane impacted the ground.

China Airlines B747-SP, 300 miles northwest of San Francisco, 2/19/85 (ref. 14)

The airplane, flying at 41,000 ft ¢.iroute to Los Angeles from Taipei, suffered an inflight upset
after an uneventful flight. The airplane was on autopilot when the #4 engine lost power. During
attempts to relight the engine, the airplane rolled to the right, nosed over and began an
uncontrollable Gescerni. The Captain was unable to restore the airplane to stable flight until it had
descended to 9500 fi.

The auto ilot was operating in the performance management system (PMS) raode for pitch
guidance anud altitude hold. Roll commands were provided by the INS, which uses only the
ailerons and spoilers for lateral control; rudder and rudder trim are not used. In light surbulence,
that airspeed began to fluctuate; the PMS followed the fluctuations and retarded the throttles when
airspeed increased. As the airplane slowed, the PMS moved the throtties forward; engines 1, 2
and 3 accelerated but #4 did not. The flight enginser moved the #4 throttle forward but without
effect. The INS caused the autopilot to hold the left wing down since it could not correct with
rudder. The airplane decelerated due to the lack of power. After attempting to correct the situation
with autopilot, the Captain disengaged the autopilot at which time the airplane rolled to tr-» right,
vawed, then entered a steep descent in cloud, during which it exceeded maximum operating sy« ed.
It was extensively damaged during the descent and recovery; the landing gear deployed, 10-11 ft of
the left horizontal stabilizer was torn off and the no. 1 hydraulic system lines were severed. The
right stabilizer and 3/4 of the right outboard elevator were missing when the airplane landed; the
wings were also bent upward.

The NTSB determined ihat the probabl: cause was the Captain’s preoccupation with an

inflight malfunction and his failure to monitor properly the airplane’s flight instruments which
resulted in his losing control of the airplanz. Contributing to the accident was the Captzin’s
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overreliance on the autopilot after a loss of thrust on #4 en gine. The Board noted that the autopilot
effecuvely masked the approaching onset of loss of control of the airplane.

Scandinavian Airlines DC-10-30, J. F. Kennedy Airport., NY, 2/28/84 (rei. 13)

After crossing the threshold at proper height but 50 kt above reference speed, the airplane,
flight 901, touched down 4700 ft beyond the threshold of an 8400 ft runway and could not be
stopped on the runway. It was steered to the right and came to rest in water 600 ft from the
runway end. A few passengers sustained minor injunes during evacuation. The weather was very
poor and the runway was wet.

The airpiane's autothrotile system had teer unreliable for approximately one month and had
not reduced speed when commanded darir g the first (Stockhoim-Oslo) leg of this flight. The
Captain had deliberately selected 168 kt to ~ompensate for a threatened wind shear. The throttles
did not retard passing 50 ft and did not respond to the ~utothrottle speed control system commands
(the flight crew was not required to use the autothrottle speed control system for this approach).

The NTSB cited as the probable cause the flight crew’s disregard for prescribed procedures
for monitoring and controlling airspeed during the final stages of the approach, its decision to
continue the landing rather than to execute a missed 2pproach, and overreliance on the autothrottle
speed control system which had a history of recent malfunctions. It noted that “performance was
cither aberrant or represents a tendency for the crew to be complacent ard over-rely on automated
systems.” It also noted that there were three speed indications available to the crew: its airs
indications, the fast-slow indicators on the attitude director, and an indicated vertical speed of 1840
ft per minute on glide slope. In its report, the Board discussed the issue of overreliance on
automated systems at length (ref. 15, Pp. 37-39) and cited several other examples of the
phenomenon.

United Airiines DC-10-10, Sioux City, IA, 7/19/89 (ref. 25)

Enroute from Denver to Philadelphia in cruise flight at alttude, flight 232 experienced a
catastrophic failure of the #2 tail-:nounted engine. This led to loss of the three hydraulic systems
that powered the airplane’s flight controls, The flight crew experienced severe difficulry
controlling the airplane, which subsequently crashed during an attempted landing at Sioux City.

There were 111 fatalities out of the 296 persons on board.

re~sonable expectations.

United Airlines B-747-122, Honolulu, HI, 2/24/89 (ref. 26)

The NTSB found that the door opened in flight because it was improperly latched. No fau!t
was ascribed to the flight crew. which performed effectively under very Gifficult circumstances.




Aloha Airlines B-737-260 near Maui, Hawaii, 4/28/88 (ref. 27)

Ty« »irplane experienced an explosive decompression due to a structural failure of the forward
fuselage at 24,000 ft while enroute from Hilo to Henolulu. Approximately 18 ft of cabin skin and
stucture aft of the cabin entrance door and above the passenger floorline separated from the
airplane during flight. Gne flight attendant was swept overboard: cight persons received serious
injuries. The airplane landed safely.

The NTSB found the probable cause 1o be failure to detect the presence of significant
disbonding and fatig.~ damage of the fuselage of an old airplane. This accident prompted a very
major study of the “aging aircraft” problem by operators, aircraft manufacturers. the FAA and
NASA. Major changes in inspection and rraintenarie procedures have resulted.

Aircraft Separation Incidents at Atlanta Harisfield Airport, 10/7/80 {ref. 28)

This episode involved several conflicts amorg aircratt operating under the direction of air
traffic conwol in the Atlanta terminal ares. i ar ieast two cases, evasive action was required to
avoid collisions. The conflicts were caused by v..altiple failures of coordination and execution by
several controilers during a very busy period.

The NTSB found that the near collisions were the result of inept traffic kandling by control
personnel. This ineptness was due in part to inadequacies in training, procedural deficiencies. and
some difficulties imposed by the physical layout of the control room. The Board also found that
the design of the low altitude/conflict alert system contributed to the controller’s not recognizing the
conflicts. The report stated that, “The flashing visual conflict alert is not conspicuous when the
data tag is also flashing ir: the handoff status. The low altitude warning and conflict alerts utilize
the same 2udio signal which is audibie to al} contro} room personnel rather than being restricted to
only those immediately concerned with the aircraft. This results in a ‘cry wolf” syndrome in which
controllers are psychoiogically conditioned to disregard the alarms.”

Eastern Air Lines L-1011, Miami, FL, 12/29/72 (ref. 31)

The airplane crasted in the Everglades at night after an undetected aotopilot disconneci. The
airplane was flying at 2000 ft after a missed approach at Miami because of a suspected landing gear
malfur.ction. Three flight crewmembers and a jumpseat occupant became immersed in diagnosing
the malfunction. The accident caused 99 fatalities among the 176 persons on board.

The NTSB believed that the airplane was being flown on manual throttle with the autopilot in
ontrol wheel steering mode, and that the altitude hold function was disengaged by light force on
1e wheel. The crew did not hear the altitude alert departing 2000 ft and did not monitor the flight

_1struments until the final seconds before impact. It found the probable cause to be the crew’s
failure to monitor the flight instruments for the final 4 minutes of the flight and to detect an
unexpected descent soon enough to prevent impact with the ground. The Capta:n failed to assure
that a pilot was monitoring the progress of the aircraft at all times. The Board discussed
overreliance on automatic equipment in its report and pointed out the need for procedures to offset
the effect of distractions such as the malfunction during this flight (ref. 31, p. 21).

United Airlines DC-8-61, Portland, OR, 12/28/78 (ref. 32)

This airplane, flight 173, crashed into a wooded area during an approach to Portland
International Airport. The airplane had delayed southeast of the airport for about an hour while the
f ght crew coped with a landing gear malfunction and prepared its passengers for a possible

-rency landing. After failure of all four engines due to fuel exhaustion, the airplane crashed
ai 5 miles southeast of the airport, with a loss of 10 persons and injuries to 23.
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The NTSB found the probable cause to be the failure of the Captain to monitor the fuel state
and to respond properly to a low fuel staie and rewmember advisories regarding the fuel state.
His inattentiua resulted from preoccupation with the landing gear malfunction and preparatio s for
the possible emergency wanding. Contributing to the accident was the failure of the other two crew
members to fully comprehend the criticality of the fuel state or to successfully communicate their
concem to the Captain. The Board discussed crew coordination, management and teamwork n its
report,

Pan American B-747 and KLM B.747, Santa Cruz de Tenerife, 3/27/77 {ref. 33)

The two aircraft were diverted to Tenerife, along with three others, because of a bomb threat at
their destination, Las Palmas. While parked, Pan Am was blocked by KLLM on the parking ramp.
Visibility varied between 1000 and 5000 ft in fog. KLM taxied out using the single runway and
made 2 180" turn at the end in preparation for takeoff on runway 3(). Pan Am followed about 6
minutes later with instructions to ieave the runway at a specified taxiway earoute to the departure
end. A few minutes later, after communication with the tower but without specific takeoff
clearance, the KILM aircraf; began its takeoff run after announcing, “We are now at takeoff,” as the
tower was requesting Pan Am to report clear of the runway in its taxi. Pan Am responded, “OK,
we’ll report when we're clear,” just before the KLM airplane collided with Pan Am. There were
574 fatzlities among the 644 persons on board the two aircraft.

The Spanish Commission of Accident Investigation found that the KLM Captain took off
without clearance, did not obey the tower’s “stand by” order, did not interrupt his takeoff on
learning Pan American was still on the runway, and in reply to his flight engineer’s query
regarding Pan Am’s position, affirmed that Pan Am had left the runway. It was noted that the
Captain was an extremely experienced flight instructor who had rot done much route flying 1n
some time; the first officer had Limited 747 flight experience. The KLM crew was very near its
duty time limits; 1o have delayed would have required the crew and passengers to remain in
Tenerife overnight.

Delta Air Lines DC$-31, Boston, MA, 7/31/73 (ref. 36)

This airpiane struck a seawali bounding Boston's Logan Airport during an approach for
landing after a flight from Buriingron, VT to Boston, killing all 89 persons on board. The point of
impact was 165 ft right of the runway 4R centerline and 3000 ft short of the displaced runway
threshold. The weather was sky obscured, 400 ft ceiling, visibility 1 1/2 miles in fog.

The CVR showed that 25 sec before 1mpact, a crewmember had stated, “You better go to raw
data; I don’t trus: that thing.” The next airplane on the approach, 4 minutes later, mad= a missed
approach due to visibility below minimums. The accident airplane had been converted from a
Northeast Airlines to a Defta Air Lines configuration in Apri}, 1973, at which time the Collins flight
director had been replaced with a Sperry device; there had been numerous writeups for machanical
deficiencies since that time. The flight director command bars were different (see fig. 11, page 20
for the two presentations), as were the rotary switches controlling the flight director. The crew

have received steering and wing-leveling guidance only, instead of ILS guidance. Required
altitude callouts were not made during the approach.

The NTSB found the probable cause to be the failure of the Crew to monitor aititude and its
passage through decision height during an unstabilized appreach in rapidly changing
meteorological conditions. The unstabilized approach was due to passage of the outer marker
above the glide slope, fast, in pari due to nonstandard ATC procedures. This was ¢ mpounded by
the flight crew’s preoccupation with questionable infonmation presented by the fight director
system.
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The Board commented that, “An accumulation of discrepancies, none critical (in themselves),
can rapidly deteriorate, without positive flight nanagement, into a high-risk situation...the first
officer, who was flying, was preoccupied with the information presenied by his flight director
system. to the detriment of his attention to altituce, heading and airspeed control...”

Swift Aire Aerospatiale Nord 262, Marina Del Rey, CA, 3/10/79 (ref. 37)

This commuier aircraft was taking off at dusk from Los Angeles enroute to Santa Maria, CA,
when a crewmember transmitted “Emergency, going down” on tower frequency. Witesses stated
that the right propeller was slowing as the airplane passed the far end of the runway; popping
sounds were heard as it passed the shoreline. The airplane turned north parallel to the shoreline,
descended, ditched smoothly in shallow water, and sank immediately. The cockpit partially
separated from the fuselage at impact. The accident was fatal to the two crewmembers and one
passenger.

The flaps were set at 35°, the right propeller was fully feathered and the left propeller was in
flight fine position. It was found that the right propeller pitot pressure line had failed; the line was
deteriorated and would have been susceptible to spontanecus rupture or a leak. The left engine fuel
valve was closed (it is throttle-actuated). Once the fuel valve has been closed, the engine’s
propeller must be feathered and a normal engine start initiated to reopen the valve. The aircraft
operating manual did not state this and the pilots did not krow it.

The NTSB found that the right engine had autofeathered when the pitot pressure line had
failed; the pilots shut down the left engine shortly thereafter, probably due to improper
identification of the engine that had failed. Their attempts to restart the good engine were
unsuccessful because of their unawareness of the proper starting sequence after a fuel valve has
been closed. Engine failure procedures were revised following this accident.

Air France Airbus A320, Mulhouse-Habscheim, France, 6/26/88 (ref. 44)

This airplane crashed into tall trees following a very slow, very low altitude flyover at a
general aviation airfieid during an air show. Three of 136 persons aboard the aircraf: were kilied;
36 were injured. The Captain, an expenenced A320 check pilot, was demonstrating the slow-
speed maneuverability of the then-new airplane.

The French Commission of Inquiry found that the flyover was conducted at an altitude lower
than the minimum of 170 ft specified by regulations and corsiderably lower than the intended 100
ft alttude level pass briefed to the crew by the captain prior to flight. It stated that, “The training
given to the pilots emphasized all the protections from which the A320 benefits with respect to its
lift which could have given them the feeling, which indeed is justified, of increased
safety...However, emphasis was perhaps not sufficiently placed on the fact that, if the (angle of
attack) limit cannot be exceeded, it nevertheless exists and still affects the performance.” The
Commission noted that automatic go-aroand protection had been inhibited and that this decision
was compativl: with the Captain’s objective of maintaining 100 ft. In effect, below 100 ft, this
protecton was not active.

The Commission attributed the cause of the accident to the very low flyover height, very slow
and reduciag speed, engine power at flight idle, and a late application of go-around power. It
commented on insufficient flight preparation, inadequate task sharing in the cockpit, and possible
overconfidence because of the envelope protection features of the A320.
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Delta Air Lines B-767, Los Angeles, CA, 6/30/87 (ref. 52)

Over water, shortly after takeoff from Los Angeles, this twin-ergine airplane suffered a
double-engine flameout when the captain, attempting to deactivate an electronic en gine controller in
response to an EEC caution light, shut off the fuel vaives instead. The crew was abie 10 restart the
engines within one minute after an alfitude loss of several hundred feet. The fuel vaives were
located immediately above the electronic engine contro! switches on the airplane center consoie,
though the switches were dissimilar in shape.

The FAA thereafter issued an smergency airworthiness directive requirt g installation of a
guard device between the cockpi: fuel control switches,

United Airlines B-767, San Francisco, CA, 3/31/86 (ref. 52)

are guarded. Itis believed that the crew may have inadvertently shut off fuel to the engines when

Delta Air Lines L-1011, Los Angeles, CA, 4/12/77 (ref. 63)

This airplane landed safely at Los Angeles after its left elevator Jammed in the full up position
shortly after takeoff from San Diego. The flight crew found themselves unabi= to control the
airplane by any normal or standard procedural means. They were able, after considerable
difficulty, to restore a limited degree of pitch and roil control by using differential power on the
three engines. Using center engine power to maintain pitch and wing engines differenually to
maintain directional control, and verifying performance at each successive configuraticn change
during an emergency approach to Los Angeles, the crew succeeded in landing the airplane safely
and without damage to the aircraft or Injury to its occupants.

Korean Air Lincs B-747 over Sakhalin Island, USSR, 9/3/83 (ref. 66)

The airplane was destroyed in cruise flight by air-to-air missiles fired from a Soviet fighter

after 1t strayed into a fo_rbidgicn area enroute from Anchomgc, AK to Soeul, Korea. The airplane

Delta Air Lines L-1011/Continental Airlines B-747 over Allantic Ocean, 7/8/87
(ref. 67)

These airplanes experienced a near m:dair collision over the north Atlansic ocean after the Delta
airplane strayed 60 miles off its assigned oceanic route. The incident, which was observed by
other aircraft but not, apparently, by the Delta crew, was believed to have been caused by an
incorrectly inserted waypoint in the Delta airplane’s INS prior to departure.

Air Florida R-737, Washington National Airport, DC, 1/13/82 (ref. 68)
This airplane crashed into the 14th Street bridge over the Potomac River shortly after takeoff

from Washington Nadonal Alrport in snow conditons, killing 74 of 79 persons on board. The
airplane had been de-iced 1 hour before departure, but a substantial period of time had elapsed
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since that operation before it reached takeoff position. The engines develoned substantially less
than takeoff power during the takeoff and thereafter due to incorrect setting of takeoff power by the
pilots. It was believed that the differsntial pressure probes in the engine were iced over, providing
an incorrect (1co high) EGT indication in the cockpit. This should have been deiscted by
e.omiration of the other engine instruments, but was not perceived by the capuair flying.

The NTSB found that the probable cause of the accident was the flight crew’s failure to use
engine anti-ice during ground operation and takeoff, their decisicn to take off with snow/ice on the
airfoils, and the captain’s failure (o reject the takeoff at an early stage when his attcntion was called
10 anomalous engire instrument readings. Contribating faciors included the prolenged ground
delay after deicing, the known inherent pitching charactenstics of the B-737 when the wing leading
edges are contarninated, and the limited experience of the flight crew in jet transport winter
operations.

Delta Air Lines L-1011-385-1, Dallas-Fort Worth Airport, TX, 8/2/85 (ref. 83)

This airplane crashed during an approach to landing on runway 17L. While passing through a
rain shatt beneath a thunderstorm, the flight encountered a microburst which the pilot was unable
i0 traverse successfully. The airplane struck the ground 6300 ft north of the runway. The accident
was fatal to 134 persons; 29 survived.

The NTSB found the probable cause to be the flight crew’s decision to initiate and continue
the approach into a cumulo-nimbus cloud which they had observed to contain visible lightning, a
lack of specific guidance, procedures and training for avoidance and escape from low-altitude wind
shear, and lack of definitive, reai-time wind shear hazard information.

Northwest Airlines B-727 and DC-%, Detroit Metro Airport, MI, 12/3/90 (ref. 84)

These two aircraft collided while the 727 was tzking off and the DC-9 was lost on the airport
in severely restricted visibility. Both aircraft were on the ground. The accident site was not visible
from the tower due to fog; ASDE was not available. The investigation is not complete at this time.

US Air B-737 and Skywest Fairchild Metro, Los Angeles, CA, 2/1/91 (ref. 84)

This accident occurred after the US Air airplane was cleared to land on runway 24L at Lo.
Angeles while the Commuter Metro was positioned on the runway at an intersection awaiting
takeoff clearance. There were 34 fatalities and 67 survivors in thie two aircraft. The Metro may not
have been easily visible from the control tower; airport surface detection radar equipment (ASDE)
was available but was being used for surveillance of the south side of the airport. The contoller
was very busy just prior to the time of the accident.

The NTSB investigation of this accident is underway at this time, but it is reported that the
controlier cleared the Metro i pesition at an intersection on runway 24L, 2400 f{i from the
threshold, two minutes before the accident. One minute later, the 737 was given a clearance to
land on runway 24L. It is believed that the stroboscopic anti-collision lights on the Metro wers rot
cperating at the tiine of the crash, as it had not yet received iis takeoff clearance.

Continental Airlines DC9-14, Denver, CO, 11/15/87 (ref. 88)

This airplane crashed immediately after takeoff on rutwiy 35L enroute from Denver to Boise,
ID. The weather was sky obscured, ceiling 300 ft, visibility 3/8 mile in moderate snow and fog,
winds from 030" at 10 kt, gusting to 18 kt, ranway 351, visual range 2200 ft. The airplans had
bien de-iced 27 min before takeoff. It rotated rapidly and crashed immediately after leaving the
ground. There were 28 fatalities; 54 persons survived.
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During the investigagon, it was found that the flight had not requested taxi clearance and the
tower was unaware of 1ts taxi to the de-icing pad. The Captain’s expenience in the airplaue was
limitzd (133 hr DC9, 33 as a DC9 Captain); the first officer, who made the takeoff, had onlv 36
10urs of jet and DC9 experienc 3, and had been off duty for 24 days before this flight.

The NTSB found the probable cause to be the Caprain’s failure to have the aircraft de-iced z
second time after a delay that ied o upper wing surface conta: vination and loss of control during a
rapid takeoff rotation by the first officer. Conrributing causes were the absence of regulatory or
management controls governing operations by newly qualified flight crewmembers. The Board
quesuoned the Captain’s decision not to have the airslane de-iced a second time and 1o permit the
inexperienced first officer to make the takeoff under difficult weather conditions. It commcnted
that, “Pairing of pilots with limited experience in their respective positions can, when combir -d
with other factors, such as adverse weather, be unsafe and is not acceptable,” and miade
recommendations to avoid such pairings.

US Air B-737-400, LaG. ardia Airport, Flushing, NY, 9/20/89 (ref. 89)

This airplane crashed intc a pier past the departure end of runway 31 during takeoff enroute to
Charlotte, NC. Two passengers suffered fatal injuries. As the first officer began the takeof? roll,
he felt the airplane drift to the left. The Captain used nosewheel steerin g to cormrect the drift. As _he
takeoff run progressed, the crew heard a “bang” and a continual rumbling noise. The Captain then
took over control and reiected the takeoff but was unable to stop the aplane before running off the
end of the runway into Bowerv Bay.

The NTSB found the probable cause of the accident to be the Captain’s failure to exercise
command authonty in a timelv manner to reject the takeoff or to take ;uff.cient control to cottinae
the takeoft, which was initiated with 2 mistrimmed rudder. Also causa! was the Captain’s 1ailure
to detect the mi<trimmed rudder before the takeoff roll was attempred.

The Board noted that the :akeoff configuration warnin g system does not include an alarm for a
mistri.amed mudder, and stated that this is proper because the aircraft is not unfl vable. There were
abundant char.ces to detect the out-of-trim condition through visual, tactile and proprioceptive
means. There was also a miscommunication; the Captain said “got the steering,” advising the first
officer to correct the airplane’s track with right rudder. The first officer heard “I got the steering,”
said “okay” and gradually relaxed his pressure or the right rudder pedai. It was thought that
neither pilot was in full conuo. thereafter: this problem continued after the takeoff was rejected.

The Board noted that “both pilots were inexperienced in their respecrive positions...the firs:
officer was conducting h'« firct unsupe-vised line takeoff in a 737 and also his first takeoff after a
39-day non-flying period.  The Captain had 5525 hr total flying time, 2625 hr in the 737, but only
140 hr as a Captain in the 737-400. The first officer had 3287 hr total time, 8.2 hr in the 737.
300/400. Severai crew coordination problems and muldple errors by both pilots were commented
upon by the Board.
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