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Because it furnishes an example of the use of a large-scale
digital computer in a control gpplication of great current importance,
this thesis report, which has had only limited distribution, is
being issued as a Digital Computer Laboratory R-series report.
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Welchman, formerly of the Division of Industrial Cooperation at
the Massachusetts Institute of Technology, who carefully read the
draft of this thesis and offered numerous valuable suggestions for
its improvement. The cooperation of Professor William K. Linvill,
thesis supervisor, is also noted and appreciated.

The task of writing this thesis was greatly simplified by the

patient aid of the personnel of the Boston Air Route Traffic Control
Center,

AUTHOR'S INTRODUCTION TO 1956 REPRINT

This reprint, made almost five years after original submission of
the thesis, is occasioned by the current revival of interest in expand-
ing and improving our air traffic control gystem. In 1951, digital
computers were first becoming available for practical use, and the
possibility of their application to air traffic control was highly
speculative¥*; today the use of such equipment in a new system of
air traffic control seems to be an accepted fact and major questions
now relate chiefly to how soon and how much,

Considerable progress has been made in the past five years in
the design and construction of digital computers, and extensive
study and experimentation has been carried out in the use of such
machines in real-time control systems. Specifically, the following
developments are significant and should be kept in mind while reading
this document:

a) improvements in computer storage systems, principally those of
magnetic cores and drums, now make large, high-speed memories
possible at relatively low costs. Economy of computer storage
need. not be a principal factor in the design of computer
programs for air traffic control

b) significant advances have been made in in-out systemgand
techniques for transmitting data to and from computers

¢) the concept of semi-automatic systems using both men and
maphines has developed significantly. Techniques by which the
men and machines can communicate directly are many-fold and
“include intervention switches; displays using cathode ray tubese
¥This, to a la large extent, accounts for the inclusion of Chapter III which
was intended to present the fundamental notions of a computer and how it
could be used for non-mathematical problems,
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¢) continued,

Charactrons, or similar devices; alarms; digital indicators;
high-speed printers, etc,

d) computer reliability is continually being improved, and the
use of duplexed or dual computer installations offers a
satisfactory solution for system operation on a continuous
basis.

These and other developments, together with those in the fields of
communication and navigation, significantly affect much of what is
contained in this report: previous estimates need revision; many
former problems have disappeared; previous possibilities and spec-
ulations (see Chapter X) now seem to be realities, and new and
exciting possibilities have arisen. Nevertheless, a large majority
of the original ideas are valid, and the author hopes that this
report, now largely historical, may serve as a useful background
and as one of the several starting points for the large effort of
system design and development which yet lies ahead.

My thanks is extended to the following pedple who have materially
assisted in the preparation of this document for republication:

Anne Catalano Frances Lapham .
Barbara Higgins Eleanor Lyon

V@)

D. R.“ISRAEL

16 May 1956
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ABSTRACT

THE APPLICATION OF A HIGH-SPEED DIGITAL COMPUTER
TO THE PRESENT -DAY AIR TRAFFIC CONTROL SYSTEM

by

DAVID ROBINSON ISEAEL

Submitted for' the degree of Master of Science

in the
Department of Electrical Engineering
on May 29, 1951

The general purpose of this thesis has been to consider how
a high-speed dlgltal computer might be used in the mechanization of the
present system of air traffic control, without any essential changes in
the philosophy of the system or in the methods of navigation and com-
munication, The study has been made in particular reference to the
Whirlwind Computer, a digital machihe presently in operation at the
Massachusetts Institute of Technology.

‘Attention has been focused chiefly upon the en-route phases
of traffic control, inasmuch as it is this part of the present system
which appears to be most amenable to mechanization, The general
approach taken is that the most satisfactory results and most efficient
system will be achieved through careful use of the capabilities of both
the human operators and the computer,

‘The main part of the study is concerned with the standardiz-
ations in the present procedures that are necessary for efficient compu-
ter mechanization, and with the construction of flow diagrams for the
fulfillment of the necessary traffic control functions., The proglem of
data. storage within the computer is discussed in detail, and the thesis
contains a brief outline of the system of comsunication necessary for
transmitting data to and receiving data from the computer. Certain re-
marks of a general nature are made in the last chapter as an indication
_“of the possible improvements which could be made in the present system
through the use of a computer,
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CHAPTER I

Introduction

A. Background of Thesis

The past decade has seen rapid advances in the realization of
automatic high-speed computation, and at the present time a number of
fully-autometic digitsl computing machines are in operation or in the
latter stages of ‘construction.l The basic sbility of these mechines is
the automatic sequential performance of elementary arithmetic and logical
operations. The application of machines with these capabilities to, the -
mechanization of tHe extensive computations arising in connection with cer-
tain mathematical problems is not only possible but is highly desirable,
end already the prdgress dlong these lines has been such as tb permit fur-
ther exploration end resedrch into previgusly inaccessible regions of both
pure and applied science. The use of these new machines as the central or
directing elements in complex physical situations is similarly possible:
and desirable, and in such applications these machines offer great promise
in permitting bumens to more fully exploit and utilize recent advances in
technology and science. L

The author's first interest in the use of & computing machine
for air traffic control arose in 1949 es a result of his employment at the
Servomechanisws Laboratory of the Massachusetts Institute of Technology.
At that time the Labaratory was completing comstruction of the high-speed
Whirlwind Computer awmd a project was initiated to study the pggsible ap-
plication of ecmput}e:zs to future air traffic control systems.~

; ! [

This stu&&- project, sponsored by the Air Force, was- concerned
primarily with the use of a computer in a future system of traffic con-
trol radically diff@men‘b i’rom that vhich is presently in use. Such's .
system, it was planhed, Would employ radar devices as well as improved
navigation and.commmication equipment in sn attempt to hendle high'traf-
fic densities and ‘permit high landing retes.  Inasmuch as this work was
concerned with the use of the computer in a system which itself had not
been formulated, some thought was given to how the computer could be used.

1l: The d‘.vi:fference between digital and enalog machines is expleined en PE.
260 . :

2, The reports of this project--Project 6673 of the Division of Indus-
trial Cooperation of the Massachusetts Institute of Technology-- are
available at the Project Whirlwind Library at M.I.T. For the most
part, the literature of the project is classified as RESTRICTED,
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in the existing system of control, and it was.decided that such an appli-
cation of the computer would be undertaken and investigated as a thesis
topic,

Shortly before embarking upon the study described herein, the
author prepared a seminar report on air traffic control as a part_ of the
degree requirements at the Massachusetts Institute of Technology.l This
seminar reviewed the past history, the present problems, and the possible
future developments of air traffic control in the United States. In the
course of the preparation of that report, it became evident that this
thesis would represent a part of an attack on a problem of current im-
portance as well as being an illustration of the application of a com~
pubor, As shall be mentioned later in this chapter, the results of the
work indicate that the application is feasible and merits further and
more detailed consideration as a solution to the problem,

B, The Air Traffic Control Problem

1., History

Improvements in the reliability of aircraft as well as new deve-
lopments and improvements in communication and navigation equipment paved
the way for a tremendous expansion of civil and commercial aviation in the
decade prior to the second World War, The resultant increase in aircraft
flights during this period necessitated the organization and control of
this traffic both at the airports and while aircraft were en-route between
airports., The need first arose at airports -- the focal points of air
traffic == where it was desirable to have coordinated control over the
many aircraft taxiing on the ground or flying in the vieinity. During the
1930's and through 1940 this type of control was provided exclusively by
means of control towers operated by private organizations and various
municipalities,

By 1933 it had become evident that some form of coordinated
traffic control was needed for aircraft en-route in flights between cities,
As a means of satisfying this need several airlines established a system
of exchanging reports on the positions, altitudes, and speeds of their air-
craft, During 1935 and 1936 a number of airlines banded together to es-
tablish an experimental traffic control center at Newark, New Jersey,

Late in 1936 the Federal Government assumed control of the three then ex-
isting centers and established additional centers, By 1941 a total of

12 traffic control centers were in operatiom with control extending over
20,000 miles of airways,

1, BReference 1. (Réference numbers in the footnotes refer to numbered
items in the Bibliography).
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During 1941 a great expansion of air traffic resulted from mil-
itary preparations and large numbers of military aircraft were operating
from eivilian fields. As & means of establishing & unified control of
air traffic, the government was authorized to meintain and operate traffic
control towers at wajor alrports. The number of control towers and control
centers grew very rapidly during eand after the war, until by 1950 a
total of 170 Airport Traffic Control Towers and 30 Air Route Traffic Con-
trol Centers were in sctive operation.

1
‘
H

2. Present Sta"be of Affairs

A general description of the present-dny system of traffic con-
trol is given in Chapter II, and more detailed aspects of the system are
deseribed in following chaptersa It should -be understood that the pre-
sent system does not represent a recently-devised effort at creating a
satisfactory weans of control for currently existing conditions; the pres-
ent system is the culmination of a number of modifications and improve-
wents which have been made in an effort to keep pace with the progress
in aireraft and air traffic, This present system is satisfactory to the
extent that is provides s workable and safe system of control; however,
certain limitations of the system are gquite evident in the light of the
experience of the past five years and the expectations for the future,

At the present time commercisl sirlines carry some 15,000,000
passengers per year, this figure representing 50% of the total first-
class passenger travel in the United States.~ A further increase in this
percentage seems quite likely inssmuch as both the fares and safety re-
cords of the airliines are fast approaching and in some cases have al-
ready passed the corresponding figures for first-class rail and ship
transportation. The experience of the past few years has clearly in-
dicated the potentialities of low-fare sir-coach service, while the field
af air freight tramsportation, relatively undeveloped before the war ex~
eept for a limited asmount of air mwmil smice ».NOW seems capable of con-~
giderable growth.

Despite the rather optimistic picture of possible expansion,
the progress of commercial aviation is being retarded by s lack of de-~
pendable and reliable service., It is obvious that air travel will not
reach its true position as a means of transportation until people are
reasonably certain that they can arrive and depart on time. Similar
remarks apply to freight and cargo movements where the advantages of high
speeds are guickly nullified by cencellations or delays. Although com-
plete figures on delays and cancellations in all types of weather are not-

1. Reference 2
2. Reference 3
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available, it is interesting to note the fifures for a representative air-
line operating in and out of New York City.~ During the relatively fair-
weather month of June, 1947, 89% of the arriving aircraft of this airline
were late, while LOF were over one hour late, Of the departing aireraft
L1% were late, with 16% being delayed over an hour,

The air traffic control problem has economic implications,
and is a contributing factor in creating losses in revenue. Typical fig-
ures resulting from a study of active and potential revenue losses of air-
lines in 1946 showed the following items:

a) Cancellations due to weather $ 6,200,000
b) Low load factor resulting from

unreliability 12,200,000

¢) Congestion at 13 stations at
which studies were made 21,200,000
$39,500,ooc-§

The losses to private operationsg military operations, and non-scheduled
services as well as losses at airports at which studies were not made

are not included in these totals, Although some improvement in reduction
of delays and congestion has been made in the past few years, the situat-
ion is still far from satisfactory.,

'The need for an improvement in air traffic control does
not result solely from the problems of civil or commercial aviation;
considerations of national defense and security require that the control
system be capable of meeting certain military requirements, In the event
of a national emergency the United States will quite likely become &n
active air-supply area and both civil and military aircraft will be used
to transport large quantities of men and supplies, The success of the
Berlin Airlift” and present operations in Korea emphasizes the practical-
ity and advantages of large-scale air supply operations. Fubture operat-
ions of this nature may be expected to increase to very large numbers of
dircraft and it is essential that the traffic control system be geared
to handle an increased level of activity,

The present traffic control system was not designed to
handle the type of aircraft now in use or which will shortly be coming
into use; this system was best suited for the years from 1936 to 1940,
the era of the DCuB“s, a non-pressurized aircraft with an airspeed of

1, Refarence l;g page 107 . ,
2, Reference 5, page 5 :

- 3, Reference 6
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about 150 to 180 mph, At the present time there are about 100,000 pri-
vate aircraft and about 7,000 commirclal aircraft (1,000 scheduled,

6,000 non-scheduled) in operation.™ These aircraft range from an ex-
treme of a one-passenger capacity and a cruising speed of around 100 mph
to larger commercial aircraft with capacities close to 100 and speeds
between 250 and 325 mph, The smaller aircraft with non-pressurdzed cabins
are limited to altitudes below 10,000 feet, while with cabin pressuriza-
tion it is possible for newer aircraft to cruise as high as 20,000 to
30,000 feet, The aircraft are all powered with propellers and conven-
tional piston-type engines,

Present developments and future plans point to jet-propelled
aircraft, Although jet aircraft are already in extensive use by the
military, there has as yet been relatively little development along com-~
mercial lines in the United States, The principal work on jet aircraft
for commercial use has been done by the British and Canadians, and each
country has already flown models which may be in active passenger oper-
ation in the near future,“ Considerable speculation has been advanced
concerning future jet aircraft, and this coupled with what is already
known about their operating principles indicates that these aircraft
will fly at altitudes between 20,000 and 50,000 feet, will cruise at
speeds between 300 and 600 mph, and thet high fuel consumption under cer-
tain conditions will require maximum flying time at high altitudes with
a minimum of delays at low altitudes.’ The necessity for high speeds and
a minimum of delays especially at low altitudes make for stringent re-
quirements as regards air traffic control, and create conditions which
the present-day system can barely cope with, Fortunately the military
services presently restrict their jet operations as much as possible to
fair-weather conditions, Such restrictions could not be tolerated with
commercial jet aireraft which could fly above the en-route weather only
to have their operations restricted due to poor weather and congestion

at the airperts,

The basic elements of an air traffic control system are four-
fold:

a) navigational aids

b) communications facilities

e) a carefully-organized plan for supervising the traffic

d) a supervisory or controlling element for implementing
¢) above,

1. Referenée 7
2, Reference &
3. Reference 9, 10
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Each of these elements is capable of satisfactorily accommodating a cer-
tain limited amount of traffie; the capacity of the composite system, how-
ever, is limited by that element with the smallest capacity, A short dis-
cussion of the limitations and capacity of these elements is given at the
end of Chapter II, As noted in that chapter, studies have shown that one

of the limiting factors in the operation of the current system with regard
to en-route flights is the supervisory or control element;l the basic
consideration is of the speed and reliability with which human controllers
can perform certain basic, albeit simple, data~handling functionms,

The capacities of the above-listed elements are not completely
independent of each other, and certainly with modifications and improve-
ments in other parts of the system it would be pdssible to decrease the
work of the controlling element, thereby improving the system capacity.
This, in essence, is the underlying philosophy governing the efforts
presently being made to synthesize a new and better system of control.

To this end a good deal of effort has been put into improving or develop-
ing new navigation and communication equipment as well as into organizing
the traffic in such a way as to ease the burden on the human controllers,

Although the navigational aids, communications facilities, and
traffic plan each have definite limitations, it is fairly clear that def-
inite improvements in present system operation and capacity would result
if a controlling element of a larger capacity were utilized, This control-
ling element might be totally or in part a high-speed computing machine
such as Whirlwind, and the general purpose of this thesis is that of de-
termining how and where such a computing machine might fit into the frame-
work of the present system. In so far as is possible, this study con-
siders the utilization of the computer in performing the necessary control
functions, a]] other elements of the system remaining unchanged, :

To the author's best knowledge, this thesis represents the first
consideration of the use of automatic machinery for performing most, if
not all, of the duties presently performed by the controllers, There has
been one notable attempt in the past to decrease the general burden of the
work of the controllers by the use of automatic machinery, this being made
in 1940 at the control center in Washington, D. C, In an attempt to re-
lieve human controllers of the routine data-handling chores and permit
them to fully concentrate onthe traffic situation, an electromechanical
posting system was installed in the control center; data was automatical-
ly displayed and sequenced on boards similar to those used for the tabu-
lation of stock quotations,and use was made of a teletype-like system for
the internal’ handling and transmission of information,* The equipment

1. Reference 11 '
2. Reference 12, 13
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was unreliable and was taken out of service just before the war, end mo

further attempts at obtaining satisfactory operation have been made. On-
a much smaller scale, equipment has been designed and is presently in use
as an aid to humen controllers in the handling of data in conmection with
aircraft landing at LaGuardia Airport in New York City.l

C. The Computer

The development and utilization of high-speed computing mach-
ines has been so rapid and of such recent data that only a limited number
of people are scquainted with the principles of their use and operati@n.
These machines will be used in very widely different fields of work; in-
deed, one of the major problems in effectively utilizing these machines
is in bridging the gap between two groups: those who are mtimately ac-
guainted with the machines and their operation, and those who desire to
use these machines for a particular purpose, but who are unfawiliar with:
their abilities and usage. As a meane of bridging this gap, Chapter IIT
of this thesis has been written with the express purpose of explaining
the basic ideas behind the use of a computing machine. That chapter ‘
places special emphasis upon the use of a digital computing mechine in a
control application, and devotes several pages to a descripticn of the
Whirlwind Computer which is used as @ prototype inthis study. The sim-
ilarity between most existing or plammed computers is so great that there
is little restriction in scope introduced by a specific study in relation
to the Whirlwind Computer; it is alsc convenient and valuable to study
the problem with regard to the characteristics and capabilities of a pre-
sently-existing wachine. A computer designed specifically for handling
the air traffic control problem would not need the flexibility which ex-:
ists in Whirlwind; however, the design of a special-purpose machine for
this purpose would initially require a study such as ig begun here in
order to determine its necessary characteristics.

Although this thesis makes use of the cheracteristics of an ex-
isting and operating computer,? it should be understood that this study -
is academic to the extent that no computer presently exists which could .
be used for this purpose, nor is it likely that the necessary machine
could be built and successfully put intg operation within two to five
years. To a great extent, this ai’buatim exists becaupe of the problem
of obtaining continuous error-free operation of a high-speed computing
machine., The reliability of electromic equipment has 'pee% greatly im-
proved as a result of the introduction @f new techniques,” nevertheless
the reliability is cobtained only at the expense of regular periods of

1. Reference 14

2. Notes To g large extent the reaults of using these characteristics
are not in bold evidence; they are implied in the general
menner in which the problem is handled gand in the methods
used te perform certain functions.

3. Reference 15
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maintensnce and checking. Machines presently being constructed have not
been designed with the intent of continuous aperation for long periods of
time; the accent has been placed to a greater extent upon satisfactory
error-free operation for shorter periods of time, sacrificing for this end
a continuity of operation. This, however, is but a current situation
which reflects the relative infancy of the computing machine, and it cean
be expected that improvements in electronic components and technigues
will shortly permit the comstruction of cogputing machines capable of the
eontinn@us error-free operation necessary for the proposed application.

. Lest it seem that the necessary improvements and technical ad-
vances make the use of a computer for air traffic control only a thing of
the future, it should be noted that at the present time the work of com-
trollers st traffic control centers and towers, virtually ceases during the
early morning hours. In the place of & fully-automatic system, one might
compound & semi-automatic system im which the human. controllers would sup-
ervise traffic during the early morning hours while the computer underwent
checking and waintenance. The main body of this thesis hypothesizes the
availability of a continuous error-free computer; some discussion is made
in the next section concerning the coordinstion between a human supervisor
and the computing machine.

D. Extent of the Use of the Computer

One of the first questions which must be answered in appraising
the application of & computer to the present-day traffic control system
is that dealing with the extent to which the computer will perform the
work of the humsn controllers. On one hand lies the possibility of cem-
pletely replacing the human controllers by a computer, on the other is the
possibility of wbilizing the computer only as en aid to the human controller.

In dealing with this fundamental guestion perhaps it is best to
first enumerate several important considerations dealing with each of the
two elements -- the human controller and the computer. As shall be point-
ed out in Chapter ITII, the computer is & relatively fast machine guite
capable of handling and processing large amounts of data in short periods
of time. The computer can easily perform simple arithmetic operations and
can make certain decisions for which it has been previously instructed.
The computer has & memory of a limited size, but this memory is an effic-
ient one and informetion can be completely committed to memory or recalled
therefrom in a uniformly ghort time. The human is not eminently suited
for rapid and yet accurate operation upon large amounts of date, and great
reductions in his operating speed are necessary to produce extremely re-
liable results. The outstanding characteristic of the humen controller
is his versatility, ability to mske decisions, and ability to improvise
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in handling an unforseen situation, The human haé a relatively large
memory, yet adequate short-term retention of information usually requires
the use of additional aids such as pencil and paper,

A most desirable state of affairs would be that in which every
situation arising in air traffic control could be immediately handled by
a specified standard procedure, Unfortunately this is not the state of
affairs at the present time; as is pointed out below,the standardization
of the present system is far from complete and it is often necessary for
a controller to improvise or follow other than specified procedures,
Nevertheless, if there exists a method by which a human controller cam
reach a decision as to what action is necessary in a particular situation,
it is possible for the machine to reach the same conclusion, That is to
say, the computer can reach the same degree of versatility as the human
controller if the added costs and expense are deemed desirable, To this
end, the question of using the computer for all the traffic control fune-

tions is somewhat of an economic one, and the degree of mechanizatiom
must be balanced against the cost and desirability of this mechanizationm,
Thus the computer offers an opportunity for a completely automatic sys-
tem with increased capacity, but probably with less flexibility and with
certain problems of reliability,

Realizing that the computer and the human each have definite
contributions to offer, there exists the possibility of a joint manual-
automatic system, Such a system could utilize the computer for certain
standard routine jobs, employing the human for special deeision-making
functions; both the computer and the human might perform certain checks
on each other's work, The control of aircraft at and in the vicinity of
airports has peculiarities common to the individual airports and is un-
doubtedly more suited under present conditions for human supervision;
the decision as to how to create changes in the schedules of a number of
aircraft when a future conflict must be averted is a situation which can
be satisfactorily handled, in its present limited state of complexity,
by human controllers,

The question of the advisability of completely automatic con-
trol by machinery is one which will plague engineers for many years in
the future, and this author does not see any clear-cut decision which can
be reached in the particular application studied. For this-reason, after
considerable thought and investigation it was decided to restrict the
consideration of the use of the computer solely to the control of air-
craft en-route between airports, assuming that the control of aircraft
at and around the airports would remain in the hands of the human oper-
ators, This decision is justified in Chapter VII wherein a statement
of the functions of the computer and human controllers in this situation
is made, Within the function of en-route traffic control, this thesis
formilates plans for and discusses how the computer would carry out the
necessary traffic control operatioms, It is assumed that in certaim
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situations, to be defined in succeeding chapters, the computer will present
the situation to a human operator for guidance and instruction, It is al- -
50 assumed that a human controller will be able to insert any desired in-
formation or instructions into the computor as well as being able to se-
cure and inspect information stored and used by the machine,

One of the most difficult tasks in this study has been the
assimilation and sorting out of the various rules, regulations and prac-
tices governing the operation of the traffic control system, There is
extremely little comprehensive literature on the subject, and for the most
part that which does exist merely enumerates certain fundamental regula-
tions and procedures,

The present system is hardly what one would call completely
standardized, and to a great degree the operatiom of the system is based
on the choice of individual controllers, Presented with a given situa-
tion, it would not be unusual for five controllers to each have a differ-
ent method by which he would handle it, Even within the standardizatiom
which exists, there are certain situations which must be met and handled
as the occasion necessitates, An example is the fact that controllers
hesitate to use certain procedures with c¢ivil and military traffic in-
asmuch as the training, experiemce, and proficiency of these pilots may
be less than that of commercial airline pilots,

The lack of rigidity in standardization is, of couwrse, quite
the antithesis of the requirements of an automatic computer., For this
reason, one of the major tasks of this study has been the reaching of
satisfactory compromises in the various methods now used. In so far as
is known, these compromises, choices, and standardizations are sufficient- .
ly in accordance with current practice as not to render the end result
unrealistiec,

Within the framework of the overall regulatioms there exists the
individual characteristics and geography of the zone under control, In
planning for use of the computer, no attempt has been made to utilize any
specific geometry of airports and airways; such a step might have eased
several problems but would not have rendered the results general, As
presented, the thesis is perfectly general in this respect, and can be
applied to any particular area, :

B, Discussicn of Results

A complete investigation of the application of a computer to a
physical control system has two essential phases: in the first phase the
system must be carefully analysed and the general methods of attack formu-
lated; d4in the second phase the results of the first are used in the pre-
paration of the detailed program of actiom for the computer, As is dis-
cussed in Chapter III, the first phase of such a study generally results
in the formulation of flow diagrams indicating the program of actionm,

1, References 16, 17, and 19
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while the second phase ==the more routine task of translating this plan
into computer language -— results in a coded program ready for use with'
the computer. The first phase, by the nature of its function, not only
requires a complete knowledge of the physical system and its operation,
but necessitates a careful understanding and consideration of the abil-
ities of the computer as a means of obtaining a judicious merger of it
with the system,

The results of this thesis are limited to the first phase men-
tioned above, A study has been made of the present air traffiec ‘control -
system; the rules, regulations, and practices of this system have been
analysed in an attempt to provide a basis for planning; and the general
planning and organization has been carried out, The results of this work
are contained in the discussions of Chapter II through X and in the flow
diagrams presented therein, '

In an attempt to obtain a clear understanding of the organization
and operation of the present system of control, the author has studied all
of the available literature of the Civil Aeronautics Administra tion,
and has spent approximately 50 hours at the traffic control center in
Boston talking to the personnel and observing the system in operation., Im
view of the extreme complexity of the present systele the author does
not claim to have a complete knowledge of its operation in all its atten-
dent details, It is felt, however, that the information obtained is
sufficient for the purposes at hand, i,e,, a general study of the probleg,
Flow diagrams for all of the necessary computer functions have not been
made, and those which have been made are far from being complete or tot-
ally inclusive of all details and considerations, Despite this fact, the
flow diagrams appear to be sufficient to indicate the magnitude of the
task and to permit certain observations to be made concerming the pro-
posed application,

Inasmuch as the second phase mentioned above has not been
carried out and the flow diagrams have not been translated into computer
programs, it is impossible to state what the exact requirements for the
necessary computer would be, It is possible to state; however, that the
present air traffic control system is in a realistic sense susceptible
for mechanization by a digital computer and that the application is fea-
sible from that point of view, Based on only a limited amount of ex-
perience in the field, it is the opinion of the author that computers of
the ultimate speed of Whirlwind (20Msecond per operation<) and perhaps
triple its design capacity of 2048 sixteen-binary-digit storage regis-
ters® would meet the requlrements imposed by the appllcationc

Although it is felt that the use of a computer in the presenj
system of control would be feasible; it is also felt that a much better

1. The‘ﬁufreat estimate fbr'the'ﬂréiﬁing of center controllers.is 2 years,
2,and 3, See pages 39 and 40 of Chapter III,
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ubilization could be made of the abilities of a computer in a system which
had been specifically designed and planned for operation under the control
of a computer, The underlying reasons for this observation will be made
clear in succeeding chapters where it becomes evident that modifications
and changes in methods and procedures would permit a highly-efficient com=-
puter-controlled system, The complete specification of what the basic
features of such a system should be is beyond the scope of this thesis;
nevertheless, as a result of a study of the present system coupled with an
understanding of the capabilities of the computer, it has been possible to
include in Chapter X a number of observations concerning the use of the
computer if certain modifications or changes were made in the present
traffic control methods,

One should not underestimate the amount of non-equipmental work
over and above the preparation of a general plan of attack and flow dia-
grams which would be necessary for the ultimate realization of a computer-
controlled system, The completion, refinement, and translation of the
flow diagrams into actual coded programs would be a fairly large task and
would probably occupy a small group of people over the span of a year,
The detailed construction of coded.programs for a relatively complex
problem is not easily carried out and much care must be taken to avoid
srrors, Few problems of this order of magnitude have as yet been carried
through to completion, yet experience with shorter programs has indicated
that the programming must not be only theoretical in nature but must act-
ually involve testing on a computer as the ultimate means of discovering
errors, Such testing would be purely synthetic, and parts of a complete
program could easily be tested on Whirlwind, . Careful consideratiom would
also have to be given to questions of how the program could be tested
synthetically for operation under all possible conditions which might
arise in practice,

F, Relationship of Chapters

Chapters II and III discuss the present air traffic control
system and the computer, respectively, and serve only as a means of es-
tablishing a common ground for discussion,

Chapter IV deals with the means of introducing and withdrawing
the necessary traffic control information and instructions from the com-
puter, A system of necessary external equipment is described, and the
handling of input and output messages is discussed,

Chapter V is concerned with the utilization of the internal
storage of the computer and treats several problems which arise in the
handling and storage of necessary information and data,

Chapter VI discusses.the problems arising in connection with
control areas and airports, A detailed description of présent system op~
eration in these respects is given, and plans are drawn for the require-
ments for use with the computer,

.
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Chapters VII, VIII and IX deal with specific programs to be
utilized by the computer, Chapter VII is concerned with two programs
used in regulating the general action of the computer and in initiating
control over aircraft, The subject of separations between aircraft and
the checking for conflicts is treated in Chapter VIII, Chapter IX dis-

cusses the computer action necessary for obtaining and maintaining
clearances for aircraft, »

As already noted, Chapter X contains a discussion of pos-
sible improvements which could be obtained through modification of the
present-day system of control,
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CHAPTER II

Present-Day Air Traffic Control

The primary objectives of a system of air traffic control are . -

generally associated with:

1) Preventing collisions between aircraft and between'
aircraft and obstructions on the movement area.

2) Expediting and maintaining an orderly flow of air
traffic,

3) Assisting the person in command of an ajrcraft by
providing such service and: 1nformation'as may be
useful for the safe and efficient conduct of a
flight,

L) Notifying appropriate organizations regarding aircraft
known to be or believed to be in need of search and
rescue aid, and assisting such organlzatlons as
requiredal

An attempt at fulfilling these objectives has resulted in the establish-
ment and growth of a nationwide system for the control of aircraft both
at or around airports and during the en-route sections of their flights
between airports, This chapter aims at briefly describing the methods
and techniques utilized in this present~day system, and is intended
chiefly as background material for further and more detailed discussions
of the subject in succeeding chapters, The emphasis is concentrated upon
an explanation of the en=route phases of control, as it is in this part
of the general framework of the present-day system that it will be shown
that the use of a computer is most promising,

A, Governmental Organization

The two governmental agencies directly concerned with the.
present system of air traffic control are the Civil Aeronautics Board
(CAB) and the Civil Aeronautics Administration (CAA), These two organ=-
izations technically constitute the Civil Aeronautics Authority of the
United States Government,

The Civil Aeronautics Board is an independent, quasijudicial
panel appointed by and directly responsible to the President, The Board
formulates Civil Air Regulations dealing with the competency of pilots,
the airworthiness of aircraft, and the conditions of flight. Other
duties include the investigation of accidents and violatiomns of the Civil
Air Regulations, the establishment of air mail rates and contracts, and
the certification of routes; rates, and carriers for passenger and freight
travel,

1. Reference 16
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The Civil Aeronautics Administration is a branch of the Depart-
ment of Commerce, and operates under the direction of an Administrator of
Civil Aeronautics. The maintenance and operation of communicationms,
navigation, and air traffic control facilities was authorized in the
Civil Aeronautics Act of 1938, which empowered the administrator to:

promote the development and safety and provide for the
regulation of Civil Aeronautics ..... designate and
establish civil airways ..... acquire, establish, operate,
and maintain along such airways all necessary air
navigation facilities ,..., provide necessary facilities
and personnel for the regulatiog and protection of air
traffic moving in air commerce,

B, The Civil Airways System

A network of radio ranges known as the civil airways form the
basic navigational aids for aircraft flights in the United States, These
ranges are created by the radiation patterns of ground transmitters op-
erated by the CAA, Four narrow spoke-like beams -- also referred to as
courses or ranges -- are set up in space, extending outward from the
range station., These courses, each 3° wide, are separated by about 90°
in azimuth, The nature of the signal transmission in the beams or
courses is such that a properly-tuned radio receiver will give an aural
and/or visual indication of whether the aircraft is to the left of, to
the right of, or directly in the path of beam,

The radio range stations have generally been situated at ar near
major airports so as to provide direct paths, or paths consisting of
straight=line segments, between most commercial or military airports.

The range stations; then, provide predetermined flight paths or "roads"
which pilots can "ride" by earphone or meter indications.

Radio ranges alone, however, only provide a course to be
flown; navigation in poor weather and during low visibility conditions
requires the definite determination of position along these courses, A
radio fix or check-point is obtainable at the intersection of courses
of two adjacent ranges or in the signal-free cone of silence over a
range station. In order to provide additional indications of position,
radio markers have been installed at specific points along the air-
ways., These radio markers are produced by high=frequency transmitters
which radiate vertically and produce a definite field pattern over a
small area across the airways,

These facilities -- the radio ranges and radio markers -- pro=-
vide a complete, although not perfect, en-route navigation system cap-~
able of being flown entirely by instrument, Figure 1 shows the present-
day airways totalling 43,000 miles,

l, Reference 17
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C. Communication Facilities

The bulk of communication between aircraft and groumd stations
is carried out by means of two-way radio telephone. Traffic control in-
structions from control towers at airports are sent to neighboring air-
craft over high-frequency channels assigned each airport., Control mes- .
sages for en-route aircraft are sent by the traffic controllers through
the facilities of airline, military, or CAA-operated communication sta-
tions,

Point~to=point ground communication among control ¢ enters, con-
trol towers, airline offices, airline radio stations, military dispaich-
ers, military communications stations, CAA communications stations, and
weather observation stations is handled over land-line wire circuits,

Two facilities are in general use: an extensive teletype circuit for the
transmission of weather reports or messages not requiring immediate hand-
ling, and an interphone (private telephone) circuit for the relaying of
air traffic control messages, .

D, Scope of Present-Day Control

The air traffic rules of the Civil Air Regulations specify two
types of flight conditions, with appropriate regulations for each, . The
Visual Flight Ruleés (VFR) apply to clear-weather flights conducted under
v131b111ty conditions better than specified minimums, These visibility
regulations are rather complex, Generally speaking a three-mile horizon-
tal visibility is required and the aircraft must be at least 500 feet be-
low or 2000 feet to the side of cloud formations. Flights which are
flown under visibility conditions less than those certified for VFR are
governed by the Instrument Flight Rules (IFR), Standard flight procedures
and "right-of-way" rules for all flights, regardless of visibility, are
stipulated. in the Civil Air Regulatioms.,

' En-route flights carried out under Visual Flight Rules are not
controlled by the facilities of the CAA, There are two principal reasoms
for this, Under the relatively low-density conditioms presently on-~-.
countered in en-route flight, when a pilot can see that he is about teo
pass, overtake, or cross the path of another aircraft he can safely al-
ter his course to prevent collision, In full-visibility there also ex-
ists no urgent need for navigational aid, For these reasons pilots are
permitted to select their flight paths independent of the civil airways,
and they are personally charged with maintaining safe separation fromother
aircraft,

Flights conducted under IFR conditions require the en-route
navigational aid and overall traffic coordination offered by the CAA fac-
ilities; these flights must be flown on the civil airways and are strict-
ly controlled from the ground in accordance with methods described in
succeeding sections,
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CAA supervision also extends to the control of aircraft in and
around airports, regardless of weather and visibility conditions, where
high traffic densities require careful control for purposes of safety,
efficiency, and expediency,

E, Types of Control

The types of control exercised in the present-day system are
three-folds

1) air route traffic comtrol
2) airport traffic control
3) approach control '

Air route traffic control, administered by control centers, is
specifically responsible for the safe and orderly flow of aircraft pro-
ceeding along the civil airways in IFR flight conditions, The principal
functions are:

1) To issue instructions to pilots regarding al-
titudes to be flown, routes to be followed,
speeds to be maintained, holding procedures
over specified locations, etc,

2) To advise pilots of hazardous conditions and
miscellaneous information which may effect the
safety of the flight, and suggest a change in
flight plans,

3) To maintain a progressive check of aircraft and
to initiate action for overdue aircraft,

L) To provide assistance to aircraft in difficulty
and report accidents,

5) To report violations to the proper office,t

It should be particularly noted that air route traffic control is designed
chiefly for application to en-route IFR traffic, For reasons to be men-
tioned in Chapter VII, this service is not used by most pilots during

VFR conditions,

Airport Traffic control. concerns itself with the safe amnd or-
derly supervision of aircraft which are taxiing, landing, taking-off, or
flying in the immediate vicinity of an airport area. The principal fumc-

tions are:

1) To issue instructions to pilots for taxiing,
take-off, approach for landing, and landing of
alrerafto

2) To inform pllots regarding field and weather
conditions, air navigation facilities, emer-
gency landing areas, restrictions to flight,

1. Reference 18, Page 30
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and other matters which may be of assistance to the pilob,
3) To relay messages between pilots, air carrier or military
operations offices, communication stations, and other ‘
appropriate agencies concerned with the operatiom, comtrol,
and dispatch of aircrafs,
L) To inaugurate emergemncy procedures when an accidemt or qu-
ergency occurs on or in the vicinity of a landing erea.-

Airport traffic control, it is again notéd, is an all-weather service,

A third type of service -- approach comtrol -- is presently pro-
vided as a link between air route and airport traffic comtrol im commecw -
tlom with the handling and coordination of traffic im instrument weather
near airports, In the words of a CAA manuals

Approach control is a service whereby airport traffic
control towers issue traffic clearances to aircraft

being controlled in accordance with Instrument Flight Rule
stamdards by communicatisg directly with pilots over the
voice feature of the radio range, or over a very high
frequency channel of the control-tower ..., Coordinatiom
of traffic arriving and departing during adverse weather

. conditions is vested in the approach comtroller who is in
a position to see the airport and aircraft in the vicinity
and is therefore able to take advantage of every opportum-
ity to safel Z expedite the flow of traffic on and aroumd
the airport,

F, Air Route Traffic Control

1, General Philosopgx

Air traffic obv1ously cannot be controlled like surface traffic;
an aircraft canmot be stopped in flight but must remain in motiom at suf-
ficient speed to maintain altitude and maneuverability. (Inasmuch as the
available navigational aids safely provide for omly a single lane -- oftem
called a "single wall® = of traffic along an airway, immediate delays
of en-route aircraft are possible only by flying the aircraft in race-
track-1ike holding patterns anchored on these airways), The desire for
the maximum utilization of the airways as well as the minimum amoumté of
confusion and delay has led to a guiding principle of comtrolling the
? ic by cipabion., Im accordance with this principle, the move-
ment of trafflc is organized in advance so that no danger of collisiom
can arise if pilots proceed according to instructions, and if the traf-
fic control is predicted on accurate and current informatiom of the
weather and aircraft movemsnts,

1; Reference 18, Page 21
2, Reference 16, Page 79



Report R-203
-19-

Whereas tower controllers are usually situated in a position of
full visibility at the airport under their supervision, air route con-
trollers cannot possibly view the en-route aircraft and hence must be
supplied with a full knowledge of the positioms and plans of these air-
craft. This information is supplied both by the flight plans which must
be filed prior to all IFR -flights and by means of progress reports sent
by the pilots to the traffic controllers when aireraft pass the parti-

cular fixes designated as reporting points. Although these flight plans
and progress reports deal exclusively with times and altitudes at the
discrete reporting points, these reporting points are close enough -- 15
to 20 wminutes flying time apart -- so that a trained controller can ex-
trapolate upon the given data and supply himself with a mental picture of
the traffic at the present or at future times., With these pictures the
controller checks for safe separation between aircrafts; when it is ap-
parent that proper separation will not exist, the controller requests
changes inthe flight plans of the appropriate aircraft.

Separation between aircraft is defined in terms of distances,
times, and altitudes. The separation standards -- lateral, longitudinal,
and vertical -- generally require any aircraft in IFR weather to.be
either 1000 feet above or below any other aircraft on the same airway,
or to be at least ten minutes flying time away from another aircraft at
the same altitude. The stringency of these standards is primarily due
to the limited mature of the navigational system and the limited re-
liability and accuracy of barometric altimeters and air speed indicators.
Variations of speeds, altitudes, and routes, as well as the holding of
aircraft over specified points, can be used to obtain proper separation
between aircraft. Details of the en-route separation standards and pos-'
sible variations therein permitted under particular flight conditions are
discussed in Ghapter—VIII0

'Before commencing any flight or portion of a flight which will
come under the jurisdiction of Instrument Flight Rules, pilots must ob-
tain a clearance from the appropriate air route traffic control center.
The initial application for a clearance is made by the prior~filing of a
flight plan indicating full details of the projected flight. The flight
plan must specify the flight indentification, type of aircraft, proposed
airspeed, point of departure, desired altitude, proposed route, and
point of destination. This initial filing of a flight plan is generally
referred to-as an Approval Request. Approval Requests are forwarded to
the control centers some time before proposed departure time by the air-
lines operations offices or the military operations offices.

Clearances are issued to aircraft on a "first-come, first-
served" basis with due respect to up-to-date weather information and the
fullest possible knowledge of aircraft movements. The final request for
a clearance, the Clearance Request, is made by the tower operator at “the
airport when the aircraft is actually prepared for departure. The
clearance, as such, is given for the aircraft to commence the requested
flight; in aétﬁalityé‘hbwever, due to the fact that the weather and
traffic information at any one time is known only with a limited degree
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of certainty, this clearance is based only on proper separatlons for a
first section of the flight,

After receiving their clearances, pilots are required to com-
form to their flight plans and to inform the controllers via progress re-
ports of the passing of the reporting points, The progress reports in-
dicate the actual times at which the reporting poiftts are passed, and
confirm the altitudes and speeds at these points, On the basis of these
progress reports, modified clearances can be given, if necessary, to
provide separatiom for further sectioms of the flights,

2, Division of Control

Control of all aircraft on the civil airways of the United
States from one central point is not feasible due to the high communic-
ations costs, and is unnecessary due to the localized nature of air
travel, (A CAA survey of 1948 revealed that almost half of all airline
passengers_travel less than 300 miles and over a fourth travel less tham
200 miles,L)

For these reasons the country has been divided up into 26 do-
mestic traffic control areas, This division has generally beea made on
the basis of efficiency and economy, and so that one point of major
traffic congestion and the airways serving that point compose an area,
The traffic within each area is controlled by a centrally-located Air
Route Traffic Control Center,

The amount of traffic within any one area presents a problem
of control which is too difficult for a single person to handle, For
this reason each control area is subdivided into sectors, The size of
these sectors varies with the amount of traffic and complexity of the
routes, It has been found, however, that there exists a minimum size
for a sector from a practical viewpoint, since a controlled aircraft
must remain in the area long enough to permit a controller to assimilate
the information, analyze the traffic flow, and issue the instructions,
Generally speaking, aircraft receive clearances through ome or two sectors
at a time,

The subdivision of the traffic into areas and them sectors
creates serious coordination problems, Coordinatiom is needed between
adjacent sectors, betweem areas, between centers and towers, and between
successive shifts of controllers working the same sectors,

3. Processing and Handling of Flight Informatiom

As a means of compiling and handling the informatiom concern=-
ing the various flights within an area, the control centers are provided
with a number of flight progress boards upon which can be posted current

flight information in the form of flight process strips, A single flight
1. R@f@ren@@‘ZA
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progress board is generally reserved for each reporting point, the name
or abbreviation of that reporting point being displayed at the top of the
board. Separate flight progress strips are made out and posted for all
reporting points mentioned in a flight plan, each strip essentially
carrying all of the information in the flight plan but prominently dis-
playing the time and altitude at which the p01nt shall be passed.

Ad jacent reporting points are assigned, insofar as is possible,
to physically adjacent flight progress boards. A group of 5 - 10 conti-
guous flight progress boards constitute a sector under the control of a
controller. The strips on a single board are generally kept in time se-
quence, and hence by referring to corresponding (flight) strips on suc-
cessive boards and by comparing times and altitudes, controllers are able
to check for proper separation.

The CAA defines three positions of operation in a control cen-
ter, these positions and their duties being:

Position A:

a) To collect flight plan data via interphone and post
properly on flight progress (board) strips.

b) To mmintain prepared strips in proper sequences in
suspense bays,

c) To prepare strips for reporting fixes within the
sector assigned and prepare strips for the entry fix
(reporting point) of succeeding sectors as necessary.

d) To transmit over interphone facilities assigned to the
position, flight plan data and control information to
other positions within the sector and adjacent sectors
as necessary.

e) To transfer prepared strips to the "D" position (see
below) at appropriate fixes and at proper times.

f) To monitor reports and information being transmitted
and received by associated "D" position of operation,
acknowledglng receipt of information for which action
is required by the "A" position.

g) To handle other communications via interphone facil-
ities assigned to the position as instructed or auth-
orized by position "D," '

h) To remove and file flight progress strips from hold-

. ers no longer being used for control purposes.

Position-D:

a) To issue traffic clearances and other control messages

- either directly or through other positions of operatlon.

b) To revise air route traffic control estimates as neces-
sary immediately after a flight progress report has been
posted »

¢) To maintain fix postings on flight progress boards in

’ proper seguence.

d) To maintain current expected approach times as required

: . on flight progress boards assigned to the position. -

‘Reference 1. ‘Suspense bays are separate flight progress boards reserved
for strips of aircraft still on the ground or in adjacent areas,
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e) To remove strips from the flight progress boards when
+the information contained on the strips is no longer
Tequired for control purposes.

f) To study all weather reports, winds aloft reports,
notices {o airmen, and -terminal and airway forecasts,
and - t with Flight Advisory Wea‘l:hQr Service per-
sonnel as necessary. .

g) to administer f}ight -assistance to ecivil airerafto

Pos&iﬁion E:

&) To coordinate the control of air- *hraffie between
various sectors of the control area as required.

b) To-chetk flow of traffic between: sectors tzp insure

- proper separatiom, ‘

¢) To advise controllers as necessary to ipsure efficient
and safe control of air traffic.

@) To regulate the flow of air traffic in'an efficient
and orderly mamner consistent with the: operational

. limiting- factors involved.

e) To study all weather reports, winds aloft reports,
notices to airmen; and terminal and airwa{ forecasts
rmediately upon receipt of  such reports,

 Position D duties are filled by comtro}llers, Position A duties
by assistant controllers or calculators, while the supervision and coor-
dimation of the E position is provided by a genior controller.

G. Traffic- Gontr 1 at the Airy orts
Supervisitm“vf fligh‘ts at and“near atrports is shared by Airport
Traf‘fic Control and- Appraae’h ‘Comtrol. Atrport-Traffic Conmtrol has been
established to provide adequate supervision of all traffic iq the move-
- ment area and-all sircfaft flying in-yismal reference to the ground in the
vicinity of -am airport: -Approach Control, a service established in 1944
and -still -being-expanded; attempts to ese conditions at airports during
instrument weather by direct-and instantansouscommunication between tower
controllers-and IFR flights arriving at; deprating from, or holding in
vieinity of the airports. At the present time over 100 of the CAA-oper-
ated airport towers offer-the approach control service, ,

Btu'i:ng IFR ctﬁtians, vherra:trcraft are’ nvt ‘\m&er control of
air route traffic control centers, pilots gemerally contact the towers at
the airport of their destination when—they are from 10 - 35 minutes fly-
ing time away. The tower controllers establish landing- p&tterns suitable
for-the Tunway in use amd-instruct the pilots as to how-and when they -
should proceed with their landings.  These instructions, of course, are
coordinated with rgspect to taxiing aircraft, s other arriving aircraft,
and - aircraft requesting permission to take off, ,

1. Befe_rence 22
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The situation is somewhat more complicated at the airports dur-
ing poor visibility conditions, The lack of visibility and the limited
nature of the navigational facilities are such that large separatioms
between successive landing aircraft are required, and hemce rather low
landing rates must be expected, A suddem deterioratiom of the weather
at a busy airport is likely to create a situation in which most arriving
aircraft must suffer some delays im a holding pattern before they can
proceed to a landing,

As an aid to nav1gatlon near the airports; one lsg or course of
the adjacent radio range is generally positioned so as to lie across the
airport, Under approach control procedures the air route traffic comntrol
center clears aircraft to a radio marker situated on one leg of the radio
range, Holding patterns are stacked above this marker at 1000-foot im-
tervals, the patterns being of a race-track shape with one leg extending.
along the radio range from the marker., These holding patterms are under
the supervision of the approach controllsr who informs the control cem-
ters of the free altitudes at which aircraft may be introduced imto the
patterns, Upom reaching the holding marker at the proper altitude; the
pilot establishes contact with the approach controller who them assumes
complete control of the aircraft,

H, Limitations of the P:esenb-Dax System

1. Havigation

Generally speaking, navigational aids presently in use do mot
give pilots or controllsrs continuous or sufficiently accurate positiomal
information, nor do the facilities provide a satisfactory number of
flight paths,

During poer visibility conditions, pilots know their positions
along the airways only at specific points -~ these points being the
radio markers, cones of silence, or intersectioms of courses of adjacend
range stations, This is a distinct disadvantage: traffic is not omly
restricted by the single lane of traffic and limited number of altitudes
which can be flown (bounded above by consideratioms of cabim pressuriz-
ation and below by the height of the terrain), but must be further cur-
tailed since the limited number of reporting points requires large longi-
tudinal separatioms,

The present-day airways are restricted to the fixed, widely
separated courses of the radio ranges, .The positiom of tbmac courses
usually creates flight paths of umnecessary lemgth, since thess fixed
paths between range stations rather than direct straight-~line routes must
be followed if the navigational facilities are to be used. These paths
are immobile and cannot be altered to take advantage of weather conditionms.
In particular, the radio ranges are less reliable in peor weather when they
are most urgently needed,
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2, Communication

The overloading of available communmication channels and the ef-
fects of static and interference are two aspects of the air-groumd com-
munication problem, Of greated importance is a considerable time lag im
handling messages as they are routed to and from the control centers,

The multiple handling of messages, the necessity for frequemt repetitioms
to avoid errors and misunderstandings, and the overloading of available
circuits are problems presently encountered both in communication betweem
grouad points and betweem pilots and groumd stations, Pilots and control-
lers alike spend a é@isproportionate amoumt of their time in proparlng

and transmitting messages: pilots must do this while busily engaged im
flying; controllers must interrupt their control procedures to establlsh
radio or telephone contact and to deliver (and possible repeat) the m@s»

sages, &

3, Traffiec Control

The present system of control, based as it is upon the primciple
of anticipatiom, is handicapped by a lack of accurate and complste in-
formation of presemy and future traffic conditions along the airways,
This situation arises from several causes:

a) The lack of an adequate knowledge of the winds generally
results in earlier or later times of arrival at report-
ing points than have beem previously predicted.

b) Position reports are likely to be delayed, imcorrect, or
inaccurate,

¢) Aircraft flight plans are handled "first-come, first-
serve,”" without regard to published schedules, inas-
much as these schedules are susceptible %o rapid changes
and frequent cancellation during IFR corditioms. DBe-
cause of this fact, because of the random mature of mil-
itary and non-scheduled air-carrier traffic, and because
pilots may not file an Approval Request until the time of
takeoff, controllers have only a limited idea of future
traffic conditioms,

d) . The rapid change of weather conditions may result inm
numerous en-route aircraft without clearances suddenly
applying for IFR clearances,

It is chiefly for these reasons that aircraft can be cleared for
separation through only one or two sectors at a time, Such a proeedure,
as noted, results in a coordination problem, with an accompanying de-
crease in overall efficiency and speed of operationm,

Vn‘An exhaustive study has been made of the conditions under which
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the present-day air traffic control methods and procedures might break
down under the weight of an increase in traffic densities,™ It was com-
cluded that with high traffic densities over a prolonged period the fol-
lowing limitations of the controllers would become apparent:

a) an inability to properly visualize the traffic patterms
beyond a certain degree of complexity,

b) an inability to resolve complexities amd determine the
appropriate instructions with sufficient speed,

¢) failure to be able to make accurate and current tabu-
lations of the necessary data in the time available,

The routine, mechanical task of transmitting, accumulating,
sorting, classifying, recording, and distributing the information needed
to perform the control functions is tremendous, and probably cam only be
fully appreciated when ome has seen an air route traffic control center
in full operation during IFR operationms,

1., Reference 11
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CHAPTER Il1IX

The Computer

This chapter is intended as a brief introduction to the general
subject of automatic digital computing machines; and im particular to the
Whirlwind Computer,

The first sectiom of the chapter is devoted to a discussion of
a simple computing system and to an identification therein of the basic
elements of more sophisticated and completely automatic systems, The
discussion is focussed on digital computers, of which Whirlwind is an
example, This digital character evolves from the fact that the computer
handles and stores only informationm which has been properly expressed im
quantized or digital form -- that is to say, information which is com-
pletely expressible by a set of numerlcal dlglts, This is to be con=
trasted to an analog m . nformat is B re st >
quantized levels, and in whlch the 1nformatiom is stored as a phys1eal

quantily and hence is dependent upon the capacity and semsitivity of

soMe measuring device,

The remaining sections of the first part of the chapter are
used to enlarge upon the preliminary concepts and to develop the basic
notions dealing with the use of a computer in a variety of problems,
Special attemtion is givem the application of a computer to physical com-
trol systems,

The second part of this chapbter discusses the specific char-
acteristics of the Whirlwind Computer, A number of quantitative figures
are introduced so as to provide the background for discussioms of succeed-
ing chapters. No effort has been made to make the description of the
computer complete; additional details amnd descriptioms of operatiom may
be found in the literature listed in the Bibliography.

A, General Philosophy of Use of A Computer

1. Elements of a Computing System

A familiar example of a computing system is that of a human op-
erator supplied with a desk calculating machine, a set of imstructioms,
a pencil; and a block of paper, Despite the apparent simplicity of this
example, it graphically demonstrates the basic elements of the more com-
plex and automatic systems which are typified by the Whirlwind Computer,

One of the basic elements in this system of manual computatioam
is the desk calculator -~ this, im fact, fulfills the requirements of the
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arithmetic element in a generalized system. The characteristics of this
‘particular arithmetic element are thuat when it is supplied with one or
more numbers -ard when a particular mode of operation -- addition, sub-
traction, multiplication, or division -~ is specified by activating the
proper lever, buttonm, or switch, the desired operation is gutomatically
carried out. The computed result is generally found in the ace tor,
one of the several registers used in the performance of arithmetic op-
erations.

The numbers to be fed into the grithmetic element and the op-
erations to be performed-are usually specified in the overall instruec--
tions which -must be-given to the machine dperator, - Consider these in-
structions as being listed on a set of filing-cards. -Some ecards will
hold rumbers to-be used in the ecalculations, other cards 'will hold writ-
ten orders concerning the operations to be carried out using numbers
appearing on the first type of -eards, and still other ecards might be
blank in anticipation of the storage of computed results. We shall con-
sider these cards as being arranged -in a logical sequence, with each
card ‘being numbered consecutively. The totality of these cards -- con-
sisting of orders, numbers, and space for results -- make up the stor-
age element,

A third component of our simple system is the human operator
who effectively acts as the control element, The gemeral function of
the control element is to inspect the cards of the storage element con-
secutively, carrying out the orders specified thereon. By restricting
the complexity and standardizing the form of these orders the intel-
lectual requirements of the ¢ontrol element can be made rather small;
the basic requirements are that it inspect the cards in sequence, under~-
stand the written orders thereon, and be able to carry out the simple
physical operations needed to implement these orders.

If we consider the control, storage, and arithmetic elements
as being physically isolated in a room, then a means of communication is
required between the room and the outside world., If all of the cards
of the s torage element were initially blank, then an obvious need is a
means of tramsmitting into the storage-element the required contents of
these-cards -- the orders and mumbers needed for the calecylation. Fur-
thermore, when the calculation has been ecompleted; a means of trans-
nitting results from the room-are necessary. The apparatus necessary
for the purposes of commmication can be generalized into two types—-
input and output. An input element and ‘an output element constitute
two additional needs of a gensral computing system.

A schematic representation of the comparison between the ele-
ments of manual computation and the elements of a computer such as
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Whirlwind is given in Figure 2, Without loss of gemerality, the storage
element in the human system is represented in this figure by a motebook

rather than a set of cards, The analogies between the individual basic
elements are given in Figures 3, 4, 5 and 6,

2, Handling a Simple Problem

As an illustration of how the five elements discussed in the
previou$ sectiom can be combined to afford automatic calculation, a sim-
ple example will now be considered, In the previous section the idea of
restricting the number and standardizing the form of the computer in-
structions was mentioned; this idea will now be utilized as an attempt
is made to devise a program for the formation of the expressiom ab +
cd, where a, b, ¢ and d have been assigned specific numerical values,
For convenience assume that a is written or stored on the card numbered
9, b on card 10, ¢ on card 11; and d on card 12, while card 13 is assumed
to be available for the temporary storage of first a partial result and
then the final result,

In forming the expression ab4cd, the first step might be to
form ab, This is simply accomplished by the multiplication of a by b,
Thus our first instruction -- the instruction on card 1 if we arbitrarily
decide to start there -- would be to the effect: clear the accumulator
of the arithmetic element (make it contaim zero) and then add into the
accumulator what is written on (the contents of) card 9. This instruct-
ion can be abbreviated as:

ca 9 (clear accumulator and add into
it the contents of card 9),

As a result of this order, a is placed in the accumulator, and the next
step would be to multiply it by b, Thus the instruction om card 2 would
be to the effect: Multiply the contents of the accumulator by the com-
tents of card 10, leaving the product in the accumulator., This order might
be abbreviated as:

\ mu 10,
The next step in the computation would be to remove the product ab from
the accumulator and store it temporarily while the product cd is formed,
The temporary storage of ab can be accomplished by cl@aringstarasing)
card 13, and then transferring the contents of the accumulator to this
card of the storage element, The order for such an operation would be

ts 13,

On cards 4 and 5 would be stored the imstructions for fimding the pro-
duct ed:
- ca 11
mu 12,



A-35676
F-1028
$C-207

BASIC COMPUTER ELEMENTS

comparison between manual computation

__OPER‘ATOR f DESK
NOT‘EB_OO.K_@ S 7 CALCULATING -
incoming outgoing ‘I
problem results '
= and ' |

WHIRLWIND I computation

| ARITHMETIC
STORAGq(——- CONTROL —-)l ELEMENT

CINPUT OUTPUT
DEVICES | DEVICES
problems results in

to be done | | désjred form




A-36233

F1034
SC-267

basic computer elements

ARITHMETIC ELEMENT

of WHIRLWIND I compared
with a desk calculator

keyboard

arithmetic
element

P

input output

Receives number from the main bus-
——— Holds addend, sJbtrahend, multiplicand
A_reqistcr or divisor

. The adding unit-Holds the result of an
__—— addition, mulfiplication or subtraction
ACCumlJ'ator .and the dividend in division

accumulator

Auxiliary register-Holds the multiplier
or quotient

DESK CALCULATOR

ARITHMETIC ELEMENT

PERFORMS ACTUAL ARITHMETIC OPERATIONS
SUCH AS —

add - subtract . multiply - divide




A-3623)
Fl032
lsc266

basic computer elements

CONTROL

Just as in manual computation
the operator controis the
steps to be performed-. so in
WHIRLWIND I computation

CONTROL

control

takes next instruction in sequence from
storage - examines it and sends pulses

4

instructs STORAGE to //
SELECT A STORAGE REGISTER /7

AND READ IN OR READ OUT ¥
EITHER NUMBERS OR INSTRUCTIONS \//

instructs INPUT to

SELECT EXTERNAL DEVICE
START -~ READ — STOP

#” at the proper times to the various parts \\
of the computer to perform the necessary  “X\

/] PROCESSES \T;\ \j
! \ instructs X

/oy
fop

N\ ARITHMETIC ELEMENT to
W CLEAR REGISTERS-
*\ | 40D - susTRACT - MULTIPLY
" DIVIDE - COMPARE

-
<

instructs QUTPUT to
SELECT EXTERNAL DEVICE
START — RECORD — STOP




T 9-Gr59/

basic computer elements

STORAGE

the memory for initial
data, instructions, and
intermediate results

storage

control |-—ef 37ith:

+ 1

Ea o

NOTEBOOK STORAGE
in
manual computation

MAGNETIC-CORE STORAGE
in
WHIRLWIND I computation

BINARY DIGITS ARE WRITTEN

AS ONE OF TWO DIRECTIONS

OF FLUX IN FERROMAGNETIC
CORES




Report R-203 ’

. , . =29-
To the product cd, must ngw be added the previously obtained product ab
stored on card 13. This gddition is obtained with the order

‘ ad 13,

With the computation complete, the result can be stored on eard 13 by
another application of the ig order, this time as

ts 13

‘Having -completed the evaluation of the expression ab +ed, one might
then wish to proceed to another computation, as for example ome whose
first order was to be found on card 50, Inasmuch as the control ele~ :
ment hes been automatically proceeding from order to order (card to card)
‘in-sequence, the control element pust now be instructed to stop and then
recommence its action at card 50, This can be done by a special order
for this purpose, which shall be abbreviated as

sp 50

The cards and their reguired contents for the program of cal-
eulation outlined -on-the previous pages ares :

_Contents _ﬁciieh

Card
1 ca 9 2 in accumulator
2 ‘ma 10 ab in accumulator
3 ts 13 ~ab-on card 13
. m 12 % In wocupulate
5 ‘ma 12 ¢4 in accumilator
6 ad 13 ab + ¢d in gecumilator
7 ts 13 ab+cdon card 13
8 sp 50 control element reverts
‘ to card 50
9 a ’
10 b
11 c
12 d
13 Initial contents immaterial
50 . start. of next program of calculation.

'i’heor&ersin'bhe’aboveprvgrmwhmm qut in the card

sequence 1, 2, 35 cococo.8 enable the evaluation of the expression ab

-+ cd,pranded that the proper mumerical valuwes of 2, b, ¢ and. d are
. initially stored on cards 9 through 12. By the use of 1:;put and output
equipment one:might supply various-values of &, b, ¢ and d for cards 9,
10, 11 and 12; prior to the caleulation froma‘beﬂ:e‘bypa*tape qQr some
other“type of" input medium; furthermore, after the calculation one
might take the result stored on card 13 and transmit it out onto a tele-~
type system. An order such as .

rd 9
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might be used to read in-a value of from teletype tape and store it on
card 9, while the order

re 13

might be used to regord from-card 13 onto teletyps. M as there

pight be several types of imput-and output-equipment: mﬁable, prior to
the use of either an rd or re order one would use an additional order to

specify the particular equipment to be used. As an example, the order
eu 29 J

might be used to prepare for the subsequent use of an gxternal unit num-
bered -29,

3. Comments- onC

The -orders described in the previous section are not of a par-
ticularly complex nature; but -merely reguire of the control glement that
ability to perform- several ‘simple tagks, In fact these md;s are of such
& simple nature that a dull or-unimaginative persomwould suffice as the
- control element, As might be expected; because of the- standardization and
simplicity of the orders it is possible to synthesize a satisfactory con-
trol element purely from electrical or mechanical components., It is this
fact, coupled with the e.‘i:ectrcni:c and mechanical mliza‘tio? of the other
basic elements -- storage, arithmetic, input, and output jthat makes
possible the construction of an-automatic -computer, Fo:v mvenience in
this and the succeeding section the existence of a satisfactqrily auto-
matic system of the five basic -elements shall be postulated ﬁtl;out
specification of vomstmtion details, Irraveorda'nce with sct term-
inology, we shall refer to storsge positions or registers rather than caxds,'
with each storage position or register being assigned an address corres-
ponding-to the previously-deseribed card numbers,

Two~lettered -abbreviations have been introduced fqr denoting
orders, the two letters selected so-as to be suggestive of the meaning of
the orderss The choice of the two-letter notation was complétely arbi-
trary, and other notations or -representations -- numbers, symbdls, Greek
letters; etc., -- could have been employed without any changg in the basic
reasoning, The opders used in the previous section also represented ex-
treme simplificati% and if so desired each card could have contained a
good deal moré Iinformirtion and thepeby bave ordered thé performames of a .
more complicated arithmetic mmmm For example s the order

: - 21735753
could have been used to- in&tﬁ&te that the mten’cs of stmge position
- {eard) 21 was to be multiplied by the contents of storage position 35,
the product being stored in storage position 53, The discussion here,
however, will be limited to the single-address type of order such as:

ca 9

which is the system used in the Whirlwind Computer,
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The orders already imtroduced are but a small sample of a wide
range of possibilities, Additiomal orders such as :subtractiom amd divis-
ion would fimd wide use, Beyond the initial stage of a few simple arith-
metic orders such as additiom, subtractiom, amnd multiplication, the idea
of comvenience emters heavily imto the choice and complexity of the com-
puter orders, Although am arithmetic element capable of extracting the
square root of a number car be built, this is possible only at the ex-
pense of additiomal equipment; om the other hamd, however, one cam fimd
the square root without a special order or special equipment by means of
a small program of computatiom usimg the more elementary arithmetic orders,
In particular, the square root cam be found either by evaluaﬁlon of a
power series or by application of Newtonm's Method.

Arithmetic orders represent but ome type of action which a com-
puter can execute., As an example of the nom-arithmetic type, we can com-
sider the sp order used at the end of the example presented om page 29
This order, indicating to the comtrol element that it should recommence
its sequential examinatiom and performamce of imstructioms at a specified
storage positior;, comstitutes what might be termed am absolute chamge of
control; and is ome exceptiom to the stated convemtion that the comtrol
element always imspect the storage positioms im sequence, There is
another form that the chamge of comtrol might take; this would be a
conditional change of control. Am example would be amr order with which
the sequential examinatiom is imterrupted amd a change of comtrol effected
only when the contents of the accumulator of the arithmetic elemenmt are
negative at the time when this order is used, This order, designated
as cp, would act in the same fashion as the sp order whemever the comtents
of the accululator are negative, but would have no effect upon the sequem-
tial examination when the contents of the accumulator are positive,

As an example of the application of a ¢p order, consider the
small program given below:

9 ca 25 2 in accumulator
10 mu 26 ab in accumulator
11 cp 35 If ab is positive, go to order 12,
If ab is negative, go to order 35,
12 ca 25
25 a
26 b

o

35 ‘eca 26
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In this case if the product ab is positive, the computer proceeds with a
calculation begimning at order 12; when the product ab is megative, the
computor takes its next order at rcgister 35,

The logical actiom of the ¢cp order provides a most powerful
tool arnd greatly erhamces the versatility of a computing system, As
roted, depending upom the presemce of a positive or megative result at a
certain point in a program, differemd orders or sequences of orders can be
brought imto play. This, in effect, means that it is possible to program
for altermative courses of actiom, and it also makes it possible to make
the remainder of any computation depemd upor the mature of one or more
intermediate results,

In conjunction with the use of the ¢p amd sp orders;, mote should
be made of the possibility of chamgipg the addresses of some of the orders
in a program., As an example, the program givem om page29 could be used %o
evaluate ab4cd for another set of values of the parameters stored in reg-
isters (storago posltlons) 179 18, 19 and 20 if the addresses of the cor-
responding orders in the program were changed, If proper changes in the
addresses of the orders were made, the computer could be inmstructed to
first evaluate the expressionm ab +cd for values of the parameters stored
im registers 9, 10, 11; 12,then for values in registers 17, 18, 19, 20 and
then for values in registers 22, 23, 24, 25, etc,

In many cases, such as that above, one has a group of orders
which are used over and over im a cyclic fashiom; sometimes with the ad-
dress sections umchanged, sometimes with the addresses chasged. Im any
case, a sequence of consecubtive orders cam be used im a cycle if the loop
is closed by a ¢p or sp order, Whem a ¢p order is used for this pur=-
pose, ore can arrange to go through the cycle any mumber of times, using
the discriminatory feature of the cp order to emd the process. Such
cyclic programs are invaluable for iterative processes in mathematical
calculations, :

L, A More Generalized Attitude

In developing a broader view of the capabilities of a computer,
closer attention must be givem to the fumction of the irput amd outpub
equipment, Rather than being considered merely as devices employed by
individuals to insert or extract information from the computing system,
one should regard such equipment as the sensory faculties of the system--
the eyes, ears, nose, tongue, and fimgers -- these faculties being umder
the direct supervision of the control element -~ the braim of the system,

As an example of this use of external equipment, we might mote
that imnformation in the form of appropriate electrical sigmrals cam come
to the computer from a photoelectric ' cell, a mecharical counter; or as
a measurement of a shaft positiom or a phase difference; onr the other
hand, the computer cam feed out informatiom im the form of electrical
sigmals to a teletype system, to a servomechanism, to a relay, to a bell,
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or to any piece of equipment whose operatiom cam be comtrolled by
electrical sigmals,

This more gemeralized comcept of the fumctiom of imput-
output equipmeat is in agreement with the more generalized attitude
which can be adopted towards a computing system, This comcept holds
that a computer is actually a processor of imformatiom im a general
informatiom hamdling or processing system. With such a viewpoint, the
capabilities and possible applications of a computer are impressive,
Figure 7 indicates but a small number of these applicatioms,

The requirements which a computer must meet are obviously de-
pendent upon the type of application considered. In one example, such
as a mathematics problem, the imput imformation may be a relatively
small amoumt of numerical data, the output being but a single calculated
result, Im such a case the storage element of the computer would pre-
dominately comtain arithmetic orders for carryimg out the computation,
In a2 second example the input to the system might consist of a large
amounrnt of umcorrelated date assembled im a random or haphazard order,
This would be true of data collected im a census, The output im this
case might be the same amount of data ~- the data, however, beimg care-
fully processed and compiled im am ordered amd usable form. For this
Job the arithmetic ability of the computer would mob be heavily taxed,
although the discriminatory feature of the computer -- as evidenced by
the ¢p order =~ would be of great importance, The storage of the com-
puter would essentially contain programs for the sortiag amd orderimg of
information, while sophisticated imput amd output equipment would be
nreeded for the tremendous data-hamdling problem,

In another example the imput to the computer might be imfor-
mation relative to the state of affairs of a physical system or situationm,
The storage of the computer would comtaim the mecessary instructioms so
that the existence of various conditions could be discerned, following
which the computer would determime the necessary steps or actioms which
should be takem im accordance with these conditioms, Im this case the
output of the computer would comsist of instructioms or iaformatiom for
various members or elements of the physical system, the imformatiom des-
tined to effect a change im the extermal comditioms,

One outstanding feature of this last example is that the output
instructions from the computer may be required almost immediately after
the input information has been received, That is to say, time amd speed
of response may be of vital interest because of the fact that ome of the
dimensioms of the problem is time, A high speed of computer response
might also be meeded im the first two examples givem above; however,
this is generally so orly because of the fact that if high computing
speeds were mot possible the results would not be available im practical
lengths of time, If this conditiom does not exist, though, the questiom
of whether the problem is carried out today or tomorrow or whether the
time for the solution is ome or two hours is of relatively little
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consequence; in real-time problems, such as comtrol applicatioms, high
machine speeds are necessary and im some cases it is only the high speeds
of automatic computing systems which make the solution to the problem
possible at all,

Two types of real=time problems should be mentiomed: ome is the
comtrol of the elememts im a physical system accordimg to a predetermined
plan, the other is the simulatiom of the performamce of some type of phy-
sical system through the solutiom of the equatioms describimg the system
and the appropriate imterpretatiom of the calculated results, The use of

~a computer for the supervisiom of the presemt-day air traffic system be=
lorgs to the first category,

5. The Problems of Programming,

At the presemt state of the art, automatic computers are mot yeb
able to exercise any imagimative thinkimg, Their whole course of actiom
or commutation must be explicitly outlimed to them beforehamd im terms of
orders amd imstructioms, A computer cam recogaize a situatiom omly if i%
has been programmed to recognize it, amd hemce it is vitally inportant
that all possible altermatives and situatioms be plammed for im setting
up the calculatiom,

The first step im the plamming for the use of a computer im a
large-scale control problem comsists of a careful amd exacting study of
the physical system itself, This study must emable ome to determine all
the possible situatioms that might arise amd the appropriate actiom which
would be takem in these cases, In effect, this reguires that a detailed
handbook of imstructions, carefully imdexed and cross-referemced, be com-
piled °

As noted previously, the logical effect of the cp order is to
give a yes or a no answer to the questiom of whether a particular aumber
is megative or mot, Surprisingly enough, almost all physical situatioms
can be resolved imto a series of such questions, In this semse the gem-~
eral actiom of the computer could be described as the repeated process
of semsing whether a comdition exists (a yss or mo amswer) and them per-
forming certain actions,

The amalysis of a problem gensrally permits ome to state the
required computer program as a series of statements, each of the form:
®If comditiom A' exists, and if conditiom B exists, and if conditiom C.
exist®, . 000000y and 1f comditiom N exists, thewm actiom W is to be takem,™
If there are separate comditioms, each of which can take either a favor-
able or am unfavorable state, them there would be 2V statements amd 2N
different actioms, Im many cases, a good deal of these comditioms amd
actions will overlap or coimcide, but im any evemt it is obvious that
the problem and its solutiom stated im terms of all possible comditiomal
statements and actions would be cumbersome, A reater and more comcise
phrasing is usually possible with a flow diagram.
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A simple example of a flow diagram is givem im Figure 8; whers
actiom Wy is taken if comditioms A amd B exist, while actiom W2 is takem .
if A does mot exist amd C does exist. As moted, the flow diagram is im-
complete im that it does mot imdicate what occurs if B or C do mot ex-
ist, or what happems after actioms Wy amd Wo, It is seem that a flow
diagram is more coavenient tham words im describiag the action to be
taken umder stated comditioms,

Gemerally speaking there are a number of differemt ways im
which a problem cam be handled, and the statement of a flow diagram must
be based on the assumptiom of a particular method, The assumptior of a
method of solubiom ard the comstructiom of a flow diagram must im tura
be based om a kmowledge of how the computer would proceed to separate and
distinguish separate comditioms amnd how it would carry out the desired
actioms by meams of the available orders,

The mext step im preparing a program for the computer is the
process of codimg or tramslating the problem imto the actual machime
1anguage -= the specific orders and numbers, The emd result of the cod-
imng process is a coded program for the computer, From this coded pro-
gram the storage space and operating time requirements for the program
can be determined, If it is fouad that the solutiom requires more stor=
age space or operating time tham cam be allocated to the problem, a mew
method of approach, a new flow diagram, and a mew coded program must be
made,

Although the process of coding can be dome in all degrees of
complexity, less sophisticated programs are likely to be quite umrecomom-
ical in storage space, It has been fourd that an experiemced programmer
can usually effect a 20% saving im programs coded by mewcomers, these
savings being made poszsible by the kmowledge of special methods amd ,
techniques, An experiemced programmer is usually able to discerm parts
of programs which have some amoumt of similarity, and im such cases he
does mot use separate orders for each of these similar portioms, but
rather he uses a subprogram or group of orders which can be put to JOlnt
use by various sectioms of the maim program,

In summary, the gemeral reqnirenenbs for using a computer im a

problem are two-fold: first, the problem must be analyzed amd a proper
. formulation of the solutiom must be made in terms of comditiomal state-
ments or a2 flow diagram -= that is, the problem must be reduced to a
logical formulatiom; secomdly, the flow diagram must be mechamized in
the lamguage of the computer with due regard to the capabilities of the
computer and its associated imput-output equipment., The two phases of
the plamming for the use of a computer emntail comsiderable analysis and
study: the first to emsure that all possible comditioms are met amd’
treated; the second to obtaim favorable storage and time requirements
and to emsure proper fumctioming of the program im terms of the com-
puter orders,
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B. The Whirlwind Computer

1. Representation of Informetion 1

In accordance with the discussion in the first part of this
.chapter, the information stored in the Whirlwind Computer relates to the
operations to be performed, the addresses of particular storage positions
used im these operations, and to data retained in certain storage posit-
dons., Direct digital representations are used for the addresses and for
the numerical data, wheress s coded numerical representation is used for
‘the various operations which are otherwise specified by two-letter ab-
breviations, The computer, can, in effect, store and handle non-numerical
quan‘bities -~ for example, alphabetic infomtim ~-- if =sn appropriate
coded numerical representation is used.

. The number system chosen for the digital representation in Whirl-
wind is that with the base (or radix) 2. As contrasted with the more
familiar decimal system which uses numbers yhose digits may be 0, 1, 2, 3,
coes 8, and 9, the binary system employs only the digits O and 1. In
either system the magnitude and position of a digit specifies a particular
miltiple of a power of the base, For example, the decimal number 203.9
is interpreted as * '

2,102+ 0.10 +3.10°4.9.10-1

The binary number 1011.01 is interpreted in & similar fashion as

1.23+4 0,224 31 o1+ 1,294 0.2-141,2-2

For purposes of convenience in reference, each piece of inform-
ation retained in a storage position is termed a word. As noted in pre-
vious sections there are two types of words -- cne e is an order or in-
struction which consists of a specified operation and sn associated : ad-
dress, the second is a number or piece of data. Words in Whirlwind are
16 binary digits in length- the assignment of these 16 digits for orders
and numbers is shown in PFigure 9.

In representing a number the first digit position is reserved
for the sign digit, vhile the other 15 digits are considered as numerical
digits with the binary point at the left. The following conventions are
employed: if the number is positive, the sign digit is Q and all other
digits correspond to the bindry digits of the number; if “the number is -

negative, the sign digit is a 1 and the digits of the word are the com-
pléments (O for 1, 1 for 0) of the positive megnitude of the number.
This particular representation of negative numbers is kmown as the
"nine's-complement” and is used for convemience in arithmetic operatien,
It should be noted that there are two representations of zero:

+ 0 = 0 000 000 000 000 000
- 0 =1111 111 111 111 111
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With the representation used and the positiom of the bimary poimt at the
left, the n E rs which camn be stored are+ O, ~0, arnd all integral mul-
tlplss of +2719 between - 1+2-15 and 1 - 2-13, The choice of the po-
sitiomn of the bimary poirt at the left meams that multiplicative comstants
or scale factors must be associated with the storage of quantities oub~
side of the range - l-i-2‘1 to 1 - 215, For example if a mumber of
angles rangimg betweem 00 and 360° were to be stored they could be stored
as ©/720° by the use of the scale factor 1/720,

The representatiom of orders or instructioms is showm im the
lower part of Figure 9. The first five or left-hamd digits of an order
are used in the bimrary-coded represeatation of ar operatiom, Thess five
digits suffice for the defimitiom of 25 or 32 operatioms. The remsinimg
11 digits at the right-hand emd of the word permit the specification of
211 or 2048 addresses of storage positioms,

Reference to Figure 9 shows that orders have the same appear-
amce as mumbers or data, each beimg a l6-digit bimary word. Givem a
word from the iatermal storage of the computer, ome could mot ideatify it
uniquely as ar order or a number; a word obtains significance as am order
or mumber depeadimg upom its posltlon and use in a computimg program, Aa
important result of this fact is that arithmetic operatioms cam be carried
out upom orders as well as mumbers making it possible ito change the ad-
dress sections of orders and hemce obtain greater versatility im the use
of these orders,
2,

Electronic Aspects and the Storage

The fumdamental reasom for the use of the bimary system of mot-
ation is its great convemience im electronic marifestatior. The faet
that any digit in the binary system cam only be a O or a 1 enables ome to
represent a digit by a device or meams capable of two distinet amd dis-
tinguishable modes of operatiom, The static represemtatiom or storage of
a digit is possible with a flip-flop, a bi=stable circuit of the Eccles-
Jordan type, OStorage of a digit is also possible by the presemce or
absence of a charge on dielectric surface, The dymamic represemtatiom
or tramsfer of a digit is possible by ome of two comditioms om a trams-
mission line -= either the presemce or absemce of a pulse, or the pres-
ence of ome of two differemt voltage comditioms. Through the use of
electronic elements in essemtially either am om or am off state, largo
signal-to-mroise ratios are obtaimed with a corrospondlng Rg imcrease im re-
liability, ‘

The intermal operatiom of the computer is organized amd carried
out by the tramsfer, routimg, amnd storage of pulses or bimary digits, Im
performing the majority of the computer operatiomns, a number of associated
pulses must be dealt with == arithmetic operatioms requiring mamipulation
with 16 digits. Ome of the factors behimd the high speeds obtaimable im
Whirlwind (see page 11) is the simultameous tramsmissiom amd operatiom
upon digits by parallel idertical chammels, This is to be comtrasted to
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a possible serial manipulatior using but a sirgle channel.

The arithmetic and control elements of Whirlwind are compounded
from flip-flops and other standard pulse-technique circuits, Storage reg- -
isters built of flip-flops are used in both of these elements; however,
the cost of such registers precludes their use on any other than & small
scale. The large-scale internal storage medium in Whirlwind is composed
of specially-designed electrostatic storage tubes. Binary digit in{or-
mation is stored in these tubes as charges on o dielectric surface,

The design specifications of the storage tubes call for a tube
capacity of 1024 (210) binary digits. A parallel storsge system is used
whereby each digit of 2 word is stored in a similer position im each of
16 tubes, In this fashion, the deflection plates of a2ll 16 tubes are
operated in parallel and a complete word can be read into or out of stor-
age in the same time that is required for the storage or recovery of a
single digit, By using two blanks of 16 storage tubes each, a total cap~
acity of 2 x 2% or 2048 words can be achieved, This corresponds to the
existence of 2048 sixteen-digit registers,

In their final form it is expected that the storage tubes will
pernit the storage or extraction of a word in 6 ;seconds, At the present
time neither this projected storage sccess time nor the planned storage
capacity has been achieved, although progress is being made towards these
goals, The storage tubes now permit access times of about 20 - 30 nseconds,
while the operating capacities of the tubes are 256 digits each, With
only one bank of tubes installed, the existing capacity of the storage
element is 256 words, The computer has been operating quite satisfactor-
ily for a period of six months at this capacity, and present plans are to
double this capacity within a year.

3. The Control Element

The general functioning of the computer is best described as a
continued repetition of two basic steps:

a) obtaining the next order (operation and address) to be
performed

and
b) carrying out the operation specified im that order,

The control element of the computer supplies the mecessary
pulses for both of these steps, arnd carries out step a) itself, Step a)
is always the same, and relates to fimding out where the next order is
stored, obtaiming this order from electrostatic storage, amd preparing
the machine to carry out that order, The second step, that of carrying

1, Reference 28
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out the operation, varies according to the nature of the operation and is
usually carried out by the control element in conjuction with the arith-

metic, storage, inmput, or output elements.

Step a) above is performed in 8 useconds plus the time for one
storage accgssy; Step b) usually imvolves at least one storage access
plus anywhere up to about 2, usecopds for the longer arithmetic operations.
A&+t the present time the average computer order is performed in between 50
and 100 usecondsy in the future this time should be reduced to between
20 and 30 useconds

k. The Arithmetic Element

The chief components of the arithmetic element are three 16-
dgit flip-flop registers. These registers -- The A register (AR), B
Register (BR), and Accumlator (AC) -~ have a striking correspondence to
the keyboard and counters of a desk calculator The AR is buffer reg-
ister by which information is fed into the arithmetic element, while the
AC performs the bulk of the arithmetic work., The BR actg as a part of
the AC and is used chiefly for multiplication and division.

‘ The basic arithmetic abilities of the arithmetic element are
aadltion, subtraction, mutiplication, division, shifting (mmltiplication
by powers of 2), and point-off (finding the characteristic of logsX, The
arithmetic oerders of the machine: — and it has already been noted that
the choice of the orders is based chiefly on econveltience and flexibility
== also have certain added features dealing with round=-off, maghitudes,
etc.

There is a considerable amount of fine detail regarding the -
effects of the arithmetic orders and other orders used in the machine,
these effects relating to matter of electronmics, logical necessify, and
conveniencej for reference these orders are summarized in Appendix l.
Literature dealing with the use of these orders is listed Jn the Biblie-

graphy- I
Tnput-~Output

Information is introduced to and extracted from whirlwind prime
arily as electrical signals., At the present time the input and output
equipments are fed and receive their signals from several flip-flop rege

-isters, this arrangement is only tempory and in its final for the

link between the computer and the outside world will be a‘general-purpose
input-output register, together with and in-out switch for selecting vare
Tous pieces of terminal equipment,

A large variety of input and output equlpment has been cone
sidered for use with Whirlwind (see Figure 6)s TUp to quite recently the
efforts have been directed towards the use of photographic film and
punched paper tape. Extensive use has also been made of cathode ray

T. References 25, 27
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tube displays and a typewriter-printer as output means, The paper tape
equipment used is similar to that employed in standard teletype applica-
tions, and the procedures and conventions employed are such that direct
input from or output to teletype equipment could be easily obtained. The
flexibility of the computer makes it readily adaptable for use with other
types of equipment, the choice of external equipment depending chiefly om
the applications for which the computer is to be used. For use of the
machine in general non-real time applications; magnetic tape units are
now being prepared for use with the computer; the use of the machine for
real-time applications will probably utilize a magnetic drum either for
additional external storage or as a buffer storage for information from
asynchronous sources,

The punched paper tapes are used both for the supplying of the
initial contents of storage -- orders and data -- as well as for data
needed later in calculations, The slow, mechanical paper tape units per-
mit special techniques in the reading-in and reading-out of date, and also
allow rather thorough checking of the input data, Further comments on
this subject are made in the succeeding chapter where the input-output
problem is discussed in relationship to the air traffic control applic=
ation,
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CHAPTER IV

Input=Output Considerations for the Computer-Controlled System

Although the general purpose of this study is to consider the
mechanization of the present-day system without any essential changes in
the techniques and methods currently employed, one obvious change which
must beconsidered is the means of introducing the information concerning
aircraft movements and weather conditions into the new controlling ele-
ment of the system--the computer, The problem is essentially one of
handling and processing large quantities of information., A large amount
of information and data must be supplied to the computer in a never-ceas-
ing flow, and the computer in turn must provide information in the form
of instructions for the control air traffic, The information-handling
problem must be satisfactorily resolved, or it stands as a possible bar-
rier to the success of the computer application: if information cannot
be supplied to and withdrawn from the computer in the proper mammer--with
due respect to speed and accuracy--a computer=controlled system is not
feasible,

This chapter first discusses the data-~handling presently in-
volved in the en-route phases of air traffic control., A second section
outlines in fairly general terms a system which will meet the existing
requirements, while a third section discusses certain aspects of the
use of the propesed input-output system,

A, Information-Handling in the Present=-Day System

The controlling element in any scheme of air trafflc control
must have (a) ready access to current information regarding both the
flights in progress and those being planned, (b) as extensive a knowledge
as possible of existing and expected weather conditions, and (c) com-
plete information regarding conditions at and about the airports., Under
the present-day system this information comes to the controller from a
variety of sources, and in a number of different ways,

Information regarding commercial and military flights is ob-
tained by the controllers over an interphone system from operations
offices established by the commercial carriers and the military services,
These operations offices are in direct radio contact with their aircraft;
they file the initial requests for a clesrance (Approval Requests), and
relay flight progress reports from aircraft in the air, Private, civil,
and nomn-scheduled flights -= this class of traffie¢ being termed "itiner-
ant" by the controllers~-either subscribe to privately~operated commun-
ications stations or use the Flight Advisory Servicet rendered itinerant
traffic by the Civil Aeronautics Administration and the Weather Bureau,
Reports concerning certain aircraft are also received by the center con-
trollers via interphone from centers in the neighboring comntrol areas.

1, The Flight Advisory Service performs for the itimerant traffic the
general functions of an operations office, -
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The last-minute requests for takeoff clearance for aircraft
(“Learance Requests) are received via interphone from the tower operators
when the aircraft are ready to depart, The center controllers are sup-
plied with up=to-the-minute information regarding acceptance rates and
stack heights at the airports by approach controllers in the airport
towers, Quite recently the use of VHF radio has permitted the center con=-
trollers at Boston to establish limited but direct contact with pilots
as an aid in sequencing for landing, This innovation has not yet been
made a national practice.

Weather reports are normally received at the control-centers
by members of the Weather Bureau who collect reports from regular observa-
tion points wia teletype, analyze these reports, and then distribute the
information to the controllers, Further information regarding weather
conditions is obtained directly by the controllers via interphone, both
from airport towers and from operations offices which relay observations
from the pilots, '

The flow of information also proceeds in the opposite direct-
ion, Instructions, confirmations, and informatiomn destined for the con-
trol of en-route traffic leave the control centers over interphone on the
way to operations offices, airports, or centers in adjacent areas,

The amount of information handled by controllers can be quite
large, depending of course upon the weather conditions and the density of
traffic, During a "busy session" at the Boston Center it is not unusual
to see ten controllers and their assistants continuously accepting and
dispatching messages over the interphones, The situation is further com-
plicated because the information arrives from a large number of indepen-
dent sources, Each coniroller has access to 10 - 20 circuits, each cir-
cuit having up to five parties. There is no switchboard to give any or-
derly flow to calls, and at peak loads a controller usually has a backlog
of unanswered calls awaiting his attention,

B, An Outline of an Input-Output Svystem

The computer can only utilize informatiom in a binary form, and
can generally only initially accept this information as binary-type elec-
trical signals. One of the first problems in the input-output arrange-
ments, then, is to convert the information which originally exists in
written or oral form to the required binary signals., Of similar import=-
ance is the necessity to convert the binary-type electrical information
produced by the computer to a form recognizable and usable by humans,

The conversion of information to binary electrical signals and
the transmission of this information to the computer site can probably be
best accomplished with a minimum of_ expense through the use of existing
teletype facilities and techniquesol

1., Reference 29
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The introduction of information to the system would be by means of tele-
type typewriter units situated at the locations presently connected by
interphone to the control centers--that is, at the airport towers, op-
erations offices, weather observation statioms, etc.; the present sys-
tem of radio communication between the aircraft and ground installations
would be retained, Messages introduced into these input typewriter umits
would probably not be directly transmitted over the teletype system, but
would be temporarily stored on punched paper tapes (see page 47). The
information on these paper tapes could then be read to the teletype sys-
tem by means of mechanical or photoelectric tape readers,

Considering first an individual input unit (typewriter) linmked
directly to the computer, the factor of speed evidently is of major im-
portance, At one end'of the link is a human operator capable of typing
only a limited speed=-the limitation either being of the human or of the
input unit itself--and at the other end is a high-speed computer which
operates most efficiently when accepting data at a rapid rate. Some
speed=up of the input can be obtained through the use of paper tapes
and photoelectric readers, but the speedsof these readers as well as
bandwidth considerations in a low=cost communication limk will not per=-
mit the improvement necessary for efficient utilization of the informa-
tiom with high computer speeds, and it would appear that a buffer storage
device must be used, Similarly, in satisfying the requirements of hand-
ling information flowing away from the computer, a storage medium is
needed as a buffer between the output of the computer and the relatively
slow output typewriter umits,

The buffer storage medium which is to provide the necessary
flexibility in speed should also be capable of providing a means of
channeling and sequencing the flow of information arriving from a large
number of independent inmput units, Although om the input end there is
no question of the destination of the messages--all messages going only
to the computer~~it does become necessary to provide a means of routing
the outgoing messages from the computer to the individual destination;
this function could be handled by the buffer storage unit,

The most suitable buffer storage device, from the viewpoint of
availability, reliability, flexibility, and cost, would seem to be a
magnetic drum on which information is stored by magnetizing small port-
jons of the drum surface, A drum presemtly being marketed by Engineering
Research Associates has the following characteristics:

a) speed of rotation of 3600 rpm
b) 2048 angular storage positions around the drum

¢) 80 channels along the length of the drum, each
channil being provided with a reading writing
head,

l, Referemce 30
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These 80 channels permit a capacity of some 160,000 binary digits; increasal
capacities are easily obtained by using longer drums, The drum cam also
be efficiently broken down into smaller units by the appropriate grouping
of individual channels into fields,

Information can be stored on the drum in a number of ways; in-
formation can be introduced in a parallel manner with the digits of each
piece of information each being stored in a different channel but all at
the same angular positioms, or information can be stored in a serial man=-
ner with each digit using a successive angular position in the same chan-
nel, Techniques such as these would be employed to handle the messages
arriving from the individual input units; im particular it might be de-
sirable to assign a field on the drum to each input umit,

With the speed of 3600 rpm, information can be introduced to or
read out from successive registers or angular positions on the drum every
8 pseconds, a speed even faster than that at which the information canm
presently be inserted or withdrawn from Whirlwind, However, by making use
of nom-consecutive registers and by utilizing some of the drum channels
for control information, almost any desired reading and writing speeds cam
be obtained, For example, pieces of informatiom could be introduced inte
consecutive registers once each drum rotation (16 milliseconds) and could
then be read out during one rotatiomn of the drum at 8 pseconds imtervals,
It is this type of operation which could be used to permit the desired
speed increase in information coming from the input units,

A schematic representation of the major components of the pro-
jected imput system is shown in Figure 10, Informatiom imtroduced into
the system would be processed onto paper tape and would then be read to
the teletype system and transmitted to the computer site, The Drum Con-
trol would supervise the reading of the information to the appropriate
fields and registers of the drum, and indications would be given to the
computer by the Drum Control of the times at which the computer may pro-
ceed to withdraw information from a selected portion of the drum, The
automatic and direct insertion of the information to the computer through
an input-output register would be under the joint control of the computer
and the Drum Control.

- The read=in of information to the computer would be done period-
ically at about one-minute intervals, This periodic read-in would provide
that no message would suffer too long a delay on the drum, On the other
hand, in order to handle expected variations in message traffic the compu-
ter would also be programmed to execute a read-in whenever a sufficient
amount of information--usually a sufficiently large block-=-had been ac=-
cumulated, Signals indicating the presence of such a conditiomn would be
provided to the computer by the Drum Control,

As noted in Figure 10 there will be a number of remote locations
each supplied with input units, As mentioned in Chapter I, it will prob-
ably be necessary for a local operator to imnsert control instructions and
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information into the computer., This would probably be done by a special
input unit at the computer site. It will probably also be necessary for

there to be a special channel or means of commnicating with the compu-
ter for high-priority emergency messages. _

The arrangements for the outgut of information from the compu-
ter would be quite similar to those indicated for the inmput, gnd the same
equipments would be used. The computer would accumlate & ceqtain amount
of information, and then would perform a high=speed- read-qut<to the drum,
Provisions would be made to read out information whensver a qertain quane
tity of output information had been accumilated; however, in order to
guard a%ainst long delays during slack pericds there wouid be a periodic

read-out from the computer regardless of the amount of’infoxmation which

had to be collected, The Drum Comtrol would share with the computer the

direction of the read-out of the information to the drum where it would
be stored prior to transmission teo the remote sites.

Es noted in chapter I, in order that the use of a computer as
the central element of an-air. twaffic -system reach any degrge of feasib-
ility, the reliability of- ihe~¢emputer'must be - extremaly‘high It is
similarly imperative that the- iaput-vutput~system possess a high degree
of reliability, and furthex?%ha% it -be-operated in an error=free manner
with great care being taken to avoid those errors due to human operation
as well as errors arising from deterioration or failure of mechanicel or
electrical components, e

A large nnmbar'afwme%hn&swhave ‘been developed to improve the
reliability of communications.  These include the retransmission of the
information over the samw—er'éupiicate>facilities'and the transmission of
the information in-coded forms which are -highly suseeptible to checking.
The problems which ara*eneoun%ered~are—quite similar to those which arise
in connection with the internal reliability of computers, and similar
steps and techniques w111 have to be employed to obtain satisfactory op=-
eration,

Certain preeautions must also be taken with regard to the human
element associated with the terminal equipment., Extreme care must be tak-
en that the messages be correct in content, and that they be properly in-
troduced into the system. Such’preeautions would probably take the form
of repeated handling of the messages during their preparation and typinge.
This handling would probably entail duplicate or check typing of the mes-
sages; a first typing would be used to prepare a tape against which a
second or duplicate typing could be compared. This increased message
handling should in itself greatly reduce the number of message errors and
prevent improper preparation or encoding of the messages. ,

It is always possible, however, that compensating errors in the
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transmission of the message will permit an error to emter the computer unm-
detected, and it is similarly possible that the original message upom
which the first and second typing were based might have an umdetected
error, In either case, the resulting errors in the messages may be of

an obvious kind or may be rather subtle and difficult to detect. An
example of an obvious error would be an air speed of 800 mph rather than
300 mph; an example of a more subtle error is the filing of a requested
altitude of 7000 feet instead of 9000 feet,

The obvious type of error can be detected by an alert human op-
erator if it arises in the initial message; similarly, the computer may
be programmed to spot such errors which arise mechanically or electrically
and which escape the measures used to check the transmission, The subtle
types of errors provide a great deal more difficulty in their detectionm.
Such errors are kept to a minimum in the present-day system by a large
amount of repetition in successive messages pertaining to a single flight,
That is to say, each message not only contains the pertinent information,
but is also likely to include a certain amount of informatiom which is
redundant, A particular example of this is the repeat-back by the con-
troller of all the details of a flight plan even when the flight plan has
been approved without change, If this type of operation proves to be
necessary in the computer-controlled system it can easily be . imcorporated,

2, Conversion

The input units mentioned earlier in this chapter permit a dir-
ect translation from oral or writtem information to electrical sigmals of
3 binary mature, It is necessary, however, to specify the relationmship
between the oral or written informatiom, the binary informatiom produced
by these units, and the 16-digit bimary words stored by the computer.

Most of the informatiom im air traffic control commurication cam
be rather easily abbreviated into groups of three characters, sach char-
acter being either a letter or a decimal digit, Upon this basis, input
messages would be made up of sequences of three-character groups of words,
Each of the characters used would be translated by the input unit iato a
combination of binary digits; if the direct binary represemtation were
used for each decimal digit, then an airspeed of 185 mph would be typed
into the unit as 185 and would result in the flowing sequence of bimary
information:

0001 (=1)
1000 (=8)
0101 (=5)

Unfortunately there are 26 English letters and 10 decimal digits,
and this total of 36 characters would necessitate the use of six binary
digits in the representation of these characters; a group of three char-
acters, then, would require 3x6=18 binary digits and hence could not be
conveniently stored in a Whirlwind register, The most convenient arrange-
ment for the internal storage of the three-character words in Whirlwind
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would be to have but five binary digits per character, This, of course,
would create 15-digit words, although at the expense of there being only
32 different characters which could be used. Fortunately, it appears
that a limitation to 32 characters would not be particularly restrictive
inasmuch as all of the alphabetic characters are not used in trafficcon-
trol messages,

Since the restriction to five-digit binary-coded pentads is
made necessary only because of the existing register length of Whirlwind,
the problem is probably not of sufficient generality to merit detailed
consideration, It might also be necessary that the transmissiom of the
messages in the teletype system include the transmission of extra digits
with each pentad for checking purposes, For these reasons, it will mere-
1y be assumed that the binary-coded pentads can be formed and transmitted
to the computer, This does not necessarily place any particular restrict-
ions on the input units or other elements of the input-output system; if
desirable, the input-output system may operate with ordinary teletype
techniques and the necessary conversion to the proper pented form can be
carried out just prior to the storage of imformation on the drum,

It should be realized that the three-~character words made up
of binary-coded pentads represent meaningful information, as do pure
binary numbers--=the chief difference being that the computer operations
of additiom, subtraction, multipllcation, etc,, are meaningful omly with
pure binary numbers, One major reason for a further intermal comversiom
from binary-coded pentad €o pure binary form, them, is to permit ease im
arithmetic manipulatiomr, ,

There are several other important reasons, however, One of these
is the saving in storage space, For example, the binary-coded pentad
representation for the altitude 18,500 feet, abbreviated to three char-
acters as 185, would appear as

0 00001 01000 00101

+ 1 8 5
and in this form it fiils a register,' In the direct binary form this
could be represented as 185 x 217 or

0000000010111001,

In air traffic comtrol work it is not necessary to specify altitudes
closer than 500 feet, and in general there would be no need to go above
a maximum altitude~of 63,500 feet, With these provisioms, then, a least
significant binary digit can be tgggégt of as representing a 500-foot
increment, There are but 128 (—;,E_a__.kﬂ ) possible altitude levels and

these can be represented by seven binary digits, If these seven digits
are considered at the right hand end of the register, then altitudes are
are represented as followss .
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Feet Unused Digits Used Digits
0 000000000 0000000
500 " 0000001
1000 " 0000010
4000 " 0001000
32000 % ' 1000000
63500 H 1111111

Thus an alXitud@ A measured in feet is stored in the computer as
the binary form of 300 %275, With such a representation there are nine

unused digits in a register which can be used for the storage of other
quantities, Further comments on the mechanization of the storage of two
or more quantities in a single register are reserved until the ncxt chap=-
ter,

The problem of conversion is rather closely associated with
matters of checking and storage allocatiom. This fact can be better ap-
preciated if two aspects of a conversion or translation process are men-
tioned, The first is the decisiom as to the end result of the conversion
-=that is, to what pure binary form the binary-coded pentads should be
converted, In the case of numerical imformation the conversion will be
directly to pure bimary form, suitably scale factored., For facility im
the utilizatiom of the available storage of the computer, however, it be-
comes desirable to establish a rather arbitrary converted form for certaim
mumerical and alphabetical quantities, For example, the three-character
abbreviated form for the Boston reportimg point might be BOS, and for
convenience in determining the sequence of registers containing data per-
taining to the Boston reporting point it will be necessary to establish a
particular pure binary equivalent for the three-character group BOS,

(The details of this scheme are mentiomed in the following chapter), For
reasons such as these, the conversion from the binary-coded pemntads to

the pure binary form is mot so much an additiomal piece of work as am aid
in the programming for the computer, ’

The second aspect of the comversion or translation is the means
by which it is carried out., If there is a definite arithmetic relatiom-
ship or correspondence between the orlglnal and the converted form, then
it is possible to perform the conversion by arithmetic operatioms, In
other cases where the correspondence is mot direct but may actually be
rather arbitrary, a stored table of values must be used for the comversiom
process, With the table-type comversion, imasmuch as all the unconverted
forms must be stored im order to obtaimn one-to-one correspondence between
the two forms, it is an easy matter to discover if a particular unconver-
ted form does not exist among the stored values, If such is the case,
then it is reasonable to expect that the uncomverted form was ia epror,

1m11arlys with the arithmetic type of conversiom the computer can be
programmed to investigate if a converted number falls within a reasonable
range of values, Examples of the use of such checking are given in the
following chapter,
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3. Message Form and Standardizatiom

In order to be able to properly convert, check, and them act
upon the contents of any message, the computer must be able to deter-
mine what each word (three~character group) of the message represents—-
whether it is an altitude; speed, reporting point, etc, Human comtrol-
lers are able to identify various quantities because of their size,
units, orposition in messages, Although similar techniques could be made
to apply to the use of the computer, it is far more practical to use a
method by which information is identified as to its type only by its rel-
ative position in a particular message,

At the present time the CAA has no rigid regulations covering
the contents and forms of air traffic control messages. CAA manuals do
specify the necessary minimum contents of messages; however, the flex-
ibility of voice communication and the ingenuity of the human controllers
have combined in such a way that the contents and sequence of imformatiom
in most messages is varied from comtroller to controller; as well as be-
ing varied to meet existing conditioms, This is especially true of the
addition of further information e¢r comments at the end of messages,

An example of the lack of standardization of message forms is
the specificatiom of the flight path of an aircraft. The various report-
ing points across the country have been given three-letter abbreviations:
Boston=BOS, Chicago=CHI, etc, In addition, a large number of inter-
connecting airways throughout the country have been givem route designa-
‘tions, examples being A5; B3, R12, At the present time the path of an
aircraft along the civil airways is indicated by one of the following
methodss «

a) specifying the point of departure;, the airways
- to be followed, and the point of landing, Example:

STL A5 B6 R12 CHI

b) specifying the point of departure, all inter-
vening reporting points, and the point of landing
Example: .

STL SPI  PIA  BDF CHI

¢) by a combination of a) and b). Example:

STL A5 B6 R12 CHI NBU WDF

The specification of a path by one of the above methods permits
the traffic controllers to determine--either from memory, by reference to
tables or maps; or directly in the case of b) above-- all of the report-
ing points over which the aircraft will pass en-route, This is a comdi=-
tion which must also be met by the computer, Inasmuch as a route desiga-
ation such as A5 implies a number of reporting poimts along that route,
it would be possible to program the computer to convert a path desigmated
in form a) or ¢) above to the series of desired reporting points as givem
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in b). The storage requirements for such a conversiomn, however, are like-
ly to be excessive, and it does not appear to be too restrictive to assume
that a path will be specified to the computer only as a list of successive
reporting points, Similarly, the form of all messages incoming or outgoimg
must be standardized =- each piece of information having a designated po-
sition in each type of message, with particular type of any message being
designated by a key word early in the message.

L. Computer Operation As Regards Imput-Output

The present facilities and computer orders for the imput and out-
put of information from Whirlwind were designed chiefly for specific appli-
cation with photographic film units,; and as such are not applicable to the
“input-output problem under consideration, ’

~ The input and output of information from paper tape uses rather
makeshift arrangements as a temporary expedient until general purpose in=-
put-output equipment can be designed and installed. The handling of this
problem has been such as to put the burden on computer programs, with the
computer executing a number of orders between successive read-ins or read-
outs; these programs process and store the words during a read-in, pre-
pare and transmit the words during a read-out. Such a technique is fea-
sible only under the rather special conditions and slow speeds which exist
with the paper tape equipment; since the reading and writing is done at
such a slow rate, there is not much of a decrease in the input or output
rate due to operatiom of the computer between the handling of successive
lines on tape.,

With the use of a drum as a buffer storage, informatiom can be
made available at a rate which is commensurate with the speed of the com-
puter itself, In érder to meet such a challenge, it is felt that there
must be no intermediate action by a program, with its resulting delays,
~ in the following respectss ‘

a) taking the pentads from the drums

b) performing any necessary checking operations on the trans-
mission

" ¢) assembling three pentads to give a complete word
d) storing the assembled words in the registers of Whirlwind,

Special orders would probably be necessary to perform these fumctions most
efficiently, Similar orders would be needed to perform similar functions
in the output of information from the computer,

The general scheme of operation would be to have a 1l6-digit in-
put-output register connected directly to the 16 digit columns of Whirl-
wind, The binary-coded pemtads would be introduced in sequemce into this

register which would then perform the necessary shifting and checking oper-
ations to assemble thro@ pentads into a computer word. While the components
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of one word were being read in from the drum and assembled im the imput-
output register, the previously-formed word would be stored in the in=
ternal storage of the machine, As an aid in handling the messages,
special key words would probably be used to indicate the end of a message,
Normally, an acknowledgment of receipt of the message would, in time, be
sent to the message originator, ' If an error were detected in the imput
message the computer would take steps to semd a message to the origimator
of the message to perform a retransmission; an indication would also be
given to a human operator that an error had occurred so that appropriate
maintenance action might be initiated,

There are two special cases of errors in the inmput which
should be mentioned. Im one case the error might happen to be in the
word which designated the originmator of the message, To guard against
this eventuality it would probably be mecessary to transmit the word
designating the originator both at the beginning and end of a message.
Equally serious might be an error which lost part of a word or which
caused a change such that in reassembling the message in the computer
a staggered version of the original message was obtaimed. Such a com=-
ditiom might mot be noticed immediately, and even worse, the key word
indicating the end of the message might not act properly. Here again,
the repetition of certain words and a special form and means of distime-
guishing the key word would be necessary,

Somewhat similar consideratiomns to those mentioned above apply
to the read-out of information. The words of the message, three pentads
per register, would be prepared by the computer, A special order would
read the words from storage into the output register where the shifting
and transmission to the drum would be performed, From the drum the
messages would be transmitted to their destinatioms, Messages on the
drum would not be obliterated until an ackmowledgement had been received
indicating that the message had arrived safely at its destimation,
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The operation of the computer requires the storage of both the
necessary machine orders and the information and date upon which these or-
ders are to operate. Inasmuch as the information-handling aspect of the
air traffic control problem is of the utmost importance, it is necessary
to consider the means and methods of storing the large quantity of in-
formation and data to be used by the computer.

This chapter first considers the nature and characterization
of the stored data, and then discusses techniques to be used in its stor-
age and utilization, especidlly in light of a general need to economize on
storage space. Several flow diagrams are included as a means of illus-
trating particular storage programs. A final section of the chapter men=
tions several possibilities offered by the availability of an external
storage medium,

A. Data Storage in the Present-Day System

The operation of the present system of traffic control requires
the storage and utilization of a large amount of information and data.
To a large extent this consists of data which is made available to the
controllers in the form of messages. This includes information concern-
ing current and projected flights, traffic conditions near airports and
in adjacent areas, and information regarding weather conditions. This
general type of information is of the transient type; it describes the
present conditions of the variables in the system, it has but a limited
time of application, and it must be renewed or replaced at frequent in-
tervals.

Except for weather reports, the bulk of this transient inform-
ation relates to altitudes, speeds, and times of arrival of aircraft at
the different reporting points. As has been previously mentioned, each
reporting point is alloted a space on the flight progress boards under
which the flight progress strips concerning traffic at that point can be’
placed. These flight progress strips are made out from the flight plans,
each flight progress strip essentially carrying the full information con-
cerning the flight. In a position of prominence on-each strip is placed
the time and altitude at which the aircraft will pass the reporting point
‘The flight progress strips are made out in pencil, permitting easy alter-
ation or correction. These strips are usually sequenced in position un-
der each reporting point so as to give the proper time sequence of arrivals
“6ver that point.

Other types of variable data -- weather information, traffic
conditions at the airports, etc., -- are distributed on paper to the con-
trollers, or else are displayed on blockboards where the information is
visible to all concerned.
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In addition to the data describing the variables in the system,
there must be available for continuous use a2 large amount of informatiom
describing the system constants, Examples are the geographical locatioms
of the reporting points, the separatiom betweem reporting points, the
minimum altitudes which can be flown along a certain route, types of
radio aids, etc. The controllers must also be familiar with the perform-
ance characteristics of all types of aircraft: cruising speeds, maximum
operating altitude, rates of ascent, rates of descemt, etc, Although the
amount of this "constant" imformatiom is tremendous, in order to emsure
rapid and efficient operation of the system it is all committed to memory
by the controllers, Even more startling is the fact that each controller
is required to be able to control traffic in any of the several sectors
in the control area, requiring that the controllers memorize these system
and aircraft parameters for the complete area., The magnitude of the task
of memorizing the information as well as knowing the general procedures
for the control of air traffic is evidenced by the two-year period neces=-
sary for the training of a controller,

B. A General Relationship Between Storage Capacity and Operating Time

It has been the common experience of people who have considered
the solution of a number of-varied problems on a digital computer that
there usually exist a wide selection of methods which can be successfully
employed for amy single problem, Usually these methods vary between
those which on one hand require a large amount of internal storage (orders
and data) but permit rapid times of solution, and those methods at the
opposite extreme which require a small amount of storage, yet involve a
long solution time, Between these two extremes there are methods which
permit compromises in storage space or operating time at the expense of
the other variable,

As an example of the variation in storage and time requirements
between different methods, one might consider the problem of evaluating
a trigonometric function such as the sine for a particular value of the
argument, One approach is to store a large table of values of the sine
for various values of the argument, The sine of any particular value of
the argument can then be quickly found by inmspection of the table and by
the use of an interpolation formula. This method is quick, but does re-
quire the storage of a table of values, On the other extreme one can
use a series approximation to find the wsine, Here the storage require-
ments are likely to be small, yet a large number of computer operations
are necessary to find the desired results, Another commonly occurring
example is that of the longer problems where the results of calculationms
at an intermediate stage are again used at a later stage of the problem,
In such a case it is a question of whether these intermediate results
should be stored for later use, or whether they should be recalculated at
the later time when they are again needed,

There is, of course, mo direct relationship between the storage
and operating time required for the solutiom of a problem by various
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methods of attack, To a first approximation, however, such a relation-
ship might be of the form '

c~8,T {1

where ¢ is a measure of the complexity of the problem, g is the storage
space needed, and I is the total operating time. Since I results from a
number of single computer operations, this could also be written as

O~ 8 , N t (2)

where n is the number of operations and t is-the average time per single
operation; Equation (2) is used only to demonstrate the generally ob-
served fact that with a fixed time per unit operation, there remains some
latitude as to the choice of 8 and n which will give a satisfactory solu-
tion, . ,

Of course it should be noted that there are certain limitations
vhich must usually be placed on g and n. In non-real time applications
the restriction is generally on-g; ﬁhiéfbeing limited by the storage spce
of the computer. In real-time applications there also exists a limit on
n, since nt or T must be equal or less than the permissible time per sol-
ution permitted by the physical system. ..

1. Storage-Time Considerations in the Present-Day System

As previously pointed out, the present method of storing flight
data involves a duplication of the information on all of the flight pro-
gress strips corresponding to that flight. ~Since the flight progress
strips are ‘stored together by reporting pointsé this technique might be
termed "duplicate storage by reporting-peints; _

The cost of additional data storage space is very small in the
present-day system, and this method of "duplicate storage by reporting
points® produces no limitations from that point of view, Despi%e its
seeming uselessness; in general agreement with the relationship of Equa-
tion (2) this duplication of storage does permit a decrease in the amount
of work or number of operations. This is primarily due to the fact that
instead of having to refer to a number of flight plans in order to de-
termine what time relationships exist between several aircraft at a cer-
tain reporting point, the information is already available, sorted outby
reporting points. Further, when by reference to a particular flight
progress strip one has become interested Ima particular flight, there is
no need to refer to a master flight plan to determine other character-
isties of the future or past of that flight inasmuch as all of the per-
tinent information is reproduced on that flight progress strip.

Any other scheme than that presently used would-be prohibitive
from considerations of operating time, The large amount of cross-refer-
encing and comparisons of data which would be necessary in some other
method would too severely tax the human controllers. It is only by
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capitalizing on the large redundancy in stored data that satisfactory op-
erating times are achieved with-the presentmmethods~anduhumanvoperatorso

2,

It has been pointed out that in- real—timo application both the
s and the T of Equation (1) assume major importance. In the present ex-
ample T is "1imited by the rate at which information arrives at the com-
putor and the rate at which it must be processed and instructions deter-
mined for the control of aircraft, The storage limit, of course, is the
physical capacity of the computer, e

At the outset, and before any programming has been done on a
problem, it is impossible to determine the true complexity of the problem.
In terms of Equation (1), the ¢ is not known, and hence it is difficultte
say whether any chosen method of approach will produce values of g or T
which lie outside of the acceptable limits. In view of the discussion
above, if either of the limits is exceeded it is likely that an adjust-
ment of the other variable will permit both limits to be met. This fact
can only be confirmed in a particular case, however, by the actual at-
tempt at solution with a new approach.

ks a starting point in the consideration of the air traffic con-
‘trol problemas applied to the Whirlwind. Computer; one is inclined to be-
lieve that in view of the limited ameount of storage space the emphasis
should be made at conservation of storage at the expense of computer op-
erations, particularly in view of the-relatiwely low times per unit op-
eration with this machine, This is the-attitude which is adopted in this
chapter and in those that follow, This attitude; however, is not blindly
applied to all problems which arise, -especially those in which it is
rather evident that the duplication of a small amount of data will save
both in orders and- operating time, . ,

The foremost application of the-prineiple of stressing storage
economy “is found in the method which will be-edopted for the storage of
flight plan data. Rather than storing this data by reporting points as
is done at present, thereby”requrrxng"a large amount of duplicate stor-
age, the method to be used is that of storing-all dats concerning one
flight in a separate group of registers corresponding to that aircraft--
that is, the flight data will be "stored by aircraft,® This means that
in comparing ‘two flights, the data will not be pre-sorted as to reporting
points and the computer will have to search and hunt for the data among
the stored flight plans, » .

It is possible to employ storage schemes which involve com-
promises between the storage of flight plan data purely by airecraft or by
reporting point, however the storage requirements as well as the ease in
utilizing the data seem to point towards the method selected. Further
reasons which consolidate this attitude shall be made evident in sections
which follow.,
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C, General Problems Associated with Storage

1. Characteristics of the Stored Informatiom

For convenience in considering a number of problems which are
encountered in the utilization of tle computer's storage space, it is
desirable to mention some of the general characteristics of the various
types of information which must be stored, There are two characteristics
which are of particular interest: the first is the permanency with which
the data can be assigned to a register or group of registers, +ihe secord
is the amount or length of the storage space which must be allocated to
various associated quamtities,

A large amount of the gemeral data which the compuber must
operate upon can be assigmned to permanent positioms in the storage., This
is true of quantities which must always be available for use by the com-
puter, regardless of whether the values of these quantities are changed
or not to correspond to existing extermal comditions, The important
point is that this information will be contimuously needed for program
operation, and the permament allocation will aid theutilizatiom of this
information by the programs,

A large part of the stored data fits into the "permanently-
stored" classification, Examples are the geographical informatiom re=-
garding areas, airport, and airways; conversion tables; aircraft per=
formance characteristics; and weather information at various points and
altitudes in the control area, This last example is one in which the
stored quantities must be varied to meet existing corditionms,

The "permanently-stored" characteristic does mot apply to the
flight plan data, Here the data is needed for a limited time omly, this
time being equal to the period that the flight is under control of the
computer, If all aircraft flew accordimg to schedule, it might be ad-
visable to permanently allocate a set of registers to each flight; how-
ever, such a scheduled flow of traffic is not achieved at the present
time, nor even approached under any conditions, Even under highly op-
timized conditions involving only prescheduled traffic, the efficient use
of the storage space would require a large amoumt of double or triple
tenancy of this space under some form of time~sharing, In order to
achieve an economy of storage under the mom~-preschsduled conditioms it
will be necessary to consider only a temporary allocatiom of a set of
registers to am individual flight, As shall be described in the next
sectiom, this allocation would be made from a common pool of registers
reserved for that purpose,

For the most part there will be very little need of storing
a single, unassociated piece of data, Most quantities can be associated
with larger classificatioms such as flight plan data, aircraft perform-
ance characteristics, airways data, reporting point data, etc, Under
the major division by classification, there is a further logical division
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into the individual flights, individual types of aircraft, individual
airways, etc. These may be referred to as the members of the various
classifications, Each of these members of a classification will generally
require a small block of registers for the storage of the associated data,
As mentioned, for each member of the aircraft performance characteristics
clagsification, the cruising speed rate of ascent; rate of descent, etc.,
must be stored. ’ N

In considering the member blocks of a single classification,
there are two general cases; either these blocks are of a uniform length,
or the block length varies from member to member.,. Constant-length blocks
are the usual occurrence, a commnn—example belng the ‘aireraft performance
characteristics wherein the same number of .quantities must be stored for
each aircraft, An example of non-eanstant-langth blocks is found in the
storage of the flight plan data., In this case each member block corres-
ponds to an individual flight, and -since the length of a flight is fixed
by the number of reporting points over which it will pass, the blocks of
flight data - will generally vary considerably from flight to flight.

20 Findinngtored'Dgta

As a general example, consider that at some stage in a program
the computer desires to deal with a certain member of a classification.
Assume that -each member in this classification has associated with it a
constant-length block of n registers and that the addr%ﬁses of the con-
secutive storage registers in the block used for the 1" member are given
as a4 1, & 2gooeoooai e In particular the address of the first regist-
or of*the Fi%et blook P41l be ay,1e

The need for referring to-a particular-member of this classifi-

~cation may arise because this member was:referred to or specified in an
input message; for example, a flight plan might specify that the air-
craft under consideration is a DC=3. The three-character binary-pentad
designation of any such member will be designated as fﬁo (Lines above
letters will be used throughout_this chapter when referring to a binary-
coded pentad re%resentation) M; would be the appropriate pentad desig-
nation of the i“® member.

A first problem which arises is that of finding_the address
23,1 of the first register of the block corresponding to M. One method
of attack would be to arrange that addresses aj j be derivable by simple
arithmetic operations upon the quantities M, $1nce the M 1gwill be
somewhat arbitrary, it becomes convenient to consider a pure binary num-
ber M; associated with Mi If the M's are appropriately chosen as a se-
quence of consecutive numbers, then in particular it could be set up =o
that

S 8f 1= 3] ] +8 0 Man,

In this way the members occupy consecutive blocks of » registers each,
For example, if Mj=1, Mpb=2, M3=3; ete., a3 1= 100, and n = 10, then
the first addresses of the member blocks are given ass .
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Member First Address in Block
100
110
120

e o o & WK

[} ° ) o

The scheme is easily extended to other comsecutive values of M, amd can
be modified to utilize other arithmetic relationships,

-As noted, this scheme requires that the M's be assigned in an
orderly fashiom, This fumction is easily performed by an input conver=-
sion table, A neat method of saving space is to let the M's be arith-
metically related to the addresses of the comsecutive registers in which
the M's are stored, Thus, given any M; a search would be made through
the table to find the address of the register containing the quantity
Mj. The address is then operated upon arithmetically to give M; and hence
the address a3 1o This scheme shall be termed the coded-address method,

In some cases it is not convenient to have a conversion table
of the type described above, A particular example illustrated later im
the chapter concerns the storage of data regarding the various airways.
In such a case a different approach can be applied to the problem of
finding the position of a block of storage registers corresponding to
a particular member, In this method the member desigmator Dj (this may
either be a 3-character binary-coded word or any arbitrary binary number)
is stored in the register whose address is a; 1. Hence to find the
appropriate block of registers used for membef D;j, the computer would im-
vestigate the registers 31,15 35 75 33515 etc. until the quantity D3 were
found, (In this connection it 1% convenient to have constant block
lengths, where a = 3a]l.1+ 1, a 5 q4Bsete. This method shall be
termed the searcggéethodf TR 83,14%2,04

A comparison of the above two methods will indicate a certain
fundamental similarity; in each there is an extra allotment of one reg-
ister for each member, In the coded-address method this manifests it-
self as an input conversion table; in the search method this takes the
form of an extra register per member block, There is a differemce in
application of the two methods, The search technique is useful when mo
conversion table is otherwise needed, and is better applied to constant-
length consecutive blocks, The coded-address technique is useful when
combined with an input conversion table, and is also better designed for
use when the pure binary designmation of the member M must be stored in
other registers, as is the case in handling flight plan data where the
designations of reporting points must be stored with each flight plan,
In this case, whereas the M's will each be a full register in length
the M's can be shorter binary numbers and as is mentioned in Section £4
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of this chapter, they can be stored in a register together with another
quantity, A further advantage of the coded-address method is pointed out
below in connection with the handling of nom-permanently-stored data.

In using a block of data it is generally necessary to extract
and use subdivisions of that block, As mentioned, under the classifica-
tion of aircraft performance characteristics there will be stored the
cruising speed, the rate of descent, the rate of ascent and the maximum
opsrational altitude for each member aircraft, In such cases where a
similar storage pattern is repeated for each member block and the blocks
are consecutive and of the same length, the computer can be programmed to
look for, say, the cruising speeds in registers 9, po i=1;,2...,

In the above case;, the computer is programmed to kmow where to
find the various quantities, Such programming is not possible when each
‘block does not contain a similar storage. patterm , This is the situatiom
encountered with the storage of flight plan data, where each flight will
have a different number of reporting poimts, In order to properly locate
the subdivisioms of the dataz the number of reporting points in each flight
plan can be counted and stored as an aid, or else key words can be stored
to indicate the end of a variable-length section., The latter techmique
is probably best suited to the case of the handling of flight data, imn-
asmuch as the flight progresses some of the stored data cam be eliminated,

3. Handling of Variable-Length Data

In considering the problem of handling data which has a perman-
ent location but which is on non-constant length, a block size equal to
the maximum expected length cam be allocated;, and the coded-~address or
search schemes are applicable. Extra registers resulting from any member
using shorter blocks than the maximum can be used for the storage of gen-
eral constants needed by the computer program.

When dealing with flight plan data which is non-permanently-
stored and is of variable lemgth, serious questions arise as to the means
of obtaining maximum utilization of storage, As an example of the prob=-
lem consider that a group of registers begimning at address m have been
alloted to flight data as follows:

Flight Addresses Number of Registers
I m to m+4 19 20
I m+ 20 tom 4 29 10
III m 4+ 30 tom + 59 30

A typical situation which might arise is that ia which flight
IT terminates and its storage space is made free, and shortly afterwards
flights IV and V, requiring 25 and 15 registers respectively, wish to
join the system, The questioms which such a situation creates are two-
fold: _

1) How do we determine where free registers are available?
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2) How do we best decide which flights to assigm to
free space which is available?

The first question can be resolved by either storing key words
in each register when it is made free -- such a key word possible being
a negative number -~- or by separately storing the pairs of addresses in-
dicating the first and last registers of available groups, Im the above
example the space made available by flight II cannot be used for flight
IV because of its short lemgth, while if it were used for flight V five
registers would be wasted, especially since this leftover space would
be too short for amy other flight, The problem becomes even more dif-
ficult when it is realized that as time passes and the flights progress,
each flight needs less and less space, Unless this space is made avail-
able for use, the efficiency of the use of the storage space of the com~
puter becomes rather low,

One scheme which permits a satisfactory solution and which per-
mits economies in storage would be to shift all data upwards filling any
free register which might occur, thus always moving the available storage
space to the end, Such a scheme is likely to involve considerable time
and somewhat complicated programming, It is felt that am alternative
scheme presented below is simpler and faster,

The suggested method is ome which uses blocks of a fixed lemgth,
This block leangth would be considerably shorter tham the average number
of registers needed for storing the complete data for a single flight,
and would probably be of a length sufficiemt to store the flight data
corresponding to about two reportimg poimts, A sufficient number of
these blocks would be assigned to each flight so that all of the data
could be accomodated, The address of the first register of each of the
blocks would be related to another address im an assigmment table, in a
manner similar to the coded-address scheme. The registers of the assiga-
ment talile would initially be negative, imdicating free blocks, The stor-
age of the three-character binary-coded desigration of a flight in any
register or registers of the assignment table would imdichite bhe: &lloca-
tion of a block or blocks to that flight, The reporting points im the
flight plan might actually be stored backwards (although in the imput
message they would be in thé correct order) so that as the flight pro-
gressed, blocks used to store the réporting points could be made free
from the end, Fuller details of the scheme are given in Section E of
this chapter, ‘

Lo gglwaéngth Storage

As noted in the prewious chapter, with suitable scale-factors
and by utilizing the fact that only certain discrete values of variables
are of interest, it is possible to represent most of the data stored im
the computer by omly seven or eight binary digits. It cam also be noted
that most of major classifications of storage have less than 128 members
and hence seven digits suffice for the member designatioms after the
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comversion of the imput, This being the case; it appears that advantage
can be taken of the economies afforded by storing two pieces of imforma-
tion in a single register, No complicatiom arises due to the algebraic
signs inasmuch as most of the quantities to be dealt with are positive,

‘The present Whirlwind orders are not very well suited for this
half-length storage —~- either in the assembling or separation of a com-
pound word, Although a special order would be useful, there would rot be
a considerable saving in storage inasmuch as the assembly, separation; or
change of a comporent part of the compound word could be dome by a few
special subprograms which would be usable by all parts of the maim program,
The special order would save considerably im operatimg time, however,

5. Applications of Programs to Various Blocks of Storage

Although each of the component parts of the overall computer
programs will necessarily apply at some time or another to various menm-
bers of a classification, the programs as writtem and stored in the com=-
puter must have definite addresses supplied with the orders., A problem
which arises, thern, is the adaptability of the programs to the various
member blocks of storage,

Of course, once it has been determined what the member is and
where it is stored, the address sectioms of the program in question can
be appropriately modified, This techmique is rather lemgthy and wasteful
of storage, especially when it is comnsidered that almost all of the pro-
grams must be modified., A more acceptable technique is that in which
2ll such programs would be writtem with the critical addresses referring
to a fixed set of otherwise unused registers; them for proper program
operation the pertinent member's block of storage would be bodily trans-
ferred to the fixed set of registers, This transfer might be best im-
plemented by one or more special computer orders, particularly of the self-
indexing type; however, as im the case of half-length storage the end re-
-sult could also be accomplished by a small subprogram which would be im
common use, This subprogram would either have to be supplied with the
number of the registers to be transferred, or else a key word could be
employed to stop the transfer im a manner similar to that im which a key
word designated the emd of an input message., ,

D, Poimt and Path Data
1. Informatiom to_be Stored

For purposes of computation and control the computer must have
available certain operational and geographical imformatiom regarding both
the various reporting points and the airway or paths joining these poinmts,
This information is most easily comsidered as being separated inmto two
distinet classifications: poimt data and path data., As noted earlier
in this chapter, all informatiom regarding flights shall be separately
stored by flight plam, and hence the poimt amd path data represent per=-
manent allocations of storage space,
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The following listing indicates the types of informatiom which must be
stored for each of the reporting points im the comtrol area:

a) indicatiom of whether the point in question is in-
termal to the area or whether it is near the boumdary.

b) informationm regarding the approach control facilities,
This will imclude the position of the stacks, the
highest stack altitude in use, the time intervals for
successive approaches, ste,

e) information regarding altitude restrictioms or time
limitations on traffic over the poimt. An irdicatiom
must be stored as to whether the point is suitable for
holding aircraft em-route, this being determined by the
position and general traffic demnsity at this poinmt.

d) iaformation regarding visibility and ceiling comdit-
ions if there is an airport at that reporting poimt.

The following listing is typical of the imformation which must
be stored for each of the paths joiming the reporting points:

a) the length of the path,

b) the minimum flight altitude which is permissible along this
path, :

¢) weather conditions, to include visibility comditioms, cloud
tops, and wind magnitudes and directions at various al-
titudes,

d) any radio beacons or markers (mom-reporting poimts) which
can be used by the computer 28 an aid im the traffic com=
trol,

2, Point-Path Relationship

The various paths and poimts im a control area are not totally
unrelated quantities imasmuch as the area possesses a certain geomstry
as defined by the geographical location of the points and their comnect-
ing paths, To be able to properly direct traffic im an area, the com-
puter must be able to reconstruct and utilize this geometry. It is neces-
sary to determime which paths meet at a point and which points lie at the
ends of a particular path, In the present-day system the controllers have
maps available for reference, although they are usually able to remember
and mentally reconstruct the necessary geometry. A computer, lacking am
inherent sense of spatial relationship! must perform the task by means
of stored informationm,
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The storage and utilization of the path and point data will re--
quire the assignment of designations to the individual members of these
two classifications, Consider that these desigmatioms are P and Q, for
point and path respectively, Onre meanrs of retaining the necessary geo-
metrical informatiom would be to store with each member P of the pojint
data the designations of all the paths Q which meet at that poimt, and
similarly to store with each member Q of the path data the two P's at
the end poirts of that path, Such a method is quite wasteful of storage
imasmuch as a2 good deal of the stored information is redundant.,

An altermate scheme might employ the assignment of particular
numerical values to P's and Q's in such a2 way that the relationships be-
tween adjacent points and paths would be determinable from these numer-
ical values, This scheme was rather thoroughly investigated by the author,
and it was determimned that such a numberlng system was rather difficult
to implement due to difficulties encountered when three of four pathsl
joined at a particular point, Although a feasible numbering scheme might
easily be synthesized for a particular area, the method turned out to be
extremely difficult and lengthy of storsge space when applied to an arsa
with a general geometryy.

As a point of introductiom to the scheme which it is thought
presents the best solution to the problem at hand, it is recalled that
all reporting points are to be desigmated in messages by three-letter
abbreviations as in the presemt practice. These unconverted designations
shall be denoted by P, In a normal size comtrol area today there are be=
tween 25 and 75 reporting points., It is convenient to consider a maximum
of 128, inasmuch as pure binary designatiomns requiring only seven binary
digits are then required, These pure binary member desigmations are
denoted by P, and could be assigned by means of a coded-address conrversiom
table,

Each path in the area is completely defined by the polnts at
its two ends, If these two points are P: and Pk then the compound 14~
digit word produced byjoiming Pj and P, Can serve as a designation for ths
path, This compoumd path designation can bi denoted as Q and if P and
Py are thought of as numbers betweem O x 27 5 and 128 x g‘i Q = Py
x 2% + P, The word Qi would be composed such that the flrst seven élgw
its came from the P w1gh the smallest magnitude, The storage of the path
data can themn be done im blocks accordimg to ascending order of the Q's
using the storage techmique givem on page 60,

1, Since the present radio range stations omly provide four courses, this
determines the maximum number of intersecting paths, The imstallatioam
and imminent use of mew radio ranges which provide a good deal more
than four usable courses or paths would complicate the numbering plan
considerably,
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The methods by which the essential facts of the area geometry
can be reproduced using the above-described method of storage are given
in the following sections,

3, Illustration of Point Data Storage

As an illustration of the coded-address technique applied to
point data storage, the following situation can be assumed. A group of
consecutive registers are used for a combined coded-address and conver-
sion table. The contents of these registers are P1;, P2,.....Pp, the un-
cohverted member designations; while the addresses of these registers are
related in some (simple) fashion to Py, P2,......Pn, the corresponding
binary member designations., For simplicity these addresses are given as
£ (Pig, £(P3)yee0sof (Py). Thus the stored table is as follows:

Address of Register Contents of Register
£(Py) 2]
£(P2) P
£(P,) P,

The addresses of the firgt”iegisters of the blocks assigned to
the members Py, P2,....P, are given as g(P1), g(P2), ....g(Py), where
g(P) represents a simple arithmetic manipulation upon P. :

With such g set-up, a flow diagram for a program which finds
g(Py) for any input Py is given in Figure 11. As indicated in this flow
diagram, a check is made to see if all the registers f£(P1), «i.. £ (Py)
have been inspected. This feature permits a check on the ?E: if this
value is not found, then the computer knows that an error has been made
and ‘can take appropriate action.

Another interesting aspect of the flow diagram is the way_by
which the computer determimes if there is a correspondence between Pj and
Pyo It should be remembered that the conditional order ¢p is only able
to determine whether a number is negative or not. If two quantities are
subtracted, the result may be positive or negative; if they are equal it
will be a negative zero. Hence several additional orders are needed to
definitely detérmine if two quantities are equal. A special-purpose order
which directly determined the equality of two numbers and based its con-
ditional character on that eriterion would be very useful in this situa-
tion and would find wide application in related programs.

4o Flow Diagram for Path Data

As mentioned on page 65, the member designatisn for the path:-
between points Pj and Pk shall be given as Qjkx = Pj x 2+ Fk, where it
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Let x be a running variable

Input:' -I;i
Set x=1

Prepare to compare Py

with contents of f(P,)

Is there corresponﬁance?

yes ~\ o N\
Derive Pi with the _ Increase x by 1
£(P;) just found

vy

n+l?
lno

Isx~=
Derive g(?i)  yes \L

|

Error in input
CQutput: g(Pi)

Flow Diagram for Finding Block of »Storége Corresponding to Point f—‘;_ ;
Figure 11
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is assumed that Py< Py, Each path will be allocated a block of m conse-
cutive registers,“and as a means of recognizing any member block, the des-
ignation Q will be stored im the first register of that block. The blocks
themselves will be stored in sequence according to the magmnitude of the
Q's, and in the {irst register following the last block will be stored a
regative number.,~ If the address of the first register of the first path
datarblock is q,, then the addresses of the first registers of succeeding
blocks are given as q,+ m, Qo+ 2y .... .

A program which will be frequently used im commectior with path
data is one which determines which paths join at a certain reporting -
point Py. This program would have wide applicstions in checking upon the
validity or correctness of a sequence of reporting points as given in a
flight plan, With the storage technique used, the knowledge of paths
joining at a point is equivalent to knowing the identities of all of the
ad jacent reporting points, A flow diagram for determining these adjacent
points is given in Figure 12, and a flow diagram for finding the block of
registers which is associated with the path between any two reporting
points is given in Figure 13,

There are several interesting points concerning the flow dia-
gram of Figure 13, Inasmuch as the Ph and Py inputs will have been de-
termined internally by the computer in another program, possibly from the
program of Figure 11, there does not appear to be any need for inserting
an error-detecting check as was dome in Figure 11, It can also be noted
that there is enough of a similarity between Figures 12 and 13 so that
tarefulcprogrammiiig- should be cabried: out in order to determime whether or
not a joint or composite program might not be preferable, A further point
to note is that the searching procedure of Figure 13 does not utilize the
fact that the blocks are stored in sequence of the values of Q. If there
are s of these blocksb then on the average the program of Figure 13 will
‘have to search through s registers before it finds the desired Q. ~If the
program were written so that it first looked at the comtents of register
dot+ zn, one half of the possible blocks could be irmediately eliminated’
due to the sequemced feature of the Q's, The,program would them iavesti-
gate the contents of register qo** m or q, 4-F m,cdepending upor the re-
-sults of the first try. In this way the pro ram would at most have to
do log, s searches, and om the average only logy s searches, The pro-
gramming for this type of search requires more orders and storage tham that
of Figure 13 and hence it represents a situation where storage space could
be sacrificed for speed,

1. This storage register is not wasted since the negative number would be
a constant or the negative of a comstant used by other programs,
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Let x be a running variable

Inputs Pi

Set x=0

Prepare to investigate contents

of register Qg + xm

Are the contents negative?

yes no
Output: Pyts and Pyts Split Contents into two partss Pgand Py
previously found ' J/ )
Ye : no
A4
Store P, for IsP; = P2
future use yes
no
Store Pa for
future use
J/ Increase x
4 by 1 S

Flow Diagram for Finding Reporting Points Adjacent to Py
Figure 12
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Let x be the running varigble

Input: Pp and Py

Is Py less than P;?
Yes . No

Forn @ =Py « 27 4 By Form Q = By » 2% 4y

Set x=0

Prepare to investigate contents

of qé $xem
Are conterILs equal to Q? A
Yes ' No
Output: address q; ¢ x » m of Increase x by 1
register containing P, and Py | \\/

!

Flow Diagram for Finding Path Data for Points P, and Py
Figure 13
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E, Handling of Flight Plam Data

The most importamt part of the flight plam comcerms the various
reporting points over which the flight is to pass, For sach of these
points the computer should store the fqllowing data:

a) desigmation of the reporting point

b) time at which this poimt shall be passed

¢) altitude at which this point shall be passed

d) gemeral comditiom of flight at this poimt. This
will include information regarding whether the
aircraft will be IFR, VFR or "500 om top"l, and
whether the aircraft is cruising, ascending, descend-
ing, or holding,

As shall be described im succeedimg chapters, the imformatiomn for items
b), ¢), and d) will be supplied both during the imitial processing .
©f the flight data amd later during the flight as a result of the mes-
sages received from the aircraft, For conveniemce ir future reference,
item d) will be termed the point comditiom informatiom,

As has already been established, the designatiom of the report-
ing point and the specification of altitude will each require only seven
binary digits., The method for specification of time is discussed in
Chapter VII where it is established that omly 11 bimary digits will be
required, Thus, if the method of storing two quantities in a single regis-
ter is used, both the desigmatiom of the reportimg poimt and the specific-
ation of the altitude cam be stored together im a simgle register, while
the time and the point-comndition-informatiom cam also be stored together,
permitting the specification of a 27 or 32 comditioms. It might appear
that there is no need to store the times over each reportinmg point imas-
much as this informatiom can be determinmed from am initial time and the
speed of the aircraft; however, in view of the effect of winds and de~
lays it appears that an economy of storage would result from the explicit
storage of each time,

- Im addition to the informatiom regarding the reporting poimts,
it will be necessary to store for each flight the following gemeral im-
formation:

a) type of aircraft,

b) communication routimg for messages to the aircraft
or to associated operatioms offices,

c) informatiom indicatimg what actionm has been taken
in regard to the coordinatiom of the aircraft when
entering a meighboring area or being turmed over to
approach coatrol for landimg.

d) present status of aircraft,

1, See page 106
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As regards item d), it should be moted that by virtue of the
method described for the storage of flight imformatiom, im order to de-
termine clearances for aircraft or in order to check upom separations at
certain points the computer must search through all the stored flight plam
data, In order to simplify and shorten this job, a certain amouat of im-
formation can be stored im a particular register regarding the present
status of each flight, This would include imdicatiors as to whether the
flight plan had been processed and approved, whether the flight was still
on the ground, whether the flight was im another area, when the next pro-
gress report from the aircraft should be expected;, and whether the flight
is receiving special handlimg during ascent or descemt, etc, A fuller ex~-
planation of the meed ard use of these pieces of imformatiom will be given
in succeeding chapters, Items c) and d) shall be termed coordimation im=-
formation and presemt status information, respectively,

In accordance with the discussion of the earlier part of this
chapter, the variable-lemgth flight data willbe stored irn a number of rel-
atively short blocks, The short length of the blocks will aid not omly
in economizing om the initial storage of the informatiom, but will permit
savings to be made as a flight progresses and its storage requirements
decrease. The blocks shall be assigned from a coded-address or assign-
ment tablsg. the registers of this table will be megative when its asso-
ciated block is free, ard will comtain the bimary-pentad flight identi-
ficatiom F when the block has been allocated for the storage of part of a
flight plsn,

As an illustration of the assigmment of flight data to storage
space, consider the flow diagram of Figure 14, The various blocks of
registers used for storimg the flight data are designated by By, By, ...,
Bye The addresses of the first registers in these blocks are given as
nfBI),\n(Bg), vooo P(Bn) and the associated addresses in the assigm-
ment table are v(Bli, v(B2), veeoy V(By), whers j and v represent simple
arithmetic operations upom By, By, .... By,

In order to guard against an umexpectedly large amount of flight
data, t he flow diagram has provisions for imdicating when all the avail-
able flight data blocks are filled. It should be moted that although inm
general a flight will not be assigned successive blocks of storage, the
order of the flight plan is preserved by sequence of the registers v(B);
in particular, if the reporting points are stored in reverse order of
sequence at the end of the flight plan data, then the blocks correspond-
img to the largest v(B) are made free first as the flight progresses,

In recapitulation it should be moted that the method chosen for
the storage of the flight data mot only economizes on storage, but essea-
tially separates this variable-length, non-permamently assignred type of
storage from the fixed-lemgth, permanently-assigred point data storage,
This latter fact permits better utilization of the storage space and eases
the programming problems, Amother feature of storing the flight data by
sequence of reportimg poimts is that it implicitly reveals the directiom
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Let x be a running variable

Inputs i;i and a flight plan data to be stored

Set x =0

;—*)Alam

NV :
Prepare to inspect register v(By) T
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yes no
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Store F; in v(B,)

Vo N
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Store section of flight plan in block
of registers beginning at jA4 (By)

4 .
Has all of flight plan been stored?

yes no

Flow Diagram for Finding Storage Space for Flight Fy
Figure 1h
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of progress of the flight, Storing the flight data by reporting points
alone would require the additiomal storage at each reportimg point of the
names or desigmnation of the preceeding and succeeding points of the
flighto '

¥. Use of Additiomal External Storage Space

As a contrast to the previous sectioms of this chapter which
have concentrated upom the necessity of ecomomizing storage space, it is
interesting to imtroduce several comments comcerming the possible use of
an external storage medium with the computer, The remarks which are made
below are purely of am illustrative nature, however, amd the remainder of
this thésis is based uporn the techniques and methods already memtioned,

The use of an extermal storage medium implies that imformation
to be used must be transferred to and from the external medium, this
transfer being either of a single word or of a block of registers, Both
the reading to and from the external medium and the subsequemt use of the
information requires a certaim amount of time over amd above the time re-
quired if it were imitially stored internslly., In spite of this com-
sideration there are two factors which make the use of such devices quite
feasible, In the first place, although a large amoumt of data must be
stored, only a small amount of data -- usually of bloeck size -- is actu-
ally meeded at a particular time; in addition, the need for a particular
block or section of the data will generally be knowa somewhat im advance
of the time that it cam actually be used, Similar comsideratioms apply
to various programs and subprograms used by the computer; only a small
number of them are needed for any particular task being dome by the com-
puter, and the need for these programs is usually kmown imn advance, This
forewarning of the use of data and programs will become more evideat im
succeeding chapters when the large amount of bookkeeping or mamipula-
tive operatioms necessary for the execution of the various computer pro-
grams or subprograms is discussed. In view of this faet, it would be
possible to arrange the programs and the various sequences of calculatioms
and operatioms in such a way that imherent initial delays in the use of
an exterral storage device would offer but a small drawback., If ome had
a magnetic tape unit which could be started amd stopped rapidly, them in
the period between the time when it becomes knowm that something is
wanted and the time whem it is needed, the tape could be moved forward to
the desired informatiom in preparatiom for a read-im, A second factor
to be recogrized is that if the external storage device is used predom~
inately for permanently stored data or programs, there is ro need for any
time used im reading imformation back to the storage device, This might
make the use of paper tape amd a photoelectric reader feasibles,

The availability of the extermal storage would imtroduce large
changes into the provisions already emumerated for the allocation amd use
of the intermal storage space of the computer, A chamge to the storimg
of flight information solely by reporting points, as in the presemt-day
system, might be made or some compromise between the two radically
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different storage schemes adopted; storage schemes which ecoromize on
time rather than storage could be adopted. The necessity for comver-
siom might be elimihated if the computer were programmed to compute im
terms of the bimary-coded three-character groups. Whereas this chapter
has comsidered that times and altitudes be explicitly stored as numerical
quantities, if a large amount of additiomal storage space were available
it would be feasible to allocate particular registers to particular times
amd particular altitudes, The occupancy of that time or altitude would
be indicated by storimg the appropriate flight designation im the corresy.
pornding register, Such a scheme would save greatly onm the amoumt of time
which would be required to detect situations im which there is insufficies
separations betweem aircraft, As shall be mentiomed in Chapter X, the
availability of additiomal storage space would make it possible im a mod-
ified system to handle and give priorities to scheduled aircraft.
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CHAPTER VI
Areas and Airports

Before a study can be made of the computer program, it is necessary
to discuss in fuller detail some of the problems which arise in the con-
trol of aircraft flying between areas or approaching and leaving airports.
This chapter discusses these subjects from two points of view: the nec=-
essity of a more formal standardization of control procedures for ef=-
ficient computer mechanizatigon, and the means of coordinating between the
computers controlling adjacent areas or between a computer and the ap-
proach controllers in the airport towers.

A, Areas

1., Elimination of Sector Control

In Chapter II mention was made of the general division of authority

" in the control of nationwide en-route traffic: first into areas and then

into sectors. As noted, the division inte areas, each supervised by a
single control center, was made for reasons of economy, while the divi-
-sion into sectors was necessitated in view of the limited speed and data-
handling capacities of human controllers. In both cases, however, the
division of authority requires that careful attention be given to the
means of coordinating the individual efforts and actions of the sector
and areas.

The speed and capacity of a computer is such that one can reason-
ably expect it not only to replace a single controller, but all the con-
trollers in an area. For reasons somewhat similar to those which justify
the present organization of the control system into areas, it does not
seem either necessary or advantageous to postulate the use of a single
computer for nationwide control, even if a super-computer such as would
be needed were available. In fact, a division of control into a number of
area computers would offer certain advantages as regards maintenance and
overall system reliability. ‘

The use of a computer as the controlling element in a single area
obviates the need for sector control and sector coordination; neverthe-
less, provisions must be made for the successful coordination of the
individual areas into a single unified system of control.

2, Area Coordination in the Present-~Day System.

Under present methods, centers in adjacent areas coordinate and
share the control over aircraft flying along airways or over reporting
points which lie near or along the boundaries between these areas.
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Both control centers store the flight data regarding those paths and
points, and the two centers agree upon a common clearance for the air-
craft involved. In these cases one of the centers normally has explicit
and final control over an aircraft until it reaches a certain point in
its flight. The point where the transfer of control is made may either
be a reporting point or may be a point defined as being a certain amount
of flying time away from a particular fix or marker. The point of trans-
fer of control is fixed by agreement between the two adjacent areas, but
the agreement is usually of such flexibility that variations are per-
mitted to handle dense traffic conditions, especially in the case of air-
craft landing near the boundary. To quote from the CAA regulations:

If weather and/or traffic conditions require, the cen-
ter controlling the point of intended landing may req-
uest an adjacent area to clear iircraft to a specific
point during a specific period. ,

The sharing of flight information is made possible by the
provision that appropriate flight plan data and control information
pertinent to an inter-area flight be forwarded from area to area as the
flight progresses, This data normally includess:

a) Flight identification and type of aircraft.

b) Estimate (time) and altitude over the last fix with-
in the control area and the altitude of entry into
the adjacent center's area if different from the
altitude over the last fix.

¢) Actual ground speed, if determined; or estimated
ground speed,

d) Point of departure; the remaining portion of the
route of the flight, specified in the original or
amended clearance; and the point of first intended
landing.

e) The estimated time of arrival as specified in the
flight plan (time of departure plus elapsed time)
based on the time zone of the departure point.

f) Clearance informations

‘ 1) Clearance limit, if other than the airport of

destination.
2) Special information, if issued.?

The above information, with the exception of item ¢) which
need not be included in the case of scheduled air carrier or military
aircraft, is transmitted by the center which has initial control of the
aircraft so as to permit reception of the data by the adjacent center at
least 30 minutes prior to the time that the flight is estimated to enter
that area. If the point of departure is not at a sufficient distance to
permit the transmission within the specified time, the coordination is
made prior to the takeoff of the aircraft.

1. Reference 16, page 20,
2, Reference 16, pagel5.
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Because of the fact that an overall picture of the traffic cannot be
projected very far into the future, it is impossible for the coordination
between aress to effect very much more than a check between centers re-
garding traffic at or near the boundaries. The acceptance or denial of a
clearance by an adjacent center is usually based on immediate conflicts
- affecting aircraft arriving at or departing from boundary airports, and
in very few cases is the acceptance or denial of a clearance based on ex-
pected traffic conditions at points in the interior of areas.

The only other form of coordination between adjacent areas is the
nature of restrictions: restrictions as to usable altitudes over certain
points or to the number of aircraft which may be dispatched to an airport
in another area over a period of time. Such restrictions are usually
caused by abnormally bad landing conditions which have resulted in conges-
tion, high steack altitudes, and long delays in landing. The two examples
which are familiar in the Boston Control Center are time restrictions on
flights into the metropolitan New York area, and altitude restrictions
over Hartford, Comnecticut, & crossing point for North-South and East-West
traffic in New England.

Although the controllers check all proposed flights for conformity
to existing time and eltitude restrictions, for the most part they find
little need to enforce such restrictions. This situation arises because
the operations offices (military and commercial) are informed of the re-
strictions and hence plan their flights accordingly. Neveirtheless, in
order to guide itinerant traffic and check upon the military and commer-
cial operations, the pertinent information must be stored in the control
center,

- Outside of the time and altitude restrictions, which are sparingly

used, there are no attempts made at the present time to control or regu-
late the overall flow of traffic between areas. As will be mentioned in
Chspter X, such flow control offers a possible chance for improvement in
the present system.

3. Criteria for Area Coordimation in the Computer-Controlled System.

Coordination not only involves a sharing of information between adja-
cent centers, but requires a procedure for reaching an agreement between
adjacent centers as to the control of flights near the boundary. For hu-
man operators communiceting by means of interphone, the compromise and
agreement upon s satisfactory clearance and the decision as to who shall
control the flight until a particular point can easily be made.

The computer, on the other hand, cannot be easily programmed to com-
promise or bargain satisfactorily, and it is much more desirable to have
& rather standardized procedure for the coordination. The procedure which
shall, be adopted for this study is that of having one of the two involved
(area) computers propose & clearance, and then assume the responsibil-
ity for masking changes or corrections upon the suggestion and advice
of the second computer. That is to say, the coordination is to be
effected by a procedure of propcosal and confirmation. For such a
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procedure to be mechanized, a distinct method is needed for deciding which
of the two computers will assume the task of making the proposal and carry®:
ing out the control.

It does not appear very desirable to have the question of which
area is to control a flight near the boundary of two areas be completely
dependent, as it is at the present-time, upon the actual area in which
the aircraft happens to be, particularly in the case of aircraft ascend-
ing from or descending to airports at or near the boundary. As will be
noted in Chapter IX, it is thege sections of a flight which offer the
most difficult problems in control, and it appears to be much wiser and
more practical to have the supervision of a flight be dependent upon both
the position and present plans of the aircraft; that is, the complete
supervision of departing and ascending or arriving and descending air-
craft will be allocated to a single computer, regardless of the actual
position of the aircraft with respect to the boundaries. This procedure
makes it much simpler to echeck and clear for separations on ascents-and
descents,

In order to appreciate what this plan of unique control for ascents
and descents entails, it is interesting to note the performance figures
of typical aircraft. The rates of ascent and descent vary according to
the type of aircraft. Generally, the faster aircraft fly higher, and
because of cabin supercharging are able to descénd or ascend more rapidly.
Typical speeds for faster commercial aircraft are in excess of 250 mph,
with altitudes of between 10,000 and 30,000 feet and rates of climb or
descent between 750 and 1500 feet per minute. The older, slower and
smaller aircraft generally do not have cabin pressurization and hence are
limited to a maximum altitude of 10,000 feet, with rates of climb and
descent up to 500 feet per minyte; wrepresentative air speeds are between
150 and 250 mph.

From the above figures it can be seen that the rate of c¢limb or
descent expressed in terms of yertical distance per horizontal distanc
travelled is essentially constqant, regardless of aircraft type. The
figures also indicate that the maximum distance required for a full on—
coursel ascent tc a cruising altitude or a complete on-course descent
from eruising altitude is about twice the average distance between report-
ing points. For purposes of standardizing the coordination procedures it
shall then be assumed that any full ascent or descent will at most cover
two reporting points. As i8 noted in the next section, in the special
cagse of short flights from one area to the next it will be assumed that
a single point ascent or descent is sufficient.

4o Area Coordination for Computer Control

A representative plan view of two adjacent areas and an inter-
connecting airway is shown in Figure 15. As shown, it is assumed that
the boundary will be placed so as to intersect the airways about midway
between reporting peints. A, B, E;, and F are internal reporting points,

1, This is to be distinguished from an ascent made while circling.
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C and D are boundary points. Each area computer will store the data for
and have unique control of flights over or bhetween its internal boundary
points; both computers will store the relevent data concerning the bound-
ary points C and D, and control of flights over and between those points
shall be according to situation as enumerated below. (The individual
situations are described for traffic flowing from left to right in Figure
15; by an obvious interchange of letters they apply to traffic in the
other direction).

1) Flights originating at or to the left of A or B and termi-
nating at C are to be under the control of Area I. In this
case, the computer of Area II need not store flight plan
date corresponding to point C.

2) Flights originating at or to the left of A and B and termi-
nating at D are to be controlled by Area I and will receive
clearances ccordinated with Ares II. Area II should re-
ceive and store the flight plan data for points C and D of
these flights at least 30 minutes before the aircraft ar-
rives over C.

3) Flights origineting to the left of A or B and terminating
at E, F, or beyond are to be initially controlled by Area
I, control reverting to Area II over point C. In such
cagses Area II must receive a 30-minute notification of the
arrival time at C, and if necessary that area may request
the aircraft to be at & specified altitude at that point.

k) Flights origineting at A or B and landing at E, F, or be-
yond should be initially cleared and controlled by Area I
upon proper cogrdipnstion with Ares II. Assumption of con-
trol by Ares II should be made when the aircraft passes
over point D.

5) Flights originating at C and entering Area II should re-
ceive their clearances from Area II upon proper coordina-
tion with Area I. Area I should receive a 30-minute noti-
fication and should store the data for points C and D.

6) Flights originating at D and proceeding to the right are
solely under the control of Area II.

7) It will be assumed for convenience that no flights proceed
from A to B via C, or that C is crossed in any other than
an inter-area flight. The boundaries between areas will be
chosen with this fact in mind.

The situation of 4) above does not permit a complete coverage by =
single computer of & two-point ascent or descent when an ajrcraft origi-
nates at A or B and terminates at E or F. For these relatively short
flights, however, an aircraft would not reach or fly at a high eruising
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altitude and satisfactory control should be possible by a single-point
descent .,

‘5, Transmission of FliggﬁvPlans from Area to Ares

Under the present air traffic control regulations, pilots file but
a single flight plan, regardless of the length of the flight or whether
it enters one or wmore other areas. This flight plan specifies the com-
plete route of the flight, and it is passed from center to center at
least 30 minutes in advance of the expected time of entry of the air-
craft into the next area. The only exception to this rule is in the case
of aircraft departing frow. airports at or near the boundaries of areas;
in this case the flight plan is filed with both traffic control centers.

For long flights, the specification of the route completely in
terms of reporting points would he gquite lengthy. This does not create
any difficulties in the present-day system due to the relative cheap-
ness of storage space; in additian, the problems are lessened by the
relatively small number of long flights and because the route of the
flight, especially that part outside of the originating area, is usyslly
specified by airways designation. ' .

There are two appfoﬁéheé‘yhich may be taken towards this problem

© in using the computer., The first waquld entail the storing of all the
necessary flight plan date and the forwarding of same. Such & scheme

would be rather expensive in storage space and appears to bée less favor-

able than a procedure under which only the relevant part of a long flight
plan’ would have to be filed and stored by any single computer. The scheme
would mean that each computer must notify the next area of the need to secure
a part of the flight plan from an operations office. The mechanization

of the plan is as follows:

The ariginal filing of an extended, inter-area flight
plan would include only the points of the original area,
except in the situation where the flight covers only a
few points. in that area, In the latter case the filing
would contain all the points of the first two areas. If
only the points for the original areas are filed, then
the computer in thet area has the responsibility for
notifying the computer in the succeeding area 30 minntes
in advance. of the arrival of that flight to secure its
portion of the flight plan. If the original filing con-
tained both areas completely, then the flight plan
should be forwarded by the first area to the second within
an -appropriate time. (The previously described proe-
edures for area coordination permit a 30-minute advance
warning to be made).

The same procedure is to be extended for longer flights, each area
either receiving its part of the flight plan from a previous area or as a
result of a request to an operations office. In the latter case, the
requesting computer would receive either the reporting points for its
area alone, or if the flight is of short duretion in that area, the
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reporting points for it and the sueceeding area.

The differences in the methods of forwarding the flight plan data
are necessitated by timing difficulties, in particular the necessity of
having the computer in an adjacent area receive the flight plan before
it receives a notification of the arrival of the flight from the-:.
preceeding area.

B. The Problem at Airports

1, Present-Day Coordination at the Airports

As has been mentioned in Chapter II, in order to handle the increased
traffic at airports in recent years, especially during poor weather, it
has been becessary to supplement the normal airport tower control with
special approach control procedures and facilities. Inasmuch as all air-
ports are not supplied with these facilities at the presént time, it is
necessary for the centers to be able to properly coordinate and handle
the arrival and departure of aircraft from airports which may or may
not have approach control service, ‘

At the airports where only the normal tower control is exercised, the
bulk of the task of handling arrivals and departures is carried out by
the center controllers. The center has control over all departures as
well as over separations between successive departures and between
departures and arrivals. This responsibility requires that in congested
conditions the center must specify characteristiecs of the takeoffs =
direction of takeoff, turn after leaving ground, climbing instructions,
etec, As regards arrivals, the center has complete control over the air-
craft until they have been specifically released to the airport tower.

In low density conditions, the aircraft are usually released to the tower
at a distance of about 30 miles where they can establish radio contact;
under more dense conditions the center exercises a more rigid control
“over the traffic and approach patterns, and aircraft are not released to
the tower until visual contact between the aircraft and the tower has
been established. In situations where holding or stacking becomes neces-
sary, the holding patterns are under the control of the center-and only
one aircraft at a time is released for an approach and landing, the air-
craft being under center control until it has made visual contact with
the tower., If no visual contact is made at a specified minimum altitude
on an approafh, the center controller has the reaponsibility for handling

the missed approach.

Under normal conditions at the non- approach contrel airports, the
small density of traffic both at the airports and on surrounding air-
ways permits a great deal of flexibility in the control procedures;
nevertheless, in order to handle any conditions which might arise, it
is necessary that the center controllers be completely informed of the
physical characteristics of these airports and of the special procedures
which must be used.
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The purpose of approach control is to expedite traffic at busier
airports by relieving center controllers, insofar as possible ,of special-
ized procedures used in comnection with“departures and arrivals. Under
approach control procedures, the genter clears all arriving aircraft to
a holding point established either by priof agreement or specified in the
air route clearance upon confirmation with the approach controller in
the airport tower. This holding point is usually a special approach
control radio marker. The approach controllers in the towers supply the
centers with the altitudes at which aircraft should be cleared to these
points when holding patterns and stacks become necessary. The aireraft
contact the approach controllers after arrival at these points, and from
then until they land the aircraft are under the supervision of approach
control., Under these procedures, approach control handles missed appro-
aches. '

Approach control is charged with providing separation between:
a) all arriving aircraft under approach control jurisdiction,

b) (the initial separations betweén) successive depakting
aircraft,

¢) departing aireraft and all other aircraft under approach
econtrol jurisdiction.

Under these conditions, approach controllers, because of their
close familiarity with the traffic and airport conditions, are able to
use techniques in which several aircraft can be on an approach for dand-
ing at the same time and in which smaller separation‘standards can be
used .

In regard to departures, aircraft must receive a clearance from the
approach controller as well as from the air route traffic control center,
The center clearance to the departing aircraft includes specifiec informa-
tion regarding altitudes and flight procedures as well as departure. .
restrictions necsssary to provide separation from traffic not under -
approach control jurisdiction. The time of takeoff; direction of turnm,
altitude restrictions immediately after takeoff, and. other instructions
necessary to provide proper separation from traffic under its jurisdic-
tion are specified by approach eontrel. The center may request a certain
- takeoff time or may establish a glearance void time - a time after which
the clearance is not valid - if such measures are necessary to avoid con-
flicts with aircraft not under approach control jurisdiction.

When centers clear an airecraft to a point prior to the assumption
of responsibility by approach control,.the aircraft is given specific
holding instructions, including altitude and the expected time. at which
the approach and landing will be made. This function, as well as the
gemeral coordination of the two traffic control services, requires the
following exchange of information:
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Approach Control to Genters

a) Highest altitude in use by Approach Control at the
holding point. ,

b) Average time interval between successive approaches
as determined by the tower.

e¢) Revision of the expected approach time issued by
the center when the tower calculation indicates a
variation of 10 minutes or more.

d) Arrival times over holding point or statement that
aircraft is under tower control, if released prior
to arrival over holding point.

e) Departure times of departing aircraft.

f) Available information relating to overdue or un-
reported aircraft,

g) Missed approaches.l

Centers to Approach control

a) Identification, type, and point of departure of
arriving aircraft. '

b) Estimated time and proposed altitude of arriving

-aireraft over holding point or actual time 'if gir-
craft is released to Approach Control after arrival
over the holding point. ‘ “ ‘

¢) Expected approach time issued.

d) Statement that aircraft has been released to Ap-
proach Control, including the point or time at which
released if other than the clearance limit.

e¢) Anticipated delay to departing IFR traffie.

f£) Identification and destination of proposed IFR
departureqz

. Approach contrel, it is noted, handles a good deal of the duties
regarding arriving and departing aircraft. Despite the great usgfulness
of the approach control facilities in the present-day system, the prob-
lem of controlling traffic in and around approach control airports
still presents a good deal of complisation for center controllers. The
problem manifests itself chiefly in the 'handling of departing aircraft
and in the avoidance of confliets between departing aircraft and other
traffic along the airways. '

It should be noted that there is no strict standardization of the
location of the airports with respect to the range stations and airways.
In many cases one leg of the range station falls across the airport,
but this is not always true and the airport msy lie a short distance
from the airways and the range station. This fact, coupled with the
necessity of using different runways in different wind conditions and
the existence of warious obstaclgs near the airports, requires that
various flight paths be used in joining the airways after a takeoff,

1. Reference 16, Page 17
2. Reference 16; Page 18
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In particular, these paths must be such 25 to permit the aircraft to join
the airways at positioms or altitudes at which they will not confliet
with holding traffic. The problem is complicated by the existence of
adjacent and conflicting airports in metropolitan areas. A further com~
plication is that of getting aircraft to altitudes above those estab-
lished minima which can be safely flown along the airways. In some
cases, this latter problem requires that the aircraft climb above the
minimum altitude while shuttling back and forth between two points,
usually the airport amd the adjacent range station. At Burlington, Ver-
mont, aireraft climb while flying out and back along an otherwise un-
used leg of the range station extending over Lake Champlain.

2. Reguirements for Computer Controlled System

The preceeding section pointed out the specialized problems which
exist at the airports. The problems are seen to be greatly eased and
simplified from the point of view of the air route controller by the
establishment of approach control services. The specialized nature and
the individuality of the approach control procedures at each airport are
such that it is somewhat doubiful if a high-Speed digital computer could °
be economically and practically useful in this phase of the overall
traffic problem. At the present time, special purpose equipmentl as well
as radar devices? are being used to great advantage in the operation
and improvement of the approach control service, and it would seem that
the particular nature of the approach control service is best serwved by
developments along these lines.

From the point of view of using a digital computer for en-route
traffic control, there is little doubt that it is very important to
separate the specialized problems of airport traffic control from the
general control of airways traffic. That is to say, it is desirable to
restrict the use of the computer to purely airways control, leaving the
off-airways control to approach controllers at the individual airports.
For this reason, it shall be assumed that all airports in the computer-
controlled system will be provided with trained personnel and the neces-
sary radio equipment such that the approach control service can be
implemented. The standardized coordination procedures that shall then
be assumed are not in strict accordance with current practice, but are
sufficiently similar to make them realistiecs

1) If an aircraft approaches and desires to land at an air-
port equipped with an approach control marker or specific
holding point, the pilot will receive center clearance to
this marker where he is to contact approach control for
further instruetions. When there is no holding traffic,
the pilot will have been instructed by the computer to
approach the marker at ap altitude commensurate with an
immediate landing; if there 1is holding, the camputer
clearance will instruct the pilot to hold over the marker
at a specified altitude while contacting approach control.

1., Reference 32,
2. Reference, k.
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2) If an aircraft approaches an airport not equipped with a
special approach control marker, the pilot will be in-
structed to contact approach control at a specified fly-
ing time away. When there is no holding traffic, the
computer will have brought him down to an approach al-
titude by that time; if there is holding =- and the hold=-
ing pattern in the absence of a special marker will be
anchored on the range station == he will have been cleared
to hold over the range station at a specified altitude
while awaiting his twrn to land.

In performing and coordinating these control functions, the -flow of in-
formation between the computer and the approach conmtrollers in the towers
would be the same as is listed on page 85,

As noted, present-day approach control procedures do not eliminate
the necessity of center controllers handling certain situations with
regard to departing aircraft, especially in regard to getting aircrafi
on the airways at proper altitudes. In accordance with the decision to
restrict computer control solely to the airways, the following assump-
tions are mades

Each airport will have specialized departure procedures and
traffic patterns which aircraft must use in reaching the air-
ways from the airportaol The control and separation of all
departing aircraft from the point of takeoff to the point at
vwhich they reach the airways will be the responsibility of
approach control, The computer will be informed by means of
the Approval Request of the point, position, and altitude and
time at which the aircraft will join the airways.

In this way the computer ne¢ed be concerned only with separations
after the aircraft are on the airways., It is assumed that the flight
paths used in reaching the airways and the points at which the aircraft
join the airways will be selected so that aireraft will be in favorable
positions as regatrds minimum altitudes.and existing holding stacks.

For convenience in inter-area coordination, it will further be
assumed that if an aircraft departs from an airport at a boundary point
P and will next pass boundary point Q in an adjacent area, the aircraft
will join the airways scmewhere beyond P on the way to Q. Reference to
Figure 15 will show that such a provision eases the inter-area coordina-
tion problem for aircraft departing from points C or D inasmuch as path
data for paths AG and BC or DE and DF need not be stored by the other
areas.

l. This was done-in the Berlin Airlift with great success.
See Reference 33.
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CHAPTER VII

Direction and éggroval Reqguest Program

In addition to the necessary constants and data, the
storage element of the computer must contain the programs to be
used in implementing and carrying out the various traffic control
activities and functions. Taken together, these programs do not rep-
resent a single coordinated umit: rather they are individual entities,
each designed to handle special problems and situations. In a fashion
similar to that in which orders or instructions guide the course of
sction of the computer and tell it what operations to perform, the
camputer will use a Direction Program to guide its action and to in-
dicate to it the general traffic control activities and programs which
are to be undertaken. The first part of this chapter is devoted to a
discussion of the Direction Program and its chief elements.

The second part of this chapter discusses a program to be
employed preparatory to dealing with clearances for aircarft. This
preparatory program will be used in initially storing amnd checking the
items of a flight plan, in preparing for, the necessary coordination
measures, in arranging details of the initiation and termination of -con-
trol, and in preparing for the issuing of the clearance itself. The
action of this program parallels to some extent the operations set into
action in the present-day system as a result of the Approval Requests;
for this reason, the program is named the Approval Request’Program.

A. Direction Program

1. Message and Time - Ordered Pi-@grams

A large number of the activities of the computer will be
initiated as a result of input messages: these are termed the message-
ordered programs. Examples are & program for storing and checking
flight plans; a program for checking upon and issuing clearances; a
progrem for coordinating with approach control towers or adjacent
areas r% and a program for rechecking clearsnces as a result of progress
reports.

On the other hand, a certain number of the camputer activities
or programs are not undertsken directly or immediately as a result of
an input message, but will be delayed and will be put into operation at
some lster time. These are the time-ordered programs, comprising the
following activities: ‘ ( ‘

a) A frequent check must be made to determine if all
aircraft have filed progress reports within a reason-
able time after passing over reporting points. If
no report is received within a certain time after an
aircraft was estimated to pass a reporting point,
the computer must undertake emergency action.
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b) As was noted in Chapter IV, a periodic read-in and
read-out festure must be interlocked with the normal
read-in and read-out which are performed only when a
sufficient quantity of input or output information
has accumulated.

¢) In handling ascending and descending aircraft
under congested cénditions, it will fredquently
be advisable to have pilotis report when they
leave or reach certain altitudes. As in a) above,
a frequent check should be made to see if the
required reports are received.

d) Under certain traffic conditions it is only
possible to obtain proper separations between
aireraft by holding an aircraft which is already
en-route. The aircraft will usually be held un-
til a certain time, at which time & check will
be made to see if it can safely proceed.

e) Delayed action will be used in the case of an
aircraft departing on & VFR flight plan but de-
siring an IFR clearance at & specified point with-
in the control area. In this case the computer
will have available an estimate of the time at
which the aircraft is estimated to reach this
point and will attempt to have the clearance ready
at that time.

f) In accordance with statements made later in this
chapter, Approval Requests should be followed in
less than 15 minutes by a Clearance Request from
the airport tower. In the event that the Approval
Request is not followed by either the Clearance
Request or a cancellation of the Approval Request,
8 time-ordered program should effect the cancel-
lation.

A number of other functions such as coordinating with
adjacent centers and towers or preparing and planning for descents
could be carried out as true time-ordered programs: however, it is
easier to have these activities be message-ordered, using for this
purpose the frequent progress report messages from the aircraft.

As a means of keeping track of what actions must be under-
taken at future times, use can be made of the present-status-infor-
mation register associated with each aircraft (see page T2). 1In
this register would be stored a coded indication of the necessary - -
action required, together with the :time at which it should be under-
taken. :
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2. Timing

Most of the input passages to the computer will have to
specify certain times: +times of depeitbure, times at which reporting
points are passed, times at which messages are sent, etec. In order
to implement its time-ordered activities, the computer must also have
a direct means of access to an external time-keeping device. In ac-
cordance with the current practice, a 2i-hour clock, rather than the
more conventional 12-hour system, will be used; precision require-
ments will be satisfied if the smallest time Increments are in minutes.

In the input messages, the representation of time is most
conveniently (as regards the humen elements of the system) made in
terms of hours and minutes. Specificetion of time in hours and
minutes necessitates the use of at least four characters in the
message; this, in fact, appears to be the only situation in which
the previocusly-described three-character words are not capable of
conveniently representing a single piece of information. For this
reason, time will be given in the input and output messages by two
3-character groups; & zero and two numbers (00 - 23) for the hours,
with two numbers for the minutes (00 - 59) and a third character
to indicate the time zone (Eastern Standard, Central, etc.).

Internally, the computer would best utilize_a time system
based entirely upon minutes, probably using 0000 x 27 15 as midnight,
720 x 2-15 as noon , etc. The times given in the input messages
could be easily converted to this system. The clock used for the
direct input of time to the computer could be made to indicate in
this binary system, counting by minutes, thus obviating the need
for conversion.

It should be noted that the use of time expressed only in
minutes eliminates the discontinuities associated with the end of each
hour. However, at the end of each day there still remains a discon-
tinuity since the minutes must change from a high value (1439) to zero.
This fact will require special programming in cases where comperisons
of times are made. (Inasmuch as 24 hours is sufficiently long com-
pared to the duration of a flight, there should be no questions of
whether any time corresponds to the past, present, or succeeding day.)

3. Read-In and Read-Out Programs

In accordance with the discussion of Chapter IV, the
computer will receive input messages from the drum via an input
register and will store these words sequentially in a selected
block of registers of the internal storage. A read-in order will
read-in, assemble, and check the words of the input message, stop-
ping the process after the read-in of a complete message. A check
will then be made by the Read-In Program to see if errors were dis-
covered in the message; no follow-up action need bs taken at this
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time if errors are discovered, and if the first message has not used
too much of the available storage space, additional messages can be
taken in and stored. Following the read-in, the computer will take
such action as is necessary to reset the read-in order and to take
account of any errors discovered in the read-in. In the event that
-.no errors are found, the computer would then proceed to those pro-
grams that are required by the input message. The choice of a
direction to the proper programs would be aided by special code
words in the input messages.

The Read-In Program can be entered in several different
ways. The program will be undertaken when the Drum Control indicates
it has accumulated a suffficient number of messages for transfer or
when the Drum Control indicates that it has a special emergency mes-
sage; the program will also be used as a result of time-ordered ac-
tivities.

The Read-Out Program will take words stored in a special
block of registers and read them out to the drum. The words will
have been previously placed in these registers as a result of mes-
sage or time-ordered programs. These programs would jointly employ
a conversion program to prepare the output messages in proper form.

Flow Diagram

The flow diagram for the Direction Program is given in
Figure 16. As noted, the sequence of the program is such that a check
is first made for time-ordered programs, following which checks are
made for emergency input messages, a normal read-in, and then a normal
read-out. In the form shown, these four checks are made in a cyelic
fashion, eand hence no particular priority is given to any single func-
tion. Studies of the statistics of the expected input message traffic
as well as the length of time required by the computer to complete the
various time-ordered or message-ordered programs should enable one to
determine whether or not this cyclic (serial) order of events is sat-
isfactory. If not, a readjustment can be essily made so as to give more
priority to the checks for emergency input or for time-ordered programs.

B. Approval Request Program

1. Purpose and Present Use

The first step in obtaining a clearance for an IFR flight is
the filing of an Approval Request with the appropriate traffie control
center. The term Approval Request 1s somevhal of a misnomer since it
is not an actual request for & clearance but rather a means of notifying
the center of the intention to conduct an IFR operation, the notifica-
tion being performed through the filing of a flight plan.
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As was briefly outlined in Chapter II, upon receipt of an
Approval Request the assistant controllers prepare the necessary
flight progress strips, retaining these strips in suspense bays in an-
ticipation of the receipt of a Clearance Request and then an actusl
time of departure from the airport tower. The controller recelves a
flight progress strip for the departure point at least 30 minutes in
sdvance of the proposed departure time as an aid in determining the
expected traffie conditions. After the flight has received its clear-
ance snd the airport has reported the actusl departure time, the es-
timated times are placed on the remeining progress strips and these
strips are posted om the flight progress boards. Thus, although the
receipt of the Approval Request does not in itself lead directly to the
issuance of & clearance, the request leads to a good deal of preparatory
work by the contrellers and assistemt contrellers.

_ The actions preseatly carried out upon receipt of an Approval
Request will form the basis of the Approval Request Program. The pro-
gram will perform certain checking operations upon the information con-
tained in the Approval Request and will stere this data in chosen blocks
of flight data registers. The program will perform the necessary opera-
tions concerning coordination details, as well as thoseof handling the
initiation snd termination of control. As an aid in plamning clearances
for other aircraft, the Approval Request Program will, in so far as is
possible, caleulate and store the estimated times at which the air-
craft will pass over the reporting points. These times will not be
checked during the Approval Request Program for pessible cenflicts

with other aircraft: such checking will be made at later times with
up-to-date weather information. The times supplied by the Approval
Request Progrem will be marked as being only preliminary and very

rough estimates by an appropriate storage in each point-condition-
information register.

2. Iditiation and Termination of Centrol

Several considerations should be noted in regard to the
initiation and termination of contrel of IFR flights. Probably the
most important of these is the fact that in so far as is possible
pilots do not like to fly under an IFR flight plan. The chief reason
for this is the existence of regulations and restrictions which do not
otherwise exist when aircraft are flown in VFR conditions. In clear
weather, pilots can navigate visually and may select a direct route
between the point of departure and point of destination rather than
fly a route marked by radio ranges. Under these VFR conditions the
pilot need emly carry out & minimwum amount of communication with his

*  operations office and he is permitted a great deal of freedom in select-

ing flight altitudes, in making his ascent to cruising altitude, and in
making the initial approach for lending. On the other hand, when flying
under an IFR flight plan the pilot must obey the instructions of the
traffic control center and must stay on the alrways. This requires that
the pilot must continuously check upon his flight path, either by
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aural tones in a headset or by visual indications on & meter. The
pilot must make careful reports upon passing the various reporting
points, and the ascents anddescents must msually be carried out in
accordance with procedures specified by the control centers. All

of these requirements do not in any way simplify the otherwise dif-
ficult task of piloting during inclement weather. For these reasons,
pilots prefer to fly as little as possible under IFR conditions. It
is also because of these ressons that the work of the control centers
virtually ceases during periods of fair weather. Some airlines do,
however, require their pilots to file IFR flight plans and conduct the
flights under center supervision even during VFR conditions.

Another important consideration is that of the unpredictable
nature of the weather and the resultant changing conditions along the
routes and 'in the various areas. Because of this fact, it is some-
times possible to plan a trip under VFR conditions and later find that
changes in the weather regudire a switch to IFR control. This is es-
pecially true of long flights. For these reasons andthos¢ mentioned
in the previous paragraph, provisions are made so that IFR clearances
are given for only thoseportions of the flight over which they will
be needed. Despite this fact, some pilots prefer to travel an initial
VFR portion of the flight under an IFR flight plan for the whole trip,
rather than securing the IFR clearance while en-route. On the other
hand, when it becomes apparent that the approach or landing of a pre-
viously IFR-cleared flight can be made under VFR conditions, pilots do
not hesitate in cancelling their IFR flight plans. '

The desire to restrict IFR flights and clearances inso=
far as is possible also exists for the center controllers, and hence
they tend to cooperate with pilots in planning altitudes and points
of ascent and descent so that flights can be condicted under VFR con-
ditions for as long as is possible.

‘With the foregoing considerations in mind, it is now pos-
sible to list the standard conditions under which the computer will
initiate or terminate control over aireraTt:

Initiation of Control

a) An aircraft coming from an adjacent area, upen
coordination with that srea.

b) An aircraft already in the air within the computer's
area which desires an IFR clearsnce due to a deter-
ioration of weather or because it has just Joined
the airways from an off-airways, non-controlled
flight.

e) An airvcraft on the ground in the computer's area,
desiring an IFR c¢learance from takeoff.
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d) An aircraft on the ground in the area, desiring
an IFR clesrance over a reporting point in the
ares.

Termination of Control

e) An aircraft proceeding into an adjacent area.

f) An aircraft cancelling his flight plan while
8till in the air in the computer's srea because
of VFR conditions or because of leaving the air-
ways for an off-airways flight.

g) An aircraft landing within the area.

In the case of initiating control and issuing a clearance
to an aircraft already airborne within the computer's area, it should
be noted that a pilot must, if possible, maintain his aircreft under
VFR conditions until he receives an IFR clearance., As a basis for
establishing the clearance, the pilot is usually asked to estimate
his current positiom and to estimete his time of passing the next
reporting point, The only change required for the computer-controlled
system would be that the position given to the computer be specified
in terms of two adjacent reporting points.

3. Application of Program

The approval Request Program will be utilized preparatory
to the four conditions of initiation listed above. The prograsm is
message-ordered, and for purposes of simplicity the various messages
vhich result in its operation will a1l be termed Approval Requests.

. Approval Requests dealing with initiation of comtrol over
aircraft entering from an adjacent area will be of two types: one in
which & flight plan is relayed from an adjacent area, the second
in which the flight plan arrives fPom an operations office as a
result of & request by the computer. In this case, as well as that
of initiation of control over flights initially on the ground and
desiring clearances at takeoff or at a certain point in the area, no
immediate action will be undertaken after the completion of the Ap-
proval Request Program. Succeeding action in these cases will be
undertaken as a result of time or message-ordered programs.

When the aircraft desiring a clearance is already in the
air (condition b on page 94) or if the computer receives a flight
plan forwarded by an adjacent area, following the completion of the
Approval Request Program the computer will comtinue action with pre-
grams which obtain the necessary clearance.
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There are no fixed regulations concerning the times at
which Approval Requests for aircraft initially on the ground may be
filed: an Approval Request may be followed almost immediately by the
Clearance Request or the interval between the two may be as much as
several hours. The latter case generally results from unforeseen
delays on the grdund before takeoff permission is requested from or
granted by the tower. Since there is no particular premium on flight
progress strip storage space in the suspense bays, long delays between
the Approvel Requests and Clearesnce Requests in the present-day sys-
tem offer no special problems, and it is not uncommon for the strips
for a long-delayed. flight be to unused for a period of several hours.
Long delays and the resultant tieup of storage space would be intoler-
able with the use of the computer. For this reason it does not seem
unreasonable to require that Approval Requests be cancelled if flights
are delayed beyond a specified period of time, say 15 minutes. It
should be the duty of the various operations offices to meke these
cancellations, but as noted, a time-ordered check should also be made
by the computer.

4. Message Form

In accordance with the discussion of this and previous chap-
ters, it appears that the following standardization of items can be as-
sumed for the Approval Requests. As will be noted, the main body of the
message consists essentially of the flight plan data.

a) Message Identification
This item not only will identify the message
as requiriig action by the Approval Request
Program, but will aid this program in sorting
out the various conditions of initiation and
termination.

b) Flight Number
This will correspond to the present-day flight
identifications, usually consisting of several
letters and numbers.

¢) Communicstion,Routing
A number gr code word will be specified, this
number or word serving as a communication
routing indication for all messages destined
for the particular flight. (At the present
time, controllers must know how to dispstch
messages to all aircraft under their contrel.
The circuits used frequently change as the
flights progress.)
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d) Aircraft Type e
If the aircraft is not of a standard type
whose performance characteristics are stored
in the computer, these performance figures
should be included as a supplement to this
item.

e) Proposed Airspeed ‘

f) Type of Imitiation (see page 9%.)

..If the Approval Request is relayed, this item
should contain the altitude and estimated time
at which the flight will pass the first report-
ing point. For aircraft already in the air in
the area, the message shonld contain the present
position eand altitude of the aircraft as well
as en egtimete of the time at which the sircraft
will pass the mext reporting point. If the air-

" craft is on the ground, the altitude, position,
and estimated time at which control should cam-
mence as well as desired cruising altitude are
to be specified.

g) Reporting Points
All reporting points over which the flight
passes are to be given. In case the flight
leaves the control area, the boundary point
should be listed.

h) Type of Termination (see page 95.)
An sppropriate indication should be given of
whether control is to be terminated (at
least imsofa® ' as is then known) by cancel-
lation of the flight plan, leaving the air-
ways, leaving the area, or landing. In the
case of an aircralt leaving the area, and indi-
cation should be given of which of the points
of item g) sbove is a boundary point over which
control will be exercised by another computer.

5. Flow Diagrams

The general flow diagram for the Approval Request Progrem
is shown in Figure 17. As noted; five main functions are blocked
out and numbered in this figure: more detailed flow diagrams for three
of these functions ere given in Figures 18, 19, and 20. Throughout
the diasgrams certain functions are specified which begin with the word
"check." In all such cases it is implied that if the computer discovers
an error, the program will be interrupted and the computer will proceed
to snother program used to notify the eppropriate authorities of the
error(s) discovered.
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Al | Preliminary set up and storage

A2 | Perform preliminary operations associated
with initiation of control

A3 | Check and store flight plan data

\ .

&) | Perform preliminary operations associated
with termination of control

.

A5 | Prepare for succeeding action

General Flow Diagram for Approval Request Program

Figure 17
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Start

Inspect Message Identification and
prepare to use it in guiding the course
of action of program.

Find a free register in the flight

data assignment table (see flow diagram
of Figure 14). Store the Flight Iden-
tification in this register, and prepare
for the storage of the flight plan data,

Store a void time for Approval Request
in present-status-information registero

Store Communication Boﬁtlng

Does message spe01fy a standard type .

of alrcr:::j/// \\\\\y

Convert 'and store aireraft - Check proposed airspeed
performance characterlstic§ with standard stored valyg.

Store proposed
airspeed.

" Flow Diagram for Block Al of Approval Request Program

Figure 18
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from A2

{

Prepare to deal with first reporting
point specified in message.

Convert reporting point designation
to pure binary form. (See flow
diagram of Figure 11,)

Check correspondence with preceding
reporting point (see flow diagram of
Figure 12: this check is not made
when dealing with first reporting
point). .

Check desired altitude of aircraft
with minimum permissible flight
altitude along path between present and
preceding reporting point.

Check for conflict with any known
restrictions at reporting point,

Commute approximate’time at which
aircraft will pass reporting point,

Store reporting poi{% binary designation
and appropriate time calculated above.

Have all reporting\ggints given in
measage been dealt with?

)

Is next specified point one . yes
which belongs to section of
flight plan to be relayed?

n ye;\\%%'
Prepare to deal with Store temporarily the

next reporting point part of flight plan to

be relayed. _
to Ak

Flow Diagram for Block‘%g of Aggroval Request Program

gure
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Distinguish method of termination of control .

Aircraft leave2{iiji,///,///f””/;;rcr:iF leaves

Do we have part of flight plan to be relayed
to next area?

yes. no

Prepare for notification
of succeeding area,

Prepare for relay at
appropriate time.

Prepare to extrapolate backwards from last
point under control of computer,

Considerﬂpiéceding point.

Is this point at airport of departure?

l“ no\L
Does aircraft pass this
point more than 30 min-
utes before it leaves the
area?
L]
no yes
tore appropriate indiecation
fin coordination and present-
status information registers,

yes

Prepare for immediate
coordination.

J, s

Aircraft lands in area

Compute rate of descent per mile travelled.

Prepare to extrapolate backwards from airport
of destination, beginning at probable acceptance
altitude.

Consider preceding reporting point.

Is the point under control of this area?

no yes A

Have we extfapolated
back far enough to

reach eruising
k{////:ij}tudc?

Store an appropriate indi-
cation in point-candition=-
information register.

Check for correspondence

with proposed altitude at

which. aircraft will enter
area.

x

‘ P
Flow Diagram for Al of Approval Request Program

Flgure 20

-~
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Section A2, which has not been diagremmed in detail, will
handle and check the method by which initiation is to occur. The
Approval Request will also be checked for conformance to the coor-
dination regulations of page 81. At this time the computer will
make arrangements for relaying the flight plen to a succeeding area
or for notifying that area to secure its section of the flight plan
data. The program will meke appropriate indications in the present-
status-information end coordinetion-informetion registers according
to the various conditions which exist.

Section A5 is used in initiating any further action required
after the Approval Request Program. In thosecases in which the air-
craft is already in the air and needs immediste action on & clearance,
the computer would proceed to the Clearance Program to be discussed in
Chapter IX. In other cases, the computer would prepsare to dispatch an
acknowledgment message to the originator of the Approval Request.
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CHAPTER VIII

Separation Program

Before & clearance can be given for an aircraft to proceed
along & section of its flight, it is necessary that careful checks
be made to determine whether there is any possibility of a conflict
between that aircraft and any other eircraft flying along the seme
section of the sirways. This chapter discusses and illustrates by
means of flow disgrems the Separation Program which will be used in
carrying out these checking operations.

The Separation Program will actuslly be an auxiliary part
of the Clearance Program of Chapter IX. As will be mentioned in that
chapter, the Clearance Program will have the responsibility for
formulating the initisl clearance for sircraft as well as extending
these clearances as becomes necessary during the progress of the
flights. Clearances will usually extend ahead of the actual position
of the airecraft by several reporting points, but the basic unit of
distence in dealing with clearsnces and separations will be the flight
path between successive reporting points. The Clearance Progrem will
supply to the Separation Program the identificetion of a particular
airceraft and the two -successive reporting points between which a sep- .
aration check is desired; the latter program will then proceed to inves-
tigate the separations which exist or will exist between that aircraft
and all other sircraft whose flight plens have been stored by the com-
puter.

B The end result of the use @‘f the Separati@n Program will be
an indication either that separation does or does not exist insofar as

the available data stored by the compuber is complete. In this

sense, the Separation Program serves only to perform a checking

function; the decision as to what sction should be taken as & result

of the discovery of the existence or lack of separation will be the

function of the Clearance Progrem. As sn aid in formuleting the

plan of action which must be undertaken, the latter program will

also be supplied with all aveilable informstion regarding the con-

ditions which are discovered to lead to a possible conflict.

It is & suprisingly simple tesk for ean experienced humean

" controller to scan a number of flight progress strips and decide
whether or not proper separation will exist between aircraft. The

ease with which this can be done is to a large degree attributable to

e human's ability to visualize a four-dimensional system -- geographical
relationship of airways, distance along the airways, altitude, and

time. This ability is not inherent to the computer, and it is rather
interesting to note in this chapter how the action of the camputer

in investigating separations resolves itself into & veritable msze

of comparisons apd checks.
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In accordance with the discussion of Chapter I, it is
not to be implied that the flow diegrams of this chapter handle all
possible situations which might conceivably arise in practice; an
effort has been made, however, to make these diagrsms accurate and
realistic, the limiting factor being the author's knowledge of the
operation of the current system.

A. Separation Standards

1. Fixed and Moving Block System

The present scheme of alr traffic control is what is
generally termed a moving block system. Each aircraft flying with
an IFR flight plan is considered as being surrounded by 2 volume or
block of airspace; the aircraft iz at the center of the block and the
block moves along with the aircraft. The size of the block is chosen
so a8 to take into account the degree of accuracy with which the
position of the aircraft can be determined. Under such conditioms,
there is no danger of conflict as long as no two blocks overlap. The
three dimensions of the moving block are mesgsured by the separstion
standards -- longitudinal, lateral, and vertical. The condition that
two blocks shall not overlap is that either the longitudinal, or the
lateral, or the vertical distance between two aircraft shall exceed
the corresponding separation standard.

Under consideration for fubture traffic control systems and
presently being employed in railroad operation is a fixed block system.
In such a system the available airspace would be divided up into a
number of stationary or fixed blocks. The effective separation of
aireraft would then be based on provisions which do net permit two
aircraft to occupy the same block at the seame time, and certain
restrictions which ensure that aircraft on adjecent blocks do not
approach too close to each other.

A number of studies have been made of the relative advanteges
@f these two systems and of their requirements in regard to block
size and treffic handling @agacityel The flow disgrams of this and
following chapters are based on the existing moving block system;
mention is made here of the fixed bleck system because of major
differences between it and the presgent system as regards the ease
with which a computer can check for the separation between aircraft.
The moving block system is essentially dynemic in nature inasmuch
as the major item of interest is the dynamic movement and separation
of these blocks. The fixed block system, on the other hand is concerned
only with the static positions of blocks and questions of whether or
not pa¥rticular blocks are occupied. It is not too difficult to see
that this static nature offers a certain degree of simpliecity in
checking for separstions. Similar advantages also arise in determining

1. References BE-L9.



Report R-203 .
) "]_OJ""

what action should be taken to resolve or avoid any conflicts which are
discoversd; further comments on this fact are ‘made in the next chapter.

Accordﬁ:ng to the GAA regulatiow o

-
o

Jongitudinal, vertical, or lateral -separations shall
be’ pr@videdlall aircraft operating on IFr traffic
cleamncea. - = x e . e 1 e e o s . e

‘ The-&@ngitudiml separation is further defined ass

The longitudinal spacing of airéraft &t the same
altitude by a minimm distance expreqsed in units
of time; so that after one airecraft pgsses over a
specified position, the next ‘suecéeding aireraft’
will not arrive ‘over the same position within the
minimm number of mirtes.<

The minimam "%iihe”sép&r&%iéﬁs are not fixed, but are varied to meet cer-
tain ¢onditions which arise. The details of longitudinal separation
are- dismmse& in det&il in Section GZ of this chapter.

" Vertical (altitude) separation of aireraft 1s fi.qu at 1000
feet- excep'b in the special case of long ‘transoceanie flights where a
action of vertical sepamtion is necessary due to the limited range
of cruising altitudes at which fuel economy is achieved and at which
“there is no need for con‘h‘im@@us uss of- oxygen equ:.pmen‘to

Lateral separa;t:.on 1is defined aSo.

"l‘he 1atera,1 spacing of aireraft at the sama ‘altitude by
i uperation on differgnt routes or 'in geograph-
icéal locéalities as determined by visual gbservation or
by use of rad&o mavigational facllltiesoB :

For ‘the most par*b, 1atera1 separation is achimd aby flight
along different a Fach airwey in itself is comsidered 4s having
“the width of only ome aﬁr@r&f‘b an& ‘gemerally speaking- ‘bi;ere cannot-be -
-any passing at the same altitude of ¢ t flying firthe sdame direction.
&s previously roted, the ranges or- courses of each range station are
‘wedge-shaped dnd about 3¢ wide, ~ Because of this’ fmt -4nd because
of the regulation requiring pilo‘ts to fly to the right of theé center
ﬁf the beamg the CAA rules do permit opposite-direction aircraft

1. Reference 169 page 7,
2, Refeérence '16, page 8.
3. Reference 16, page 9.
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to pass at the same altitude. For the most part, this right-side separation
is applied only to opposite-=direction aireraft which are changing altitudes;
but it may also be used for cruising aircraft in emergencies. This type of
separation is not used in the immediate vicinity of a radio range station due
to the narrowness of the beam; no specific rules are used in deciding how close
to the range station right-side separation may be employed and a figure
commonly used by controllers is that such separation should not be used within
five minutes flying time of the range station. Controllers.do not like to use
this type ¢f separation at large distances from the range station, due 1o the
poor definition of the radio range, and they are very wary about using right-side
separation with other than experienced commercial pilots.

3. Exceptions to Use of Normal Separations

As has been mentioned in Chapter VII, the desire of the traffic
controllers and pilots alike is for a mimimum amount of strict regulation of
flights conducted under an IFR flight plan. In an attempt to aveid strict
regimentation as much as is possible, three major exceptions to the normal
control and separation of aircraft are permitted.

The first exception is when aircraft are flying at least BOO feet
~on top of a cloud, haze, or smoke formation and the ceiling is unlimited above
~that formation, If the flight visibility is at least three miles and a defin-
ite top of the formation is known to exist, no separations are required for
‘en-route traffic and during daylight hours no separations are required for
holding aircraft, When aircraft are operating "500-top" they must still transmit
progress reports, and flight progress strips are maintained for all the report-
ing points on the flight since IFR clearances are required to get the aircraft
above the clouds or other formation on the ascent and to bring them down on a
descent in preparation for an approach and landing,

The second situation in which the normal IFR separations need not
be applied is under marginal weather conditions. .In such cases when it is
expected that an aircraft can climb to or descend from his cruising altitude
with VFR visibility conditions, a VFR restriction can be applied to the ascent
or descent if normal longitudinal, lateral or vertical separations are not
possible, The restrictjon requires the pilot to supply his own separation as
long as he will be under VFR visibility conditions: in the event that this may
not be possible, alternative procedures are given to the pilot so that normal
separations can be achieved. The specific regulations dealing with the
ascent are:

Departures may be cleared to maintain VFR until a specified time
or location if reports indicate that aircraft can continue with
3 miles visibility and can remain 500 feet vertically and 2000
feet horizontally from all clouds.l

The determination regarding the possibility of VFR restrictions as
well as the possibility that the aircraft can be permitted "500-top" separation
will not be made in the Separation Program, but is handled as a part of the

1. Reference 169.Page14,o
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action of the Clearance Program pricr to reference to the Separation
Program.

In general, the strictness with which a flight is controlled is
directly dependent upon the density of the traffic., Under heavy densities
the flights may be required to make their ascents and descents in a
carefully specified manner. In less dense conditions, the flight may be
- given a certain amount of leeway, as for example "to descend past point A
s0 as to reach altitude Z by point B". Under other conditions in which
there is no other possible conflicting aircraft on the airways, the pilot
may be allowed to decide where and when he shall make his descent or
ascent on the basis of his convenience and wishes. Inasmuch as this is a
desirable state of affairs from the point of view of the pilots, one of
the steps in the Separation Program will be the determination if an unre«-
strigted ascent or descent can be made.

B. General Provisions of Program

1. Path and Point Separation

As noted, the input to the Separation Program will consist of
the aircraft to be checked, the two reporting points involved in the check,
and the characteristics of the flight of the aircraft between these two
points. There are two general phases to the separation check: one check
must be made along the path between the two reporting points ~= that is,
along the airways = - , the other must be made with respect to aircraft
crosging the paths at the reporting points or aircraft holdlng at or near
these points.

It is possible to perform a check both along the path and at
each of the end-points, however, such a method of checking becomes redundant
when applied to successive pairs of reporting points due to the:duplicate
checking at the points for crossing or holding aircraft. As a means of
eliminating the double checking at these points, the Separation Program
will opergte so as to check only at the first reporting point and then
along the path to the next reporting point. The check upon this second
reporting point.will be performed when the program is requested to check
the next pair of points. Any danger arising from the fact that the further .
point in each case is not checked immediately is circumvented by always
having the Clearance Program keep well ahead of the present position of
the aircraft. The fact that most flights will terminate along the airways
at a special marker where they will be turned over to Approach Control will,
in general, bypass the need for a check at a final point of the path.

In checking along the path between two points, the check will
usually not attempt to determine any lack of separation or conflicts which
will occur just beyond that path on some adjacent path. .This will be left
unti] a check is requested along that path. One exception to this procedure
will be necessary when dealing with an aircraft departing from a point
adjacent to a reporting point. In checking the separations at the various
points, however, it will, of course, be necessary to investigate the traffic
along the connecting airways.
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2. Broken Flight Paths

The flight of an aircraft along the path between two points Py and
Py can be respresented by algebraic expressions containing the variables of
distance, time, and altitude. The flight may also be pictured graphically as
in Figure 21 where distance and altitude are plotted against time. With these
plots, the checking procedure would be to superimpose one at a time the flights
of all other aircraft travelling between the points P; and P, and then supply
the separation criteria.

Figure 21 assumes that the speed and the rate of change of altitude
are constant. The more general case which must also be considered is that of
broken flight paths in which aircraft will cruise and then descend or ascend,
or vice-versa. In these cases the plots of Figure 21 will be composed of broken
lines with each part having different slopes corresponding to variations in
speed or rate of change of altitude. (It appears that the separation standards
are sufficiently large to consider the changes in slopes as immediate rather
taking place slowly with a rounding of the plot at these points.) Either the’
gircraft that is to be checked or any aircraft against which it is to be checked
may have such broken flight paths. As a means of convenience in checking such
paths for separation, the general procedure will be to individually check all
parts of the broken flight path of one aircraft against the individual parts
of the flight path of the other aircraft.

C. Detzils of the Separation Program

l. General Flow Diagram

The general flow diagram for the Separation Program is given in
Figure 22, The three parts of the flow diagram which are outlined at the bottom
of the figure are each discussed in more detail in succeeding sections of this
chapter,

The first step in the program is to prepare to carry out the chegk
for separations between reporting points P; and P, with the sharacteristics of
the flight of the specified aircraft. This initial step must prepare the program
to handle a broken flight path as well as aircraft departing from airports.

With the initial preparation completed, the program will proceed to
investigate all of the stored flight plan data. If an aircraft is found which
erosses or holds at point Py or travels along the path between P, and Py, that
agircraft is considered as a possible conflict and the program wi%l proceed to
prepare to check against it., Similar steps as above must then be taken to
prepare to check against the possible broken flight path of this aircraft as well
as the possibility that it is a departure.

For the sake of convenience, the actual checks for separation are
divided into three categories -- Longitudinal, Altitude, and Holding =- each
with a separate subprogram. The preparation for these checks will be such that
an erderly procedure is used in dealing with the various sections of broken
flight paths for each aircraft. As is shown in Figure 22, if no eonflict is
found on a passage through one of the three subprograms, a cyclic process is
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Input: Aircraft tq be checked
for geparation between H and B
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General: Flow Diagram For Separation Program
Figure 22,
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set up until all sections of the flight paths of both aircraft have been
checked. If no conflict is found anywhere along the pathsg; the program
will return to contimie a search among the stored flight plan data. The
ultimate result in any case, regardless of intermediate action, will be
either the discovery of a conflict between the input aircraft ani an
aireraft from the stored flight plan data or else the confirmation that
no danger of conflict exists.

2. Longitudinal Separation

The regulations governing longitudinal separatlons specify
the following separation standards:

Aircraft flying on the same or converging courses:

1) Ten minutes if radio facilities permit frequent
determination of p051t10n and speed; otherwise
15 minutes.

2) Five minutes if a preceding aircraft has filed
an airspeed at least 25 miles greater than that
of a succeeding aircraft,

Aircraft flying on crossing coursess

Ten minutes if radio facilities permit frequent
determination of position and speed; otherwise 15
minute.l

A flow diagram for this longitudinal separation check is given
in Figure 23, The two aircraft to be checked are denoted by A and B,
where it is assumed that A, the aircraft being checked for separation,
leaves point Py at time T; and arrives at P, at time Tpo The AT's
indicated in the diagram refer to the time Separations of either 10 or 15
minutes as noted above. The letters OK and X are used to indicate
whether separation does or does not exist.

There are a number of ways in which the computer could go about
the task of determing if the separations listed above exist. Basieally
the problem is that of determining if the paths of the two aircraft in a
time-distance plot as in Figure 21 cross or are separated by less than
the specified minimum, Several attempts at different methods of programming
seem to indicate that the procedure illustrated in Figure 23 is the
simplest,

3. Altitude Separation

The general program for checking altitude separations is given
in Flgure 2.  The first steps in this program are to distinguish three
separate cases, crossing paths, departures, and aircraft which have been
permitted to make a non-restricted altitude change,

Reference 16,‘page 8,
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Inputs Aircraft A and B with no
lateral or vertical
separation. (See Figure 22)

Is B on\L crossing course?

yes no
Set up 4T (séme or con=
verging course)
Set upA T
Does B pass P; between
Ty = AT and T1+A T? Are A and B flying in same
: direction
no yes yes no
0K X
. : v
Does B pass P; between Does B arrive at P, after
T, - A + T, - A\ T? 1
1 - QT and T;+ A 77 1
yes no\ no \L yes
oK Does B leave Py?

before T2+A 7% -

Does B pass P, between Do the time separations

T -5and T{ -AT? at P1 and Pp alternate
Jes no : in time? yes no
ves (, - X oK.
X
Is B 25 mph
faster than A?
\ Does B pass Py
1o yes bemxen T1+5 and Does B pass P petyeen
T I?
X 0K Tt | Ty =AT and TptAT?
yes ng J/
yes no
X X 0K
Is B 25 mph

J/ slower than A?

es ne
ox 7 -

Flow Diagram for Longitud.inal Separation Subprogram.
Figure 23. |
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Inpute: Either or both aircraft
under consideration are

changing altitude.

Is the chreck being made against a
non-restricted aircraft?

no L yes
\: \
N Non-Restricted Check-
Are these both departing aircraft? ing Preparation
no \L yes . Departure Separation
4 .
Is this a question of c¢crossing
separation at the first point?
l 5
no T yes 7| Crossing Separation
V4 :
Are altitude separations at both
ends of the path greater than
1060 feet? ‘ i
ye no to Longitudinal

7 Separation

Do aircraft cross altitude
between end-points?

yes no 5 OK for non-restficted -
7 altitude change.

Calculate time at which
altitudes are crossed, T,
Calculate position where aircraft
pass, Is this.along the path?

yes n;X{

oK

Calculate time at which airecraft
pass, Tél

Are aircraft flying in same diree=-

tion with one aircraft initially cruising?

e o N\

Case A Case B

General Flow Diagram for Altitude Separation Subprogram.
Figure 2k,
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After ellmlnatlng the three special. casess the program proceeds to
determlne if there is an actual conflict of altitudes. If there is a lack of
separatlon at both end points, then both aircraft are following the same path

separatlon, if altitude separatlon exists ab both end points and the aircraft
cross altitudes in between, the time that these altitudes are crossed, T, is
calculated. A check is then made to see if the aircraft actually pass eaah .
other, and if so, the time at which they pass, Ty, is calculated..  (These steps
basically consist of determining if paths cross in the plots of Figure 21,)

P The separation standards regarding altitude changes are as
follows: :

Altitude Change~-Same Direction Traffics

When lateral separation is neot provided and an aircraft will
pass through the altitude of another aircraft, the follow1ng
longitudinal separation shall be provided: ,

(1) Five minutes at the time that altitude levels are

‘crossed, and provided that such separation is
anthorized only whens

(a) The vertical separation at the time of the
commencement of change is 2000 feet or less; and

(b) A leading aircraft is being cleared for descent
through the altitude of a following aircraft, or
a following aircraft is being cleared for elimb
through the altitude of a leading aircraft; and

(¢) The altitude change is commenced within ten
minutes after the time the second aircraft has
reported over a reporting point.

Altitude Change--Opposite Direction Traffic:

(2) Where lateral separation is not provided, vertical separation
shall be provided for at least ten minutes prior to and after
the time the aircraft are estimated to have passed. If reports
are received that aircraft have passed each other, this
minimum need not apply.l

In view of these provisions, a division has been made into two
checkse one which deals with the more specialized case in which both aircraft
are proceeding in the same direction and in which the first provisions listed
above apply, and the second dealing with the more general case listed immedi=-
ately above., These cases are noted as Case A and B, respectively, and are
shown in more detail in Figures 28 and 29,

When it has been discovered that the aircraft against which the .
check is to be made is being permitted to make a non-restricted altitude change,
the computer will proceed with the action diagrammed in Figure 25, In such a
case the aircraft making the non-restricted altitude change may be anywhere

1. Reference 16, Page 8,
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Input: Aircraft against which
check is to be made is on a
non-restricted altitude change

Is non=restricted aircraft already
on this section of the path?

no yes

Has a recent report been
received of the altitude of
this aircraft?

no
yes Prepare to dispatch a
\ message- to aircraft to
deterimine his altitude.

Set uﬁttimemdelqyed
action

Send message

v

Prepare return to check against two
imaginary aircraft: ‘one cruising at
initial altitude, one cruising at final
altitude.

Prepare for future action that will take
place if conflict is determined with
eéither of imaginary aircraft.

To main sectiiﬁ of Separation Program
to determine type of action.

Flow Diagram in Preparation for Checking Against a Non-Restricted Aircraft.
Figur@ 250 )
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between its initial and final altitudes. The first step is to determlne
if the non-restricted aircraft has begun that portion of his flight; if
so, an effort is made to determine his present altitude as a means of
more closely restricting the region of altitude uncertainty. The computer
proceeds by making two checks, one against an imaginary aircraft cruising
at the initial altitude and one against another aireraft cruising at the
final altitude. If no conflict is discovered with either of the two.
imaginary aircraft, it is safe to assume that there will be no conflict
with the non-restricted aircraft.

The pertinent separation Standards with regérd to sépératibn
of departures are as follows:

a) Five-minute separation at the time altitude levels are
crossed if a departure will be flowm through the altitude
level of a preceding departure and both. departures
propose to follow the same course.  -Action must be taken
to ensure that the five-minute separation will be main-
tained or increased when altitude levels are crossed.

b) Three-minute separation at the time courses diverge if
aircraft propose to follow the same course immediately
after take-off and then follow different courses,
provided aircraft will follow diverging courses within
five minutes after take-off. Action must be undertaken
to insure that the three-minute separation will be ..
maintained or increased during the period the aircraft
are following the same course.l y

The flow diagram for the course of action in checking the
separations of departing aireraft is shown in Figure 26.. It is assumed
that both aireraft will join the airways at a point Q near a reporting.
point P, and that both airecraft will pass point Q at altitudes differing
by less than 1000 feet. (In some cases P and Q may be .at. the same point.)

As indicated in the flow diagram, a cheeck is first made to see if the

airecraft are going in different directions at Q. .If this is not the case,

then it is determined if they are proceeding to the point P where they
diverge. If the two aircraft diverge “there, then the three-minute
separations are put into effect, In the other cases where both aircraft
follow the same courses the separation is handled in the Longitudinal

Separation Subprogram, or else in a special manner if the following air-

craft flies up through the altitude of the first.

The manner of handling crossing aircraft where either or both
are changing altitudes is indicated in Figure 27. The chief consideration
here is that if the aircraft pass the point in question with less than
10=-minutes difference, an altitude separation of 1000 feet must exist for
at least ten minutes before and after one of the aircraft crosses the
point,. .

1. Reference 16, Page 1.
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Input: Departing aircraft joining
airways at point Q near
reporting point P.

Do flights diverge
immediately at point Q?

Do s&ircraft pass Is there a three-minute
point P within separation at point Q?
5 minutes? ‘ :
no yes no yes
X oK
Do the aircraft diverge
at point P?
no yes

Prepare to consider Is there a three-minute

next section of flight separation at P?

path - l \/ ,

A ‘

Does following aircraft yes x ho

pass through altitude of
the first?

v
Is th;re three-minute

yes | ho separation at Q2
Check for five-minute To Lengitudinal yes no
separations at all Separation Sub- )
altitudes through program 0K
which both pass
Conflict?

-\
0K X

Flow Diagram for Departure Separations.
Figure 26,
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Input: Two aircraft whose paths
cross alt reporting point Py,

Find the time at which one aircraft
passes over Py, Call the time T,,

Find the time at which the second
aircraft passes over Pj., Call the

time Tb ° \L

Is | Ty - Ty|< 10 minutes?

yes no l

K

" Is there a 1000~foot difference in
altitude at T, - 10? ’

yes no

X

Is t.he_ra\a( 1000=foot difference in
altitude at T, 1+ 10?

yes | no

N2
Do the altitudes cross?

no yes

0 X

Flow Diagram for Crossing Aircraft When Either or Both Are Not Cruising..
Figure 27.
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The flow diagrams for Cases A and B of the Altitude Separation are

given in Figures 28 and 29. The action in these cases corresponds to the prov-
isions listed on page 113, = 7.

Lo Holding Separation

The relevant provisions for the separation of holding aircraft are
given as follows:

When aircraft are being held in flight, the appropriate
vertical separation minimums shall be provided between
holding aircraft and en-route aircraft while such enroute
aircrafts are within 5 minutes' flying time of the flight
path of holding aircraft.l

The flow diagram for the Holding Separation is given in Figure 30.
This diagram considers the action necessary when either of the two aircraft
under investigation will be holding. In general, an aircraft will hold along
one of the girways, with the holding pattern anchored on a reporting point Pj.
The standard holding pattern is to fly along the specified airways inbound to
the point, make a 1800 standard rate turn (3° per second) to the right, fly a
parallel straight course outbound for two minutes, make another 180° standard
rate turn to the right and again fly towards Py, As noted, if aircraft are
holding during the daylight hours at "500-top" altitudes, there is no need for
any separation. If both aircraft are holding and the 1000-foot separation or
"500-top" altitude conditions do not apply, there will be a conflict; if only
one aircraft is holding a check must be made for separation at each end of the
holding pattern and special consideration must be made for the case when the
non=holding aircraft passes along the holding pattern or when it only crosses
it at P

2 10

1. Reference 16, ﬁégé]ﬂ,
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Inputs Two aircraft proceeding in

same direction, one aireraft
cruising.

Is the initial separation less than
2000 feet?

yes no
Case B

WV

Is speed of leading aircraft greater
than that of followifig aircraft?

yes no ;
Case B

Will aiﬁigﬁai chafige be comménced
within 10 minutes after following
aircraft will pass over reporting
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yes no
Case B
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descending?

yes no
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and ascendlng?
yes \\\\x/
Case B
\4

XJ/no \.

Set up time<delayed
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passes over reporting
point in time,

)

oK

Is

Flow Diagram for Case A of Altitude Separation.
Figure 28,
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Input: Two aircraft changing altitudes

’
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greater than 1000 feet
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} \ '
yes no >
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N
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yes n§&
X
4
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X
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Flow Diagram for Case B of Altitude Separation
Figure 29.
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Inputs Two aircraft, either or
both holding.
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no
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path? J/
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Is there 1000-foot
vertical separation?

no J{ ye&
oK

Determine points at:B«iméniites
distance away from ends of
holding path.

Determine points at 5 minutes
distance in either direction
from Pl.

Is there 1000-foot vertical
separation at each point?

yes

no

Do the aircraft cross altitudes?

| =

OK

-1

X

Flow Diagram for Holding Separation.

Figure 30,
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CHAPTER IX

Clearance;Program

An air traffic control clearance is defined as:

authorization by air traffic control, for
the purpose of preventing collision between
known aircraft, for an aircraft to proceed
under specified traffic conditions within a
control area. :

This chapter discusses a number of considerations which deal with the
general subject of clearances, and sets forth an outline of the method
by which the computer would proceed to process and issue clearances to
the aircraft under its control., Because it is felt that further and
more exacting study must be given to ways in which a moderate amount of
human intervention may be applied, certain aspects of the Clearance
Program of this chapter are not disgrammed and are limited only to
discussion.

A. Processing of Clearances

l. Present=Day Methods

In general, the philosophy of the present system is to permit
the pilots or operations offices to select the times of takeoff and
cruising altitudes for their flights. Within this framework the control-
lers must provide the necessary control instructions to permit the
aircraft to safely reach these cruising altitudes and later to descend
safely on their approach at the airport of destination. Of course, if it
arises that the use of a particular cruising altitude or time of takeoff
will lead to a specific lack of separation with one or more other aircraft
on the airways, the control centers must be able to suggest alternate
flight plans. ‘

Unfortunately, it is impossible under the present system opera-
tion to adequately determine at any one time whether a particular flight
plan will permit safe separations at all points along the remainder of
the flight, As noted, this is primarily due to the fact that the traffic
control centers do not have adequate forewarning of all conditions which
will prevail over the remainder of the flights this is not only true -
of the weather conditions, but the traffic conditions as well., As
regards traffic conditions, it should be noted that under present opera-
tion 811 the traffic information is not concentrated at one point or
with one person, rather the information is spread ocut among the controllers
for the different sectors and among the centers controlling the different
areas.

e

1. Reference 16, page 5.
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It should also be realized that it is rather difficult to fly
an aircraft at a constant ground speed, and hence it is difficult to accurately
estimate times at which aircraft will pass over future reporting points. Pilots
can fly at a fairly constant speed relative to the air mass, but the winds may
cause rather sizable changes in the true ground speed. Since the knowledge of
the winds aloft is at best only of a sketchy nature, future arrivals over the
reporting points can hardly be estimated with an accuracy of better than a few
minutes, thus making it rather futile to base separations on time estimates of
aircraft at points some distance shead of their present positions,

_ Another contributing factor which effects the accuracy of time
estimates of aircraft is the probable lack of synchronization between watches of
pilots and the clocks in control centers, For this reason and those above, and
in the general interests of safety, controllers make every attempt to ensure that
separations do not deteriorate to the bare minimums of the previous chapter;
whenever possible a leeway of several minutes is provided as an operating margin.
In this way, safe conditions are possible even if there is a sglight deviation in
the times that aircraft pass reporting points,

As a result of the factors mentioned above, no attempt is now
made to provide or check for a safe channel or path for an aircraft from its
point of departure clear through to its point of destination before the aircraft
departs along its flight; rather a flight plan is only carefully checked at one
time for separations over a section of its flight corresponding to.a few
reporting points. The exact number of points depends upon the geographical
layout of the sectors, traffic densities, weather conditions, etc. For the most
part, then, gny planning is of a short rather than of a long term nature. This
means that controllers must be able to decide upon and use alternate procedures
at any time jf traffic is to flow smoothly and safely.

2. Standardized Computer Procedures
B

In using the computer to process clearances, it would be desirable
to give a clearance for the gircraft over a fixed number of reporting points
- ahead of its present position. It would also be desirable t¢ give a single and
complete clearanceto cover all sections of an wscent or descent, rather than
splitting up each of these sections of a flight; s1 the 31ng1enclearance handling
of an ascent and descent will permit a complete and coordinated decision to be
made as to the best ascent or descent path (see page 137)., A single-clearance
procedure ig made possible through the feature of the provisions for coordinatien
between aresg which give complete control over an ascent or descent to either
one or the other of the two adjacent centers,

As a means of satisfylng the requirements of a standardized
procedure for handling clearances, the computer will always provide an aircraft
with a three-point clearance extending through the succeeding two and up to the
third reporting point ahead. As the aircraft passes from one reporting point
to the next, upon receipt of a progress report over the second point the computer
will proceed to extend the clearance. When the third reporting point in-a

1. As used in this chapter, ascent and descent refer to the altitude change
on departure or arrival, not altitude changes made en route.
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clearance is on part of the aircrafit®s descent, the clearance will be
extended ahead another point, if necessary (see page 79 ), to give
complete coverage of the descent; for an aircraft initially departing
from the ground, the three-point clegrance is sure to cover the complete
ascent and at least a single section of the cruise.

It will be desirable to patterp the behavior of the computer
after the practices of the human controllers and have the clearances .
checked for separations somewhat greater than the bare minimums. = This
can be accomplished either by increaging the minimums of the Separation
Program or by checking separations not only for the true time estimates
of the aircraft but for values increased and decreased by several
minutes., When the progress reports from the aircraft indicate that the
aireraft are within a permissable margin of safety about the previously
checked estimates, there is no need to recheck separations for the existing
clearance and the computer will proceed mergly to extend the clearance;
if the aircrafit does not pass over the reporting point within a specified
margin about the checked estimate, the computer must proceed to recheck
and possibly revise the remainder of the previous clearance, as well as
extend the clearance by another point.,

It might prove to be advisable, from considerations of safety
and reduction of computer operations, to store with the flight plan of
each aircraft the variation in tlme_perm1881ble at each reporting point
within which the actual time of passage can fall withoul danger of conflict,
This is another of those situations in which the expenditure of a large
amount of storage space can shorten the overall amount of computer
operation.

Although clearances for aircraft flying "500-top" need not be
checked for separations, it will still be necessary to proceed in advance
of the aircraft by the three=point clearance distance so that appropriate
action.can be taken to obtain a descent clearance to bring the aircraft
down through the clouds. on its approach., It also. appears that in the
interests of reducing complication without imposing severe and undue
restrictions on the system, no flights should be dispatched with a -
"500-top” clearance unless the clearance appears to be valid for the
entire flight on the basis of current weather reports,

3. Handling Coordinated Clearances

As discussed in Chapter VI, it will be necessary for computers
of adjacent areas to coordinate clearancesg this coordination to be
accomplished by having one computer suggest a clearance and the other
computer accept or reject it. One possible method of implementing this
action would be to have the second computer independently devise and
process. a clearance which could then be checked against the details of .
the other proposed clearance, = Such g procedure would be possible inasmuch
as the details of handling inter-area flights require the storage of the
- same data in both computers; it would be necessary, however, that the
standardization of the procedures be such that both computers would be
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likely to arrive at the same clearance. A somewhat simpler approach would be
that of having the first computer supply the detsils of the proposed clearance
to the second computer. This second computer would check the time estimates
of this clearance and would then process it in almost the same fashion as it
would a normal clearance in checking for separation. In referring to the flow
diagrams presented later in this chapter,it will be seen that only relatively
minor modifications are necessary to perform this coordination action.

B. Conflict Elimination

_ A most formidable problem is that which deals with making decis-
ions on how to direct aircraft when it is revealed, as for example by the Sepa-
ration Program of Chapter VIII, that there will be a conflict between two
aircraft, A realization that a conflict exists will generally be discovered in
the Separation Program when the computer is preparing an original clearance or
when it is attempting to readjust a clearance because. an aircraft has not met
the conditions of a previous clearance. The desired action in such situations
is the determination of a new clearance which will not only provide for safe .
separations, but which does not introduce long delays or inconveniences in the
flight. As regards these latter points, it is obvious that although in most
gituations it would be possible to have one of. the aircraft involved.in a lack
of separation situation hold over a specific point for a certain length of time
until the danger of conflict had passed, it would be more desirable to use as
the means of conflict elimination an action such as an altitude change which
would not impose any excessive delays on the flight, It is also clear that in
any system in which the planning and conflict elimination is carried out only
over a limited section of aflight, there is little guarantee that the measures
taken will- be such that they involve a minimum amount of delay with respect to
unknown conditions which may exist later in the flight,

As stated in the previous chapter, the computer will retain and
store a number of flight plans for aircraft which have been successively checked
against each other for separation. The question then arises as to how to
proceed to eliminate the conflict when a new flight plan or revision of a prev-
iously accepted flight plan does not give a proper check against the others.

One possible answer would be to consider the accepted and checked flight plans
as being fixed, with the only variable being a flight plan for the aircraft
which does not check. In this case, this aircraft alone must have its flight
plan altered so that it provides no conflict.

This "one-variable" scheme is by far the easiest from the pro-
gramming and decision-making point of view, and it is probably quite sati&factory
when traffic conditions are not heavy and there is a good deal of available
air space. The ideal solution, on the other hand, would be to consider all
alreraft as variables which could have their flight plans altered in accordance
with the desire for proper separation with a minimum of inconvenience and deélay
for all aircraft concerned. The mechanization of such a scheme is rather complex,
however, and it becomes a question as to whether the cost of such mechanization
in terms of computer storage and operating time is worth the end results,
especially when the computer action is baglanced against the ability of a human
controller in such g situation.
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The difficulty of the mechanization is quite apparent, especially
in view of the moving block system presently employed, With a fixed
block system there are a limited number of variations which can be made
in the flight plans of the aircraft; that is, there are a definite number
of blocks and a definite number of aircraft and the problem in a limited
sense is to pick the proper blocks. Such is not the case with the moving
block system in which there are essentially an unlimited number of changes
which can be made in the positions and movements of the blocks.

A consideration of the use of the fixed=block system as a means
of performing and carrying out scheduling functions for all flights will
mentioned in Chapter X. In view of the difficulty in the use of the
computer in effecting conflict elimination for a pure moving block system,
it does seem that as a means of easing the problem it might be possible
to reach a compromise between the two extremes in such cases; one such
compromise might take the form of artifieiglly dividing the airspace into
small volumes which could then be used in determing what types of changes
a moving block system might employ as a means of conflict elimination.

Another problem in the mechanization of conflict elimination is
the choice among the rather large number of alternative procedures
which can be employed. As an example of these possibilities, consider
the following partial lists

a) Cruising aircraft
i} Holding

(The aircraft can be held at a particular marker,
although such action should be carefully considered
in light of delays and in possible consequence of
impeding other traffic by holding at a busy reporting
point or intersection of airways%

ii) Ascent ox Descent

(Care must be taken that any ascent does not set the
aircraft at an altitude inconsistent for approach or
transfer to a holding stack; the aircraft cannot be
sent up to an altitude too high for its operating
conditions, Similar considerations apply to descents:
the aircraft should not be dispatched to an altitude
below the stack acceptance level or to an altitude
unsafe due to the terrain conditions.)

iii) Right-Side Separation

(This is normally only applicable to opposite
direction traffic when the aircraft are properly
situated in respect to distance from the range
station. As noted, it is probably best only to

use this type of separation for experienced pilots),
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b) Departing Aircraft
i) Holding on the ground
ii) VFR Restrictions

(This can be used if weather condltlons are
favorable)

iii) "Stepping"

(Aircraft can be despétchéd to ascend, cruise,'asceﬁa,
etc,, so as to permit safe separation. Care must be
taken to get the aircraft above the terrain mimimums)

iv) Non-Restricted Ascent

(These procedures can be used in full, or the aircraft
can be requested merely to reach an altitude at a
specific time or to pass a point at a specific altitude)

v) Right-Side Separation
¢) Approaching Aircraft
i) Holding
ii) Right-Side Separations
iii) *Stepping®

(Certain procedures of cruise, descend, cruise, descent,
etc, can be utilized. Care must be taken so as not to -
place the aircraft too low for the holding z*;’c,ack.9 if
any exists)

As already noted, it is not unusual at the present time for
several controllers to arrive at different solutions when faced with the same
conflict problem. An important aspect is the previously stated fact that the
choice of variation or procedure must be consistent with convenience and a
minimum amount of delay. Hence, in fact, while controllers will put certain
procedures into effect with only the desire to effect safety over a limited
section of the flight, they will choose procedures which offer a reasonable
assurance that the flight is not put into a condition where it will be handi~
capped later;, as for example by being at an inconvenient altitude for transfer
to approach control or for landing.

A true appreciation of the flexibility and comprehensive nature
by which the human mind operates in a decision-making situation such as conflict
elimination can probably only be gained when one has tried to outline in a flow
diagram the mental processes which must be carried out, The author has spent
a good deal of effort in considering the most simple form of the problem in
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which the flight plan for only one sircraft was considered as variable.
The resulting flow diagrams, even with the most stringent of conditions
and a strict standardization of procedures, were highly complex and
lengthy. In view of this result, it is the opinion of the author that the
general problem of conflict elimination is one best suited for a certain
degree of human intervention and control.

There are a number of forms that the introduction of the human
controller might take, He might be presented with all the relevant
information and then be permitted to propose a procedure which the com-
puter would then carefully check for accuracy and lack of conflict. The
Approval Request Program calculated time estimates for all of the
reporting points over which a flight will pass; these tentative estimates
should provide to a human a fairly good idea of the expected traffic
conditions and should be useful in guiding his decision. As an alternative,
the human might be consulted by the machine in only the most difficult
of cases. The author hesitates to decide the extent to which the human
element should be introduced; in particular it is felt that a good deal
more experience in the actual operation of the system and a study of
where standardizations could be made without undue restrictiveness would
be necessary before a proper decision could be reached. It is strongly
felt that it would be necessary to determine how efficiently, accurately,
and rapidly a human operator can make decisions concerning conflict
elimination when all the pertinent data is presented to him in a suitable
form. The degree of efficiency would have to be gauged in respect to
the handling of all types of separations as well as accelerated traffic
conditions, From a cursory examination, it appears that a scheme in
which the human made the basic decision as to how the conflict.should be
resolved, coupled with the use of the computer for supplying details and
for checking, would hold a good deal of promlseo

For the reasons described above, in succeeding sections wherein
flow diagrams are presented, blocks labelled Conflict Elimination will be
used in lieu of specification of the exact means by which this action
shall be carried out.

C. Altitude Assignments

A problem closely related to that of conflict elimination is the
assignment of cruising altitudes for aircraft. Although pilots and oper—
ation offices are permitted to initially request a cruising altitude, in
many cases it is not desirable to permit the flights to proceed at the
requested gltitude. The problem is basically that of assigning aircraft
to altitudes so as to permit the optimum handling when it later becomes
necessary to land them. Officially stateds

Insofar as practicable, cruising altitudes of aircraft
flying to the same.destination shall be assigned in a
manner that will be correct for an approach sequence
at destination.
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The first aircraft estimated to arrive over the point
from which approaches are commenced will normally be
the first aircraft to approach. Other aircraft will
normally have priority in the order of their estimated
arrivals over such point.

Altitudes at holding points shall be assigned in a
manner that will facilitate c¢learing each aircraft
to approach in its proper priority. Normally the
first aircraft to arrive over a holding point should
be at the lowest altitude, with following aircraft

at successively higher altitudes.l

The situation which these regulations are intemded to prevent are
those in which the first aircraft to land arrives at a higher altitude thaii a
following aircraft, and must be brought down through the altitude of the second
aircraft, If the two aircraft will arrive over this point at about the same
time, then it is seen that this changing of the altitude becomes a rather
difficult task. It is not hard to envision situations more complex than that .
above, situations in which it is imperative that proper a531gnment of altitudgs
be made beforehand.

The most desirable state of affairs would be that in which an
optimum assignment of altitude had been made when each aircraft entered the
control system. For the reasons noted in the preceding sections of the chapter,
such preassignment is rather difficult to achieve. The only convenient situation.
in which it can be successfully accomplished is when the aireraft in question
are both dlspatched from the same airport, in which case the action could be
undertaken by the Approval Request Program. In other cases a controller handling
the sector including a particular airport will either make an attempt to
properly sedquence aircraft when they enter that sector or will request the con- _
trollers of adjacent sectors to change the altitudes of aircraft in their sectors
so that the proper assigmment will have been achieved, The method by which -
clearances for arrivals are handled will permit the computer to make such a check
on the altitude assignments of all aircraft at least three reporting points
before they begin their descent.

Basica11y9 the altitude assignment has ‘all the aspects of the
there applies to a great extent hereo As for the mechanlzatlon, it would appear
that it might be carried out in part by the Approval Request Program, and in
part by the section of the Clearance Program dealing with arrivals. However,
as in the case of conflict elimination, a number of questions arise as to how
the reassignments of gltitudes should be made. It is felt that this again is
an appropriate spot for human intervention, and although the author has drawn
up several flow diagrams for the optimigation of altitudes assignment by the
computer, here, again, the action will be represented in the flow diagrams by
only a single block.

1. Reference 16, page 10
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D. Subdivision of Program

1. Relationship of Subprograﬁs

The Clearance Program logically divides itself into four main
subprograms: Progress Report, Ascent Clearance, Cruise Clearance, and
Descent Clearance, The subprograms are schematically represented in
Figure 31 in which the general plan of action of the Clearance Program
is illustrated.

As the names imply, the Ascent, Cruise, and Descent Clearance
Subprograms handle the clearance for those three major sections of a
flight. Initial clearances for flights are obtained via the Approval
Request Program or upon receipt of a Clearance Request message. Depending
upon the condition of the aircraft -- on the ground or in the air -- a
three-point clearance is then processed and issued. These clearances may
be extended or revised in accordance with the results of the progress
reports received from the aircraft. The three subprograms may also be
entered as a result of a request for coordination on a clearance by
another area.

2. Progress Report Subprogram

The outline of action for the Progress Report Subprogram is
shown in Figure 32. Action of the subprogram will commence upon the
receipt of progress reports when aircraft pass en-route reporting
points; departure notices, holding passages, or messages from aircraft
"stepping® up through altitudes will not be handled in this program.

As previously outlined, the main function of the program
is to determine whether the aircraft is within an allowable deviation
from the time it was estimated to pass the reporting point. . If so,
action is taken to extend the clearance, otherwise the program determines
what section of the flight is being handled and a return is made to
check for separation and possibly revise the clearance.

3. Cruise Clearance Subprogram

The Cruise Clearance Subprogram will be used for the following
purposes: :

a) processing a clearance following an ascent to
cruising altitude.

b) processing a clearance for an aircraft entering area
at cruising altitude.

c) processing a clearance for an aircraft entering IFR
control while cruising.

d) exteﬁding a clearance following a progress report.

e) checking and revisihg a clearance following a progress
report.
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Input: progress report
Find appropriate flight
plan in storage.

Is progress report correct as
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The action of the subprogram is outlined in general form in Figure 33. Cases
b) and c¢) are first distinguished in the subprogram and are handled separately;
~ the other cases enter directly into the cyclie part of the action which will
handle a clearance of one, twa, or three reporting points depending upon the
purpose for which it is used. After all of the special conditions are distin-
guished and isolated, a check for separations is made with the Separation
-Program. When a conflict is discovered it is assumed that proper elimination
of conflicts and assigmment of altitude will be made. Following the processing
:of ‘a complete clearance, the computer makes appropriate ehanges in the time
estimates over the uncleared points, sets up the condition registers, and
prepares to dispatch the clearance.

In this subprogram, as well as those for the ascent and descent
clearance, when preparing for the use of the Separation Program the times at
which the two reporting points will be passed will be estimated. This estimate
will use the current wind conditions as well as the airspeed of the aircraft.
In accordance with current practice, the observed deviation of the aircraft as
determined in a previous progress report, if any, will be used to obtain a
better estimate; such a process is equivalent to having calculated the actual
ground speed of the aircraft and used it for the new estimate, Little or ne
use is made at the present time by the controllers of knowledge of the actual
winds which can be calculated by determining the true ground speed and sub-
tracting from it the reported air speed of the aircraft; the author has at
times been amazed at the accuracy with which controllers estimate times using
only the cruder methods. described. above, and there appears to be little to be
gained by using a more sophisticated method.

Ascent and,Descent Clearance Sdbprogramé

‘ . Flow diagrams. for the Ascent and Descent Clearance Subprogram
are. presented in Figures 3l and 35. The general action of the Ascent Clearance
Subprogram will be to. process themclearance up_to. the point of the flight at
which the cruising altitude is reached; at this point the clearance is taken
up.and handled by the Cruise Subprogram. . The Descent Clearance Subprogram
similarly handles only the descent portion of the clearance with suitable
coordination being made with the Cruise Clearance Subprogram.

o As already noted, it will be the duty of the computer to decide
upon the manner in which aircraft will be dispatched to or from the cruising
altitudes when on ascent or descent. The most desirable paths, in either case,
are straight-line ascents or descents at maximum rate of change of altitude.
This line of maximum altitude change represents one boundary on the ascent or
descent, the other being the terrain considerations. If a conflict is dis-
covered on the path of maximum altitude change, it will be the function of the
.computer - to find some other acceptable path between the two boundaries; a path
with a slower rate of change of altitude or one which follows the maximum path
for only a certain distance can be tried. As a means of implementing the
conflict elimination and altitude assignment functions, in processing an ascent
clearance the computer will proceed in a forward direction along the flight
path, starting at the point at which the aircraft joins the airwaysy and in
processing a descent clearance the computer will consider points proceeding
back up the descent path from the point at which the aircraft will join the
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stack or be transferred over to approach control. Because of these
reasons, there is a great degree of similarity between the ascent and
descent subprograms; with careful programming it might be possible to
combine the action of the two programs with the exception of the function
of conflict elimination and altitude assignment,
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A, Iptroductions

‘The previous chapters have dealt exclusively with the use of a
computer within the specific framework of the existing system of control.
As noted in these chapters, the present ‘procedures and methods have been
predicated upon the assumption that human operators are the central con-
trolling elements of the system; and in several instances specific situa-
tions were pointed out where it appearod that more standardized proced-
ures were desirable for mechanization with the computer. 4As s conclud-
ing chapter to this study, several rather‘general remarks will now be
made in regard to certain advantages which might accrue if one considered
the use of a computer in a system not planned for or restricted to the
abilities of the human controllers., These remarks are not intended to be
comprehensive or to include considerations of extremely faturistic systems
in which the mechanization not only involves personnel on the ground but
extends to the use of airborne equipment forflight control of the air-
craft; rather the remarks are merely included as an illustration of the
fields to which the use of a computer for air traffic control can be ex-
tended,

A B, All-Weather Gonﬁngl

Present regulations reqnire'the~strict control and supervision
of only those aircraft travelling along the airways during IFR flight
conditions; &dlthough as noted, it is. not unusual for pilots to request
an IFR clearance when flying umder VFR conditions, The safety record for
aircraft flying with IFR clearances is extremely high, and stands as a
tribute to the little-~publicized efforts of the air route traffic. control
centers and their personnel. At the present time, the large majority of
mid-air accidents or collisions occur during good visibility conditions
when pilots are responsible for their own-safety and separation., Of a
similar nature is the fact that some of the most difficult situations for
the traffic controllers occur in what might be termed as "border-line"
weather conditions. In such conditions when the weather and visibility
are apt to change rapidly, it is not unusual to have & number of en-route
aircraft file IFR flight plans within a short span of time, The coordin-
ation of information and the establishmenit of appropriate separations be-
tween these aircraft and those already under traffic control presents a
taxing and difficult problem. The situation may become rather dangerous
if the deterioration of the weather and visibility is so sudden and
complete that the aircraft are not able to maintain VFR flight while a-
waiting the IFR clearance,

The above-mentioned situations might be averted if all flights,
VFR and IFR alike, were controlled by the centers; it is probable, how-
ever, that the present control centers could not handle the large numbers
of airecraft that fly in fine weather., The use of a digital computer prob-
ably offers a satisfactory solution to the problem and the extension of the
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use of a computer to an all-weather control system would not differ radi-
cally from the discussion in the main body of the thesis, Clearance based
on appropriate separations would be required for all aircraft, and certain
exceptions to control such as VFR restrictions or flights 500 feet above
clouds would probably be modified or eliminated. The much larger bulk of
traffic which would be handled by the system might lead to the employment
of different data~handling and storage procedures than have already been
mentioned, but the general nature of the computer work would be similar to
what has already been described except that it would be at an increased
'bamp@ °

If an all-veather system were adopted it would be possible to
consider variations in separation standards., The present separations
would be retained for IFR flights -- it is conceivable that the accuracy
or reliability of the computer in the system might even ease and reduce
these separations -- while a separate and less strict set of standards
could be adopted for VFR flights in the daytime and another set for VFR
flight at nights. The provisions noted in Chapter VIII for non-restricted
altitude changes could be used in an all-weather system to give VFR flights
as much freedom as is consistent with safety,

An extension to all-weather cantrcl over the airways would be
but a first step in the establishment of a complete overall system of con-
trol. The second step would be to eliminate the restriction to the con-
trol of aircraft only on the airways. At the present time this would be
impossible due to the limited extent of the navigational sysiem; however,
the Civil Aeronsutic Administration is now developing and installing new
ravigational aidsl which will essentially provide an untimited number of
flight paths and markers in a traffic control area, With appropriate air-
borne equipment2 and in conjunction with the new ground equipment, pilots
will be able to continucusly determine positions and bearings with respect
to a ground station and will be able to navigate a straight path between
any two chosen geographical points,

‘ The present methods of control, based as they are on the fixed
airways and the fixed reporting points; are certainly not applicable to
an all-area control system, and for this reason in the early stages of
the use of the new equipment the pilots flying under IFR conditions will .
still be restricted to a small fixed number of paths. Such restrictions
could be eliminated with a digital computer, and it would be possible to
use the computer as the control element in a system which permitted air-
craft to select optimum flight paths anywhere in the area. OSuch a system
might be of the moving block typey however in view of the large amount of
available air space a fixed block system could probably be used without
drastically reducing the traffic-handling capacities. The methods of
checking for separation in such a system might require fixed blocks of
airspace; however, a compromise between fixed and moving blocks might be
reached in view of the feature of being able to determine the positions
of the aireraft\m@re:&ccuratalyg as well as being able to obtain position

1° Referenee 36 and 40
2. Reference 41




Report R-203 140

reports whenevey they are desired.

D, Use of Radar

It will take a number of years before navigation equipment of
the type described above can be put into full cperational use for all
types of aircraft, The major deterrent to its widescale use will be the
fact that a certain amount of the equipment must be airborne; this,
plus its expense, places a burden on commercial carriers as well as the
larges number of private aircraft,

It is possible to envision a ground-based navigation system
using only surveillance radar, Such a system has the advantage of re-
quiring no speecial equipment in-the alrcraft, while still permititing
almost contimuous position measurements. It should be realized, how-
ever, thers are a number of difficulties connected with the efficient
use of radar as an aid to navigation or to traffic control; among
these difficulties are those technical problems associated withs

a) discerning moving targets in the presence of fixed targets
b) discerning aircraft in the presence of storm clouds

¢) discerning small aircraft at long ranges

c} determination of altitude

A large amount of engineering-effort has. been put into efforts at curtail-~
ing these limitations, and with improved -ground equipment as well as a
small amount of airborne equipment it -has recently been possible to
achieve more satisfactory operation. This is evidenced by the syccessful
use of surveillance radar during the Berlin Airlift in 1949-1950% and by
the recent decision by the Civil Aeronmutics Administration to use radar
as an aid and monitoring device for-Approach Gontrol.g

There are also a number—of operational limitations which re-
strict the use of radar for navigation-end traffic control purposes. The
ma jor of these is the fact that the-radar deta contains no identification
of the target other thanm its position, “This means that once one has
established which of the radar echoes corresponds to a particular air-
craft; the aircraft must be "followed®™ or "tracked® during the succeeding
scans of the radar. This tracking procedure can become fairly difficult
when a number of aircraft are flying close tggether or if the radar re-
turns contain a good deal of errors or -extranecus noise.

The normal presentation of radar data on a plan position in-
dicator (ppi) does not include any provisions for indicating altitude,
and the geographical positions of the aircraft must be measured from the
scope face, In view of the informatiom-handling and data-processing
nature of the problem, it would seem that a computer could.be conveniently
used for the purposes of tracking and data presentation. In performing
the fbrmer of these tasks, the computer might be programmed to utilize

1, Referencas 33
2., Reference 14
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the same criteria and types of judgment applied to the tragking problem
by a human; in the latter task, the computer by virtue of its jnternal

storage could not act as a filter and would provide as an output -- om

paper tape; typswriter, etc. -- the data of interest,

In the previous chapter mention was made of two of the more dif-
ficult problems of air traffic control: conflict elimimation:and assign-
ment of optimum altitudes. These are actually scheduling problems; one is
associated with the safety of the traffic, the other with the orderly and
expeditious movement of the traffie.

There are a larges number of ways in which the idea of schedul-
ing can bs applied to the control of air traffic. As was explained in
the previous chapters, pre-scheduling and planning plays but a little
part in the present system, Aircraft are dispatched with a certainty
only that no conflict will exist during the first section of the flight,
and with little or no assurance that they will not have to be delayed in
the air at their destimatiom. It is not timt there is no desjire to do
pre-scheduling or a lack of desire to utilize the time schgdules of com-
mercial aireraft, rather it is the difficulty of taking such factors into
aceount, In contrast to the current system, one can envision a system
in which each aireraft before it leawes the grovumd has a complste schedule
which is predicated on adequate separations, proper assigmment of altitude,
and a minimm of delay, With such a properly devised schedule: which took
into sccount small en-route delays and -weather changes, the traffic con-
trol function for the most part would merqly be one of monitoring all air-
craft to make sure - that they kept to their schedules, :

Of course, between the two extremss of the present system and
the optimum system there are a number of possibilities. 4 first step in
the direction of complete scheduling is that of flow e‘on‘tml in which an
attempt is made to regulate the flow of traffic towards ee.qh airport to
an amount which san be handled and landed without excessive delay. One
principle which has often been discussed is timt of not giving an air-
craft a clearance until it is assured that it will have an available
landing time at its destination: In ifs erudest form this type of flow
econtrol would consider only the points of arrival and departwre, and
would assume that the airecraft would nmot suffer en<route delays such that
it could m‘t make its scha&ule& arrival time, Plans have bgen formulated

Afrp “Ti 7 e quipment® which will accomplish the neces-
- sary “b@okingm and resemtion mking tasks, It is fairly obvious that
this -type of -work gould be carried out rather easily by a computer; es-
sentially, however, this flow control would be but an inherent part of
a completely scheduled system,

1., Reference 50
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The problem of making -out & complete and adequate schedule for
other than but z small number of aireraft is of sufficient difficulty that
& high=speed computer would be required. The problem is ngt merely that
of setting up a single master schedule; the characteristics of commercial
air passenger and freight travel, private flying, and militery demands
are such that one could not expect that it would be possible to create a
strict schedule and follow it, Rather the schedule-msking duties will be
of such a nmature that they must be carried cut-almost contimyously, as un-
scheduled aircraft file fiight plans or-as scheduled zircraft deviate suf-
ficiently from the schedule so as to require further action. Because of
the fawt that a sizeable amount of traffic does follow & fairly regular
daily and weekly pattern, it would probably be possible to have a standard
core to the schedules around whith other schedules would bes fitted. As
noted, all sghedules, if they are to be =ffective snd not require a fre-
quent amount of change, should be made with sufficient lesway so as to
be able to take care of sudden ghanges in weather or small delays or ad-
‘vances which aircraft might encounter en-route.

The initisl schedvling or rescheduling of a‘ircrxf‘v is quite
similar in nature to mathematical problems of maximization or minimiza-
tion, There are cvertsin boundary conditions -- desired time of depart-
ure, routs, speed, ste,, =~ and there are certain restrictions enforced,
chiefly those of safe separation; the desired result is a schedule which
is not only safe, bub which eniails the least amoumt of inconvenience and
delay for-all flights, Of course, while the minimization of inconvenience
and delay primgiple should be applied to all aireraft collectively, care
must be takem go that the inconvenience and dolay for a single aircraft
does not becoms excessive,

The basic needs of a computer in handling such a problem are
three-folds:

a) a means of proposing & schedule to be tested

b) =& means of testing such a schedule for separation

¢c) a means of evaluating a schedyle from the viewpomt
of maximum cmeni:an@e and minimm - delay,

Need @) ‘involves the se‘tt:’tngnp of some sort of criteria by which an
otherwize safe scheduls can be evaluated. For this purpose it might be
possible to establish some sort of a merit or demsrit system which would
assign certain point values for delays, number of altituds ghanges, amount
by which schedule deviates from wishes of pilot, ete. Each proposed
schedule could be gradod and the scheduls with the best’ grado selected
as the optimm,

It would seem that :ﬁ:n'perfumingthe functions of proposing and
testing a schedule, a form of fixed block system would be the simplest,
As already noted, the determimgtion of safe separations in such a scheme
is fairly simple - far simpler than the methods which had tq be em-
ployed in Chapter VIII -- and the fixed blocks readily lend themselves
to schemes for altering the various flight plans in an attempt to obtain
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new and better schedules. There are a number of other and less obvious
factors which would have to be discussed in a detailed comsideration of -
the general subject of scheduling and how the problem might be handled by
a computer, In particular, complete study of the subject would include
an investigation and eritical analysis of just what could and would be
gained by using a computer to find the optimum schedule. After all, the
saving in time and convenience introduced through the use of the schedule
selected by the computer might not be significant over a schedule which -
could be selected by human plammers. This consideration will, of course,’
become more critical -in the future. Under heavy traffic conditions, thére
seems but 1little doubt that only a high-speed computer capable of trying
and testing a numbér of possibilities would permit the desired efficient
operation of the system.
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APFPENDIX I

Whirlwind Order Code as of January 1951

A. Notation: AC = Accumulator, AR = A-Register, BR = B-Register,
x is the address of a storage register, n is a
positive integer, k designates an external unit.

B. HNotes on the Order Code:

Effect of operations. The functions of the various orders
are described below. It is to be assured that AR, AC, BR, and
the register whose address is x are undisturbed unless the contrary
is stated.

AR. AR is primarily a buffer register for passing words
inte AC. After orders oa x, os x, ad’x, su X, sa x, and a0 x it
containg the number originelly contained in register x. After
orders cm X, mr X, mh X, and dv x it contains the megnitude of
the contents of x. The effect of sp x and op x is stated below.
No other order changes the contents of AR.

BR. A number stored in BR always appears as a positive
magnitude, the sign of the number being sssumed to be that
indicated by the sign digit in AC. This convention has no
effect on the logical result of the operations involving BR except
"that when BR contains a avmber that will be used later it is
necessary to retain the appropriate sign digit.

Alarms. If the result of sn arithmetic operation exceeds
the register capacity (i.e., if overflow occurs), a suitable
alarm is given except as mentioned in connection with orders
sa x and sl n. )

Shift orders. A multiplication overflow in sl is lost
without giving an alarm, but an overflow fram round-off gives an
alarm. Orders sr O and sl O only cause round-off, an alarm "
being given if an overflow occurs. The integer n is treated
module 32, i.e., sl 32 = 81 O, sl 33 = 81, 1, ete.

Scale factors. If all the digits in BR are zero and AC
contains 4+ O, the order sf x leaves AC and BR undisturbed and
stores the number 33 in the last 11 digit positioms of
register x.
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Division. Let u =nd v be the numbers in AC and register x
when the order dv x is used. If lui</v/ the correct quotient is
obtained and no overflow can arise. If /ul> /vl overflow occurs
‘and gives an alarm. If u = v + O the dv order leaves 16 ones
in BR and roumd-off in a subsequent sl 15 would cause overflow
apd give an alarm. If u = v = O a zero guotient is ebtained.

Check order. This order cannot be used for anything but an
identity check. It is intended primarily for use in special
test problems and in spot-checking to assure reliability,
especially in handling film units.

Display orders. The qh operation sets horizontal deflection
of all scopes and leaves it set until the next gh. A new
vertical deflection must be provided each time & spot is displayed
by 9d or gf. The qd or qf operations can be used without a ¢h
operation by allowing the horizontal deflection to be provided
by & lineer time-base sweep generator in one of the display
scopes, in which case computed values can be synchronized with
the sweep by allowing each new sweep to cause the cemputer to
start over at the beginning. The temporary display orders
will be replaced later by using an operation like rf to select
the device and operation re¢ to put the number into it.

C. Orders:

Operation

| Order Function
o Name Binary ‘

Code

ri -~ | road initislly | 00000 | Take words frai external unit’
until dinternsl storage is full.

rs -- | remote unit stop| OO0OOL | Stop extermal umit

rf k run forward 00010 | Prepare to use exterpal unit
, k in forward direction.

rb k- | run backward 00011l | Prepare to use extermsl uwmit
' k in backward direction.

rd x read 00100 | Transfer t@ ‘r;,ie{gister x & Vrord
supplied by ‘ékternal wnit.
o

re x record 00101 | Arrange for ﬁra.nsfer of
contents of register x to
externsl unit.
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Name

Binary
Code

Function |

@ x

t8 x

td x
ta.x
ck x
qe x

cp X

qd 1x>

h-8xis set

display
(p-scope

transfer to
storage

trapnsfer digits
trapnsfer address
check

exchange

condition pro-

00110

00111

01000

01001

01010

01011

01100

01101

01110

Transfer contents of AC to
register x; set the horizontal
position of all display scope
beams to correspond to the
numerical value of the
contents of AC.

Transfer contents of AC to
register x; set the vertical
gosit‘ion of the beams of the

‘display scopes to correspond

to the nwierical valye of the
centents of AC; display (by
intensifying) a spot on the
face o1 uvne D-display scopes

Transfer contents of AC to
register x.

Transfer lest 11 digits from
AC to last 11 digit positions
of register x.

Transfer last 11 digits from
AR to last 11 digit position
of register x.

Stop the computer end ring an
alarm if the contents of register
x is not identical with the
contents of AC; otherwise pro-
ceed to next order.

Unassigned,

Exchangé the- ean'ben@s of AC' ...
with the contenta of register
x (original contents of AC to
register x, original contents
of register x to AC).

If numlér in AC is negative,
proceed as in sp; if number is
positive disregard the cp order,
but clear the AR.
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Order

Operation

Name
A

Binary
Code

Function

8px
ca X

c8 ¢

ad x

8U X

58 X

80 X

gf %

subprogram

clesr and add

clear & subtract

add

_subtract

clear and add
magnitude

special add

add one

F-gcope

01111

10000

10001

10010

10011

10100

10101

110110

10111

Take next order from register
X. - If the sp order was at
address y, store y+l in

lagt 11 digit positioms of AR.

Clear AC and ER, then put
contents of register x into AC,
If necessary, add in carry from —
previous sa addition.

Clear AC and BR, then put
complement of contents of
register x into AC., If neces-
sary, add in carry from previous
sa addition.

Add contents of register x to
cantents of AC, storing result =
in AC,. ‘

Subtract contents of register x
from contents of AC, storing
result in AC, .

Clear AC and BR, then put

‘positive magnitude of contents

of register x into AC., If neces~
sary add in carry from previous
sa addition.

Add contents of register x to
contents of AC, storing result
in AC and retaining any over-
flow for mext ca, c8, or cm
order. Only orders 1 through
15 may be used between the sa
order and ca, cs, or cm orders
for which the sa iz a prepa
ration.

Add the number 1 x 2-15t0 the
contents of register x, Store
result in AC and in register x.

Same as operation gd, except
display a spot on the face of
the F-display scopes.
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Order

Operation

Neme

——

Binary
Code

PFunction

mr x

dv x

sl n

8r n

st x

mnltiply and
round off

mul'@i;ply and hdld

divide

shift left

shift riéh‘t

scale facter

11000

110011

11010

11011

11100

1110l

Multiply conténts of register

x by contents of AC; round off
tresult to 15 numerical digits

and stare in AC. Clear BR.

Multiply contents of register
x by contents of AC and retain
the full product in AC and the
first 15 digit pesitions of BR,
the last digit pesition of BR
being cleared.

Divide contents of AC by contents
of register x, leaving 16 numerical
digits of the quotient im BR amnd

+ 0 in AC according to sign of

the quotient. . (The order sl 15
following the dv erder will round
off the quotient to 15 mwmerical
digits and store it in AC.)

Multiply the number represented.

by the contents of AC and BR by A,
Romnd off the result t6 15 numerical
digits and store it in AC. Dis-
regard overflow caused by the
multiplication, but not that caused
by round-off. Clear BR.

| _
Multiply the number represented by
the contents of AC and BR by 272.
Round off the result to 15 numerical
digits and store it in AC. Clear BR.

Multiply the mwmber represented by
the contents of AC and BR by 2 suf-
ficiently often to meke the positive
magnitude of the product equal to
or greater than 1/2. Leave the
final product in AC and BR. Store
the number of multiplications as
last 11 digits of register x, the
first 5 digits being wndisturbed.
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Order

Operation

Neme

B

Binary
Code

Function

qar n

read/
shift right

punch/
shift right

-11110

Perform two logically distinet

functions:

1) Cause the interim tape
input reader to read one
character from tepe into
digits O through 6 of FF
Register #3.

2) Shift the contents mf AC
and BR to the right n times.
The sign digit is shifted
like any other digit and
zéros- are intreduced into
the left end. (no round off,
no BR clear, no sign control.)

Perform. two legically aistmct

functions: ~

1) Cause the interim paper
tape eutput equipment to
record one character corres-

sponding to the contents of

- digits 9 through 15 of FF
Register #2.

2) Shift right as in operation
qr.
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