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Abstract

The study examines a series of principles that may effectively
mitigate technological hazards within the Air Transport System.
These principles are:

Precise design criteria and verification of the standards
which relate to an airplane's operating environment;

2. Quality control in manufacturing with high levels of per-
formance in design, construction, inspection, and main-

tenance of the system;

Periodic testing and evaluation of equipment and human
-elempnts to meet performance standards;

4!. Training and education of key managers and operators in
emergency procedures with emphasis in new systems and
multi-problem hazards;

Establish communication modes linking key elements with
institutions in the system to mitigate, respond, and
recover from emergencies;

6. A system of reporting incident and accident investigations
in a prompt manner to allow for a coordinated recovery;

7. The system must be regulated, audited, and demonstrated
( freqpently to protect public interest, including proper

liability.

These principles are then analyzed in three areas in which
successful hazard mitigation will reduce the effects of
increased technological application. These topic areas
include:

Design, Construction, Inspection, and Maintenance;

System Development and Operation; and

Liability and Regulation.

The study concludes that with the rapid development in high
technology and with its subsequent rapid application to our _
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/97National capability, technological hazards converge onto a
wide variety of societies' activities. The report suggests
that successful mitigation of technological hazards can be
achieved through utilizing the previously outlined principles
within the total air transport system environment.
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EXECUTIVE SUMMARY

The rapid developments in high technology and their equally

rapid application to enhance our national capability and well

being have led to a class of technological hazards which can por-

tend disaster with no input from perturbed forces of nature. To

be sure, of course, the technological hazards can be markedly

exacerbated by natural phenomena, but they are fundamentally man

made and ever threatening to unleash a disaster in the absence of

their continuing careful control. These technological hazards

now pervade a wide spectrum of societies' activities ranging from

ground to air transportation, and from fossil to nuclear power

generation and transmission. These hazards are an inevitable hall-

mark of an advanced technological society, and they can profoundly

and adversely impact the material well being of the society if

they either cease to exist (e.g., no air transportation or nuclear

power generation) or if they go out of control (e.g., aircraft or

nuclear power accidents). The answer, of course, is to develop and

maintain effective management procedures for controlling these

hazardous systems at acceptable levels of cost and risk.

It is to be expected that the emergency management of hazardous

systems has problems in common. It is to be expected too that these

I'' problems may have solutions in common in terms of fundamental

principles of mitigation and the problem focussed thrusts of research

to deal with the hazards. It is important therefore to examine

these principles and thrusts as they have evolved in advanced tech-

nological systems to date to clarify the lessons and principles

±5,.

J.



learned and their potential transferability from one system to

another. Pursuant to this end an exploratory study has been made

of hazard mitigation and research in the air transport system.

The results of this study are the subject of this paper.

The air transport system was chosen for study because from

the outset the development of aviation was dominated by the principles

of "safety first" and "an ounce of prevention is worth a pound of

cure." These were of necessity first principles because

a) Aircraft are inherently hazardous due to their extra-

ordinarily high chemical,kinetic and potential energies

of flight, and

b) Aircraft wculd be too heavy to fly at all if they were

built with the overall structural weight and strength of

surface transportation vehicles to withstand accidents.

Safety, therefore, has always been dominated by the goal of

accident avoidance in aviation. As a result over the years there

has been a steady decline of the idea that aviation is an ultra-

hazardous and therefore highly limited activity subject to absolute

liability or liability without fault for damage suffered in an

accident. Thus too it was insurable at first only by a high risk-

taker like Lloyds, London. Today the aviation activity is wide-

spread, a major industry, and the air transport system is one of the

safest and by far the largest commercial transport of passengers

in the U. S. The activity is now covered by a broad base of in-

surance, and it is liable like other types of activity under the

concepts of negligence. This has been accomplished only as a result

i -ii-
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of the most careful continuing attention to hazard mitigation

and research starting from design and carrying through construction

to inspection, maintenance and operation of the system. It has

evolved over some 50 years and today it involves a large, complex

and sophisticated team of government, industry and university

participants regulating, operating, constructing and researching the

system and its elements.

This exploratory study of these various factors in the air

transport system has served to highlight a number of principles that

have been invoked and proven to effectively mitigate hazards in

the system. Some key examples of these principles are as follows.

1. Precise design criteria and verification thereof must be
employed which are carefully related to the total ex-
pected operational environment and the reliaBTT'ty of
any new technologies employed in the system.

2. High levels of manufacturing quality control are abso-
lutely essential, and uniformly high levels of per-
formance are required in design, construction, inspection
and maintenance of the system.

3. All key equipment and human elements in the system must be
tested and certified as satisfying prescribed performance
criteria for safe operation of the system. Manager-machine
interactions are particularly crucial to precisely prescibe,
test and certify near the safe operating boundaries of the
system.

4. The training and maintenance of proficiency of key man-
agers/operators in emergency procedures ii. the system is
essential over the spectrum from incipient to ultimate
emergencies. This cannot usually be satisfactorily achieved
through use of the systems themselves and requires recourse
to advanced simulation techniques, especially in dealing
with new systems and multi-problem hazards.

5. Dedicated and precise communication modes must be provided
and prescribed in the use to enable decisive and coordinated
actions between key elements/institutions in the system
to avoid, contain and recover from emergencies.

6. Timely and rigorous incident as well as accident invest".aati~n

-iii-
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and reporting is required to insure and maximize the
benefits of experience in upgrading the effectiveness
of hazard mitigation in the system.

7. The system must be continuingly regulated , audited,
and demonstrated to be safe to the degree necessary to
protect the public interest, including enabling adequate
insurance of the manufacturers, owners and operators of the
system liable for losses of people and property potentially
exposed to accidents in the system.

It is suggested further by this study that one or more of these

principles might well have important application to hazard miti-

gation in other advanced technological systems. These systems in-

clude movements of substantial amounts of hazardous material through

a multi-modal transportation network, and generation and trans-

mission of electric power through complex and extensive grids in-

volving multiple power sources including fossil, nuclear, hydro, solar

and others. Already there is evidence that the principles cited

earlier on training in emergency procedures, dedicated and precise

communication modes, and incident as well as accident investigation

and reporting in the air transport system may have important appli-

cation to hazard mitiaation in the area of nuclear power generation.

These and other potential applications deserve further study.

More generally it should be noted again that this study of

hazard mitigation and research in the air transport system has

been exploratory in nature. The experience gained with this system

has been far richer in lessons learned than what is described

herein, and it is still evolving. The air transport system is

clearly one of our "gold mines" of knowledge on effective compre-

hensive emergency management systems, and it should be plumbed
i - LV-
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for all of this knowledge and wisdom that it can provide in

helping to mitigate the hazards of other advanced technological

systems.
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INTRODUCTION

Throughout history disasters have been associated with

natural phenomena. Such events as hurricanes, floods, earth-

quakes and volcanic action have resulted from forces largely

beyond man's control or cause. As urban and industrial develop-

ment accelerated, a new class of disasters appeared stemming

from human activities which compounded the effects of natural

phenomena. Multistory buildings were built that were vulnerable

to earthquakes, dams were built that sometimes proved unable to

withstand flooding pressures; deep mines were developed which

were sometimes poorly ventilated leading to dangerously foul air

and occasionally to explosions causing their collapse; ever larger

and faster ships were built which sometimes failed outrighz due to

excessive structural loads in a severe storm, or outran their navi-

gation capabilities and were destroyed through collisions in foul

weather.

In more recent times the rapid developments in high tech-

nology and their equally rapid application to enhance national

capability and well being have led to a new class of technological

hazards which can portend disaster with no input from perturbed

forces of nature. To be sure, of course, these technological

hazards can be markedly exacerbated by natural phenomena, but

they are fundamentally man made and ever threatening to unleash

a disaster in the absence of their continuing careful contrcl.

These technological hazards now pervade a wide spectrum of society's

activities ranging from ground to air transportation, and from

o -l1-
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fossil to nuclear power generation. These hazards are an

inevitable hallmark of an advanced technological society, and

they can profoundly and adversely impact material well being of

the society if they either cease to exist (e.g., no air trans-

portation or nuclear power generation) or if they go out of

control (e.g., aircraft or nuclear power accidents). The answer,

of course, is to develop and maintain effective management pro-

cedures for controlling these hazardous systems at acceptable

levels of cost and risk.

Such management procedures can only be evolved from

Mitigation and Research (M & R) programs designed to develop and

apply new scientific and engineering knowledge to predict, pre-

vent and respond to emergencies and disasters so as to reduce the

loss of life, injury, damage and economic and social disruption

from such occurrences. It is not surprising, therefore, that many

public and private groups associated with the development, appli-

cation and control of hazardous new technologies have also de-

veloped programs in Mitigation and Research aimed at preventing

or ameliorating the impact of disasters associated with these

new technologies. Most recently, in recognition of the rapidly

growing but widespread nature of the federal efforts in emergency

management including M & R, the President acted with Congress to

consolidate many of these activities with the formation of the

Federal Emergency Management Agency (FEMA) in the summer of 1979.

This Act enabled strengthened oversight and interchange of know-

ledge and experiences between many federal activities in M & R

-2-



which had been heretofore pursuing relatively independent paths.

In addition it provided a federal focal point for interaction with

state and local governments and private institutions concerned with

similar emergency management problems.

It is to be expected and it is to some extent known that

the emergency management of hazardous advanced technological sys-

tems has problems in common. It is to be expected too that these

problems may have solutions in common in terms of the fundamental

principles of mitigation and the problem focussed thrusts of re-

search to deal with the hazards. It is important therefore to ex-

amine these principles and thrusts as they have evolved in ad-

vanced technological systems to date to clarify the lessons learned

and their transferability from one system to another. Such an

undertaking offers the general promise of upgrading multi-system

safety in a foreshortened time frame, and the specific promise of

systematizing and focussing M & R activities across the spectrum of

current and evolving advanced technological systems. The under-

taking is therefore of particular importance to FEMA in discharging

its overall M & R responsibilities, and this paper attempts to

contribute to this undertaking by examining selected aspects of the

experience gained with major elements of the civil air transport

system.

BACKGROUND

The age old principles of "Safety First" and "An ounce of

prevention is worth a pound of cure" dominated the flight of air-

craft from its successful inception. The logical supremacy cf

these principles was uncontestable at the outset since such a

-3-
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machine could barely fly safely, and it could not fly at all with'

more than minimum structural weight and factors of safety (like

1 1/2 based on yield strength of materials), and with less than

adequate propulsion thrust to weight ratio (like 1/10 based on

maximum propeller and power plant performance) to meet critical

flight needs like take off. In addition, the machine had to be

controllable, if not stable, under perturbed or transient flight

conditions if it was to successfully complete its journey, and

therefore it had to be a predeterminably distortable load bearing

structure. All of these factors had to be accounted for from the

beginning by the Wright Brothers in successful flights of several

hundred feet at Kitty Hawk almost 80 years ago, and through

Lindbergh to today in successful flights of many thousands of miles

over the earth's surface. Lindbergh pioneered further in the

emergency management of aircraft because his flight across the

Atlantic stressed the requirements to "not run out of runway in

takeoff or landing," and "not run out of gas or altitude en route

to the landing." To this day, with all the sophisticated advances

which characterize modern aircraft operations, we cannot say that

the air transport system is devoid of instances where such basic

requirements are not met. This is not because the system is laxI V
on the discipline to learn from experience - indeed it is among

the most, if not the most demanding in this respect.'* Rather it

is because the system is becoming ever more complex, and hence

*All superscript numbers refer to references which are listed

at the end of each section.

-4-



ever more demanding on the hardware (the machine) to be managed,

and the software (the humans) to manage it effectively, Both

the single aircraft and the system of aircraft have always posed

fundamental and never ending problems in emergency management, and

this is why they are important to examine for their larger im-

plications, their fundamental lessons if you will, in the field of

hazard mitigation & research.

The airplane of today is fundamentally hazardous because

its chemical energy (fuel), its kinetic energy (motion), and its

potential energy (altitude) can be large by comparison to the

binding energy of the parts of the machine and the people in it.

Indeed it can be hazardous on any one of these counts taken alone,

and taken together it can be deadly when out of control. It can

be deadly to the people in the machine, to the people in other

machines in its vicinity, and to people (and property) exposed to

it on the ground. This multiple risk was not always of major con-

cern. In the early days of flight there were so few aircraft in

operation in relatively remote areas that they were primarily

dangerous to themselves. Put more quantitatively, the mean free

paths between multiple aircraft, and between single aircraft and

people on the ground was so large as to minimize the multibody

accident risk. The exception was at, or in the immediate vicinity

of an airport, and there the people and property at significant risk

were so involved only because they were dedicated to the operation.

Thus, too, in the early days the most effective technologies

evolved largely from the kite and the bike to yield cloth-covered

stick and wire structures with chain drives from engine to pro-

peller. Airfoils and propellers for aerodynamic lift and thrust,



respectively, were designed by "French curve;" navigation was

by eye and compass, and flight control and hazard mitigation

was by eye and "seat of the pants" feel. Flight weather was con-

sidered good only in the daytime when the air was clear and still,

or at least steady in a low wind condition. Maximum flight speeds

measured in the tens of miles per hour and flight altitudes in a

few thousands of feet. Two people in an airplanewere a lot, and

research was still largely in the cut and try mode with flight

articles. Indeed, the early innovations of Lilienthal and the

Wright Brothers to use wind tunnels for aerodynamic research did

not gain substantial momentum in the U. S. until the First World

War with the advent of the National Advisory Committee for Aero-

nautics, and even then they did not appear in substantial number

or size until well after the War. Airplanes did appear in large

quantities during the war,* however, and the losses in human life

and equipment due to accidents often exceeded those due to com-

bat. It was inevitable therefore that accident investigation and

reporting should emerge as a requirement to upgrade operational

safety. This and much more carried over from military experience

to civil aviation subsequent to the war, and indeed the history

of aviation is replete with examples of constructive couplings

including technology transfers between the military and civil

sectors of air transport. These couplings are fundamental be-

cause both sectors are supported by many of the same research

*The first bombing raids involving hundreds of planes occurred
over the Continent during the First World War.
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institutions (e.g., NACA/NASA, Universities and Industries) and by

many of the same manufacturing institutions (e.g., air frame, engines,

et al). A particularly dramatic recent technology transfer has been

the jet airplane from the military sector (KC-135) to the civil sector

(Boeing 707), and this transfer has been built on over the last 20

years to the point where today U. S. manufactured jet aircraft dom-

inate commercial aviation all over the free world, and commercial air

transport dominates over all other forms of commercial passenger

transport in the v. S.*

These transports can and do fly most any time of the day

and night in most any kind of weather. They take off and land

at airports in as little as 1 minute intervals, and there are

hundreds of them in the air at any one time over the U. S. carrying

tens of thousands of passengers at high subsonic air speeds. They

fly from a few hundred to many thousands of miles and their de-

parting and arrival airports are usually close to or in highly

populated areas (cities or metropolitan areas). Thus commercial

aircraft tend to congest in the air over congested ground areas

so their mean free path is less while their potential (off course)

closure rate is higher. Thus too the basic physical parameters

* have changed dramatically to increase multibody accident risk.

Vi  The same can be said for the single body (aircraft alone) risk.

Thus, for example, the jet transport of today has some two orders

*Indeed, the jet transport has been unique in moving the public
*perception of flight risks and benefits towards consonance with

the realities of these factors. The jet transport dominates pas-
senger service in terms of both passengers and passenger miles
travelled per year.
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of magnitude greater chemical energy and kinetic energy* than

early aircraft, and an order of magnitude greater potential energy*

in cruise flight. Yet, with all this, the commercial jet trans-

port is one of the safest forms of transportation today. This

is the case because it has never departed from its guiding prin-

ciples of "Safety First" and "An ounce of prevention is worth a

pound of cure."

Hazard Mitigation and Research on new technology have gone

forward hand in hand with the development of the commercial air

transport system. Technically, longer life materials with ever

increasing strength-to-weight ratios and stiffness have been de-

veloped; lighter weight and longer lasting structures with fail safe

modes wherever possible have been developed; aerodynamic designs

have been revised and refined and power plant performance has been

markedly increased** to greatly enlarge the flight envelope (speed

vs. altitude). Flight controls now are powered, provided with re-

dundancy, and frequently automated; navigation is aided by radio

and inertial devices on board the aircraft, and it is under radar

monitoring and direction from the ground at all times over the

continental U. S. In the vicinity of airports (i.e., terminal

locations) flight path control of individual aircraft resides with

air traffic controllers on the ground in all but emergency cases.

Primary and alternate communication channels are fully dedicated

*This is energy per unit mass. Including mass effects, the enery
increased by another two orders of magnitude.

**The jet engine of today operates at many times the horsepower of
the largest reciprocating engines for aircraft, and it is far more
reliable (some five times higher MTBF).
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I
to the continuing operation of the air transport system.

More generally the air transport system is designed with

crucial redundancy to mitigate hazards. For example, all air-

craft in the system are multi-engine and they can fly with at

least one engine out. Moreover, they have sufficient fuel re-

serves to fly to alternate airports in case the primary airport

is unuseable. These and other redundancies like those in navi-

gation and flight controls noted earlier are effective in miti-

gating hazards and they extend to the human factor including a co-

* pilot. They are the product of years of experience with the "ounce

of prevention" principle, and more recently they have evolved from

the widespread application of anticipatory multipoint failure mode

analysis.

With all this attention and sophistication in research and

design to mitigate hazards in the air transport system, the firing

line for putting "Safety First" still remains with the Federal

Aviation Administration (FAA) in certifying flight crews, air

traffic controllers and aircraft for operation in the system. The

aircraft must meet established flying qualities requirements, the

crews must meet corresponding flying capabilities requirements,

and the controllers must meet the associated air traffic manage-

* ment requirements to be certified for operation in the system.

Moreover, each is subjected to periodic recheck to verify that

their performance is still up to the requirements. In addition

the system is subjected to continuing oversight by the National

Transportation Safety Board, including accident and incident in-

vestigations to maximize the visibility and corrective actions on

lessons learned to avoid future hazards. Finally the Civil



Aeronautics Board (CAB) under the President determines the avail--

able routes and maximum allowable air fares for the carriers pur-

suant to engendering healthy competiton and to avoiding uneconomic

and potentially unsafe operations. Thus the roles of regulation

as well as liability figure nontrivially in the hazard mitigation

equation.

In the event of actual equipment malfunction in flight, a

number of safety measures have been incorporated on board the

aircraft in the system. Thus emergency oxygen is available in

case of cabin depressurization. Fire retardant and suppressant

materials are available and employed to contain this hazard, and

ignition sources (like lighted cigarettes) are restricted when

the hazard is greatest during takeoff and landing. Seat belts

are standard to restrict hazardous free body motions during take-

off and landing and other periods of potentially violent maneuvers,

and emergency exits are provided from the cabin to permit rapid

evacuation in case of landing accidents. In general at airports

dedicated fire fighting and rescue service is provided in case of

emergencies. In addition, passenger flotation gear is provided

in case of emergency descent in overwater flights, and cabin

crews are well trained in the emergency procedures to be followed

with the passengers in the event of onset of any one of these

hazards. As important as these procedures are, even more important

are those that deal with the management and indeed the manageable

state of the aircraft in its hazardous mode of operation. This

brings us back to its original design and construction including

*maintenance, and its ultimate ievelopment and operation in the

system.
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As a general rule these functions are least demanding and

least hazardous for the steady state portion of flight - i.e.,

the cruise phase.* By definition the rate of change in the

dynamics of the aircraft system is at a minimum in normal oper-

ation in this phase, and hence the normal problems of management

by the flight crew are at a minimum. Therefore, in the event of

equipment malfunction crew distractions are at a minimum, the

flight altitude is at a maximum, and so crew time available for

corrective action is maximized. Much impending weather is di-

rectly visible with on-board radar while other weather, like

clear air turbulence (CAT), is a continuing cause for concern.

If the margins of safety are too limited at the cruise condition

in the flight envelope, this concern can be of major hazardous

portent.

Rate of change in the dynamics of an aircraft is dominant

in terminal locations, i.e., in the vicinity of departing or

arriving airports. On take-off the departing aircraft is under

full power leaving the ground behind, so it is in a hazard re-

duction mode barring power plant or other basic functional failure.

In landing the arriving aircraft is at reduced power approaching

the ground, so it is in a hazard amplification mode. But both

operations are at relatively high hazard levels because the air-

craft must be managed under simultaneously changing conditions

of speed, altitude, attitude and configuration (e.g., wheels and

flaps location) in a relatively high risk environment characterized

*Aircraft design and performance in the cruise phase is most often
determining of the efficiency rather than the safety of transport
aircraft.
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by relatively low mean free paths between ajacent objects like

other aircraft and the ground. Thus, even under normal operation

the flight crews and air traffic controllers are at their busiest

managing change in landing and takeoff operation, and it is there-

fore no surprise that the system is stressed to a maximum with

the add on of abnormal events under these circumstances. It is

no surprise either, therefore, that aircraft accidents and in-

cidents are most prevalent in this environment, and the conse-

quences are usually most far reaching to people in the aircraft

and on the ground.2

The specific causes and effects of these hazardous events

are highly varied wherever they occur. They are important to

understand, however, because they crystalize underlying causes

and effects and fundamental corrective actions which are most

likely to have applications to the effective management of a

spectrum of hazardous advanced technology systems. 3 This paper

has, therefore, been organized as follows. First, some funda-

mental aspects of the design and construction including main-

tenance of the air transport system will be reviewed with par-

ticular attention to key events including technological advances

which have figured prominently in its evolution. Second, the

development and operation of the system will be examined with

emphasis on specific accidents/incidents which bring cut under-

lying causes and fundamental corrective actions to be taken.

Then some key issues of liability and the role of regulation in

the development of the system will be reviewed, and finally some

perceptions will be developed regarding the potential applicability

-12-
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of experience gained from the air transport system to M & R on

other hazardous advanced technolgy systems. -)
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DESIGN, CONSTRUCTION, INSPECTION & MAINTENANCE

Introduction

It has been pointed out in the Background Section of this

report that the jet transport of today is unique in that it com-

bines in one vehicle an extraordinarily high level of chemical,

potential and kinetic energy. These high energies exist, of

course, in order for the jet transport to perform at high levels

in terms of speed, range and altitude. High levels of performance

in aircraft exact other requirements, the principal one being a

vehicle of minimum weight. Although "Safety First" has been

pointed out as a guiding principle in the air transport system,

the designer of the flight vehicle is faced with the anomalous

problem of designing for the smallest possible factors and margins

of safety which are consistent with acceptable risk to the pas-

sengers. 1 Because of the uniqueness of these requirements, the

air transport vehicle presents a useful device to study to obtain

a better understanding of the principles available for mitigation

of hazards in engineering systems.

Design and Construction

Design Criteria - Since the first powered flight of the Wright

Flyer in 1903, engineers have steadily increased their knowledge

of the criteria required to desian aircraft so as to optimize their

performance and minimize the hazards attendant to their operation.

A detailed accounting of aircraft design criteria is bevond -nis

report, but it includes such matters as maximum maneuvering ac-

celerations likely to be sustained by a vehicle in flight, maximum

4: -14-
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wind gusts likely to be encountered, loads produced during landing

and taxiing, the margins required between speeds of aeroelastic

instability and the maximum speed of the aircraft, required

factors of safety and others. Every new aircraft is designed from

carefully conceived design criteria which, in the case of civil

aircraft, are promulgated by the Federal Aviation Agency.

Evolution of Design Criteria - Design criteria for aircraft have

evolved from 75 years of operational experience and research. In

the early days of powered flight, new flight conditions were not

infrequently encountered that exceeded the design capability of

the machine. For example, one of the earliest attempts to fly by

Samuel Pierpont Langley failed because the wing was unable to

withstand the loads placed on it during take-off. Flight loads

placed on aircraft by maneuvers and gusts were at first crudely

observed in flight and were later meticulously measured by flight

recorders during operational flying. Thus, much of today's design

criteria was gathered from flight experience. However, extensive

research has contributed also to the present fund of knowledge.

This research has been conducted in flight and in laboratcries

by government, industry and the universities. It has involved a

wide variety of facilities ranging from research aircraft to wind

tunnels, simulators and special purpose facilities such as a landing

loads facility. Leadership in the development of design criteria

-or aircraft has been provided by the federal government, notably,

through the NASA (and its predecessor NACA) , the FA (and its

predecessor CAA) and the military services. Motivation for this

-15-
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leadership by the FAA and the military was their need to specify

design criteria for requirements and specifications of new air-

craft. The NACA and NASA provided leadership through their charter

as the federal agency for the conduct of basic aeronautical re-

search.

Influence of Design Criteria on Hazard Mitigation

No engineering system exhibits the importance of rational

and precise design criteria more than the airplane. Atmospheric

flight without such criteria would at best be extremely hazardous

and pose unacceptable risks to the general public. The history of

the development of the air transport system is filled to the brim

with examples of incidents which involved aircraft encountering

new conditions for which they were under-designed. One example,

pertinent to civil aircraft will suffice to illustrate this point.

During the first fifty years of aircraft design, aircraft structures

were designed like bridges and buildings for loading conditions pro-

duced by single maximum loads. For example, the design of the wing

for atmospheric gusts was based on encountering a single large gust

with a magnitude of approximately 50 ft/sec. The gust magnitude

was selected as the largest that was likely to be encountered during

the lifetime of the airplane. No account was taken by the designer

of the fact that the airplane encountered daily many gusts of nac-

nitude less than 30 ft./sec. The effect of repeated s lcalloads

on the aircraft structure was neclected. This philosophy of de-

sign produced reasonably satisfactory results until after World

War ii when new conmercial aircraft began flying more hours than
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before under more stringent conditions. In addition, newer

materials of construction were introduced of supposedly higher

strength. The loss of a wing on a Northwest Airlines Martin 202

aircraft in the immediate post-war period pointed up sharply the

shortcoming of structural design criteria based on a single max-

imum load. It brought home a fact that was well appreciated in

machine design, namely, that materials degrade under repeated

loads due to fatigue. It brought out also the fact that some of

the newer materials, in this case 75 ST aluminum, with higher

ultimate strengths were no better than the older materials in their

resistance to fatigue and fracture.

This unfortunate accident and a seriet of other similar events

led the military services and the FAA to alter their design

criteria to require that aircraft structures be designed hence

forth for all loads placed on the structure during its lifetime.

It thus became necessary for mounting a program to measure and

predict not only the maximum loads likely to be encountered but

all loads of any significance. The NASA, for example, devoted a

major part of the effort of its Langley Laboratory to studying

aircraft loads. Through the leadership of the NASA, design criteria

for atmospheric gusts is now formulated in a statistical sense

where atmospheric gusts are considered within the framework of a
!2

stationary random process. 2 This approach, which was borrowed

from the statistical theory of communications, provides convenient

design criteria whereby the designer can take account of the life-

time gust history of the airplane.
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The post-war period brought out that structural design for

a single load had provided a panacea for avoidance of other

hazards. A by-product of such a design of early aircraft was a

structure that not only had sufficient strength but also sufficient

stiffness to avoid aeroelastic instabilities. But as aircraft

speeds increased in the 1950's, it became evident that additional

design criteria would be required to ensure that the lifting sur-

faces would be free from flutter within their range of flight

speeds. The necessity for developing these criteria led also to

major programs at NACA and NASA and to new approaches by designers.

Design Tools - Once the requirements on a new design are specified

through design criteria, it is necessary for the designer to pos-

sess the tools necessary to translate these requirements into an

engineering system which meets the criteria. Design tools are

thus a fundamentally important link in the chain of events which

must take place in creating a new airplane. Design tools include

analytical methods of determining aerodynamic pressure distribution,

methods of stress and aeroelastic analysis, fatigue and crack

growth analysis, and many other analytical tools. In addition there

I are required computers and laboratory equipment for design veri-

fication as well as wind tunnels.

Figure 1 illustrates succinctly the design/development pro-

cess as it applies to aircraft and aircraft engines. 3
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Fig. 1 - Design-Development Process

This figure is intended to bring out a feature of the tools of

Ii aircraft and engine design which has become a cornerstone of

aeronautical and space development. This is the so-called "Design

Verification System." The philosophy of design verification re-

4' quires that each assumption used in designing a piece of hurdware

be verified by test and analysis to be certain that it is correct
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before proceeding with full-scale hardware procurement and de-

velopment testing. Occasionally an inexperienced program manager

will skip this step to save money and he invariably finds that he

is in trouble when the program reaches the system- integration

stage. He frequently ends up in going back and carrying out the

design verification process at a loss of time and increase in pro-

gram cost. The technology base noted in Figure 1 provides im-

proved materials, components, control systems, electronic systems,

instrumentation and analytical tocls. The aeronautical engineer

who employs new technologies beyond those which have been demon-

strated must identify and weigh the risks.

Evolution of Design Tools - Like design criteria, design tools

have continuously evolved since the first powered flight. How-

ever, many tools used by aircraft designers are borrowed from other

fields of science and engineering. For example, Miner's rule used

in the fatigue analysis of aircraft structures as well as the power-

ful methods of fracture mechanics were both borrowed from mechan-

ical engineers and metallurgists. On the other hand, the complex

mathematical methods used to predict the speeds at which wing sur-

faces will flutter evolved from original work carried out by the

NACA under Theodore Theadorsen at its Langley Field facility. In

the past decade, the digital computer has had a profound influence

on aircraft design. :n the final analysis, its most important in-

fluence has been to allow the designer to reduce weight by de-

signing closer to the requred design criteria with smaller margins

and with less system redundancy. The ourpose, of course, in doing

-20-
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this is to maximize the performance and economic return of the

aircraft. As we will see later in this section, this turn of

events places an added burden on the construction, operation and

maintenance functions since there is less margin for error in their

performance.

Influence of Design Tools on Hazard Mitigation

As design tools evolved, numerous events occurred which

illustrated that an engineering system like an airplane, which is

designed close to its design criteria, must perforce be designed

by very precise design tools. This point is illustrated by an

example borrowed from modern gas turbine development. Like the

airplane, the gas turbine has advanced spectacularly in the past

35 years. Many gas turbines have been designed to propel aircraft

and ships, generate electrical power and provide energy for pipe-

line pumping. Turbine inlet temperatures have increased over 1000 0 F.

Transport engine specific fuel consumptions have decreased 30% and

propulsion system thrust-to-weight ratios have increased 250%.

While making major advances in basic engine technologies,

there have necessarily been significant improvements in design

tools. These are as important as the technology gains because

the improvements in the effectiveness of the engine design and

development process result in a more reliable and lower cost product.

In the structural analysis of engines, recent advances include

finite element methods, improved life prediction systems, design

sensitivit,:" analyses, enaine vibration response analyses and in-

tegrated thermal design system analyses. In the measurement of
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engine data during development testing, improved instrumentation

in recent years provides sputtered sensor technology for strain

and temperature measurements, laser radar technology for clearance

and vibration measurements and full-scale-real time X-ray.

Using the tools available, the designer must make the best

design he can using past experience and computer simulations, ver-

ified by design verification testing, and design the parts to operate

reliably under the design criteria conditions. If the design tools

are in error, the design will be unsatisfactory because the part

will not be designed for the true speed, pressure, temperature or

stress level at which it will operate. For example, in a modern

aircraft gas turbine, an error in the predicted temperature gradient

from the bore to the rim of a typical compressor disk could sig-

nificantly change the life of the disk. 3 This is illustrated by

Figure 2 which shows the relationship between bore to rim temper-

ature gradient and low cycle fatigue (LCF) design life. In this

case, a 1000 F. error i, predicted gradient would change the LCF

life of the part by up to 50%. It is obvious from this example,

that design tool precision is an absolute necessity in modern gas

turbine design.

The philosophy of design verification employed by aeronautical

engineers has served to highlight the problems of achieving designs

that are fail-safe, fault tolerant, redundant or combinations of

these until the design verification is well established on new

technologies.
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Figure 2. Change in Bore to Rim Temperature Gradient, *F

Construction

Even the most casual observer of aircraft over the years

would note changes in the methods and materials of construction.

Beginning with the materials of wood and fabric, movina to steel

tubing plus wood and fabric, and then to aluminum, steel and
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titanium monocoque construction, the airplane has continuously

improved. At the same time, new tools of construction have evolved

permitting the mass production of reliable and precise airframe

and engine components and systems of minimum weight.

Of all the construction developments in the past two decades,

the evolution of better strength and stiffness-to-weight ratio

alloys and the numerically controlled milling machine have had the

largest influence.1 The phenomenal reductions in weight in air-

frames and engines aredue in large part to the modern ability to

remove all excess metal from a given component over and above that

required to meet the design criteria. In a plant producing a

modern high performance airplane, some 75% of the weight of purchased

alloys leave the plant in the form of chips and 25% in the form of

aircraft parts.

The modern ability to manufacture parts with precision and

at low cost has had a profound influence on aircraft performance

and cost. But these processes must be rigorously monitored and

controlled by an exceptionally high level of quality control if

the aircraft is to achieve its design objectives and at the same

time be safe. Rigorous manufacturing quality controls are an

absolutely essential element in the mitigation of the hazards of

air transportation. This assertion has been demonstrated reveat-

edly over the years. The crack resulting in the wing failure of

the Northwest Airlines Martin 202 mentioned earlier originated at

a tool mark in a key wing fitting. Fasteners left out of important
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fittings during assembly have been the cause of numerous aircraft

accidents.

New methods of non-destructive evaluation have significantly

improved quality control in the manufacture of aircraft and en-

gines. Nondestructive evaluation is the process of determining,

without damaging them, whether the materials in products ranging

from microelectronics circuits to nuclear reactors contain defects

that would prevent their use. Present day nondestructive tech-

niques, which are more art than science, are usually limited to

giving qualitative information only - that is, they can indicate the

presence of defects but cannot characterize them in detail. Al-

though it is unlikely that this situation will change any time in

the next few years, progress is being made toward more quantitative

measurements. Better nondestructive testing techniques will im-

prove our ability to design structures that perform close to the

limits of the materials from which they are made. Vehicles de-

signed in this way would be lighter and there would, of course, be

savings in raw materials.

Inspection and Maintenance

When an aircraft becomes operational, the lead responsibility

for hazard mitigation is handed off to the operator. In addition

to measures to ensure safety during operation, there is also re-

quired a rigcrzus program of inspection and maintenance.

Commercial aircraft inspection procedures are specified !:r:

the Federal Aviation Agency for each aircraft type. Typically, the
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normal inspection program has consisted of A (25 to 200 hours)

and B (200 to 600 hours) checks consisting of close walk around

inspections with emphasis on systems; C (1000 to 6000 hours) checks

consisting of close walk around plus a close inspection of certain

critical external and easy access areas with emphasis on systems

and movable parts; D (6000 to 30,000 hours) checks consisting of a

close external inspection of the entire airplane structure with

detailed sampling inspection of 10 to 25 per cent of the internal-

structure. In the past, initial and repetitive inspections were

established on the basis of times found to be satisfactory or on

earlier designs with some extrapolation that takes account of de-

sign improvements and a rating of criticality. The initial in-

spection program was then tightened in areas where service problems

occurred and intervals extended where no problems were found. This

procedure has generally been satisfactory except that it has not

given adequate coverage for cracks growth rates in critical areas,

or the increase of frequency and locations of fatigue cracking on

aging structures.

But, the penalty for breakdown is severe. Hazard mitigation

in aircraft is critically dependent on high quality inspection and

maintenance performance. This point was illustrated tragically in

June, 1979 when a DC-10 crashed at O'Hare Airport killing all of

its 274 passengers and crew members. 5 A careful study of the cause

of the O'Hare crash revealed that it resulted from structural failure

of an engine pylon that was triggered by a 10 1/2 inch crack in-
U

duced in the pylon rear bulkhead by a maintenance procedure
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employed by American Airlines at its Tulsa base. The aircraft

flew over 500 hours during which time the crack was not dis-

covered and grew to 13 1/2 inches as a result of fatigue. Fi-

nally, the loads produced during the O'Hare take-off were suf-

ficient to cause the crack to grow explosively resulting in the

fatal crash. The O'Hare crash illustrated again that the modern

jet airplane is unforgiving of casualness in inspection and maintenance

It should be evident from the previous discussion that

hazard mitigation in aircraft requires a uniformly high level of

performance in all of the important functions. Modern engineering

is capable of producing after millions of man hours of effort a

very efficient aircraft of high performance. But at the same time

it is complex. The same high level of technical effort and attention

to detail as was used in its design must be applied during con-

struction, inspection and maintenance. This lesson is repeatedly

learned from failure of sophisticated engineering systems by

modern society, the most recent examples being the DC-10 accident

at O'Hare and incidents with the Three Mile and Crystal River

nuclear reactors. It is a fact that modern and sophisticated new

technologies and design procedures are useless and unemployable if

it is not possible at the same time to maintain and inspect these

systems in such a way as to assure at all times the integrity and

airwcrthiness of the system and its component subsystems. in

assuring this integrity in commercial aircraft it is, of course,

necessary to take into account the exigencies of inspection and

maintenance under field conditions.
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Conclusions

The following list outlines some of the main principles

which are suggested by the overall experience gained in the

design, construction, inspection and maintenance of the air

transport system.

1. Complex engineering systems require precise design criteria

carefully related to the expected operational environment.

2. Design criteria should reflect, whenever possible, the total

anticipated operational experience in a statistical sense,

not just the expected peak values.
3. Modern design tools permit designers to design complex en-

gineering systems closer to precise design criteria thus

making critical the importance of well conceiveddesign criteria.

4. A philosophy of design verification is necessary. When new

technologies are employed beyond those which have been

demonstrated, designers must identify and weigh the risks.

5. High levels of manufacturing quality control are absolutely

essential for safety and reliability.

6. For hazard mitigation a uniformly high level of performance

is required in design, construction, inspection and mainten-

ance.
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SYSTEM DEVELOPMENT AND OPERATION

Introduction

Development and Operation of the air transport system has

brought to the fore at least two problems which cannot always be

examined fully in the design and construction of the elements of

the system. First, the development and operation of the system

and its elements is carried out by people who must be familiar with

and actively involved with every element of the system as compared

to the skcialists who design and construct the many pieces of the

total system. In short, this phase is the responsibility of the

systems managers, and they must be specially trained to handle the

system. Second, operation of the system brings many interactions

between the various elements of the system into play, including

* especially manager-machine relationships, which cannot be truly

quantified before the fact, because all the facts cannot be anti-

cipated. For many years the mitigation and research associated

with preventing disasters in operation were reactive, initiated and

carried out only after a disaster had demonstrated the need. This

has been effective in that it has been possible to identify the

cause, to accomolish the research required for mitication and im-

plemenz it after the problem was evidenced by one or several very

close'y allied disasters. More recentl, efforts have developed

toward identifvina potentiall" disastrous situations and prcvidinc

mitigation before the event.

4-30-
I



To illustrate the foregoing, 7 specific cases have been

chosen for closer examination. If examined in great detail these

events are different in nature and closely associated with the

be found basic principles in hazard mitigation; these cases re-

veal the effects of introducing new design features (cases 1, 2,

3), of inadequate presentation of necessary information to oper-

ators (cases 4, 2), of ignoring limits in human sensory capabilities

(cases 5, 3), of providing inadequate training in hazardous oper-

ations (cases 6, 4, 3); finally, a developing technique for moving

from reactive to anticipatory mitigation and research is examined.

(Case 7).

Case Studies

Case 1 - Information to Maintain Margins-of-Safety

On July 12, 1963, a four-engined jet transport climbed towards

40,000 feet in an effort to escape turbulence that was creating an

uncomfortable ride. Instead of clearing the turbulence, it became

more severe, the jet was exposed to large attitude changes and

eventually entered into an uncontrollable dive from which it re-

covered only after nearly 30,000 feet of altitude had been lost.1

This was not the first incident of this nature and was fcllowed by

several more, some of which led to fatal crashes. As a consequence

the aovernment initiated a series of investiaaticns to stud,. the

nature cf the turbulence appearing in clear air, the control char-

acertistics of the various aircraft involved and the development

9 of instrumentation which could provide the pilot with some warning
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of an impending encounter with such turbulence. Some relatively

minor changes in some of the aircraft types together with modified

operating procedures eliminated such incidents. Nevertheless,

much of the research and analysis continued and has produced

findings of value to management of systems other than the air trans-

port system. It is these that are of concern here.

*To assess this value it is necessary to examine some under-

lying causes of the accidents in question. First, it needs to be

recognized that a jet transport, like most technically advanced

systems, operates most efficiently when each element of the system

is operating near its limit performance; that is, failure will occur

if more performance is demanded but underutilization exists if less

performance is used. Yet a margin of safety must be maintained in

the operation so that transients in the system do not drive the

system into a failure situation. The operable limits of a jet

transport in terms of cruise speed vs altitude have the form in-

dicated on figure 1. To the left of the operable boundary the

aircraft becomes uncontrollable because of stall resulting from

air too thin to maintain lift at that speed; to the right of the

boundary the aircraft becomes uncontrollable because of lift loss

due to compressibility effects. The most efficient operation is

at high altitude just between these boundaries. The maximum ef-

ficiency that can be aimed for is conditioned by the ability to

approach but not exceed these boundaries. 'n the desian of the
V

aircraft, the maximum operating efficiency so ight is that associated
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with maintaining an adequate margin of safety, not an uncompromised

peak efficiency. It is the responsibility of the federal govern-

ment to satisfy itself through demonstration that the adequate mar-

gin of safety exists; this latter is constantly being adjusted as

new knowledge and new experience, such as the case in question, is

gained.

Beyond designing for maximum efficiency of operation with

adequate margins of safety there is also the problem of informing

the operator of precise operating conditions, particularly during

transients, so that any corrective action taken serves to counter

the transient effects and not reinforce them. This was eventually

found not to be the case for the incident in question. Thus under-

standing, when reached, proved very revealing in connection with

operator control of the system.

Of primary concern in safety of flight is maintaining flight

speed between the minimum and maximum allowable. Direct measure

of flight speed by the operator is not possible hence it must be

sensed by other means and presented to him; since constant attention

to flight speed is not practical, the operator takes advantage of

the fact that attitude (nose up or down) is an indirect measure of

flight speed which can be sensed both through the balance canals

and through vision, even peripheral vision. This is true to a

usable degree, however, only when any motion of the free air is

essentially normal to the gravitational field. In turbulence,

where strong vertical air currents exist, attitude is not a safe

indication of air speed, nose up can occur with increasing speed

-33-

V



and vice-versa. It was found that, possibly because the direct air

speed indicator was difficult to read during turbulence, the pilots

were reverting to basic training procedures of controlling speed

with attitude and actually aiding the turbulence in exceeding

the margins of safety into the uncontrollable operating regime.

Although much effort was devoted to study of more effective flight

speed indicators, it was finally found sufficient to develop training

procedures which allowed the pilot to use different flight control

techniques when such turbulence was encountered. It is recognized

that the use of differing control techniques for different con-

ditions in itself introduces the possibility of confusion leading to

difficulties. In general, the acceptable solution has been to in-

crease the margin of safety by operating farther from the boundaries.

There are at least two findings of fundamental importance to

the control of sophisticated systems which can be drawn from this

experience.

(1) Extreme care must be taken to establish the system

characteristics that establish the boundaries where a system may

go unstable or uncontrollable and to determine the margin of safety

, which must be maintained in order that transients don't result in

exceeding these boundaries. In addition some form~of system simu-

lation and training are required to establish precise operating

procedures to assure recovery if unexpectedly large transients

bring the operation close to the boundaries.

V : (2) Information required must be clearly and unambiguously

presented and should be used during all normal cperaticns so
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faniliarityis maintained. Extreme care must be taken that basic

human sensing capabilities, which may be misleading under emer-

gencies, do not become a normal source of information during routine

operation (sound, vibration, etc.). Clarity of information required

in emergency conditions must not become confused in presentation

during emergencies, even though perfectly acceptable during routine

operation (properly positioned so not obscured or out of vision

during actions to counter emergencies, etc.).

Case 2: Information Overload Through Hazard Warning

On 1 December 1974 a three engine jet transport crashed into

a low hill 25 miles northwest of Dulles International Airport

killing all 91 occupants and totally destroying the aircraft.2 The

aircraft was on a scheduled flight from Columbus, Ohio to National

Airport, D. C. but while en route was diverted to Dulles Airport

because of severe weather conditions in the National Airport area.

* On the approach to Dulles Airport the aircraft began its descent

early, some 44 miles from the runway, dropped below the minimum

safe altitude in the process and impacted a low hill at an altitude

of about 1700 feet.

The investigation showed that there was no technical mal-

function either in the aircraft, or in be air traffic control sys-

tem, which played any part in leading to the disaster. While the

weather was poor enough to severely impair visual contact with the

ground, the investigation ccncluded that the weather played no im-

portant part in the accident. The conclusion finall" reached through

the investigation was that ambiguities in the communication between
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the aircraft operator and the ground control were directly re-

sponsible for the disaster. When the operator was given clearance

into the Dulles runway he apparently understood this also implied

clearance to begin his descent whereas the ground control under-

stood the clearance was only to continue his flight toward the

runway until the approved descent point was reached. This dif-

ference in interpretation was not discussed explicitly in any of

the communications between the aircraft and ground control. While

the aircraft carried an altitude alerting system which through a

radio altimeter gave aural warning of low altitude just before im-

pact, it was the sense of the investigation that, with the descent

rate established, the operator did not have time to avoid the

accident after the warning was given.

The major part of the investigation centered around the

ambiguities in communication between various elements of the

system. Many were found and recommendations were made for a

complete review of communication patterns to eliminate ambiguities.

This problem is, of course, fundamental to the problem of man-

aging a sophisticated and ccnstantly evolving system. Each new

capability introduced provides the opportunity for long established

and clear communication procedures to acquire a double meaning with

the ambiguity this implies. There is no question that communication

in the control of technically sophisticated systems has become

and will remain a problem that requires constant attention.

For the subject analysis, however, another action resulting

6-
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from this disaster is of special importance. Outside of the

formal investigation a great deal of attention centered around

the operator's failure to respond to the altitude alerting system

in time to avoid the problem. In a perhaps simplistic approach,

great pressure developed for rapid development and installation of

an "adequate" ground proximity warning device which would "prevent"

the operator from descending below a safe altitude. In response the

FAA directed that all air carrier aircraft be equipped with such

a device within one year.

This directive initiated much research into various systems

to meet the goal. These ranged from systems designed to overpower

the operator and force the aircraft to climb when ground proximity

was sensed to systems that provided "over-riding" cues to the visual,

or aural, or tactile senses that could not be ignored. Not sur-

prisingly it was found that very complicated systems introduced

the possibility of creating other hazards and the most that could

be done was increase the sensitivity and strength of cue of the ex-

isting system. When this was done it was found that increased

sensitivity produced false warnings and the stronger cues inter-

fered with other activities to the point the operators were dis-

arming the systems. This result brought into clear focus the

fundamental problem of concern here.

As the aircraft had grown in complexity, so had the number

of alerting systems grown to alert the operatcr of a malfunction.

With zhe ground proximity warning system experience it became clear

that the operators were reaching the pcint of information satu-

ration. It was rezognized further that new systems were coming
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into being that would also require malfunction alerts. For these

reasons research was initiated in two directions, that of com-

bining alerting devices to serve multi-purposes and that of prior-

itizing alerts so that only those of primary concern to thb par-

ticular operating state of the moment were armed. This logical

approach obviously introduces some new problems. A way must be

found to prevent any ambiguity in interpretation of an alert that

is multi-functional. Clearly the operator cannot assume the task

of adjusting alert priorities each time the system state changes.

All of the research required to resolve these questions has not

been completed. However, techniques for removing ambiguities in

multifunctional alerts are being explored successfully. Failure

or fault analysis of complicated systems is being extended to the

problem of prioritizing alerts. The fundamental principles de-

riving from this air transport related work should be basic to the

solution of similar problems associated with the avoidance of dis-

asters during the operation and management of all sophisticated

systems.

Case 3 - Inadequate Information on New Design Features

On August 16, 1965, a three jet transport crashed into the

-waters of Lake Michigan while making an approach to O'Hare Airport

in Chicago. All 30 persons on board were killed. The aircraft

type was new, having first entered service in February 1964 and

had operated without incident up to the time of the subject crash.

No clear evidence as to the cause of the crash was uncovered al-

though it appeared as though a very steep descent rate was
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established, from cruise altitude, which was not checked prior

to the crash. While the investigation was proceeding, a second

transport of the same type crashed on approach to Greater

Cincinnati Airport on November 8, 1965, killing 58 of 60, again

having established a high rate of descent which was not checked

before impact. While evidence was being gathered on this accident,

a third aircraft of the same type crashed on approach to Salt Lake

City, again the evidence indicating an unchecked high rate of

descent to impact. The final incident of the series occurred with

a similar type aircraft on approach to Tokyo Airport where 133

persons were killed. 1

A series of major investigations were instigated by in-

dustry and various elements of the federal government to examine

every conceivable theory as to why qualified operators with ex-

tensive experience could have come to operate the aircraft in a

manner leading to disaster. The aircraft structural and aero-

dynamic designs were reexamined and pronounced satisfactory; the

training and operating procedures were reviewed and found satis-

factory; the information provided the operators as to the state of

the system were found equal to or better than given in the past.

It was found possible to find a combination of events and circum-

stances to point to the cause of anY one acciden- b ut none that

were applicable to all.

It was only after some two years of study that the very

subtle underlying cause of the accidents became clear. Aircraft

wings create lift by virtue of imparting downward momentum to the
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air as the wing passes through it; the greater the angle of the

wing to the air, the greater the downward momentum and the lift.

At some maximum angle the air ceases to follow the angle of the

wing, separates from the wing.

Associated with this is a rapid increase in drag of the

aircraft and stall with lift loss occurs. Many years of aero-

dynamic design development had established principles which as-

sured that the operator was provided warning of impending stall

and that aircraft motion after the stall automatically returned

the aircraft to a controllable state.

The introduction of the swept wing jet transport introduced

some subtle changes in stalling characteristics which are of

special concern to this analysis. Both loss of lift and increase

in drag associated with stall progressed much more gradually than

was the case with unswept wing designs. To avoid operating in a

partially stalled condition, the operation was confined to flatter

angles and higher speeds, particularly during approach to landing.

While this was safe for clear approaches to long runways it pre-

vented operation into smaller airports surrounded by high terrain.

The demand for jet transport service into such airports led to ex-

tensive aerodynamic research to remove this limitation. Devices

were developed which markedly delayed the appearance of stall, and

the increase in drag associated with it, thus enabling steep descent

at slower speeds, the desired objective.

Use of these devices, however, intensified a form of drag
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which had been relatively unimportant in previous operations.

This drag-due-to-lift, or "induced drag", was not apparent to

the operator through the buffeting associated with separation

drag he had long been familiar with (See Figure 2). Thus the

aircraft could be flown under good control in steep descent with

no warning that very great increases in power would be required

to overcome the drag and check the descent. It was this subtlety

which had been responsible for the series of disasters. An im-

improvement indesign which offered great operational benefits was

negated by the inability of training to overcome long established

and ingrained operating habits. When the problem was identified,

many operators simply restricted use of the available performance

increase; others intensified training and made some use of the

capability but not under circumstances where other stresses of on-

eration might cause the operator to revert to old operating techniques.

A vitally important lesson in the management of sophisticated

systems can be drawn from this experience. The introduction of a

new characteristic into an established system which alters the cues

used by the operator to manage the system safely can easily obscure

the information required to avoid disaster. In the subject case

the technical aspects of the situation were examined in detail bv

highly skilled technical personnel both before and after the

tragedies and still this critical human factors aspect was aiven

insufficient attention. It is clear -hat even the most beneficial

system changes must be examined critically in the light of prior

operator experience and tendencies to revert to intuitive acti s

under stress.
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Case 4 - Improper Training in Resource Management

On December 28, 1978 a four engined jet transport crashed

into a wooded area during a landing approach to Portland Inter-

national Airport.3 Ten persons were killed, 23 were injured

seriously and the remainder of the 189 aboard escaped injury.

The direct cause of the accident was fuel exhaustion about six miles

short of the runway with all engines shutting down.

The aircraft was on a scheduled flight from New York via

Denver to Portland. The flight was routine until preparing for

the landing at Portland. When the landing gear was extended for

landing the indicator lights failed to indicate proper deployment

of the main gear. The pilot asked for and received clearance to

"orbit" until the nature of the problem was diagnosed. For slightly

over an hour the aircraft circled while the technical problem was

studied, fuel was burned to reduce the chance of fire on landing

and the crew prepared the passengers a-d aircraft for an emergency

landing. When it was decided the malfunction could not be cor-

rected, the pilot asked for and received permission to land. Al-

though the approach path to the runway was established, fuel ex-

haustion occurred before the runway was reached and the crash

resulted.

The investigation determined that the landing gear deploy-

ing mechanism had malfunctioned and that an emergency did, there-

fore, exist. The major interest in the investigation centered

around the actions which led to remaining airborne until insuf-

ficient fuel remained to reach the airport runway. Two aspects

of this problem were examined in detail, (1) the adequacy of the
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information available to determine fuel available and (2) the use

made of this information by the operators.

Precise measurement of fuel aboard is difficult to achieve

in an aircraft. Yet accuracy is exceedingly important. Federal

regulations require that sufficient fuel be carried to allow for

delays at the destination or diversion to an alternate if the

destination airport should be unusable. Economics of flight de-

mand that excess fuel not be carried; increased gross weight re-

quires increased thrust during flight with the result that fuel

*is wasted. Direct measurement of fuel on board at any time during

the flight is not possible to the accuracy required to assure the

existence of adequate reserves. Direct fuel measurements are,

therefore, supplemented by a knowledge of fuel taken on board be-

fore departure and a constant recording of fuel flow rates during

the flight to establish fuel remaining at the destination. Although

considerable attention was given the problem of fuel - remaining

determination in the investigation, that problem is not of major

interest to the subject analysis.

The investigation showed that aircraft arrived at its des-

K tination with proper fuel reserves and that the operators were

aware of this. Unworried about fuel, the crew turned their at-

S I itention to two other high priority problems, ascertaining the

nature of the technical problem and attempting to find corrective

action, and making certain the passengers and cabin crew were

properly prepared for an emergency landing if that should prove

necessary. For all but the last few minutes of the hour the

-
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aircraft was circling, the recorded conversations between the

crew members themselves, and various ground based groups in-

volved in seeking a solution to the technical problem, were

centered around these two high priority problems. Except for

initial assessment of fuel remaining at the start of the incident,

scant attention was paid to this very critical matter until fuel

exhaustion was evident from loss of power in one engine. Even

*' at that point, some confusion was evident as to whether it was

possible to transfer fuel between tanks to restore the lost power.

Review of crew training and experience disclosed nothing

which would have foretold a potential problem of this nature.

Nevertheless, primary cause for the accident was directed at crew

actions. However, the accident did serve to accelerate and expand

a number of small studies which had been analyzing group control

of sophisticated systems. The general problem under study was

categorized as cockpit resource management.4 Perhaps the more

pertinent elements of the studies insofar as this analysis is con-

cerned are those directed at human factors. At least three

questions under study are appropriate for far wider application

than the aircraft problem. How is the ranking of authority es-

tablished and accepted so it does not break down under stress?

How is the division of responsibility specified so that, under

stress, routine activities continue and are not overlooke. to

aggravate a problem? How is training conducted so that these

estabi.shed procedures are not disrupted by varying groups of

operators which may contain personality clashes? ?roperly ap-

* plied answers to these questions could well have prevented the
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disaster under discussion. There seems little doubt that these

same questions will arise in the control of other technically

sophisticated systems. Solutions to these questions, and others

of a related nature, are being sought through the development of

simulations capable of reproducing real world stressful situations

and directed by scientists skilled in understanding "human factors"

problems. Close association with these research activities should

be of great aid to those responsible for the mitigation of disasters

stemming from actions of human controllers of modern systems.

Case 5 - Information Requirements in Excess of Human Sensing

On 24 June 1975 a jet transport touched down short of the

runway threshold at Kennedy Airport; the impact occurred on a free-

way adjoining the airport and 113 persons of the 124 on board were

killed.5 The impact occurred during a break in freeway traffic or

the disaster would have been much greater. Weather conditions were

severe, with rain and strong, shifting winds.

It was generally conceded that a strong shift in wind direction

during the later stages of the landing approach created the problem:

this condition had been reported by other aircraft operators just

prior to the accident and one aircraft had aborted its landing for

this reason. This type of incident was not new. In prior years

shifting winds had been reported to have caused aircraft to miss
their expected touch down point by a considerable distance (See

Figure 3), some proceeding beyond and off the end of the runway,

but without serious injury to passengers. The possibility of

confronting this problem had long been recognized by regulatory

bodies; for example, after the minimum landing distance had been
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established during type demonstration of a new aircraft, this

distance was increased by an arbitrary percent to allow for wind

shifts, among other factors, which might occur during operation.

The major focus of attention during the early stages of

investigation of this incident centered around the operators com-

petence as soon as it was ascertained that no system failures had

been a contributing factor. Initially, the primary cause of the

accident was attributed to operator judgment, particularly since

accidents had been avoided in the past under similar circumstances.

As the investigation proceeded, however, it became increasingly

clear that operators were being asked to perform a maneuver for

which they had inadequate information and that in those cases where

the landing had been attempted and succeeded, luck had perhaps

played a greater role than operator skill. Also, it was recognized

that in the past an aborted landing was a more viable option to

the operator than was the case in the present period of very crowded

airport operations; use of terminal airspace and runways is

scheduled far in advance and disruption of this schedule can create

major problems in control and create a great potential for major

disaster. Many pressures are on the operator to avoid responsibility

for creating this situation.

As the investigation proceeded, increased attention was

focussed on the missing information to the operator which forced

solution of the problem to depend so heavily on the operator's ex-

perience and judgment. The nature of the problem can be described

as follows. When in flight an aircraft is under the influence of

-49-

a F



two sets of forces, those aerodynamic forces created by motion

through the air and those inertial forces related to the motion

in the gravitational field. In still air and steady flight these

forces are in balance. In maneuvering flight the operator deli-

t berately upsets this balance to produce accelerations of the mass

to achieve a new state of balance and operating conditions; much

of the operator's training and much of the information provided

are directed at achieving these changes in state in a smooth and

safe manner. In non-still air, wind shifts in velocity or direction

can be sensed only weakly by the operator since instrumentation for

this purpose is poor and the slow inertial response to the imbalance

does not provide strong kinesthetic cues, which in any event, lag

substantially the initiation of the force imbalance. In cruising

flight these effects are recognized as "turbulence" and, while causing

substantial diversions of the flight path, are seldom more than

an annoyance. Quite the reverse is true, of course, when in close

proximity to the ground where flight path diversion can cause landing

off the runway. Even after the operator can sense the change in

motion due to a change in wind direction or strength, a significant

period of time will elapse before his corrective control inputs

!I will overcome the inertia of the mass and take effect. 6

Analysis of the accident made it clear that additional in-

formation must be provided the operator that would enable him to

counter the effects of wind shift before the flight path was

affected if disasters were to be avoided under the crowded con-

ditions developing around major airports. An intensive series
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of investigations into the problem was instigated. Ground de-

tection of wind shift was easy but the time lag between detection,

communication and corrective action by the operator proved excessive.

The most promising solution appears to lie in instrumentation which

can sense very small changes in the total energy of a supposedly

stable system and display these in a form that proper corrective

action can be taken before the changes lead to disaster. The

final solution has not been reached, in part because it represents

one more piece of information being supplied an operator already

confronted with an information overload problem, as discussed else-

where.

The broader lesson in this experience of management of a

sophisticated system should not be overlooked. As demands on the

system to operate at peak efficiency increase, minor distrubances,

which could be handled easily within the flexibility of a lower de-

mand system, can become the cause of a major disaster. To prevent

this, system operation analysis must be projected forward to reveal

the impact of any system disturbance under high demand situations

to be certain the operator is given adequate information to respond

in a timely and effective manner.

Case 6 - Inadecuate Trainina in Hazardous Operations

On March 30, 1967, a four engined jet transport crashed during

final apprsach to New Orleans International Airlort. Six zerscns

on board the aircraft were killed and 13 on the around were killed.7

The aircraft was being used in a training exercise, an accected

operational training procedure wherein the trainee operator was
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required to demonstrate his ability to maintain control of an

aircraft in the face of major system malfunctions. The long es-

tablished practice was for a government inspector to deliberately

create a malfunction, observe the trainee's reaction to this and

remove the malfunction at such time as the trainee had demonstrated

his ability or inability to respond properly to the emergency. On

*the basis of this observation the trainee's qualification for com-

mercial operations was established. In this regard a trainee could

be either a new applicant for an operator's position or an estab-

lished operator whose recent experience did not include exposure

to malfunctions.

Accidents associated with training procedures were not new

or rare. For the most part, however, training exercises and ac-

cidents associated with them had occurred at sites where the pub-

lic was not involved and the disasters tended to be accepted as a

hazard of the trade. The heavy involvement of the public in the

subject accident focussed attention on the hazards of these pro-

cedures; action to minimize or eliminate these hazards was demanded.

Two principal solutions were put forth, first to establish national

training centers where these exercises could be conducted without

hazard to the public and second, to provide national support to the

develorpment of simulation techniques which would enable hazard

training to be carried out safely and adequatey

The use of simulation for training purposes had been prcpcsed

by advocates for many years. Some success had been achieved in

the use of "Procedural" trainers; these had served to acquaint

operators with the routine of performing relatively simple tasks
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associated with normal operation. Resistance and opposition to

the use of si.iulation to train operators to handle sophisticated

tasks, and particularly those associated with emergencies, was

high. It was argued that under conditions of stress the operator

used all his sensory mechanisms tc resolve a problem and that it

was impossible to provide artificially all of the cues the operator

would find in the real world; in particular it was argued that it

would be impossible to provide the false or misleading cues the op-

erator must learn to ignore if the emergency was to be countered

successfully.

Development of simulation techniques, however, had been

spurred by other demands. New aerospace systems were being pro-

posed for which no operating experience existed. Simulation pro-

vided the only possibility of assuring that control of these

systems was possible by human operators; notable cases where simu-

lation played this role were the supersonic transport and Apollo

spacecraft design and development. Forced by these demands, in-

tensive research efforts were devoted toward an understanding of

human sensing systems and response to various sensory cues.

With this background it became possible for government reau-

latory groups to put forth tentative conditions for which simu-

lation experience and demonstration could be accepted as a sub-

stitute for the same thing in the real world. Within a relatively

short time it had been demonstrated that properly developed simu-

lation was an adequate substitute, not only for training for

hazardous situations but also for training for normal operations.
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Today each new system development includes the development of an

associated simulator. Nearly all training associated with the

introduction of a new system is carried out through simulation

as well as all training related to hazard avoidance and control. 8 '9

Simulaton of aerospace systems probably represents thte

highest de ee of simulation sophistication required. Techniques

for duplicating all human stimuli are required. With the success

achieved to date it is probable that the required information ex-

ists to produce adequate simulation for any sophisticated system;

already this knowledge has been applied to train the operators of

super-tankers. The experience of the aerospace systems operators

has demonstrated that not only is simulation an effective means

of avoiding hazards and disasters but also an economic one even

where cost of simulation development is high. There is little

doubt that this experience should be applied to the reduction of

hazard and prevention of disaster in other highly sophisticated

systems. Given the wealth of background information and experience

from the aerospace industry, the simulation requirements of other

systems should be easily established and met.

Case 7 - Anticipating and Mitigatina Hazardous Events

In the background to this phase of the analysis it was stated

that efforts were under way to develop anticipatorv techniques for

exposing potentially disastrous situations. These have taken

several forms, simulation being prcminent a:cng them; simulations

of aircraft, of the air traffic contrcl system and ccmbina:ions of

the two have been developed and applied wizh considerable success.

The success deaends, however, to a considerable extent on the
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ability of the simulation modeler to include all those real world

factors which can combine to create the hazardous situation to be

studied. In recognition of this weakness, two federal agencies,

FAA and NASA, together with the industry and operators groups

initiated a program to collect data on a regular basis which could

be analyzed in a form to detect incipient problems.

This concept was-not new. For many years the FAA had re-

quired that reports of all system failures be reported independent

of any related accident. This had been extremely successful in

uncovering system technical weaknesses before disasters occurred.

This success created a difficult problem in initiating the new

program. As technical weaknesses were isolated and eliminated,

an increasing number of accidents were traced to operator errors

and the question arose as to whether these were in fact human

errors or whether they resulted from design features making hu-

man error inevitable. This problem was compounded by the fact

that severe penalties were imposed on an operator accused of errors

in operation whether or not these errors led to an accident. Thus

the operator faced the risk of having penalties imposed if he re-

ported difficulties even though, in fact, the system design or

operation were imposing a near-impossible task on a well trained,

but human, operator. Also, those offices charged with maintaining

safet v through acolication of penalties considered that an-.- oenaltv-

free reporting system would provide an all-too-easy escape frcm

errors in judgment or skill that should be penalized. Despite nese

serious administrative problems, a method of operation was negctiaed
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which was accepted as providing an adequate safeguard to the

responsibilities of the various groups involved and approximately

a year after the program was proposed it was adopted on a trial

basis. Since 1975 when the program went into effect it has

proved exceedingly effective and is established on a permanent

basis with but few modifications. Note has been taken of this

success by some other industries responsible for operating sophis-

ticated technical systems and tentative actions have been taken

to initiate similar programs. The lessons learned to date in the

establishment and operation of this program should be of major in-

terest to all groups responsible for mitigation and research re-

lated to disasters.

In essence the program entails the reporting of any disturbing

incident by any operator in any part of the system which is cOn-

sidered to presage a disaster. Anonymity is assured the reporter

in all but the rarest cases. These reports are correlated and

analyzed in a manner to reveal an u-susnected Problem and the

aroups involved agree on corrective action before a disaster occurs.

Just one example of the activity will be examined here to illustrate

the process and its effectiveness. it should be noted that the pro-A
gram entails handling and processing a great deal of trivial and,

or incorrect reporting and its success detends heavily cn the

abilities of those resocnsible for the analysis.

The case chosen is reocrted in a T :echnical Macranduz.

The problem in auestion is thai of interaction bzetween ground
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control and aircraft operator during the operation involving a

specified descent profile into given airports. In past years

the approach path to landing has generally been a long, shallow

angle approach along the glide-slope, providing the operators

ample time to stabilize the operation after changing the state

of the system from its steady state cruise. This has proved to

be an undemanding maneuver, leaving ample margin-of-safety for

any unforeseen events. In recent years two forces have created

pressures to alter this procedure. The first is noise; the shal-

low approach is made with considerable power, exposing large pop-

ulations to excessive noise. The second is fuel cost; a steeper

descent is made more quickly and with less power. Under these

pressures, the FAA initiated in 1976 a program at selected air-

ports to incorporate steep descents into the operation and gain

information regarding wide application. It was recognized that

different descent profiles would be required at different airports

and the operator would be faced with the additional task of

"capturing" the glide slope and stabilizing the aircraft for

landing in a shorter period. The ground operation had the ad-

ditional problem of providing proper information during the new

operation.

Although no accidents have been traced to this cperation,

the reporting system began receiving related reports and :ound

59 in the first 9 months of 1977. The analysis was able zo identif%;

4 major groupings of the sources of difficulty, from which the

necessary mitigation efforts could be established. Mo:difcatins

* -37-

A



of the operation were immediately made, removing the most likely

potential cause of disaster while zesearch proceeded to define

methods of achieving the objectives without decreasing safety.

This is but one of a number of problems that the program has

identified as potential disaster sources. There is little doubt

that this approach to mitigation is proving exceedingly effective

and could be applied with equal success more widely.

Conclusions

From the examples discussed in the foregoing, several basic

principles in disaster prevention can be cited:

(1) New design features, introduced to improve efficiency

or flexibility of operation, must not create new problems when long

established operating procedures are followed unless clear warning

of these new problems is always available to the operator. (Cases

1, 2 , 3).

(2) Information to operators regarding incipient development

of a problem must be treated as an integrated activity so that

warnina techniques are not ignored through ambiguity or confusion

I stemming from operator overload. (Cases 4, 2).

(3) Human sensing limits must be understood clearly and

augmented where required; this must be examined with special care

where new system demands remove system flexibility and once-

adequate solutions to problems become unusable. (Cases 5, 3).

(4) Training for operation of complicated technical systems,

zarticularl-. for disaster avoidance, cannot be achieved satis-

factorilY through use of the systems themselves: this is particularly

true in training for hazardous operations where only through the use

of advanced simulation can the exposure to multi-problem, real
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world situations be given the operator without hazard. (Cases

6, 4, 3).

(5) Analysis of incident reports from routine operations

will reveal potential disasters and enable mitigation before

these occur; techniques for gathering and processing information

without infringing on regulatory or proprietary rights are in an

advanced stage of development. (Case 7).
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LIABILITY AND REGULATION

General Considerations

Previous sections of this reporthave emphasized the de-

veloping and continuing high level of scientific, technical and

management attention which has been devoted to mitigating hazards

in the air transport system over its history. As a result, by

1962, for the first time in air transport history, the passenger

fatality rate per 100,000 passenger miles was less than, . The

rate was .94 for the world as a whole and only .38 for the United

States.

Correspondingly, over the past thirty years there has been

a steady decline of the idea that aviation is an ultrahazardous

activity. As a result, the imposition by the courts of strict

liability (absolute liability or liability without fault) for

damage suffered has diminished. That trend is also evidenced by

the changing pattern of statutes in the states. During the early

stage of aviation development, the question of liability was greatly

influenced by statutes. In 1921, a uniform state aeronautics act

was drafted and approved by the Commissioners on Uniform State

Laws. Section 5 of that law provided:

"The owner of every aircraft which
*is operated over the lands or waters of

this State is absolutely liable for in-
juries to persons or property on the land
or water beneath, caused by the ascent,
descent or flight of the aircraft, or
the dropping or falling of any object
therefrom, whether such owner --as negli-
gent or not, unless the injury is caused
in whole or in part by the negligence of
the person injured, or of the owner or
bailee of the property injured. if the

6
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aircraft is leased, at the time of
the injury to person or property, both
owner and lessee shall be liable, and
they may be sued jointly, or either or
both of them may be sued separately.
An aeronaut who is not the owner or
lessee shall be liable only for the
consequences of his own negligence..."

By the mid-fifties approximately 20 states had enacted some

form of that statute. However, since then most states have re-

pealed such statutes if they had them. Today most states have no

applicable statute, some have statutes imposing ordinary rules

of tort laws, or statutes creating a rebuttable presumption of

liability against the aircraft owner and lessee.

The general trend has been to apply the concepts of negli-

gence applicable to other types of activity to aviation activity.

Aviation activity has resulted in the imposition of liability on

the aircraft owner and the air carrier. In addition, more re-

cently, such activity has resulted in imposing liability on manu-

facturers of aircraft and its components for damage as a result

of inherently unsafe design or construction of an aircraf:, or

as a result of inadequate inspection.

The doctrine of res ipsa loquitur has also been introduced

into the scheme of legal liability of commercial air carriers.

Professor Prosser, in his universally acclaimed work, Handbook of

the Law of Torts presents this doctrine as follows:

Negligence may be proved by
circumstantial evidence. One tvne o. cir-
=umstantial evidence, to which the courts
have given the names res ipsa loquitur,
arises where

a. The accident is of a kind
which ordinarily does not occur
in the absence of someone's negli-
gence, and
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b. The apparent cause of the
accident is such that the defendant
would be responsible for any negli-
genco connected with it, and

c. The possibility of contributing
conduct which would make the plaintiff
responsible is eliminated."*

More generally, of course, the financial tractability of sus-

tained exposure to liability for accidents in the air transport

system is dependent upon the adequate insurability at reasonable

rates of the liable parties in the system, most notably the air

carrier, the aircraft owners and manufacturers as noted earlier.

This insurability depends in turn on the safety of the system

including the reliability and availability of the safety records

of the system, and the predictability of the future safety of the

system. In order to deal with these considerations it is neces-

sary first to clearly perceive the role of regulation and regu-

latory agencies in the air transport system.

The role of regulation and regulatory agencies has pro-

foundly impacted on the safety of aviation in this country. Section

601 of the Federal Aviation Agency Act states the role of the

Administrator of the Federal Aviation Agency with regard to safety

as follows:

"(b) In prescribing standards, rules
and regulations, and in issuing certificates
under this title, the Administrator shall

*in the case of passengers on international air travel, the provisions
of a treaty known as the Warsaw Convention, or that convention as
amended at The Hague on September 28, 1953 may be applicable. For
such passengers these provisions, where applicable, may 1imit the
liability, of certain carriers under contract of carriage, and this
liability up to such limit shall not depend on negligence on the
part of the carrier.
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give full consideration to the duty
resting upon air carriers to perform
their services with the highest pos-
sible degree of safety in the public
interest and to any differences between
air transportation and other air com-
merce .... The Administrator shall
exercise and perform his powers and
duties under this Act in such manner
as will best tend to reduce or eliminate
the possibility of, or recurrence of,
accidents in air transportation, but
shall not deem himself required to give
preference to either air transportation
or other air commerce in the administration
and enforcement of this title."

Such authority is unusual and comparable authority to

Section 601 exists in very few administrative agencies. Thus the

FAA, together with the other civil aviation investigative organi-

zations, has determined in large part the safety of civil aviation

in the United States. These investigations have contributed to

the understanding of, and to improvements in, flight.

Professor Billyou has stated that "the entire subject of

aviation accident investigation, its methodology and use of

scientific resources, compares dramatically with investigation

dealing with fatal accidents in other fields of transportation."

Mr. Justice Jackson said it well in 1944 in Northwest

Airlines, Inc. v. Minnesota, 322 U. S. 292, 303 (1944):

"Congress has recognized the national
responsibility for regulating air commerce.
Federal control is intensive and exclusive.
Planes do not wander about in the sky like
vagrant clouds. They move only by federal
permission, subject to federal inspection,
in the hands of federally certified per-
sonnel and under an intricate system of
federal commands. The moment a ship taxis
onto a runway it is caught up in an elaborate
and detailed system of controls. It takes off
only by instruction from the control tower,
it travels on prescribed beams, it may be
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diverted from its intended landing, and
it obeys signals and orders. Its privileges,
rights, and protection, so far as transit is
concerned, it owes to the federal government
alone and not to any state government."

More generally and in sum the federal government through

several designated agencies has overall responsibility for the

following regulations and investigative functionin the air

ltransport system:

1. The FAA is responsible for initially certifying and period-

ically revalidating by tests all aircraft, flight crews and air

traffic controllers plus associated equipment operating in the

system;

2. The FAA is responsible for the development and continual

updating of critical design criteria from a safety standpoint with

support from the military service, NASA and the industry;

3. The FAA is responsible for establishing and updating equip-

ment inspection and maintenance procedures based on operational

experience reported through a formal and enforced compliance sys-

tem.

4. The NTSB is responsible for oversight including accident

and incident investigation to insure that early visibility and

corrective actions are taken on lessons learned to avoid further

hazards.

35. The CAB under the President is responsible for determining

maximum allowable air fares and available routes to specific air

carriers;* and finally in the area of R&D.

Recent legislation has initiated the progressive phasing out of

the CAB's regulatory functions in determining routes and fares for
air carriers. This thrust, while in harmony with the principles
of unrestrained competition in the free enterprise system, has
raised concern in some quarters regarding the ultimate impact on
flight safety and hazard mitigation.
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6. The NASA will study the problems of flight to contribute

to their practical solution.

It is important to note first that all of these agencies

are independent from each other in the organizational structure

of the federal government and they date back in their origins

to as early as the First World War. Historically, therefore,

they and their predecessor (e.g., NACA pre NASA and CAA pre FAA)

conform in their timely assumption of responsibilities with the

evolution of the air transport system. Their independence reflects

careful national thought, too, to the importance of separating the

the federal "carrot from the stick." Thus, for example, the in-

dependence of NACA/NASA from CAA/FAA facilitated relaxed and

forthright technical relationships between industry and NACA/NASA

pursuant to exploring solutions to current problems of flight

and opportunities for advanced future flight capabilities, while,

on the other hand, retaining openly and properly accountable re-

lationship between industry and CAA/FAA regarding the issues of

certification of new equipment in the air transport system.

More important for the purposes of this discussion, how-

ever, was the desired objective of these federal agencies to act

to insure in the aggregate that the past record, the current

reality, and the future predictability of safety of the air

transport system would be creditable, auditable and insurable,

in this order. This end result was in fact accomplished as notej

by Woodhull Hay in his review of Aviation Insurance (ncvc. Am.
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Vol. 2, 1955). It began in the pre-World War I time period with

the initiative of Lloyds, London to issue the first policy of

aviation insurance, and it gained major momentum by the end of the

20's with the beginning of commercial aviation. Thus by 1929 a

number of insurance companies had entered into pooling arrange-

ments, and underwriting groups including Associated Aviation

Underwriters, United States Aviation Underwriters, and Aero In-

surance Underwriters had been formed. These latter groups dom-

inated the business to mid-century. It has long since been recog-

nized that this business and hence the air transport business are

viable in the liability insurance sense because there is close

supervision and support by the federal government to insure that

equipment, maintenance and personnel are of the highest quality;

complete operational data are recorded and made available to the

underwriters; and a much larger spread of risk is achieved than

would accrue to individual owners or operators. This latter point

is crucial in today's environment where large jet transports

cost many tens of millions of dollars, several hundreds of pas-

sengers may travel in a single transport, and liability to the pub-

lic on the ground plus third party property damage together can

ji'  produce an accident exposure of unprecedented proportions in the

air transport system.

This level and breadth of exposurs is one -.h.c :e have li

recently been obliged :o address in hazardous, man made, advanced

technological systems. Government spcnscred activities in this
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arena are instructive to examine in this connection, and the

remainder of this section of the report will be devoted to this

subject.

Catastrophic Accidents in Government Programs

Introduction

While at present there is much legislation which has been

enacted covering natural disasters no statutes have been enacted

dealing with man-made governmental accidents (except for the Price-

Anderson Act and a recently limited act covering NASA's space shut-

tle operations).

In July of 1963, a report was issued by the Legislative

Drafting Research Fund of Columbia University entitled: "Catastrophic

Accidents in Government Programs." The Columbia report drew on an

earlier 1956-57 study by the same group for the Atomic Industrial

Forum, probing the financial protection problem faced by the nu-

clear power program. That 1956-57 study opened the way for the

1957 Price-Anderson Amendments to the Atomic Energy Act of 1954.

The 1963 Columbia report dealt both with the legal and

policy ramifications of the problem and with its technical aspects.

A supporting engineering study was directed by Professor Hassialis

of the School of Engineering and Applied Science of Columbia

University (and Chairman of the Henry Krumb School of Mines' .

K portion of the engineering study, subcontracted to Arthur D. Little,

inc. of Cambridge, Massachusetts, ealt scecifica i v with the nature

and extant of the technical risks involved in a number of government

programs.
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The Columbia report observed that "florces of un-

precedented power, only recently unleashed by science, are in-

creasingly employed or directed by the United States for govern-

mental purposes in furtherance of the national interest" (page 7).

It concluded that "[tihe possibility of devastating accidents is

real and must be faced" (page 7). A two-phase program was recom-

mended to deal with the need to protect both the public and govern-

ment contractors and subcontractors by providing for interim emer-

gency compensation as well as an ultimate remedy. Although several

alternate legislative solutions were proposed, the report was clear

on the point that a legislative solution was necessary in order to

"provide for the consequences of a disaster before the event rather

than to rely on the hope that adequate measures would be promptly

enacted in the turmoil following a disaster" (page 12). The re-

port xent on to say:

Such experience as we have affords
no assurance that either industry or t .e
public would be promptly or adeqdatelv taken

tcare of b" subsequent congressional action;
in the case of the Texas City disaster,
which may serve as a gauge of the speed
and adequacy of what Congress might do, re-
lief legislation did not come until eight
Iears after the accident, and then it Pro-
vided a measure of compensation which in
many cases was grossly inadequate (page 12)

It apzears that a legislative approach to the risk of

catastrophic accidents in government proarams should be considered.

Nature and Extent of zhe Risk

The extraordinary Trecautions undertaken to safeguar

accidents in gaz...ou covernment t;ocrams nave resulted in an
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impressive safety record. No accident of catastrophic magnitude

has occurred to date in the military missile programs or the space

program. Yet the risk is there, however improbable. With regu-

larity the newspapers report such unlikely happenings as missile

firings and space launchings where safety devices fail to work

or guidance systems malfunction.

Catastrophic accidents might arise out of government acti-

vities, such as (i) transportation of rocket fuels; (ii) firing of

ground-to-air missiles concentrated in and around populated and

4 industrial areas; (iii) weather control experiments; (iv) the un-

intended explosion of a nuclear weapon; and (v) chemical and bacter-

iological defense programs. With respect to each category the

technical study of Professor Hassialis concluded that damages of a

large order of magnitude are entirely credible. To again quote

from the Columbia study:

It is therefore safe to conclude that
a variety of governmental activities pose the
possibility of catastrophic accidents. For-
tunately, the risk of such an accident with
respect to any particular program and occasion
appears at present to be remote. However, these
programs taken together pose a significant threat
of a substantial accident, and the risk multi-
plies as the kinds of dangerous activities and
occasions for accident increase. Simple pru-
dence would seem to dictate that consideration
should be given to the impact of such accidents
upon our society, and to the ways in which
the losses from such accidents should be dis-
tributed (page 33).

The presence of hazards of such potential enormity be-

comes a matter for legislative attertion because of the fact that

adequate protection does not exist either for the public or for

government contractors and subcontractors.
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Legal Remedies

In the event of a catastrophe arising out of a govern-

ment program, compensation to injured members of the public would

ordinarily depend upon establishing liability for damages. A

direct action against the government is circumscribed by the

Federal Tort Claims Act, which requires proof of negligent or

wrongful acts by employees of the government (which would not in-

clude employees of a government contractor). Even assuming that

proof of fault can be established, the "discretionary function"

exception makes this remedy quite uncertain.

The injured party, therefore, might be forced in many

cases to attempt to establish liability on the part of one or more

contractors. However, the problems of proof can be staggering.

The programs would in all probability be highly technical in char-

acter and in many cases classified. The salient facts might be

i* identifiable only by the government and industry participants in

the program. The defendant manufacturers or contractors would, to

conserve the resources of their shareholders, be obliged to defend

claims with the utmost vigor. As the Columbia study observes:

The complexity of the programs and
of the relationships between the govern-
ment and numerous prime contractors, sub-
contractors and suppliers would often make
it difficult to trace the cause of the
accident, to identify the responsible
actor, and to prove his liability in a
lawsuit (=age 34).

A key reccmmendaticn cf the Colbia study is that Oro-

vision should be made in any leoislation fcr interim relief under

which prompt and effective compensation would be caid while the
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specific liabilities and damages were being settled in the courts.

This recommendation is particularly important because cf the pos-

sibility of protracted litigation.

The situation currently facing the government contractor

is also most unsatisfactory. In the case of an operating contractor,

the concept of absolute liability in tort law where an "ultra-

hazardous activity" is involved opens up the possibility that the

operating contractor in a hazardous program may be found liable

merely upon establishment of causation.

The companion development of the law governing products

liability sharpens further the exposed position of a company sup-

plying equipment or services for a government program. Starting

with Mac Pherson v. Buick Motor Co., 217 N. Y. 382, 111 N.E. 1050

(1916), the manufacturer or assembler of a product has increasingly

become subject to liability for harm or damage caused by his

product. Moreover, liability would be joint and several, which would

mean that one company might be liable for all damages to all

claimants even though a number of other industrial concerns and

government employees and officials had participated in the work

of the progrnm. The supplier of a component part, the furnisher

of faulty design specifications, the systems contractor who fails

to detect a faulty compone,._ may each be found jointly and sever-

ally liable.

Nor will inspecticn and acceptance by the government ex-

znerate a ccmpany from such liability. Two cases illustrate the

=-:en.. to which the law has developed in extending the applicaticn
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of the MacPherson case. In Boeing Airplane Company v. Brown,

291 F.2d 310 (9th Cir. 1961), the court held the manufacturer

of a plane operated by the Air Force liable for the death of an

Air Force Major. Although the explosion and crash were the re-

sult of a malfunction of a component furnished by another company,

Boeing was held negligent in assembling the airplane with an in-

adequate component.

Again, in Sevits v. McKiernan-Terry Corporation, 264 F.

Supp. 810 (S.D.N.Y. 1966), the court sustained a complaint against

a manufacturer by a Navy crew member based on injury sustained

aboard a U. S. naval aircraft carrier. The court held that a com-

ponent manufacturer could be liable even without proof of negli-

gence.

The Sevits case illustrates the development of the doctrine

of strict liability in cases involving alleged defects in manu-

factured products. Beginning with Henningsen v. Bloomfield Motors,

Inc., 161 A.2d 69 (Sup. Ct. N.J. 1960) and continuing with the 1963

California Supreme Court case of Greenman v. Yuba Power Products, Inc.,

377 P.2d 997, the courts have increasingly held manufacturers liable

without proof of negligence. Goldberg v. Kollsman Instrument Corp.,

12 N.Y. 2d 432 (1963); Prosser, The Fall of the Citadel, 50 Minn.

L. Rev. 291 (1966); Restatement (Second) Torts, sec. 402A.

Financial Protection

Thus, while the government contractor or supplier occupies

a very exposed position in the event of a cataszrophe, at the same

time, iniured members of the public have an uncertain remedy'. This
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uncertainty is increased by the fact that available insurance

protection is limited in amount and does not approach the amount

of coverage required to protect a company against a very large

incident where claims in the aggregate might exceed $500 million.

Not many companies would be able to survive such a liability, and

the injured public would, in such event, not be able to collect

damages.

Insurance coverage in amounts above $10 million is acquired

by relatively few companies. Whatever the maximum amount of in-

surance obtainable by the very largest companies today may be, it

is evident that it falls far below the potential liability of

* companies engaged in hazardous government programs.

Current Statutory Framework

The problem discussed in the preceding pages was, of course,

the reason why the Price-Anderson amendments to the Atomic Energy

Act were made applicable to AEC contractors and subcontractors as

well as to licensees. The Price-Anderson provision (section 170d),

hcwever, is limited to nuclear incidents arising out of or connectedK with AEC contractual activities or joint programs in which AEC is

a participant, such as the nuclear Navy program.

"Research and Development" Indemnity Authority of DcD.

The Department of Defense has had available to it since 1952 authority

to indemnif, its research and development contractors acainst ciJais

arising cut cf direct performance of their contracts which result

from risks defined in the contracts as "unusually hazardcus" (10
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U.S.C., sec. 2354). This statutory authority embraces only the

military departments, and thus has no application to hazardous pro-

grams conducted by other agencies of the government such as NASA.

It has also proved troublesome in other respects. It extends only

to research and development contracts, and not to follow-on pro-

duction contracts, which has created problems of definition and
application. It depends on negotiation on both its applicability

and the specific terms of indemnification coverage. This has led

to inconsistent treatment as between different departments and

even within the same department. Section 2354 also contains ambi-

guities both with regard to the limiting words that claims must

"arise out of the direct performance of the contract" and with re-

gard to the coverage of lower tier subcontractors and suppliers.

Moreover, there are no provisions comparable to the 1966 amendments

to the Price-Anderson Act designed to provide prompt and assured

compensation to injured members of the public.

These problems led the Department of Defense to seek other

legislative authority under which to indemnify its contractors en-

gaged in hazardous programs. This occurred in two ways.

First, for several years DoD sought comprehensive indem-

nificatien legislation from the Congress. These efforts made no

heacwa,.

Secondly, the military departments turned to the use of

Title 1I of the First War Power Act and, later, to its statutor-:

successor (generally referrred to as Public Law 85-804 (50 U.S.C.

I 1431-1435).
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Public Law 85-804. This statute does not explicitly

deal with the indemnification of contractors, but its legislative

history clearly supports its use for this purpose. Senate Report

2281 (August 9, 1958) of the Senate Committee on the Judiciary dis-

cussed the indemnity authority provided in Public Law 85-804 in

these terms:

In addition to these two specifically
authorized uses of this authority, the de-
partments authorized to use this authority
have heretofore utilized it as the basis
for the making of indemnity payments under
certain contracts. The need for indemnity
clauses in most cases arises from the ad-
vent of nuclear power and the use of highly
volatile fuels in the missile program. The
magnitude of the risks involved under pro-
curement contracts in these areas have
rendered commercial insurance either un-
available or limited in coverage. At the
present time, military departments have
specific authority to indemnify contractors
who are engaged in hazardous research and
development, but this authority does not
extend to production contracts (10 U.S.C.
2354). Nevertheless, production contracts
may involve items, the production of which
may include a substantial element of risk,
giving rise to the possibility of an enormous
amount of claims. It is, therefore, the
position of the military departments that to
the extent that commercial insurance is un-
available, the risk of loss in such a case
should be borne by the United States. The
Atomic Energy Commission now possesses
similar indemnification authority by virtue
of the enactment of the Price-Anderson Act
last year (Public Law 35-177).

However, Executive Order No. 10739, which imnlemented

Public Law 85-904, conditioned the exercise of authority under

it by the phrase, "within the limits cf the amounts appropriated

and the contract authorization provided therefor."
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Thus, the usefulness of Public Law 85-804 as authority to provide

indemnification was substantially undermined, in spite of the

legislative history. The very need for specific statutory authority

in order to extend indemnity coverage to contractors arises by

virtue of the prohibition placed on government agencies by the

Congress against obligating the government beyond available appro-

priations (cf. sec. 170j. of the Atomic Energy Act).

The Executive Order limitation in effect required agencies

using this authority to make any indemnification agreement "sub-

ject to the availability of appropriations." Such a contractual

undertaking is quite unclear as to its legal effect. In fact, NASA

adopted a policy against the use of Public Law 85-804 for indemnifica-

tion purposes because of this lack of clarity.

Other Legislative Efforts. A final point to note with regard to

legislation dealing with the problem of catastrophic incidents is
* i

that in 1961 NASA submitted to the Congress a bill that would have

extended to it indemnification authority comparable to that of DoD.

A revised bill passed the House in that year. At hearings in the

Senate, the bill was revised along the lines of the Price-Anderson

Act, but no further consideration has been given to that or any

similar bill by the Congress since that date.

Starting in 1964, DoD and NASA collaborated in the drafting

of a comprehensive bill government-wide in scope, that followed to a

large extent the thinking of the Columbia study. The bill was cir-

culated by the Bureau of the Budget throughout the Executive Branch

and thereafter was further revised to accord more closely with the
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Price-Anderson Act approach. Further action was suspended on the

bill.

Inadequacies of Existing Statutory Authority

The Columbia report, after a comprehensive analysis of

the statutory and case law, arrived at the following conclusion:

We have found that under present law
there is no assurance of compensation to
the victims of a catastrophic accident;
at the same time contractors are exposed
to the danger of devastating liabilities
with no sure means of guarding against
them (page 71).

This conclusion remains valid today in spite of certain

developments since issuance of the Columbia report in 1963. The

1966 amendments to the Price-Anderson Actomprise an important de-

velopment. Under them the AEC was authorized to require incorpor-

ation of provisions in insurance policies and contracts, furnished

as proof of financial protection, that waive "any issue or defense

as to the conduct of the claimant or fault of persons indemnified."

This amendment thus allows a contractual indemnity to become a far

more certain form of protection for the injured public, approaching

in effectiveness the remedy of direct suit against the government

upon a mere showing of causation, which had been the Columbia study's

* 1 first choice for a legislative solution but which would have en-

countered vigorous opposition from several quarters.

The 1966 amendments also added a crovision authorizing

emergency assistance payments, a key recommendation of the Colunbia

report as we have noted above.

The inadequacies of present statutory authority can be
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summarized briefly.

First, there is no clear Congressional policy encouraging

widespread use of the indemnity power, comparable to that which

the Joint Committee established for the Atomic Energy Commission

in enacting the contract indemnity provisions of section 170d. of

the Price-Anderson Act. Because they do not operate within a

clear framework of Congressional policy as does AEC (now Department

of Energy), agencies such as the military departments have treated

indemnity as a matter of contract-by-contract bargaining. As a

result, the administration of 10 U.S.C sec. 2354 and of Public Law

85-804 has been sporadic, limited, and inconsistent both as among

agencies and as among contractors.

In short, the first major problem with existing statutes

is that the agencies feel under no mandate to use them, and as a

result they are not used widely or to full effect.

Second, because the use of the indemnity authority under

existing law is a matter of contract-by-contract bargaining, it

is next to impossible for subcontractors and suppliers to obtain

indemnity protection. The technique of the Price-Anderson Act

which automatically extends the coverage of prime contract indem-

nities to all subcontractors and suppliers of the project, has not

been incorporated in the provisions of 10 U.S.C. sec. 2354 or

Public Law 85-804.

Third, several agencies that conduct programs of a

hazardous character are either ignored or inadequately ccvered.
U

Examples are NASA, the Department of Commerce, and the Department
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of Transportation. At the same time, existing legislation is

overlapping.

Fourth, neither the military research and development

statute nor Public Law 85-804 has any provision for interim re-

lief for the injured public, unlike the Price-Anderson Act.

Neither statute provides for waiver of defenses, again unlike the

1966 amendments to the Price-Anderson Act, which means that the

injured public has a far less certain remedy under these statutes.

Fifth, another point is that neither statute provides for

a ceiling on the Government's indemnity obligation with the related

limitation of liability.

Sixth, both statutes are silent with regard to the matter

of required financial protection. This places the important policy

question as to required insurance entirely up to the decision of

each individual government agency. Such a situation invites incon-

sistent treatment as between the various agencies and may well war-

rant more comprehensive attention and oversight.

Conclusions

In concert with continued comprehensive research, a care-

fully regulated and recorded program to control the overall design,

development and operation of the air transport system has served to

rigorously and reliably mitigate the hazards inherent to the svstem.

AS a result, aviation has long since ceased to be viewed as ultra-

hazardous and liabilities attendent to this activity are recularl"

and widely insured against.

This activity is, however, with the advent of jumbo ets,
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markedly increasing the magnitude of the exposure of human life

and property both inside and outside the aircraft to risk of serious

accident. Continued trends in this direction may "together pro-

duce a catastrophic exposure of unprecedented proportion." This

level of exposure is one we have only recently had to address in

hazardous, man made advanced technological systems. An examination

of government sponsored activities in this arena reveals that there

are inadequacies of present statutory authority in the use of in-

demnity power, and that in the end the important policy question

as to required insurance is entirely up to the decision of each

individual government agency. Such a situation may well warrant

more comprehensive attention and oversight.
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PRINCIPLES AND POTENTIAL APPLICATIONS

From the preceeding analyses of the design through operation

phases of the air transport system and the evolving considerations

of liability and regulation of the system, some general principles

of hazard mitigation that are potentially applicable to other ad-

vanced technological systems may be summarized as shown in the fol-

lowing areas.

Design, Construction, Inspection and Maintenance

Complex engineering systems require precise design criteria

carefully related to the expected operational environment.

Design criteria should reflect, whenever possible, the total

anticipated operational experience in a statistical sense,

not just the expected peak values.

Modern design tools permit designers to design complex en-

gineering systems closer to precise design criteria thus

* making critical the importance of well conceived design

criteria.

A philosophy of design verification is necessary. When

new technologies are employed beyond those which have been

demonstrated, designers must identify and weigh the risks.

High levels of manufacturing quality control are absolutely

essential for safety and reliability.

F7or hazard mitigat ion a uniformly hich level of oerfcrmance

is recuired in design, construction, inspecticn and mainten-

ance.
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System Development and Operation

To operate effectively, efficiently and safely requires

people familiar with and actively involved with every

critical element of the system. They must know how the

existing system operates. This involves:

- System wide enaineerina

- System management by experienced system managers

Extreme care must be taken to establish the system charac-

teristics that in turn establish the boundaries where a

system may go unstable or uncontrollable and to determine

the marcins of safety which must be maintained in order that

transients do not result in exceeding these boundaries.

- System simulation and training are required to

establish precise operating procedures to assure

recovering if unexpectedly large transients occur

during the operation close to the boundary.

Systems in o eration must -rcide the essential information

that the orerators need to understand whether or not the

system is operatinq within its desicn carameters for safe

operation. If this is not the case it is not known what

actions are required, if any, in terms of both automatic

and human intervenzion! In additlcn, the information

s'stem must not Orov'.e more i:nformation than the s'stem-

'L'erAtcr3 c:: efe z l ' Use I,:,infc--a ti : c\ve''cal p'e

n.. mena' 7

- i'he ;_nfcr.-atic. s,.':em m'ust czns'_ce. t.he lia'i
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of human sensory capabilities.

Opportunities exist to combine alerting systems to cope

with information saturation. This involves combining alerting

devices to serve multi-purposes and in setting priorities

for alerts so that only those of primary concern to the

particular operating states of the moment are armed.

* Information required of the system in emergency operations

must be clearly and unambiguously presented and should to

the extent possible be used during all normal operations so

familiarity is maintained.

Basic human sensory capabilities which may be misleading

under emergencies should not be allowed to become a normal

source of information during routine operations.

New capabilities or modifications of the system require a

systematic analysis of communications and communication pro-

cedures to ensure that double meaning with the resulting am-

biguity does not occur.

Introduction of a new characteristic into an established

system must be done in such a manner as to not alter the cues

used by the operator to manage the system safely and in the

process observe the informaticn required to avoid disaster.

- Even the most beneficial system changes must be

examined criticall, in the light of prior cTerator

experience and tendencies -o revert to intuitive

actions under stress.

Human factors analysis is crizical to the safe cnerao:cn of
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high technology systems. Several critical questions

must be analyzed and answers found:

1. How is the ranking of authority established and

accepted so it does not break down under stress?

2. How is the division of responsibility specified so

that even under stress, routine activities continue

and are not overlooked to aggravate a problem?

3. How is training conducted so that these established

procedures are not disrupted by varying groups of

operators which may contain personality clashes?

As demands of a system to operate at peak efficiency increas

minor disturbances, which could be handled easily within the

flexibility of a lower demand system, can become the cause

of a major disaster.

- To prevent this, system operations analysis must

be projected forward to reveal the impact of any

system disturbance under high demand situations.

This is to ensure that the operator is given ade-

quate information to respond in a timely and ef-

fective manner.

Simulation experience and demonstrations can be an effective

substitute for the same thing in the real world. This can

be done for recular traininc for hazardous si-aicns as wel

as normal. It is now likely that the required in::rma..

exists to produce adequate simuation Mcr nos: an: scphistlc

s*.'sten.

-34-



AO-AO89 204 RANN INC PALO ALTO CA FIB 13/12
EXPLORATORY STUDY OF HAZARD MITIGATION AND RESEARCH IN THE AIR --ETCfU)
MAR So R L BISPLINGHOFF, P G DEMBLING EMW-00432

UNCLASSIFIED NLmmIN



11111 JL 12 2
L . 13 2.

11111 111"-4 t
111111L25 III.4.. 11111.6

MEtROCOPY RESOLUTION TEST CHART

NATIONAL BUREAU OF SIANDARDS 1963-A



I

. It is now feasible to design data collection systems

and the related analysis that can detect incipient system

failure problems before they occur.

Liability and Regulation

• The system must be continuously regulated, audited and

demonstrated to be safe to the degree necessary to protect

the public interest including enabling adequate insurance

of the manufacturers, owners and operators of the system

liable for losses of people and property potentially exposed

to accidents in the system.

• Trends in the direction to "produce a catastrophic exposure

of unprecedented proportion"have only recently become of

concern in man made advanced technological systems. Cer-

tainly in government programs if not elsewhere such event-

ualities warrant more comprehensive attention and oversight

in the public interest.

It is evident from examination of these principles that they

are particularly suited to hazard mitigation in systems with the

following characteristics:

Subsystems and pieces designed and developed by many dif-

ferent specialists

• Complex interactions and interdependence of subsystems

* Human factor - machine interfaces at several points

• Critical tradeoffs between system efficiency, safe operation,

and economic factors.
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Examples of technology based systems which have several of

these characteristics and to which the general principles may

apply include:

Complex gas, oil, slurry pipeline systems

. Super tanker and LNG transportation systems including

loading, unloading and related matters.

Movements of substantial amounts of hazardous materials

through a multi-modal transportation system.

Generation and transmission of electrical power through

an extensive grid involving multiple power sources in-

cluding fossil, nuclear, hydro, solar and others.

It is clear from the three major reportsl- 3 on the Three

Mile Island nuclear accident that a number of the hazard mitigation

principles developed in the air transport system may not have been

fully followed. These may include the areas of regular training,

effective communications, and rigorous incident as well as accident

investigation and reporting of emergency situations. It is also clear

that had these principles been followed, Three Mile Island might

not have occurred, or if it had, it would have been less severe.

These are probabilities not assurances. What is generally required

is the conduct of comparative analyses of specific technology

based systems against the hazard mitigation principles and concepts

derived from experience with the air transport system to determine

their specific applicability.
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