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CHAPTER ONE

INTRODUCTION

The study of the impact of microcomputers on aviation consists

of two parts. The first part, technological forecasting of

microcomputers, with specific reference to aviation applications,
has been reported in Volume I. This volume (Volume II) presents

the results of technology assessment of microcomputers, with

special emphasis on the impacts of microcomputers on the National

Aviation System (NAS), and their policy implications.*

I. Definition and Purpose of Technology Assessment

Technology assessment has been succinctly defined as "the

systematic study of the effects on society that may occur

when a technology is introduced, extended, or modified,

with emphasis on:the impacts that are unintended, indirect,
and delayed" [1]. Thus, the side effects as well as the
primary impacts of technology are to be identified and
analyzed in technology assessment. This has become necessary
since the side effects (or externalities) of technology are

often as important as, if not more important than, its

primary impacts. For example, although the primary impact
of the automobile was a rapid increase of speed and mobility

in ground transportation, the side effects of the automobile

*The two parts of the project did not receive equal resource
allocations. Technological forecasting is a necessary component
of any comprehensive technology assessment, and therefore
Volume I provides a necessary basis for Volume II. About 75 per-
cent to 80 percent of the total project resources was therefore
allocated to the work leading to Volume I, the remainder to
Volume II.
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have had significant social consequence - urban sprawl, air
pollution, changes in life style, etc. Similarly, one can
think of the side effects of television in terms of the
changes in family behavior, political campaign styles, ris-
ing expectations of the disadvantaged, as well as the primary
impact on home entertainment. If the microcomputer is in-
deed the third major cultural invention in the American
technological society, following the automobile and the
television [2], then the side effects of microcomputers will

truly be significant and far reaching.

The purpose of technology assessment is to develop policy
options to enhance the positive and to alleviate the nega-
tive side effects of technology. Thus technology assessment
is policy-oriented. The orientation stems from the milestone
events that contributed to the establishment of technology
assessments as legitimate and substantive programs within

the realm of governmental activities in the United States.
These milestone events were the proposal in the Daddario

Bill to establish a Technology Assessment Board [3], and the
formal establishment of the Office of Technology Assessment
in the U.S. Congress [4]. .In the executive branch of the
Federal Governmené, the National Science Foundation as well
as a number of mission agencies have sponsored over a hundred
technology assessment projects [5]. One of the larger com-

pleted projects is the Technology Assessment of Intercity

Travel co-sponsored by the Department of Transportation and




II.

the National Aeronautics and Space Administration [6].
Microcomputers, being an exploding technology only in the
last few years, have not been a subject of formal techno-

logy assessment prior to this project.

Methodology of Technology Assessment

Given its poiicy orientation, technology assessment itself
is more a technology than a science, with all the implica-
tions of the difference between science and technology.
Consequently the philosophical and methodological approaches

to technology assessment are multifarious [7].

A major taxonomy of technology assessment methodologies con-
sists of the following three categories of technology assess-
ment (TA):

Technology~driven TA

Problem~driven TA

Goal-driven TA
In technology-driven TA, a particular technology (e.g., the
automobile) is given, and its impacts on society are to be
assessed. In problem-driven TA, a particular problem area
(e.g., energy shortage) is given, and.a range of technologi-
cal options to alleviate the problem are to be assessed. In
goal-driven TA, a particular social goal (e.g., increased
job satisfaction) is given, and a range of technological
packages to facilitate the goal realization are to be
assessed. The project at hand begins with the technology of

microcomputers and asks what may be its impacts (especially

|
|




on the National Aviation System) and its policy implications
(especially for the FAA) between now and the year 2000. The

study is thus primarily a technology-driven TA. Of course,

no one can know for sure whét will happen in the next two

decades. However, it is important that the plausible impacts
of microcomputers on the NAS be assessed now, so that the FAA
can formulate appropriate policies in anticipation of, not in

reaction to, the revolutionary developments of microcomputers.

A typical methodology for technology-driven TA is the follow-
ing 7-step procedure [8]:

1. Define the assessment task

2. Describe relevant technologies

3. Develop state-of-society assumptions

4. Identify impact areas

5. Make preliminary impact analysis

6. Identify possible action options

7. Complete impact analysis

This 7-step procedure has been used to guide this technology
assessment of microcomputers, not only in the organization
of relevant tasks within this project, but also in the use
of relevant results from other projects sponsored by the
Federal Aviation Administration/Office of Aviation Policy
(FAA/AVP) . Each of the seven steps in the context of these

interrelated FAA projects and tasks are subsequently discussed.

e s




Step 1. Task definition.

As pointed out previously, a technology-driven TA of micro-
computers has been undertaken. The time horizon is the year
2000. Special emphasis has been put on the impact of micro-
computers on the National Aviation System (NAS), although a
broad assessment has also been made 9f comprehensive and
higher-order impacts of microcomputers on society. The
affected parties were identified for the impacts on NAS, so
that specific policy implications from the FAA standpoint

would become clear.

The archetypal technology assessment is understood to be a
single, ad hoc study performed by a multidisciplinary team
on a budget of at least $300,000 (1974 dollars), in a period
of about a year. Given the fact that 75 percent to 80 per-
cent of the current project has been devoted to technology
forecasting, the technology assessment to be undertaken

should be categorized as a mini-TA [9].

Step 2. Technology description.

The basic work for this step has been taken. Volume I of
this report describes today's microcomputer technology and
projects its development to the year 2000. Special emphasis
for instrumentation and control (primarily airborne) and for
data processing (as a part of ground-based mainframe computer

systems) .




For technology assessment, the supporting and competing tech-
nologies vis-a-vis microcomputers should also be described.
The most critical supporting technologies for aviation-orient-
ed microcomputers are the peripheral equipment (input-output
devices, instruments, transducers, etc.). These have also
been described in Volume I of this report. Other supporting
and competing technologies, ranging from satellite communica-
tions to high-speed ground transportation, have been describ-
ed in the final report of a previous project conducted by The
Onyx Corporation for FAA/AVP [10]. All these technological

descriptions will form the basis of the subject mini-TA.

Step 3. State-of-society assumptions

Five alternative aviation futures up to the year 2000 have
been described in an FAA report [11] on the basis of a pro-
ject conducted for FAA/AVP by The Futures Group with the
assistance from Urban Systems Research and Engineering.
These aviation futures have been considered for this techno-
logy assessment study. Three of the five aviation futures
which provide the state-of-society assumptions are:

. Expansive growth
. Resource allocation
. Muddling through

As will be discussed in the next chapter, these three alterna-
tive future scenarios represent, respectively, the upper, r

middle, and lower span of the spectrum of future aviation

activities. For simplicity the two other aviation futures,




Individual Affluence and Limited Growth, will not be con- -

sidered in the mini-TA.

Step 4. Impact areas.

If microcomputers are indeed as significant as the automobile

and the television - and the initial indications are affirma-
tive - then its impact will pervade the American society. To
fully appreciate the policy implications for the FAA, the
impact of microcomputers on NAS should not be assessed in
isolation of the impact of microcomputers on the entire

society.

In this step, a structured brainstorm approach [12] has been
used to identify all major impacts of microcomputers on
society. The structured brainstorming was facilitated by
computer conferencing [13], and the comprehensive scope of
the exercise makes the exercise itself resemble a technology

assessment. Since the portion of the project reported in

Volume II is considered a mini-TA, the exercise in this step
is a micro-TA and the results will be presented in Appendix A

of this Volume.

Step 5. Preliminary analysis.

This step will focus on the impacts of microcomputers on the
National Aviation System. The magnitude and timing of the
impacts on NAS will be analyzed and reported in Chapter IV

in this Volume. An overview of the cross impacts result-

ing from aviation applications of microcomputers will be




summarized in Chapter IV, along with an extended examina-
tion of some of the dynamic feedbacks, as well as the quali-
tative description of the significant impacts. All of these
analyses will be made in the context of the three alternative
aviation futures mentioned previously, assuming no deliberate
FAA policy modifications in anticipation of the microcomputer

impacts.

Mathematical models (for cross impacts and dynamic feedbacks)
will be explained in Appendices B and C. Appendix B will
describe how a matrix could be used for analysis of cross
impacts, and Appendix C will describe how a simulation

model could be used to analyze the dynamic nature of NAS

impacts.

Step 6. Action options.

This step is to develop and analyze various policy options
for obtaining maximum public benefits and minimizing dis-
benefits from microcomputers. Naturally, this step must
take into account the political sensitivity and feasibility
of the various programs and policy options. Although it is

an important step in the T.A. process, the delineation of

action option was beyond the scope of this report.

Step 7. Complete impact analysis. ¢
This step is to analyze the degree to which the action options
identified in step 6 or suggested elsewhere would alter the

NAS impacts of microcomputers discussed in Step 5. Although




this step is beyond the scope of this project, the mathemat-

ical models described in Step 5 can be used in the future
in combination of judgments, to assess the effect of FAA

policy options in modifying microcomputer impacts on the NAS.

III. Conceptual Structure of the Specific Approach

While the 7-step procedure described above (in the context

of the interrelated FAA projects) delineate what specific

steps, methods, and previous results will be used in the
technology assessment task at hand, the procedure has not
explicated the structural relationship among these steps.

This will be done in this section.

The ultimate objective of this technology assessment is to
aid policy making by the FAA. As a federal regulatory
agency, the FAA has the authority to make policies which
will have great influences in certain technological and
socioeconomic areas but very little in some other areas.
The alternative future scenarios (of which aviation activi-
ties are a part) are largely to be determined by social
values and future events on which the FAA cannot and should
not have much influence. The three alternative futures;
viz., expansive growth, resource allocation, and muddling
through [11], will thus determine the basic premises upon
which the technology of microcomputers will be forecast and
assessed. 1In other words, the technological description
and social impact of microcomputers must be imbedded in each

alternative future as depicted in Figure 1.
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In the same diagram (Figure 1) it is shown that microcomputer
technology and its pervasive social impacts are largely un-
affected by FAA policies. What can be affected by FAA
policies will be the application of micr&computers to avia-
tion activities and the corresponding impacts of those appli-
cations. Therefore, in the diagram, aviation applications
are imbedded in microcomputer technology, and the correspond-
ing impacts are imbedded in the much larger collection of
social impacts. In the context of the interrelated FAA/AVP-
sponsored projects and tasks, Block 1 in Figure 1 contains
the most recent results of the project conducted by The
Futures Group. Block 2 contains the results of the bulk of
Volume I and in Chapter II of this volume (Technology Fore-
casts). Block 3 contains the results to be presented in
Appendix A in this Volume. Block 4 contains the aviation
applications identified in Chapter VII of Volume I. Block 5
contains the analyses -in Chapter III in this Volume. Finally,
Block 6 contains future work which could be done to assess

policy implications and affected parties/organizations.

Blocks 4, 5, and 6 in Figure 1 can be further expanded con-
ceptually as in Figure 2, which shows the paths linking
microcomputers to FAA policy implications. Starting from
the left-hand side of the diagram, there are two ways in
which microcomputers can perform aviation functions in NAS.

The more immediate way is to perform those aviation

11
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functions which already exist (e.g., FAA management informa-
tion data processing) or which have been planned without

the prior knowledge of future developments of microcomputers
(e.g., most of the UG3RD air traffic control systems). Such
uses of microcomputers will be justified or motivated mainly
by cost reduction considerations, and will result in either

a higher level of aviation applications, or accelerate imple-

mentation of the presently planned applications (e.g., UG3RD),
or both. The other way in which microcomputers will find
their ways to be applied in NAS is to perform certain new

functions which have not been practical or feasible with

previous technologies. For example, the very compact and
very low-cost microcomputer logic and memory may provide
highly sophisticated and highly reliable (self-monitored
and self-correcting) avionics for general aviation that has

not been hitherto considered practical.

The NAS impacts can be generally categorized into primary
(direct) and secondary (indirect or higher-order) effects.
Both are important for technology assessment as both may

have important FAA policy implications. Primary impacts in-

clude such variables as general aviation (GA) avionics costs,
which may in turn affect the level of applications. For
example, widespread use of microcomputer application in GA
avionics would further reduce the cost of microcomputers for
such applications, thus increasing the level and accelerat-

ing the timing of microcomputer applications in GA. |

13




Secondary impacts include such variables as the number of

IFR flights to be handled by air traffic controllers. The
number of IFR flights is directly affected by the number of
GA aircraft equipped with appropriate avionics, and is
therefore indirectly affected by microcomputers. FAA policy
implications include FAA regulations, procedures, plans,
programs, etc., which need to be generated, modified, or re-
viewed in anticipation of the primary and secondary impacts

of microcomputers on the NAS.

14
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I.

CHAPTER TWO

TECHNOLOGICAL FORECASTS IN THE

CONTEXT OF AVIATION FUTURES

Introduction

Forecasting differs from prediction in that the former des-
cribes the future as a function of policy decisions and the
socioeconomic  environment that will impinge on the future,
whereas the latter does not. The results of technological
forecasting should, therefore, be conditioned on a number
of "what ifs," An important set of "what ifs," or condi-
tioning factors, includes the socioeconomic, institutional
and political factors that may constrain the techologies
(in this case microcomputers) and their applications. 1In
particular, three combinations of conditioning factors, cor-
responding to three of the five alternative futures as
described in the Federal Aviation Administration (FAA)

Aviation Futures to the Year 2000 [1], will be used to

modify the unconstrained forecasts presented in Volume I.

An overview of the five alternative future scenarios is
provided in Tables 1 through 3. Table 1 lists the

primary economic factors assumed in each of the five scenar-
ios. The scenario names, "Limited Growth," "Muddling Through,"
"Resource Allocation," "Individual Affluence," and "Expan-
sive Growth" are somewhat self-defining. However, the spe-
cific values presented in Table 1 provide a more quan-

titative summary of the scenario key variables and "subjective"

15
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differences [2]. Tables 2 and 3 provide some of the

major findings of the previously referred to study. The
relevancy of those findings to this study is the manner in
which the findings would impact microcomputer technology and
visa versa. The societal impacts on microcomputer technology
developments, in the context of the five alternative avia-

tion scenarios, will be explored in this chapter. The recip-
rocal relationship, of the impacts of microcomputers on society,
especially on aviation, will be explored in the following

chapters.

The most common error in comparing alternative future scen-
arios is to focus one's attention only to the gross national
product (GNP) and ignore all other variables. If one were
to single out GNP from Table 1, the "Limited Growth"
scenario has the lowest GNP in the year 2000 as evidenced by
the following ranking:
SCENARIO GNP ($T) in 2000 .
Expansive Growth
Individual Affluence
Resource Allocation

Muddling Through
Limited Growth

=N NS D
. . Ll
OHWVWHW

However, other key variables should also be taken into con-
sideration for a more realistic comparison of alternative
futures. For the present project, aviation activities, R&D
activities, and Air Traffic Control (ATC) technologies are
clearly important. The following table singles out aviation

activities from Table 1:

17




II.

AIRPORT ENPLANED JET FUEL

SCENARIO OPERATIONS (M) PASSENGERS (M) CONSUMPTION (Mbbl)
Expansive Growth 333 1,113 850
Individual Affluence 182 788 517
Resource Allocation 125 471 317
Limited Growth 115 406 317
Muddling Through 52 272 158

Thus, the "Muddling Through" scenario has by far the lowest
aviation activities, which actually decline from the 1974
level in this scenario. Moreover, Tables 2 and 3 show

that the "Muddling Through" scenario also ranks lowest in R&D
activities and in air traffic control technology advances.
Therefore, for the purpose of this study, "Muddling Through"
is considered at low end of the technological growth spectrum,
and the "Expansive Growth" scenario at the higher end, with

"Resource Allocation" near the middle.

Specific Conditioning Factors

To identify the specific factors which have crucial conditioning

effects on microcomputer technologies, four basic assumptions
were made and a four-step procedure to identify the crucial
factors was developed to explore how these crucial condi-
tioning factors affect microcomputer technologies. The basic
concept to be used is essentially that of technological ac-
celeration or retardation by socioceconomic, institutional and
éolitical factors. According to this concept, technological
development must go through a certain sequence of stages.
However, the speed with which this sequence evolves will vary

with a number of conditioning factors, which are mostly

18
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socioeconomic, institutional and political in nature.

A.

Basic Assumptions and Methodologies

It should be understood that the technological forecasts
presented in Volume I and the "social forecasting" of
the aviation futures, are both "surprise-free" forecasts.
The ba¥i¢ assumptions were [1]:

1. No drastic technological breakthroughs

2. No major international conflicts

3. No large scale international depression or
monetary catastrophe

These basic assumptions will remain operative throughout
this study. Thus, the differences between the constrained
(or conditioned) technological forecasts of this chapter
and the unconstrained forecasts in Volume I are mainly
caused by the different combinations of socioeconomic,
political and institutional factors imposed by the three

aviation futures.

It should be pointed out that there are no time-proven
and qguantitative theories for predicting social impact
on technological development. However, a qualitative
"tracing" approach was taken to hypothesize a reasonable
causal relationship between the aviation futures and
the technological developments as follows:

l. 1Identify the fundamental assumptions about the

socioeconomic conditions underlying the "uncon-
strained forecasts"
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2. Deduce how these socioeconomic conditions may
change in the alternative aviation futures

3. Modify the unconstrained forecasts as functions
of the changing socioeconomic conditions

4. Label these modifications as "conditioned fore-
casts" and relate them to the alternative avia-
tion futures

This four-step procedure will be further explained and

applied below.

Crucial Factors Affecting Computer Generation Dynamics

Computers form a giant industry with millions of actual
and potential applications in society. The future growth
in computer technologies will therefore be practically
unaffected by the national aviation system. To the ex-
tent that the forecasts of computer technologies are not
affected by FAA goals and decisions, the forecasts are
exploratory, and not normative, regardless of whether

the forecasts are conditioned or not.

The dramatic growth of computer technologies can be at-
tributed to two fundamental and interrelated socio-
economic conditions, which have been tacitly assumed in
the previous unconstrained forecasts, namely, vigorous
competition, and substantial R&D. Competition includes
both domestic and international dimensions; R&D includes
both private and public expenditures. Generally speaking,
in the computer industry, private R&D is more applied,

and is driven more by market competition; whereas public




R&D is more basic, and is driven more by space and

defense competition.[3]

The tacit assumptions of socioeconomic conditions under-
lying the unconstrained computer technology forecasts in
Volume I were that the structure (division between private
and public, and between domestic and international) and
the magnitude (expenditure and trade in percentage of GNP)
of competition and R&D in the computer industry would
remain approximately the same in the future as in the re-
cent past. However, this may not be the case in the

three alternative aviation futures considered..

To modify the unconstrained forecasts while keeping the
"surprise-free" assumption intact, a mental model of
technological development with an "elastic time scale"
was used. This model hypothesizes that technological
change will be orderly, but that its speed may be in-
creased or decreased as a function of competitive vigor
and R&D expenditure. The orderly change of computer

components is considered to be as follows [4]:

Generation 0 Relays and vacuum tubes Up to 1953
Generation 1  Vacuum tubes 1951-1958
Generation 2 Transistors 1958-1969
Generation 3 Integrated circuits 1967-1974
Generation 4 MSI and LSI Present

Generation 5 LSI and GSI (Grand Scale Integration)

Generation 6 Hybrid GSI and optical (holographic)
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The escalation of complexity of integrated circuits from
small scale integration (SSI) to medium scale (MSI) to

large scale (LSI) and eventually to grand scale (GSI) is

a natural evolution of technological advances that is im-
pressively rapid but can be generally expected. Optical
computing, however, is a quantum jump. Although the basic
concept of optical computing has been known for some time,
the technology is still embryonic and can evolve in many
possible directions at uncertain speeds. (See the IEEE

Proceedings special issue on optical computing, January,

1977 for state-of-the-ar% reference [5].) Optical com-
puting is derived from a scientific base which is dis-
tinct from that for semiconductor computer components.
The fundamental advantages of optical computing are its
parallel data processing in special applications (image
processing, two~dimensional Fourier transform, special
matrix manipulation, etc.), its extremely compact memory
capacity (e.g., hologfaphic memory), and its potential
processing at the speed of light. However, many general
purpose data processing needs do not lend themselves
readily to optical computing. Thus, the sixth generation
computers mentioned in the above table are more likely

i to be hybrid systems involving the combination of coherent
optical, electro-optical, solid-state, and digital sub-

systems, instead of pure optical systems.

Concurrent to computer hardware technology changes, an

| orderly change of computer software (including computer

24
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III.

architecture and networking) is also assumed. In the
following, the conditioned forecasts for microcomputers
are done with the aforementioned assumptions, but focus

particularly on those microcomputer capabilities of speed,

size, cost, and weight, which are likely to be the limiting

factors in the two types of microcomputer systems des-

cribed in Volume I.

Variation of Crucial Factors and Generation Dynamics

As pointed out previously, competition and R&D are the crucial

factors affecting the rate of technology development. However,

every industry, even the computer industry, has its own inertia.

It takes time for R&D results to propagate through engineering,

marketing, and delivery. Thus, a change in R&D expenditures
will have a delayed effect on the acceleration or retardation
of the advent of new computer generations. Further, there is,
in general, a longer lag between R&D spending and commercial
exploitation if the R&D is supported by the public sector
rather than the private sector (as the experience in energy
R&D has indicated).* The net result of these delayed effects
is that the unconstrained forecasts of computer technologies
in the previous sections can be converted to conditioned
forecasts basically by a "telescoping" process. A "Muddling
Through" society will stretch out the unconstrained fore-
casts, especially the portion corresponding to the distant

future (1999-2000). An "Expansive Growth" society will

*The U.S. Energy Research and Development Administration (ERDA) has
recognized this factor and has consequently initiated a market-
oriented planning system (MOPS) to reduce this longer delay.
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compress the unconstrained forecasts, again especially for the

period 1990-2000. The short-term forecasts (for 1980) will
not be much affected. A shift toward more important govern-
ment roles (as in the "Individual Affluence" scenario) will
also tend to stretch out the unconstrained forecasts. The

quantification of this telescoping process will be made spe-

cific in this chapter.

A more fine-tuned modification of the unconstrained forecasts
will include the changes of the uncertainty band. 1In general,
an acceleration of generation change, such as could be caused
by more competition in the computer industry, will increase
the uncertainty in the industry's ability to achieve the com-
puter performance target by a particular time, since there
will be less time to “get the bugs out® of new technology.
This is illustrated by the upper half of Figure 3, which
shows that, with more competition, the uncertainty in micro-
computer speed will be skewed downward; i.e., the lower

bound of the uncertainty band is farther from the mid-curve
(the expected performance) than the upper bound. In contrast,
an increase of basic R&D expenditure (more likely to accom-
pany a shift toward government R&D) will also increase the
uncertainty in the anticipated computer performance, but the
uncertainty will be skewed upward; i.e., the upper bound of
the uncertainty band is farther from the mid-curve than the
lower bound, since there is a higher probability of drastic

(or surprising) technological breakthrough resulting from
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more basic research. The lower half of Figure 3 illustrates

this latter case.

To relate the modifications of unconstrained forecasts to
the three alternative aviation futures, attention will be
focused on the competitive vigor and the R&D expenditures in
the computer field, although other socio-economic attributes
will not be completely ignored. This deduction of relievant
socio-economic conditions has been done by:

1. Reading the qualitative scenarios of the alternative
futures

2. Looking at certain key quantitative variables (e.gq.,
GNP, federal spending for aeronautical R&D, imports,
exports, etc.)

3. Looking at occurrence of key events (e.g., event
96 of the Aviation Futures study - fifty percent of
assembly-line production is controlled by computers)

In the end, subjective judgments must be made as to whether
the total socio-economic conditions, along with other rele-
vant conditions and events, of a particular aviation future
will accelerate or retard microcomputer technology develop-
ment, and by héw much. These judgments on acceleration and
retardation in quantitative terms, and their corresponding
conditioned forecasts of microcoﬁputer characteristics in
terms of speed, size, power, weight, and cost, will be given

in the last section of this chapter.

Relevant Data from Aviation Futures

Data from the continuing work on the aviation futures [2]

have been obtained and examined. R&D expenditures and the
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status of competition are the key factors determining tech-
nological innovation of the microcomputer industry. These
key factors are primarily described by the "qualitative scen-
arios" of the aviation futures. Quantitatively, these two
key factors are reflected by the values of the following two
variables and by the probabilities that the following four
events will have occurred by the year 2000. (Each aviation
scenario is described quantitatively by a large number of

variables and events [2].)

Variables:

1. Federal Spending for Aeronautical R&D (in 1975 dollars)
2. Total of all Government Spending as a Percentage of GNP
Events:

1. R&D spending in the United States increases from
1975 level of 2.5 percent of GNP to 5 percent of GNP.

2. Fifty percent of assembly line production is con-
trolled by computers.

3. Five percent of the work force accomplishes its job
functions through the use of electronic computers.

4. Anti-exodus laws are passed penalizing industry for
moving outside the United States.

The values of the above two variables are given in Table 4
and the probabilities that the above four events will have
occurred by the year 2000 are given in Table 5. Taken as a
whole, the data indicate that the "Muddling Through" and "Ex-
pansive Growth" scenarios are at the opposite ends (low and
high, respectively) of the R&D and competition spectrum, with
the "Resource Allocation” in the middle. Thus, if Resource

Allocation is taken as the baseline case, microcomputer
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TABLE 4:

FEDERAL AND NON-DEFENSE AERONAUTICAL RESEARCH AND

DEVELOPMENT, MILLIONS OF 1975 DOLLARS

Muddling Resource Expansive

Through Allocation Growth
1976 $ 649.2 $ 649.2 $ 649.2
1980 812.4 900.2 904.4
1985 983.9 1,183.6 1,254.0
1990 1,094.1 1,466.8 1,724.2
1995 1,213.6 1,787.9 2,370.5
2000 1;323.1 2,160.6 3,210.3
Source: Reference [2].
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technology development would therefore be most retarded in .
*Muddling Through" and will be most accelerated in "Expansive 1
Growth."

V. Estimation of Microcomputer Generation Dynamics

The above consideration has led to the choice of the

"Resource Allocation” scenario as the baseline case for the

sake of easy comparison. Moreover, the socio-economic con-
ditions of this scenario correspond most closely to the assump-

tions made in Volume I for the unconstrained technological

forecasts. The historical data about mainframe computer
generation dynamics in Section II (1951 to present) indicated
that the time between computer generations has been about
six to eight years. In general, microcomputers should be
mcre dynamic than large mainframe computers, for two reasons:
1. It generally takes less time to design a microcom-
puter system, especially one for instrumentation

and control; and

2. Microcomputer technology is younger and can there-
fore grow faster.

Thus, for the Resource Allocation scenario, the time between

microcomputer generations may be taken to be six years,

which is near the low end of historical figures for the

time between mainframe computer generations.

This six-year span between microcomputer generations will be
different for different aviation futures, since as discussed
previously, competition and R&D would be different in Qif-

ferent aviation futures. The range varies from three years
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VI.

(most optimistic) to twelve years (most pessimistic). This
variation by a factor of two appears to be reasonable and was
confirmed by a recent study [3]. The social inertia and the
lagtime between R&D and commercialization are such that com-
puter technologies will probably not deviate appreciably from
the baseline case before 1980, regardless of which aviation
future evolves. Beyond 1980, the time between computer gen-
erations will be different for different aviation futures.
The microcomputer generation times for the three selected

aviation futures are thus as follows:

Aviation Futures . Years Between Generations
Expansive Growth 3
Resource Allocation 6
Muddling Through _ 12

Microcomputer Characteristics Estimation

On the basis of the above generation times, the results of
the conditioned forecasts of various microcomputer character-
istics (speed, power, etc.) are shown in Table 6 and Figures
4 through 8. To avoid confusion, only the "expected" values
are shown and the uncertainty bands are omitted. These val-
ues are for typical ground-based data processing microcom-
puter systems described in Volume I. The characteristics of
typical airborne microcomputers are different, as previously
discussed in Volume I. The changes in airborne microcomputer
systems represent evolutionary, slow improvement and not

"generational" changes because functionally airborne
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FIGURE 5: CONDITIONED FORECAST OF
MICROCOMPUTER POWER
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FIGURE 6: CONDITIONED FORECAST OF
MICROCOMPUTER SIZE
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FIGURE 7: CONDITIONED FORECAST OF i
MICROCOMPUTER WEIGHT 1
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MICROCOMPUTER'COST, 1975 LULLARS
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microcomputers are much less demanding. Moreover, in airborne
instrumentation and control systems characteristics are largely
determined by peripheral equipment and input/output (I/0)

devices. For these reasons, forecasts of ground-base systems

only are estimated.

The construction of the forecasted curves has been made ac-
cording to the following equation. The equation essentially
describes guantitatively the "telescoping process" discussed
previously in Section III and states that the telescoping
process will not begin until after the year 1980. All five
microcomputer characteristics should be equally affected by
the microcomputer generational gaps, since these character-
istics were derived basically ffom the same forecasts of
physical changes in microcomputer hardware, as discussed

previously in Volume 1.

Cc; (£) = Cyla; (t-1980) + 1980] (1)
for t > 1980 . -
C = Microcomputer characteristic (speed, power, etc.)

t = time in year (e.g., 1982)

i = 1 to 3 corresponding to the aviation futures in
the following table (e.g., Resource Allocation = 2)
a; = acceleration factor. The greater a. is above

unity, the faster the microcomputer characteg-
istic grows with time. For Resource Allocation
scenario, the baseline case a; = 1.

The previous judgments made on the years between computer gen-
erations can thus be quantified in the following table for ac-

celeration factors:
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Aviation Futures

I
V]

=i
Expansive Growth 1 2
Resource Allocation 2 1l
Muddling Through 3 X

As an illustration, for the "Expansive Growth" Aviation Future,
(i = 1), the computer speed in million instructions per second
(MIPS) in 1986 is forecasted to be:

MIPS, (1986) = MIPS, [2 (1986-1980) + 1980]

= MIPS, (1992)
That is, MIPS in 1986 for "Expansive Growth" Aviation Future
is expected to be equal to MIPS in 1992 for Resource Alloca-
tion Aviation Futuré. In other words, Expansive Growth accel-
erates technological growth as compared to the baseline case.

Similarly,

MIPS$ (1986) = MIPS, [% (1986-1980) + 1980]

MIPS, (1983)

That is, MIPS for "Muddling Through" Aviation Future is expected
to be equal to MIPS in 1983 for Resource Allocation Aviation
Future. Thus, "Muddling Through" decelerates teéhnological

growth of computers.

Since the "unconstrained forecasts" were made in Volume I for

the Resource Allocation Aviation Future as the baseline case,

it is easier to find the year in which the computer character-
istics in each scenario will reach the forecasted values for
the baseline case. Thus, we may go back to equation (1), and |

solve for t after setting the argument of C, equal to the
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grid years of 1985, 1990, and 2000. For example, the ques-
tion is asked, for the Expansive Growth Scenario, when will
the computer characteristics reach those for the baseline
case in 1985. Solving for t by using the equation

2(t - 1980) + 1980 = 1985

and t = 1982.5
That is, C3 (1982.5)

Cy [a; (1982.5 - 1980) + 1980]

= C2 (1985).
Repeating the above calculation for all the scenarios and for
all the grid years resulted in the conditioned forecasts in
Table 6. The left half of Table 6 gives the five points in
time. Each horizontal line in the left half of Table 6 essen-
tially describes a "milestone" of the future microcomputer
technology. The right half of Table 6 gives the years in which
these milestones will be reached by the three alternative avi-
ation futures. As indicated, the first two milestones will be
reached in the same years by the three alternative future
scenarios because of the near-term momentum and inertia of the
computer industry. The last three milestones; however, will
be reached in different years by the different scenarios--
Expansive Growth being the fastest and Muddling Through the
slowest. The year "1982.5" represents the time of late 1982

and early 1983.

These conditioned forecasts are portrayed in Figures 4 through
8 for the computer characteristics of speed, power, size,

weight, and cost, respectively. The plots are simply graphic
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VII.

displays of Table 6. Each breakpoint in these plots rep-
resents the reaching of a milestone. Since the most advanced
projected milestone will be reached by the expansive growth
scenario in 1980, the plots corresponding to this scenario
end before the year 2000. It should be noted that the above
algorithm can be applied to the uncertainty bands in the

forecasts, although they have been omitted to avoid confusion.

Summa:_:x

This chapter combines the results of technological forecasts
and state-of-society assumptions. The five major character-
istics of typical ground-based microcomputer systems for avi-
ation applications (microcomputer speed, power, size, weight,
and cost) have been forecasted as functions of three alterna-
tive aviation futures (expansive growth, resource allocation,
and muddling through). These conditioned forecasts will be
used as a basis for éssessing microcomputer impacts on the
National Aviation System and assessing the corresponding

FAA policy implications, all in the context of alternative avi-

ation futures.
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CHAPTER III

IMPACTS OF MICROCOMPUTERS ON THE
NATIONAL AVIATION SYSTEM

The purpose of this chapter is to focus on the impacts of micro-
computers on the National Aviation System (NAS), and includes
both impact identification and analysis. Chapter I of this
Volume delineates that the speed of advances in microcomputer
technology and the associated specific impacts on the NAS are
imbedded within particular alternative future states of society.
As specific alternative future states of society differ, so

will the specific impacts of microcomputers on the NAS.

Throughout this chapter, three alternative aviation futures,
Expansive Growth, Resource Allocation, and Muddling Through,

as outlined in Chapter II and Appendix A of this Volume, were used
to condition the impacts of microcomputers on the NAS. It

is clear from Chapter II and Appendix A that the differences in micro-
computer advances and resulting social impacts, as a function

of alternative futures, are mainly differences in degree rather
than differences in kind. It is e#pected that the impact of
microcomputers on the NAS will differ similarly. The greater

the advances of microcomputers, the greater the impact. To
simplify the presentation, the Resource Allocation scenario

will be used as the reference future ;cenario from which NAS

impacts will be assessed. This approach was taken because the

Resource Allocation scenario projects an alternative future
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bounded, relative to aviation activities and microcomputer

development, by the Expansive Growth and Muddling Through

scenarios previously mentioned.

I.

Overview of NAS Impacts

Some of the various applications of microcomputers within
NAS have been discussed in Chapter VII of Volume I. It is
through these and other applications that microcomputers
will exert impacts both directly and indirectly on the NAS.
In other words, applications of microcomputers within the
NAS are the link between general microcomputer technology
and areas of impacts on NAS in a causal chain. This causal
chain can be lifted from the conceptional structure of
microcomputef impact analysis (Figure 1 of Chapter I) as

the simple flow diagram shown in Figure 9.

To provide an overview of the impacts on the NAS which could
be exerted by the potential use of microcomputer technology
through applications within the NAS, a matrix has been con-
structed (Figure 10), in which the columns delineate major
applications within the NAS, and the rows potential impacts
on the NAS. The columns consist of the following six main
application sectors:

(1) UG3RD and Post=-UG3RD ATC

(2) On-board Computers

(3) Remote Monitoring of Federal Aviation
Administration (FAA) Equipment

(4) FAA Information Processing
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(5) L;ndside Airport Operations

(6) Simulation Using Computer Technology
As illustrated in Figure 10, the "On-board Computers" sector
can be divided into the four application categories of
(a) flight monitor, (b) flight control, (c) flight manage-
ment, and (d) performance computers. The "Landside Airport
Operations" sector can be divided into the application
categories of (a) passenger processing and (b) baggage and
freight handling, for a total of ten application sectors.
The potential applications within the NAS for microcomputer

technology have been discussed in Chapter VII of Volume I.

There are 59 rows in the matrix (Figure 10), each row corre-
sponding to a potential impact area affecting the NAS. These
impact areas were identified as a result of a joint effort
between the FAA and The Onyx Corporation project team, after
1l) consideration of the many variables in a NAS computer
model [1] and, 2) intuitive and preliminary analysis of
variables likely to be affected by the application of micro-
computer technology, and 3) subsequent selection of those
variables impacted which would be of interest to future

FAA policy considerations. Most of the variables impacted
were quantifiable (units of measurement are indicafed in
parentheses in figure 10), however, a few impact areas

(e.g., ATC operating procedures, and manufacturing processes)

could only be described qualitatively.

47




direct indirect
impact impact

® @ major o o

®¢ minor o

IMPACT AREAS

UG3RD and Post

-UG3RD ATC

Flight
Monitor
Flight
Control

ONBOARD

Flight

Management
Performance
Monitoring

Remote

FAA Informatior

E

Processing

LANDSIDE
AIRPORT
OQERATION

Passenger
Processin
Baggage
Freight

Simulation

FAA Employment
-maintenance (#)

-certification (#)

[ ]
®
o
o
o

-controllers (#)

-computer support (#)

-others (#)

FAA Building Space
-hardware (sq. ft.)

-personnel (sqg. ft.)

FAA Computer Invest-
ment
-ATC ($)

-management ($)

FAA Computer
Scrappage
-hardware

-software

FAA Computer Op.
& Maintenance
Costs

-ATC ($)

-management (5)

ATC Equipment
Options

Enroute & Terminal
Capacity Options

ATC Operating
Procedures

Training & Main-
tenance Require-
ments

Safety - G.A.

(@ccidents/million
aircraft
mile)

Safety - Air

Carrier (@ccidents/

million aircraft
mile)

Environmental -
Noise (1000 acre
-min/day)

Environmental -

Emissions (1000 1lbs.
NOy/day)

Retrofit of Aircratt
with Technology

Airline Costs
-aircraft ($)

-labor ($§)

-fuel ($)

-maintenance ($)

-others ($)

-l

et TR ——

FIGURE 10:
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IMPACT AREAS

UG3RD and Post
-UG3RD ATC

Flight
Monitor

Flight
Control

COMPUTER

Flight

Management
Performance

Remote

Monitoring

FAA Information
Processing

LANDSIDE
AIRPORT
OPERATION

r
ng

Passenge
Processi
Baggage
Freight

Airline Scheduling
and Routing

Alrline Workforce
-maintenance (#)

-ground operating
and reservation (#)

-airborne opera-
tion (#)

-others (#)

Airline fuel con-

sumption (millions
of barrels/
vear)

Airline fleet size

Alrline fleet age

G.A. Costs P*

-aircraft ($§) CB*¥*

G.A. Costs ($) _P*

-maintenance CB*

G.A. Costs ($) p*

-spare parts CB*

G.A. Costs p*

-fuel ($) CB*

G.A. Costs P*

-others ($) CB*

G.A. Fuel p*
Consumption

(millions of
barrels/year) cB*

G.A. Fleet size

G.A. Fleet age

Pilot Certifica-
tion

Baggage & Freight
Delay (# pieces
lost or delayed/year)

Baggage & Freight
Travel time from
plane (average
minutes)

Time spent between
entering airport

to takeoff or land-
ing (minutes)

Internal traffic &
airport access &,
egress

Manufacturing pro-
cess

FIGURE 10:
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IMPACT AREAS

ONBOARD
COMPUTER

UG3RD and Post
-UG3RD ATC
Flight
Monitor
Flight
Control
Flight
Management
Performance
Remote
Monitoring

LANDSIDE
AIRPORT
OPERATION

Processing
Passenger
Processing

FAA Information
Baggage
Freight

Simulation

Manufacturing Work-
force
-production (#)

-engineering (#)

-others (#)

Manufacturing
Supporting
Workforce (#)

Legend:

# - Number of employees

$ - Cost in dollars

CB - Commercial business

P - Personal

FIGURE 10: IMPACT MATRIX
50

(CONT'D)




The 590 cells of the matrix each represent the potential
impact of a microcomputer technology application within

the NAS on an area of the NAS. The intensity of each
potential impact was first assessed intuitively. This

was a relatively simple process for applications which
resulted in direct impacts; e.g., flight control computers
used to optimize engine combustion efficiency. However,
indirect impacts could be adequately assessed only after
tracing through several stages of causal relationships

using the "impact tree" method (to be explained later). The
results of assessing both direct and indirect impacts, and
the associated interactions, are summarized in a coded form
in Figure 10. The intensity of each impact is indicated by
the number of dots in the cell corresponding to that impact,
viz., two dots indicate a major impact and one dot a minor
impact. Solid dots represent direct impacts while hollow
dots represent indirect impacts. As shown in Figure 10,
most impacts are direct, although major indirect impacts do

exist.

The matrix in Figure 10 does more than present an overview
of the relative impact intensity of potential microcomputer
technology uses within the NAS. The use of dots or no dots
in each cell as a measure of impact intensity compelled or
stimulated imagination and visualization of how the ith
application using microcomputer technology could impact,

directly or indirectly, the jth area. The matrix was

Il
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therefore an instrument for applying the morphological
approach [2] to impact analysis. Use of the matrix for

quantitative analysis is discussed in Appendix B.

While the matrix in Figure 10 is a convenient format to
summarize the results of impact analysis, it does not show

the rationale used to attain the results, especially the

A B P N

assessment of indirect impacts. For this purpose, "impact

trees" were used to augment the results. i

Impact trees may be portrayed as flow diagrams, with arrows
indicating the direction of successive consequences result-
ing from initial events (or technological developments)

which set the sequence of events in motion. 1In some cases
a dotted line is used to show negative consequences or one

event that constrains another event. 1In this tracing method*,

the rationale associated with impact assessment is explicated ’
for group interactions,.and facilitates subsequent review

and modificatién(s). In fact, Figure 9 may be considered an

impact tree in the most aggregated and simple form, showing

a two-stage chain through which microcomputer technology

exerts impacts on the NAS. Specifically, Figure 9 should be
disaggregated in order to illustrate these microcomputer
characteristics which are especially important in leading

to selection of the technology for specific NAS applications,

*Impact trees is an important tracing method for technology
assessment [3], and was emploved as the cardinal principle
for impact assessment in the DOT/NASA Intercity Travel
Technology Assessment project [4].
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which in turn result in specific impacts on the NAS. Figure 11

shows generically a portion of such a disaggreéated impact
tree, and shows that future microcomputer technological
developments would result in components and systems that
are smaller, cheaper, more reliable, etc. As acquisition,
maintenance, and operation costs of microcomputer systems
decrease significantly, increased use of on-board computers,
more ATC automation, increased use of simulators for train-
ing pilots, etc., should be expected. Such applications
would then result in lower fuel consumption, less delay in

air traffic flow, and lower training costs.

It should be noted thét, if all the possible linkages between
all the improvements in microcomputer technology, NAS appli-
cations, and the direct and indirect impacts on the NAS were
displayed in Figure 11, the diagram would be far too compli-
cated for effeciive use. For clarity, only segments of the
disaggregated tree are presented, each segment corresponding
to a cluster of NAS impact areas. Even so, only the most
salient linkages will be displayed in each segment of the
;otal impact tree. Before the specific impacts are discussed,
it is important to explain how the salient linkages were
identified and how the intermediate and final impacts were
assessed in terms of their direction and intensity of change.
Essentially a great deal of judgement was used in the impact
identification and assessment; the procedure combined the

following activities:
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Microcomputer
Advances

Microcomputer Smaller
Technology Size Cost
Trends
v
Application Greater More
Trends use of ATC
onboard automation
computers
Immediate To compute To monitor Increased
Impac