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PREFACE

A primary factor in the development of future air transportation
is the terminal area air traffic control system. The system must
permit the maximum flow of aircraft into and out of the terminal area,
safely and economically, so that delays are either eliminated or
brought to a theorectical minimum. The system must be capable of
eliminating not only today's terminal area delays but also the
potential delays of future years based on passenger, aircraft, and
airport projections.

The following report considers the '"systems design'" of terminal
area air traffic control systems now through the year 2000. It con-
siders the air traffic control procedures and hardware, including
takeoff and landing and air collision avoidance. It considers the
impact of passenger and aircraft demand. It considers the impact
of aircraft and airport characteristics. Finally, it develops a
generalized model which may be used to determine the impact upon
terminal area operating time caused by any proposed air traffic
control system, airport system or aircraft characteristic.

The design is proposed by the twenty participants of the National
Aeronautics and Space Administration - West Virginia University Summer
Pre-Doctoral Fellowship Program in Engineering Systems Design as a
result of their eleven week study performed at the NASA Langley
Research Center. In addition to attaining this design, the purposes
of the program were to give the participants a systems design
experience and a better awareness of our nation's efforts in aeronautics

and astronautics.
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Engineering Systems Design Programs have become well recognized
for the many benefits they give the participants. They obtain an
appreciation of and experience with the overall problems which are
involved in preparing a preliminary design. At the same time, each
participant has the opportunity to investigate in considerable detail
and become expert in one or two particular aspects of the system. A
participant learns that he must understand the concepts of other
disciplines and how these disciplines relate with his own; he must be
able to talk and work with others as a design team; and he must be able
to handle systems design problems where often the questions cannot even
be properly asked until they are at least partially answered.

The National Aeronautics and Space Administration has encouraged
the development of university engineering systems design programs
through sponsorship of summer faculty training programs at NASA centers
and student pre~doctoral fellowships at universities. As a result, the
number of universities offering systems design courses continues to
grow; however, the total number remains small. Not all students have
the opportunity to take such a course because of the limited curriculum
of their institutions. Recognizing this, NASA and West Virginia Univ-
ersity have agreed to present a summer program in engineering systems
design for which all pre-doctoral students in the country are eligible
to apply. The participants receive academic credit from West Virginia
University which may be transferred to their home institutions. The
twenty participants who prepared the following air traffic control
design represent thirteen institutions from across the United States.
The NASA and West Virginia University also agreed that there would be

added benefit by conducting the program at the Langley Research Center



where advantage could be made of the professional staff, facilities,
and environment.

This report represents the results of the second NASA-West Virginia
University Summer Systems Design Program. The first program conducted
during the summer of 1969 resulted in the design "United States Air
Transportation 1980,"

All design teams hope that their design will contribute to the
advancement of society. It is believed that the following design,
in addition to the experience it has given the participants, is
significant in many respects. It approaches terminal area air traffic
control as not merely a combination of procedures and hardware, but
as a complex system involving also people, aircraft, and airports., It
also ‘proposes a generalized model which may be used to determine the
impact of any characteristic upon terminal area operation time.

It is hoped that the following report will aid both the systems
design engineer looking at the overall problems associated with future
air traffic control systems and also the component engineer looking at

a single aspect of the system.

Emil Steinhardt

Program Director and
Associate Professor

West Virginia University
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ORGANIZATION

The 1970 NASA-West Virginia University Summer Pre-Doctoral
Fellowship Program was a group effort concerned with air terminal
systems design. The program was organized into the following three
phases:

1. Introductory Work

2. Research and Preliminary Design

3. Final Design and Report

The first phase, covering the initial two weeks of the eleven week
program, was devoted to defining a particular problem area which would
be investigated and to examining methods of approaching this problem.
Once these aspects were completed, the members divided themselves into
the following three groups:

1. Aircraft Group

2., Air Traffic Control Procedures and Hardware Group

3. Simulation Group

Each group had the responsibility of fulfilling its own goals as
well as meeting the interfaces established with the other two groups.
Coordination within the groups was carried on by elected group leaders,
and coordination between the groups was conducted by the project manager
who also was elected,

The second phase, lasting five weeks, was spent primarily on research,
The participants were greatly aided during this phase of the program by
the backgroud lectures provided by members of the Langley Research Center
staff as well as by experts from industry and government agencies. At

the end of this phase, two preliminary briefings were given, one at
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Langley Research Center and the other at the Federal Aviation Administra-
tion in Washington, D.C. These presentations were made not only to
display the results which had been obtained at this point, but more
importantly to ascertain the comments and criticisms of the audience.
The ideas and improvements which were developed as a result of their
remarks were then incorporated into this final report.

The third phase, covering the final four weeks, began with the
election of a new project manager and new group leaders, The primary
task now was to organize all the material heretofore used, draw
conclusions, and integrate this information into the final report. The
program concluded with a final presentation at the Langley Research

Center.
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CHAPTER T
INTRODUCTION

The design of an Air Traffic Control System for the next thirty
years has been called "engineering'’s greatest challenge for the next
decade,"1 Air traffic congestion is a growing problem at terminal
airport facilities, particularly in large metropolitan areas. In-
sufficient airport capacity during peak traffic periods has resulted in
prolonged delays, deliberate work slowdowns, overtaxed equipment causing
frequent failures, and numerous reported near midair collisions. 1In
addition, aviation activity is predicted to at least double by 1980 and
to double again by 1995. A problem such as this will not be solved by
any single group; the solution will come from the combination of many
design teams, each using portions of earlier studies and adding contri-
butions of their own. This was the approach taken by this group.

Several studies exist which provide good backgroud for the air
traffic control problem. Among these are the "Report of the Department
of'Transportation Air Traffic Control Advisory Gommittee”z and the
"Report of the Transportation Workshop, Air Transportation 1975 and
Beyondg”3 Already, many groups have attempted to extend the results

of these two studies,4’5

This study will extend these two reports by
concentrating on a specific subsystem of the total air transportation
system,

The area of concentration chosen was the air traffic control
system for the terminal area. This was selected because it is one of

the most critical parts of the total air transportation system. The

final approach and the runway are the bottlenecks of today's system

1



and will continue to be for the future system. The air traffic control
system also has all the aspects of a "systems design" problem. Many
diverse areas must be surveyed and some of these areas must be looked
at in depth. One must design this system with emphasis on the inter-
actions among the various components to insure that the total system
works properly.

To attack the problem, the project was divided among three smaller
groups and a primary responsibility was assigned to each, The three
groups were the Aircraft Group, the Simulation Group, and the Air
Traffic Control Procedures and Hardware Group,A The responsibility of
the Aircraft Group was to determine the demand and terminal area per-
formance characteristics of aircraft now through the year 2000. The
Aircraft Group would look at today's demand and types of aircraft and
extrapolate this data to the year 2000. With this input data, the
other two groups could design an Air Traffic Control System for the
future,

The responsibility of the Air Traffic Control Group was to develop
air traffic control methods, takeoff and landing criteria and air
collision avoidance procedures and hardware to minimize, safely and
economically, terminal area operation time for the year 2000. As a
start, this group had to become experts in today's air traffic control
procedures and hardware, With this background, the air traffic control
group could formulate the procedure and hardware which would be needed
for the demand and type of aircraft predicted for the year 2000.

The responsibility of the Simulation Group was to develop a simula-

tion model for terminal area operationmns for the present day system and



for the future system. A good working model was necessary to test the
procedures developed by the Air Traffic Control Group. A model would
also allow trade-off studies such as new runways versus new airports
or straight~in approaches versus curved approaches. Thus, a model was
needed to evaluate the overall work of the other groups.

Each group had a primary responsibility, but they also had the
responsibility of working together in order to make a contribution to
the total air traffic control problem. The Aircraft Group would furnish
demand and aircraft characteristics to the Air Traffic Congrol Group.
The Air Traffic Control Group would furnish procedure and hardware
characteristics to the Simulation Group. The Simulation Group would
test these procedures and hardware characteristics and make recommenda-
tions to the other two groups. With this type of group relationships
the design of an air traffic control system for the year 2000 was

carried out.
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CHAPTER 11

DEMAND AND PERFORMACE CHARACTERISTICS
FOR ATRCRAFT NOW THROUGH THE
YEAR 2000

2,1 INTRODUCTION

In order to develop an air traffic control system for the year
2000, it is necessary to have an idea of the terminal area performance
characteristics of the aircraft which will then be in serviece. Also,
it is necessary to know approximately how many and of what type the
aircraft will be. In this regard, four areas were investigated:

1. Passenger and Cargo Demand. Aircraft in service
(especially air carrier and cargo aircraft) are
direct reflections of the demand for air trans-
portation. Demand was not pursued as an end in
itself but rather as a means to determine the
type and number of aircraft in service in the
year 2000.

2. Aidrcraft Fleet. The number and types of aircraft
for the year 2000 were determined using the pas-
senger and cargo demand data.

3. Aircraft Performance. This area included the respon~-
' sibility of determining the terminal area charac-
teristics of present and future aircraft.

4, Wsake Vortices., Although this area of study does not
fall precisely into the realm of aircraft perform-
ance, it was decided to investigate this important
problem.

The approaches taken and results obtained in the above four areas

are presented in this chapter.

2,2 DEMAND THROUGH THE YEAR 2000

While some projections of the total aircraft fleet of the future

have been made, very little work has been done in the area of projecting



the number of aircraft, by type, that will be in service in the year

2000. Since this information was required to study the effectiveness

of the air traffic control procedures that have been proposed for the
future, a technique for predicting the number of future aircraft has

been developed that depends on projections of passenger enplanements

and cargo ton-miles plus certain assumptions regarding the characteristics
of the air-craft. Thus, the following projections are prerequisite to

the determination of the passenger and cargo aircraft fleets for the

year 2000.

Passenger Demand

Several projections of passenger demand and passenger enplanements
have been made for the period 1980-1985, but due to the many variables
involved very little work has been done beyond 1985, For the purpose
of this report it was decided to use passenger enplanements rather than
passenger demand since this is more directly related to aircraft depar-
tures and thus the size of the aircraft fleet. 1In order to determine
enplanements through the year 2000 the Federal Aviation Administration
projection through 1981l was accepted as the best available data. This
data was then extrapolated using the following assumptions:

1, 10% annual increase through 1985

2. 5% annual increase from 1985 through 1995

3. 10% annual increase from 1995 through 2000
The results of this extrapolation are shown in Figure 2.1.

The above assumptions have been based on the belief that presently
proposed improvements, if implemented on schedule, and the introduction

of limited STOL operations on separate runways at existing airports,
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will provide a sufficient increase in the system's capacity to accomodate
the rapidly increasing passenger demand through 1985 without a signifi-
cant increase in present-day congestion. However, by 1985 saturation
will start to limit the number of operations per day and improvements
will not be rapid enough to keep up with demand. This belief is reflected
in the reduction from 107 to 5% annual increase in passenger enplanements
from 1985 through 1995. During this ten=-year period there will be
improvements in air traffic control equipment, primarily in the area of
computerized operations. However, the main factor affecting the system's
ability to handle the increasing demand will be the introduction of STOL
and VTOL service on a large scale basis and»operatingffrom separate
stolports in downtown locations. The above improvements, plus future
medium and long range aircraft that seat approximately 1000 passengers,
will allow the system to handle the increase in traffic from 1995

through 2000.

Cargo Demand

Before attempting any projections of air cargo demand, it should
be noted that a dearth of data exists for the air cargo fleet. As a
result, projected cargo demand can be nearly anything to prove nearly
any point. Considerable value judgement, based on conversations with
various aviation officials, has been used in arriving at the final
results. This is not meant as a criticism of the final numbers: it is
intended as a guide such that the conclusions may be placed in
perspective,

The basis for the year 2000 projections has been the Lockheed-

Georgia Report CMRS 992 which projected cargo demand to the year 1985,



Lockheed=Georgia has done considerable work in the area of cargo demand.
Furthermore, the 1985 projections of the Lockheed report are approximately
an average of the other 1985 projections that were available.

The Lockheed projections were broken down into two major sub-
divisions, belly cargo and all-cargo aircraft. Belly cargo refers to
the cargo carried by passenger aircraft; all-cargo refers to air-
craft carrying cargo exclusively. The all~cargo aircraft were further
subdivided into large jet, medium jet, and small jet. The aircraft
are synonymous with range and payload: large jet corresponds to air
craft with a range greater than 2500 miles, medium jet refers to air-
craft with a range 1500 to 2500 miles, and small jets are aircraft with
a range less than 1500 miles. These 1985 projections have been extended
to the year 2000, The ton~mile cargo demand has been projected for both
domestic and international cargo. This projection has assumed for the
time interval 1985-2000 a 17% annual growth rate in domestic cargo, and
a 13% annual growth rate in international cargo. This has yielded a
15.5% annual growth rate for the total cargo demand, and is illustrated
in Figure 2.2, The 1985 base and the year 2000 projections are illustrated
in Table 2.1,

To determine the amount of cargo carried by a type of aircraft over
a given distance, a matrix has been developed using the type of aircraft
versus its range, The elements of the matrix represent the percentage
of total-miles of cargo for a given aircraft at a given range. Note
that the matrix assumes four types of cargo aircraft: short haul jet,
medium jet, 747 jet, and transonic transport (TST). These types will
be discussed later in the aircraft section (Section 2.3). The matrices

for domestic and international cargo demand are shown in Table 2.2,
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TABLE 2.1 AMERICAN ATR CARRIER CARGO DEMAND 1985 - 2000

INTERNATIONAL ATR CARGO DEMAND

% OF

" MILLTON OF ANNUAL MILLION OF - % OF

TON MTLES 1985 GROWTH TON MILES 2000

1985  TOTAL  RATE 2000 ~ TOTAL

Total 26,852 100 12.9 166,482 100.0
Belly 2,213 8.2 0.9 1,665 1.0
All Cargo 24,639 91.8 13.4 164,817 99.0
1. Over 2500 miles 23,362 87.0 13,7 162,320 97.5
2. 1500 - 2500 mi. 659 2.5 6.7 1,665 1.0
3. 0 - 1500 miles 618 2.3 1.7 832 0.5

DOMESTIC AIR CARGO DEMAND

MILLION OF % OF  ANNUAL MILLION OF % OF

TON MILES 1985 GROWTH TON MILES 2000
1985 TOTAL  RATE 2000 TOTAL

Total 41,000 100 17.0 434,600 100.0
Belly 3,463 8.4 1.5 4,346 1.0
All Cargo . 37,537 91.6-  17.6 430,254 99.0
1. Over 2500 miles 33,406 81.5 18.4 412,870 95.0
2. 1500 - 2500 mi. 1,879 4.6 13.6 13,038 33.0
3. 0 - 1500 miles 2,252 5.5 4.5 4,346 1.0
TOTAL AIR CARGO DEMAND

MILLION OF % OF ANNUAL MILLION OF % OF

TON MILES 1985 GROWTH TON MILES 2000

1985 TOTAL ~ RATE 2000 TOTAL

Total 67,852 100 15.5 601,082 100.0
Belly 5,676 8.4 1 6,011 1.0
A1l Cargo 62,176 91.6 16.4 595,071 99.0
1. Over 2500 miles 56,768 83.7 16.8 575,190 95,7
2. 1500 - 2500 mi. 2,538 3.7 12.6 14,703 2.4
2,870 4.2 3.9 5,178 0.9

3. 0 - 1500 miles
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TABLE 2.2

YEAR 2000 CARGO MATRIX
ATRCRAFT TYPE AND RANGE
(PERCENTAGE OF TON-MILES OF CARGO)

INTERNATIONAL
Range (Miles)

TYPE 0-500 500-1000 1000-1500 1500-~2500 2500
VSTOL 0 0 G (VI 0.
Short Haul

Jet 4. 5% 10% 22.5% 0 0
Medium Jet . 5% 107 45,0% 10.0% 0
747 Jet 0 0 7.5% 80.0% 10.0%
T.S.T. 0 0 0 10.0% 90.07%
S.S.T. 0 0 0 0 0
Total Per-
centage 5.0% 20.0% 75.0% 100.0% 100.0%

100%
DOMESTIC
Range (Miles)

TYPE 0-500 500-1000 1000-1500 1500-2500 2500
VSTOL - 0 0 0 0 0
Short Haul »

Jet 4, 5% 12.5% .. 287, .0 0
Medium Jet .5% 12, 5% 4.2, - 10% 0
747 Jet 0 0 0 70% 4Q7.
T.S.T. 0 0 0 20% 60%
S.S8.T. 0 0 0 0 0
Total Per-
centage 5.0% 25,0% 70.0% 100.0% 100.0%

- 100%
12



Belly cargo has been projected to be less cthan 1% of the total cargo (as
seen in Figure 2.3) and this is not included in the matrix. The total
ton-miles by type and range of 3iircraft is obtained by multiplying the
matrix elements by the total projected ton-miles in each range (0-1500,
1500-2500, > 2500) . This gives the ton-miles per aircraft operating at

a given range, and is shown in Table 2.3.

2.3 ATIRCRAFT PROJECTIONS FOR THE YEAR 2000

In the year 2000, the aircraft fleet is expected not only to be
larger, but also to consist of aircraft with characteristics quite
different from those in service today. Jumbo jets will double in size
and VTOL aircraft and supersonic transpor® : will come into service. A
large number of cargo aircraft will be devefoped to handle the rapidly
increasing demand for air cargo. In addition the general aviation fleet

will rapidly increase in size.

General Aviation

Although general aviation is not a passenger or cargo service it
does comprise a sizeabl~ portion of the air traffic in the terminal area,
In addition this segment of air traffic is very difficult to control
since most general aviation aircraft are not equipped for IFR conditions.
Therefore, some estimate of the size of the general aviation fle~t was
necessary before recommendations, such as segregated airspace or
separate runways could be mad-.

The total numbher of aircraft in the general aviation fleet, as well
as the number of aircraft in each of ten specific general aviation

categories were determined. The primary assumption for these projections

13
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TABLE 2.3 YEAR 2000 CARGO MATRIX
ATRCRAFT TYPE AND RANGE
(MILLIONS OF TON-MILES OF CARGO)

INTERNATIONAL
Range (miles)

TYPE 0-500 500-~1000 1000~1500 1500~-2500 2500
VSTOL 0 0 0 0 0
Short Haul

Jet 37 83 188 0 0
Medium Jet 4 83 374 166 0
747 Jet 0 0 63 1333 16232
T.S.T. 0 0 0 166 146088
S.S.T. 0 0 0 0 0
Total 41 166 625 1665 162320
DOMESTIC

Range (miles)

TYPE 0-500 500-1000 1000-1500 1500-2500 2500
VSTOL 0 0 0 0 0
Short Haul .

Jet 196 543 1217 0 0
Medium Jet 22 543 1825 1304 0
747 Jet 0 0 0 9127 165148
T.S.T. 0 0 0 2607 247722
S.S.T. 0 0 0 0 0
Total 218 1086 3042 13038 412870

15



was that general aviation would be allowed to grow unconstrained in the

future as it has in the past.

Total Fleet Size

Of the three sourcesl’ 3, 4

used for the projection of the general
aviation fleet the Speas' Analysis was considered the most extensive

and therefore the most realistic prediction., Several prediction
methods were tried by the Speas' Associates and it was found that Gross
National Product was, in fact, the best predictor of the fleet size (See
Figure 2.4).

The equation ultimately developed and adopted for Speas' forecast
of the general aviation fleet contains the important refinement of time
lag. It was shown that the best correlation results when a one-year
time lag is introduced between measuring the GNP and measuring the fleet
size, That is, the 1953 GNP best explains the 1954 fleet. An additional
refinement which was incorporated in the model was the discovery that
the use of GNP in current dollars yielded significantly better results
than using constant dollars. The equation developed is as follows:

Y = 7.14 + 142X
The value of the GNP (X in the equation) is in billions of current
dollars and the resulting estimate of the fleet (Y in the equation),

is in thousands of "eligible" aircrafe,’

*The FAA does not include in its number of "eligible" aircraft under a
continuous maintenance program, aircraft whose annual inspection reports
are delayed or mis-routed, and aircraft whose eligibility lapses (even
though it may only be for a short period of time). The Speas' asso-
ciates contend that these aircraft should be counted and thus come up
with a number of "active" aircraft which turns out to be about 6.8
percent higher than the number of eligible aircraft,

16
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Speas adopted this equation in preference to several other acceptable
ones because it proved very accurate, and was completely in keeping with
economic theory. It is a simple statistical equation and all of the
statistical tests normally applied to analysis of this type yielded
acceptable values. The differences between the actual historical fleet
size and the size as estimated by the equatdion were very low, suggesting
no apparent pattern other than a linear relationship.

Figure 2.4 demonstrates the closeness of the fit between the values
forecasted by the equation and the actual values,

The preceding equation was modified by the application of a 6.8
percent factor to account for the difference between the number of FAA
"gligible" aircraft and the number of "active'" aircraft determined by
Speas' Analysis. This modification results in the final equation

Y =1.068 (7.14 + .142X),

where Y now is in thousands of "active" aircraft.

The GNP forecast and the corresponding forecast of the general

4

aviation fleet (along with the ATCAC™ and FAAl forecasts) are shown in

Figures 2.5 and 2.6 respectively,
Listed in Table 2.4 are the predicted GNP and general aviation fleet
size from now through 2000,

It is important to note once again that these projections
are based on the assumption that no new material constraints
on the growth of General Aviation will develop. 1In fact, however,
during 1969 several developments have tended to limit the demand
for General Aviation services., An even greater number of limita-
tions are expected before corrective action can be influential
in reversing this trend at several of the major U.S. air trans-
portation hubs,

Again, in this sense, the forecasts are a projection of
potential demand, given the discretionary spending desires of
individuals and the recognized utility of general aviation to
U.S. businessmen,>

18
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TABLE 2.4

GROSS NATIONAL PRODUCT AND GENERAL AVIATION
FLEET POPULATION
-ACTUAL AND FORECAST-

Population of the

GNP General Aviation Fleet
Year :Billions of FAAb SPEAS Estimate
Current Data and Forecast®
Dollars Eligible a.c. Active a.c,
Actual
1953 365.4
1954 363.1 61,290
1955 398.0 58,790
1956 419.2. 62,886
1957 442.8 66,520
1958 447.3 67,839
1959 482.1 68,727
1960 503.8 76,550
1961 520.1 80,632
1962 560.3 84,121
1963 590.5 85,088
1964 631.7 88,742
1965 681,2 95,442
1966 739.6 104,706
1967 793.5 114,186 122,200
1968 865.7 122,200 130,000

(TABLE 2.43 continued on next page)
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TABLE 2.43
(Continued)

GROSS NATIONAL PRODUCT AND GENERAL AVIATION

FLEET POPULATION
-ACTUAL AND FORECAST-

Population of the

GNP General Aviation Fleet
Year Billions of FAA SPEAS Estimate
a Current Datab and Forecast®
Forecast Dollars Eligible a.c. Active a.c.
1969 885.3 136,000
1970 939.7 143,000
1971 997.6 152,000
1972 1059.8 161,000
1973 1127.5 170,000
1974 1200.0 181,000
1975 1276.7 192,000
1976 1357.6 204,000
1977 14445 216,000
1978 1539.2 229,000
1979 1640.8 . 244,000
1980 1749.7 260,000
19854 2400.0 375,000
1990 3200.0 490,000
1995 3950.0 610,000
2000 4750.0 700,000

GNP forecast includes 2% inflation in the general economy.
bFAA reported statistics.
CRased on SPEAS adjustment of base year data for 1967 and a l-year time
lag correlation between GNP and the active fleet.
Projections for 1985 and beyond are an extrapolation of the SPEAS analysis
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Fleet Size By Category

In the preceding section, the size of the total general aviation
fleet was forecast through 2000. In addition, an analysis and evalu-
ation was undertaken to determine the approximate size of the following
groups of aircraft types or categories which comprise the total fleet
(these categories are those used by the Speas' analysis):

Reciprocating Engine

1. Single Engine, 1=3 place

2. Single Engine, 4 or more place

3. Multi-Engine, to 12,500 pounds, to 600 HP

4., Multi-Engine, to 12,500 pounds, over 600 HP

5, Multi-Engine, over 12,500 pounds

Turbine Engine

6. Turboprop Single and Multi-Engine, to 12,500 pounds

7., Turboprop Single and Multi-Engine, over 12,500 pounds

8. Turbo=~Jet

Other

9. Rotocraft

10, Unspecified (gliders, blimps, etec.)

Although the Speas' Analysis was conducted only through the year
1980, it is felt that no radical changes in general aviation aircraft
design (and therefore no radical change in aircraft types) will occur
between 1980 and 2000, and that the trends predicted through 1980 will
continue through the year 2000. Although both assumptions may be
somewhat erroneous (especially the latter), Speas' Analysis seems to
be the best available starting point for projecting the general aviation

fleet for the year 2000.
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Two approaches have been used to predict the number of aircraft in
each general aviation category for the year 2000. The first approach
was to extend the Speas' prediction of the number of aircraft in each
category through 1980 on out through 2000. Shown in Figures 2.7, 2.8,
2.9, and 2.10 are these extended predictions. These predictions were
adjusted so that they total 700,000 the projection for the total fleet,
but yet retain their original percentage composition. The second approach
was to extend the Speas’' predictions of the percent of the total fléet
each aircraft type would comprise on through 2000 (Figures 2.11 and 2.12),
The predicted percentages for 2000 were normalized and then based on fhe
normalized percentages and an assumed fleet size of 700,000, the air=
craft fleet was broken down by category. The results of both approaches
are presented in Table 2.5, Based on the results of the previously
mentioned approaches and fleet size for 1980 predicted by Speas', the

fleet distribution for 2000 (Table 2.6) was determined.

Passenger Aircraft

To determine the number of passenger aircraft in service at some
future date using the passenger enplanement projection, the following
procedure has been used:

a. Assume aircraft type and characteristics
1, Capacity
2., Speed
3. Utilization
4, Percent of Market
b, Determine number of enplanements by trip length
c. Determine enplanements per departure
d. Determine departures per aircraft per day

While this procedure will work for any future date, only data for the

year 2000 has been developed.
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TABLE 2.5

COMPARISON OF APPROACHES USED TO OBTAIN

A GENERAL AVIATION FLEET FOR 2000

First approach Second approach
(Projected number) (Projected percentage)

Single engine, 1-3 place 85,400 63,000
Single engine, 4 place 256,000 435,000
Multi-engine, to 12,500 1lbs
to 600 hp 56,200 56,000
Multi-engine, to 12,500 lbs
over 600 hp 24,400 24,500
Multi-engine, over 12,500 1lbs 0 6,300
Turboprop single and multi-
engine, to 12,500 lbs 58,600 28,000
Turboprop single and multi-
engine, over” 12,500 1bs 24,400 9,000
Turbo jet 58,600 24,500
Rotocraft 135,100 49,000
Unspecified or other
(mainly gliders) 2,680 2,800
700,380 698,100
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TABLE 2.6

PREDICTED GENERAL AVIATION FLEET 1967-2000

Single engine, 1-3 place
Single engine, 4 place

Multi-engine, to 12,000 1lbs
to 600 hp

Multip-engine,ito 12,500 1lbs
over 600 hp

Multi-engine, over 12,500 lbs

Turboprop single and multi-
engine, to.12,500 1lbs

Turboprop single and multi-
engine, over 12,500 1bs

Turbo jet
Rotorcraft

Unspecified or other
(mainly gliders)

*Values adjusted to active fleet

1967% 1975
41,760 55,400
61,319 98,200
10,423 19,500

2,864 6,200

1,222 800

475 2,400
323 1,000

787 2,600
1,875 4,200
1,152 1,700
122,200 192,000

32

1980

58,700

143,900

26,000:

8,700

500

4,800

1,900
4,900

8,700

1,900

260,000

2000

80,000

400,000
56,000

24,000

500
30,000

9,000
30,000

70,000

2,800

702,300



The passenger aircraft for the year 2000 have been divided into
four categories, These are V/STOL, short haul jet, transonic jet (TST),
and SST. While each of these categories will consist of several different
types and sizes of aircraft, it is felt that the capacities and speeds
chosen are representative of the average. Since V/STOL service does
not exist today, it was studied in detail to determine its feasibility
and impact on air travel (See Appendix A)., In addition to the aircraft
types and characteristics, assumptions have been made as to the percent
of the market and the number of enplanements per departure by trip length
for each aircraft type. This information is shown in Table 2.7 and is
based on the following conditions existing in the year 2000:
a. V/STOL will dominate the short-haul market, especially
the northeast corridor and other regions of high density
population.
b. SST will be banned from overland supersonic flight
To determine the enplanements per day by trip length, the total
enplanement projection has been divided by 365 and a percentage by trip
length applied. The percentages used were obtained by averaging the
percentages published by the Civil Aeronautics Board for the years 1961,

1962, 1964, 1966, and 19682 > 7> 8 9

and assuming that these averages
will remain essentially constant. The actual and average percentages
and enplanements are shown in Table 2.8, Table 2.8 shows the percentage
for 0-500 miles dropping for the last few years while the percentages
for the longer trip lengths have increased. This lower percentage of
short-haul traffic will probably continue for several years. By 2000,

though, V/STOL aircraft will have had such an impact on the short-haul

market that its percentage of the total will be at least 51.4%.
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TABLE 2.7

ATRCRAFT CHARACTERISTICS FOR THE YEAR 2000

Percent of market Enplanements per departurs (%=-#)

AC Seats Speed
type (mph) G- 500- 1000- 1500- Over 0= 500- 1000~ 1500~ Over
500 1000 1500 2500 2500 . 500 1000 ~1500 ~2500 ~ 2500

V/STOL 270 550 70 10 0 0 0 60-~162 50-135 comoows e mm-— cmmmee
Short Haul
jet 650 585 30 70 10 0 0 50-325 40-260 30-195 eccemen cesc-a
Transonic
transport 1000 650 0 20 80 60 10 seew-- 30-300 36-300 40-400  40-400
S.5.T. 600 1800 0 0 10 40 90 cemmm—— comm o 35-210 50-300 60-360




TABLE 2.8 ENPLANEMENTS PER DAY BY TRIP LENGTH

Distance 1961 1962 1964 1966 1968 Average  Enplane-
(Miles) % % % % % ments for
2000 (mlns)

0-500 53 52.9 52.8 50.3 48.2 51.4 2.8356
500-1000  23.7 23.9 23.9 24.6 25.6 24.3 1.341
1000-1500 12.3 11.9 11.7 12.2 13.4 12.3 .6786
1500~2500 9.5 9.9 10.1 11.2 11.1 10.4 .5738
Over 2500 1.5 1.4 1.5 1.7 1.6 1.5 .08277

The number of departures per aircraft per day has been determined
on the assumption of 2000 hours annual utilization (5.5 hours per day).
Using this with the aircraft's cruise speed and a 30-minute penalty per
trip for ground time and time lost during climb and descent, the
departures per day have been calculated and appear in Table 2.9.

With the above information the size of the air carrier fleet for

the year 2000 has been determined and the results are shown in Table

2,10.
TARLE 2.9 AIRCRAFT DEPARTURES PER DAY

Aircraft Departures

0- 500- 1000~ 1500~ Over

500 1000 1500 2500 2500
V/STOL 3.9 2.4 - ———— -—-
Short Haul

Jet 4.1 2.5 1.8 ———— -

Future
Jumbo Jet - 2.7 2.0 1.3 1.0
SST ———— ———— 4.1 2.9 2.5
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TABLE 2.10

ATRCRAFT FOR THE YEAR 2000

V/STOL  S.H.J. T.S,T S.S.T.
Dist (0-500)
ENP/DAY (2.8356) 1.985 0.851
ENP/DEP 162 325
DEP/DAY 12,253 2,618
DEP/AC /DAY 3.9 4.1
#Aircraft 3.142 639
(500--1000)
ENP/DAY (1.341) 0,1341 0.9384 0.2681
ENP/DEP 135 260 300
DEP/DAY 993 3609 893
DEP/AC /DAY 2.4 2.5 2.7
#Aircraft 414 1444 331
(1000--1500)
ENP/DAY (0.6786) 0.06786 0.5429 0.06786
ENP/DEP 195 300 210
DEP/DAY 348 1809 323
DEP/AC /DAY 1.8 2.0 4,1
#Aircraft 194 905 79
(0--2500)
ENP/DAY (0.5738) 0.3443 0.2295
ENP/DEP 400 300
DEP/DAY 860 765
DEP/AC /DAY 1.3 2.9
FAircraft 663 264
Dist (0--3000)
ENP/DAY (0.08277) 0.008277 0.0745
ENP/DEP 400 360
DEP/DAY 20 206
DEP/AC /DAY 1.0 2.5
#Aircraft 21 83
TOTAL 3556 2277 1920 426
Percentage 43,47 27.83 23.47 5.21
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Cargo Aircraft

Cargo payload for the year 2000 has been projected from a study done
by the Aerospace Industries Association of Americalo (Figure 2.13).
Based on these projections alone, a cargo aircraft with a payload of one
million pounds could be expected by the year 2000. This aircraft would
have a gross weight of between 2.5 and 4,5 million pounds (Figure 2.14).
An aircraft weighing 4.5 million pounds was judged to be too big.
However, an aircraft with a payload capacity of 600,000 pounds and a
gross weight of 1.5 to 2 million pounds was considered to be feasible.
This aircraft is the TST referred to in the Cargo Demand projection,
A summary of projected aircraft is shown below:

CARGO AIRCRAFT IN THE YEAR 2000

1. Short Haul Jet

Maximum Operating Range: 1500 miles

Speed: 585 miles/hour

Payload: 77 tons

Aircraft Utilization: 2000 hours/year

Utilization Factor: .901 X 108 ton miles/air~
craft/years

2, Medium Cargo Jet

Maximum Operating Range: 2500 miles

Speed: 500 miles/hour

Payload: 100 tons

Aircraft Utilizations 2000 hours/year
Utilization Factor: 108 ton-miles/aircraft/year

3. 747 Type Jet

Maximum Operating Range Over 2500 miles

Speed: 600 miles/hour

Payload: 150 tomns

Aircraft Utilization: 2000 hours/year

Utilization Factor 1.8 X 10° ton-miles/air-
craft/year
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Payload (thousands of pounds)
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Figure 2.13.- Payload capacity.
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Gross payload (100,000 1b)
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Figure 2.1k.- Cargo payload trend.
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4, Transonic Transport

Maximum Operating Range: Over 2500 miles

Speed: 650 miles/hour

Payload: 273 tons

Aircraft Utilization: 2000 hours/year

Utilization Factor: 3.55 X 108 ton-miles/air-
craft/year

To determine the actual number of all-cargo aircraft a utilization
factor was defined, The utilization factor is a measure of an aircraft's
cargo potential, It is the product of three factors, aircraft payload,
aircraft utilization, and aircraft speed, or:

Utilization Factor = (Aircraft Payload) X (Aircraft Utilization) X
(Aircraft Speed)

It has the dimensions of ton-miles per aircraft per year, The utili-
zation factors for the year 2000 aircraft are shown above. The cargo
ton-miles per aircraft operating within a given range have previously
been obtained (elements of the matrix of Table 2.3). This number was
then divided by the utilization factor to yield the number of projected
aircraft operating within a given range., The results of this analysis

are shown in Table 2.11,.

2.4 AJRCRAFT PERFORMANCE

Aircraft performance is a vital parameter in the study of air traffic
control. 1In order to be able to design a future air traffic control
system,Aknowledge of present and future aircraft performance character=~
istics, particularly those relevant to terminal area operations, is
necessary. Knowledge of present aircraft proved to be necessary since
this data was essential input to the simulation model which is developed
in Chapter IV. It was also necessary to gain a realization of future

aircraft performance since this information would be of great importance
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TABLE 2.11 NUMBER OF ALL~CARGO AIRCRAFT
YEAR 2000
(BY TYPE AND RANGE)

INTERNATIONAL
Range (miles)

TYPE 0-500 500-~1000 1000-1500 1500-2500 2500 Total
V/STOL 0 0 0 0 0 0
Short Haul

Jet 1 1 2 0 0 4
Medium Jet 0 1 4 2 0 7
747 Jet 0 0 1 8 902 911
TST 0 0 0 1 412 413
SST 0 0 0 0 0 0
Total 1 2 7 11 1314 1335
DOMESTIC

Range (miles)

TYPE 0-500 500-1000 1000-1500 1500-2500 2500 Total
V/STOL 0 0 0 0 0 0
Short Haul

Jet 2 6 14 0 0 22
Medium Jet 0 5 18 13 0 36
747 Jet 0 0 0 51 917 968
TST 0 0 0 81 698 779
SST 0 0 0 0 0 0
Total 2 11 32 145 1615 1805
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in designing a future air traffic control system. However, the interest
in future aircraft performance was not confined to terminal area per-
formance. In the development of future aircraft, cruise performance was
of primary interest. This is in line with the views of the aircraft
industry who design airplanes with cruise performance as the most impor-
tant characteristic since it is this factor which is fundamental to

the airplane™s ability to operate at maximum profit. Thus, the air
traffic control system devised for the future will be built to accomodate

the aircraft rather than the aircraft to accomodate the system.

Present Aircraft Performance in the Terminal Area

At the start of this study, it was hoped that traffic into and out
of the terminal area could be treated with such detail that the infor-
mation on present aircraft performance characteristics could be based

upon a literature search including such references as Jane's All the

World's Aircraft and The World's Airliners, by Brooks. Unfortunately,

this was not the case,

In an effort to simplify the simulation problem, it was decided
to create seven composite aircraft which would provide a simple, yet
reasonably accuratg, air fleet upon which to base the simulation. The
composition of the categories of aircraft was determined by grouping
.present aircraft on the basis of their maximum takeoff weight. This
basis of categorization was chosen because it yielded a fairly homo-
geneous grouping of aircraft with respect to other aircraft performance
parameters relevant to operations in the terminal area.

Recognizing that the study of aircraft performance is a non~linear

problem, it was decided not to average the performance characteristics
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of several aircraft in a given category. It was felt, however, that
averaging the geometry and power loadings of aircraft in a particular
category and using classical performance analysis techniques to determine
performance characteristics would lead to valid results. The composite

aircraft geometry is given in Table 2.12.

TABLE 2.12 COMPOSITE AIRCRAFT GEOMETRY

TYPICAL CATEGORY SPAN WING AREA MAXIMUM MAXIMUM POWER

ATRCRAFT (£t) (£t) TAKEQFF LOADIl?G (1b/ shp
WEIGHT or 1b s.t.)

Cessna 150 1 34 165 2700 13.51

Beech King  II 43 230 7200 9.09

Air

Lear Jet IIT 67 560 33100 NA

DC=-9 v 96 1200 111000 NA

707 \ 140 2700 260000 NA

747 VI 170 4200 510000 NA

SST VII 115 5200 560000 NA

Peformance figures for the seven categories of aircraft were
obtained by noting performance profiles used by the FAA for one of
their simulation studiesll and making judicious generalizations. These
performance figures are given in Table 2,13,

A program for the CDC 6600 Computer was written to facilitate and
increase the accuracy of performance calculations. It was assumed that
aircraft in the year 2000 will be analyzed by the techniques in use
today. The program, therefore, is not capable of analyzing airplane
designs employing unconventional methods of producing 1ift and is not

able to calculate the takeoff performance of deflected slipstream or
vectored thrust V/STOL vehicles.
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TABLE 2.13 COMPOSITE AIRCRAFT
PERFORMANCE CHARACTERISTICS

Category Final Approach  Transition Climb Rate Rate
Speed Speed Speed Speed of of
(kts) (kts) (kts) (kts) Climb  Sink

(fpm)  (fpm)

I 80 95 140 90 900 500
II 105 120 150 105 1200 500
III 115 135 156 155 1000 1000
v 130 150 175 175 1200 1500
v 150 170 200 290 1500 2000
VI 155 180 205 270 1200 2000
VII 165 185 215 315 2000 2500

The following section describes the variables calculated in the
program and lists the assumptions used in the performance analysis,

Table 2.14 contains a list of symbols used in the program development.

Drag Analysis

After basic aircraft geometry and altitude parameters were cal-
culated, the zero-lift drag was found. Reynolds numbers for wing
fuselage horizontal tail and verticle tail were computed for each
velocity and altitude and the skin friction coefficients were then found
assuming a turbulent boundary layer. The skin friction drag was found
by adding the drag on the individual components to Cp for interference.
In all cases, a parabolic drag polar was used. The compressibility
effects were taken into account assuming a supercritical wing with a
divergent mach number of .95. For all speed ranges, the parabolic

form of equation 2.1 was used to compute the drag coefficient Cp.
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TABLE 2.14 ©LIST OF VARTABLES

Variable

Drag Coefficdent
Zero-Lift Drag Coeffieient
Lift Coefficient

Aspect Ratio

Velocity

Horsepower

Lift-to~Drag Ratio
Specific Fuel Consumption
Initial Weight

Final Weight

Air Density

Wing Area

Oswald's Subsonic Wing

Efficiency

Thrust Specific Fuel
Consumption

Vertical Velocity
Density Ratio
Normal Load Fact
Rate of Climb

Bank Angle

Units Analytic Symbol
- o CD
- “Cpo
J—— CL
- A

ft./sec. v

Horsepower Hp
--- . (L/D)
1b,
hr. C

1bs. Wi

. 1bs. S

Fi

slugs/ft.3 p
ft,2 S
-—— e
1b,

1b. x Hr. C1

ft./sec. VV
= (o)
- n

ft. /min. ®R/c)

radians 3
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2
Cp = Cpo + C1
TeA 2.1

Available Power Analysis

The available power was computed by various methods depending: on
whether the airplane under investigation was propeller drive, turbojet
or turboprop. The turboprop analysis is not included in this report.

The propeller power available was found by calculating the advance

ration, J, as in equation 2.2,

_y
J =T (2.2)
where
. REM
N = —6
D = Propeller Diameter

Assuming that the propeller was variable pitch and that it always
operated at peak efficiency, the efficiency, 7, could then be cal-
culated by a third order curve fit obtained in Reference 12,

n= .5951 + 4557 + .233532 + .0334J3 (2.3)
The power available for propellers was then calculated by equation 2.4.

PA = 5507 Hp (2.4)
The power available for turbine driven jet aircraft was obtained from
equation 2.5, In the analysis, the thrust, T, was assumed constant for

each altitude.

Py = TV (2.5)

Range and Endurance Analysis

Range, R, was found by using the Brequet range equation. For

propellers, the range in statute miles is computed by equation 2.6,
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The range was then multiplied by .85 to compensate for the pilot's

inability to fly at a constant lift-to-drag ratio.

_ 375.0 | L W (2.6)
R = < D 7 1ln WEL

The endurance, E, for propeller driven aircraft was also computed by

Breguet relationships and multiplied by 0.85.

g =778 -1 CL 2.
C Cp 2.7
The maximum range for propellers was calculated analytically by

requiring a maximum lift-to-drag ratio.

i.e. L/Dyax = el
4¢c
DO (2.8)
Speed for maximum range = 2Wi (2.9)
p SCpg A
Rpax = .85 375 [lq M ln{ZWi ] (2.10)
C Dlmax WEL
Maximum endurance calculations require that
;2 = 3¢ (2.11)
) P DO :
eA

With the above requirement, the maximum endurance and speed for maximum

endurance can be computed. The velocity for maximum endurance, VE, was

found by equation 2,12.

VE = 2Wi

5

(2.12)
Range and endurance calculations for turbine powered aircraft were also
included in the program and, again, the Breguet relations were used.
Turbine powered aircraft range was computed using equation 2.13, while
endurance was found from equation 2.14.

% %
R=.85]| 2 [ELZ] 391 Wi 1 - [ﬂf_;] 2 (2.13)
c' Lcp oS Wi
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E= - .85 [L] 1n[Wfi] (2.14)
¢ Ip Wi

The range and endurance were calculated at constant velocity with no
provisions for climb or descent. The calculations were conducted for
each velocity and altitude throughout the flight envelope. One

thousand foot increments in altitude were used along with 10 fps
increments in velocity. Maximum range and endurance for turbine powered

aircraft were calculated by means of equations 2.15 and 2.16 respectively.
i - L. L
Rpax = -85 |2 [_Q,LZ] 391 Wi |1 - [Wfl] 2 (2.15)
c' Cp Jmax oS Wi

Epax = - 85 [L] In [Wfi] (2.16)
C' LDimax Wi

.Climb and Descent Analysis

Climb and sink rates were found by dividing the difference between
the power available and the power required by the weight. Sink rates
were based on the assumption that propeller driven aircraft carry 10
percent of the available power while the jet aircraft retain 70 per-
cent power. Climb and descent rates were also calculated as a
function of velocity and altitude., The flight path angles, ¥, were

found by equation 2.17.

Y= osint A (2.17)
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Turn Analysis

The turn radius was computed for all aircraft assuming the thrust
angle of inclination and the flight path angle are small., The radium,

was then calculated for a 1.2 g turn by equation 2.18.

Radius = 2Wi
gCy Ssind
P EML (2.18)
n=1.2-= 1
cos d

where § = Bank Angle

Takeoff and T.anding Analysis

| Takeoff distances necessary to clear a 50 foot obstacle were
obtained by a method presented in Reference 13, This method assumes
the takeoff speed to be approximately 20 percent above stall speed and
no account is taken of large thrust angles or thrust deflection.
Takeoff distance was computed as a function of Winé loading, thrust
loading, takeoff lift coefficient, and altitude. Takeoff lift co-
efficient was defined to be 70 percent of the maximum 1ift coefficient.

Reference 13 also presents a method for calculating landing

distance, Sy, over a fifty foot obstacle. Equation 2.19 calculates that

distance.

S, = _118 [v_@]+-4oo
5

: (2.19)
O “Lmax

The above equation assumes that the speed at the fifty foot obstacle
is the approach speed and is 30 percent greater than stall speed while
landing speed is assumed to be 15 percent greater than stall speed.
The landing distance calculated in the program is Federal Air Regula-

tions field length and is found by equations 2.19 and 2.20.

Far Field Length = Sy, (2.20)
6
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Maximum Speed Analysis

The computer program finds the max imum speed by constantly checking
the difference between the available power and the required power. When
these two quantities are equal the maximum speed is achieved. After
the maximum level speed is reached, the altitude is increased by 1000
feet, The altitude loop is terminated at the absolute ceiling defined

as the altitude at which the airplane can no longer sustain level flight.

External Analysis

Originally, the program was designed to perform a hodographic
analysis internally in which various climb and glide data could be
evaluated. Because of lack of time, this portion of the analysis was
not finished and the remainder of the analysis was performed outside
the program., A modified hodograph appears in Figure 2,15 along with some
of the quantities obtained from such a graph. An example is shown in
Figure 2.18.

Another external analysis involves the determination of service
ceiling and times to climb to altitude. Graphs like that shown in
Figure 2.16 were generated to find the minimum times to climb from one
altitude to another. The time to climb from one altitude hy to another

hy can be expressed as in equation 2.21.
by

t =Jr dh
hﬁ/c (2.21)

This time is equal to the shaded area under the curve, and can be
determined graphically, Service ceiling can also be found by graphs
like Figure 2.16. The altitude at which the maximum rate of climb is

reduced to 100 feet per minute is defined as the service ceiling.
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One of the important parameters in the development of aircraft
performance analysis is the range-payload relationship. This computer
program is designed to compute the vital points on a range-payload chart
as shown in Figure 2.17. Each of the four points represent a different
weight configuration and is analyzed as a function of speed and velocity.
At point 1 the airplane is loaded with everything except usable fuel
and its range is, of course, zero. Point 2 is the condition where the
plane is loaded to the gross weight with the maximum payload and all
usable fuel. Between points 2 and 3 the payload is being traded, pound
for pound for fuel until a fuel volume limitation is reached at point 3.
Between points 3 and 4 payload is simply being off loaded until there
is none left. The range at this point is called the ferry range. Table
2.15 lists the initial and final weights used in the range analysis,

TABLE 2.15
INITTAL AND FINAL WEIGHTS

Point Initial Weight Final Weight
1 G/W~WFUEL(Reg) G/W-WryrL (Reg)
2 G/W G/W-Wyypr (Reg)
3 G/W G/W-Wrygr, (Reg) -Wpygr, (Add)
4 OEW + Wpygpr (Reg) + Wpypp (Add) OEW

Future Aircraft

It was determined that, in the year 2000, there would be sufficient
demand to merit the construction of a quick change transport (QC)
Generally, the aircraft should be designed to carry 600,000 pounds of

cargo or 1000 passengers depending on the configuration. The aircraft
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should be capable of traveling 3000 miles at 650 miles per hour. The
aircraft group then worked on a preliminary design and performance
analysis for such an aorcraft, The airplane has been designated as the

TST (QC).

Geometry of the TST (QC)

In order to design an aircraft in compliance with the specific

operational requirements detailed above, a preliminary design program
was initiated. The resultant aircraft, the TST (Transonic Transport)
is similar in external appearance to present-day jet transport aircraft,
The two most readily apparent differences between the TST and current
transport aircraft are 1) size and 2) the blended wing of the TST.
The size of the TST was dictated by the range-payload requirements set
out in the specific operational requirements, The blended wing of the
TST was selected to provide increased volume available for fuel in the
wing without degrading the aerodypamic efficiency of the aircraft.

Other differences between the TST and current aircraft which are
not so readily apparent include:

1. Increased structural efficiencies

2, 1Increased capabilities of lift augmentation devices

3. Increased thrust levels of the engines.

These improvements, as well as others, in aircraft design technology
reflect the growth of aircraft design technology predicted by several
studies,14’ 15

The geometry, weights, aerodynamics, and power loading of the

TST are as follows:
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Geometry:

(Wing)
Area 15000 ft.2 Cre 55 ft.
Span 325 ft. C 33 ft.
Taper ratio 0.6 tFBrt 0.1
Sweep angle 290 t/Ct 0.06
Aspect ratio 7.04 P
(Empennage)
Horizontal:
Area 5850 fta2 Cre 45,6 ft,
Span 171 ft, Ctp 22,7 ft.
Taper ratio 0.5 35. ft.
Sweep angle 15°
Verticle:
Area 1950 ft.2 42 ft.
Span 47 ft,
Taper ratio 0.5
Sweep angle 40°
(Fuselage)
Length 310 ft,
Diameter (mean) 27.5 ft.
Wetted area 26900 ft,2

Weights:
Structural weight 455000
Engine weight 31000
Fixed equipment weight 251000
Operational empty weight 737000
Payload weight 600000 6
Fuel weight 413000 (Max. fuel weight. 1,013 X 10°1bs)
Maximum gross weight 1750000

Aerodynamic and Engine Data:
(Aerodynamics)
Cy, (max) 4.2

ACD (Interference) 0,008
wing efficiency 0,82
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(Enginep)

6 @75000 pound thrust

total thrust 450000 pounds
power. loading 3.5 1b/1b thrust

A sketch of the TST is shown in Figure 2,18,

Performance of TST

The performance of the aircraft ghown in Figure 2,18 was calculated
by the computer program described above and is given in Table 2.16.

Table 2.16 also includes the figure number from which the data w@s taken

TABLE 2.16

TRANSONIC TRANSPORT PERFORMANCE CHARACTERISTICS

Altitude Information:

Figure Number

Cruise Altitude 26,000 ft. 2,22 and 2.23
Absolute Ceiling 42,300 ft, 2.24
Service Ceiling 42,000 ft, 2.24
Climb Information:
Time to 260000 feet 7.2 minutes 2,19
Best Climb Angle (SL) 11.0° 2,20
Speed for Best Climb
Angle (SL) 260 kts 2.20
Maximum Rate :&f Climb :
(SL) ol T 7171 fpm 2.20
Speed for Maximum
Rate of Climb (SL) 455 kts, 2.20
Range Information:
Maximum Range 5255 miles 2.23
Speed for Maximum
Range (26000) 545 kts, 2,22
Ferry Range 14648 miles 2,27
Speed Information:
Stall Speed (SL) 91 kts. 2.20
Maximum Level Speed S T
(26000 feet) 575 kts. 2,21
Approach Speed (SL) 118 kts,
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Field Length Requirements:

Takeoff (SL) 3412 ft
Landing (SL) 6130 ft.

2.5 VORTEX ANALYSIS

A study of aircraft wake vortices was undertaken as part of this
project on air traffic control since the separation of aircraft must
be such that there is a very small probability of vortex induced up~
set of aircraft in the terminal area. Experience with transport aircraft
has shown that aircraft can encounter mild upsets in the wakes of
aircraft of similar weights. Such upsets can be very dangerous at low

speeds close to the ground.

Description of Vortices

Aircraft trailing vortices are formed by the shedding of vortex
sheets from lifting surfaces. These vortex sheets then roll up to form
a pair of counter-rotating vortices behind the aircraft, After the
rolling up, vortices appear as a wortex core surrounded by a potential
flow field. This vortex system then undergoes decay by viscous diffusion
from the core or by an unstable interaction induced by atmospheric
turbulance, leading to the formation of vortex rings.

The flow field behind the wing is well understood qualitatively,
but due to the three dimensional nature of the rolling-up process and
due to the ill-defined role of viscosity in the process quantitative
models are very inexact. These theoretical analysis of the process
have been based on either unsteady two-dimensional flow or the equivalent

three-~-dimensional steady flow. Several experiments to show contours of
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vorticity behind various wing planforms have been conducted but these
results have apparently not been used to develop methods to study the
rolling=up of the vortex sheet. Also, in these experiments little note
was taken of axial (or longitudinal) flow in the formation process.

Any studies in this region of the flow field must be based on numerical
integration of the three-dimensional equations of motion using the
vorticity distribution of the lifting surface as the initial (koundary)
condition of the vortex sheet. Also, closed-form solutions must be

based on the assumption of negligible longitudinal flows., This assumption
leads to a reasonable representation of the sheet rollup, but is unlikely
to give proper information on any axial pressure gradients in the

vortex core.

In addition, the core of a tip vortex is usually turbulent;
theoretical deterministic models will produce little more than
qualitative information. Stochastic analyses of the decay of the
vortex core have shown that the decay of a turbulent vortex may be
predicted by using an empirical eddy viscosity (dependent on the initial
vortex strength and Reynold's number) in the classical decay model used
by many investigators. By the use of such an empirical approach, the
downstream behavior of the vortices is smooth air can be well established.
The effects of turbulence on the rolling up process are not known except
for certain special cases,

The vortices on delta wings differ from those of vaguely rectangular
planforms in that a vortex sheet is also shed from the leading edge of
the wing. This vortex sheet forms a roughly laminar vortex over the
wing. This vortex is responsible for the considerable vortex lift found

on planforms with large leading edge sweep; as the vortex rolls up, the
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rotation of the core induces a very low static pressure along the axis of
the vortex., In addition, the vortices on delta wings are observed to
burst in the presence of an increasing axial pressure gradient (the
vortex breakdown phenomenon) such as 1is encountered near the trailing
edge of a delta platform. Whether this vortex bursting on a wing leads
to a general turbulent motion or simply a turbulent vortex core is not
clear. On very slender delta planforms, the vortices also develop an
asymmetrical vertical interaction (the "vortex pop-up" phenomena),

one vortex climbing over the other,

In the far downstream region, the behavior of vortices in smooth
air is apparently well known. Here the vortices consist of two flow
regions, an inner turbulent vortex core and an outer potential vortex.

As discussed above, use of empirical constants in classical flows
renders the downstream region quite tractable. Viscous diffusion is
the usual mechanism of vortex dispersion in this region. In addition,
an unstable interaction between the vortices based on their mutual
induction has been shown to exist. Unfortunately for exactness, the
ﬁime scales of vortex decay are similar to those of minor atmospheric
movements., Thus, the persistance of a vortex in a particular air mass
is still hard to predict,

Once the structure of the wake vortices is sufficiently well known,
work can begin on the problem of vortex wake encounters by other air-
craft. Although much work has been done on determining minimum separation
for particular aircraft, such work must (for safety) be based on the most
pessimistic circumstances and leads only to minimum separation distances,
usually on the order of a few miles., 1In addition, flight tests have
shown the vortices to be at full strength thirty seconds after the

70



passage of large transports in landing configuration. This corresponds
to a distance of over one mile. The vortex decays slowly from this
intensity. Desired separation for the air traffic control procedures
recommended in Chapter III was near this figure. Thus, it was decided
to investigate the feasibility of vortex dispersion near the aircraft,
While no explicit methods were worked out for breaking up vortices,
qualitative ideas of the necessary prerequisites to this have been
formulated.

Any work of this nature must start from a good knowledge of flow
near the aircraft, i.e. from a model of the vortex sheet becoming a
vortex core. Once the rolling up of the vortex sheet can be predicted,
ways to break up the vortex can be examined. It is important to seek
methods which can be applied to existing configurations with a minimum
performance penalty; methods which require extensive modifications or

incur substantial performance penalties will likely never be incorporated.

Vortex Dispersion

Once a reasonably exact model of the flow behind a wing has been
developed, ways to break up the vortex can be investigated. There appear
to be many possible ways to operate on the vortex formation and vortex
flow to impede the formation of the vortex core or to dissipate the
formed vortex core., Investigations of particular areas of the vortex
formation process yield many possible schemes.

Operations on the circulation distribution about the wing, by wing-
tip or planform geometry modifications, provide varying degrees of
vortex strength reduction. Modifications such as tip tanks and end plates

increase the two dimensionality of the flow and simply shift the vortex
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cores outward with little change in strength. Conversely, concentrating
circulation and lift on inboard sections shifts the vortex cores closer
together., Moving the vortices closer together should increase the
instability due to mutual inductance mentioned earlier. Also circulation
distributions giving more than two vortices (such as have been observed
with partial-span flap deflections) may also increase the mutual
inductance and accelerate vortex system instability. Many wingtip
designs have been investigated in connection with helicopter rotor

wake studies, but it seems doubtful that tip configuration alone can
shown too much reduction in the vortices. In addition, experiments

on the tip effects, unaided by a really good mathematical model of the
flow behind the wing, will be essentially trial and error and will show
results very slowly.

Operations on the vortex sheet, such as suction or blowing, could
be devised to inhibit the rolling up of the vortex sheet. The intro-
duction of swirling flows near the tip could decay the roll-up while
the sheet undergoes a viscous diffusion. Experiments conducted using
propellers at the wing tips have shown reductions in induced drag on
the wings, implying a reduction in downwash near the wing; but no
measurements of the vortices were taken, as that study was concerned
with aircraft performance.

Another procedure suggested by the vortex breakdown phenomenon
is to produce an adverse pressure gradient along the core. The effects
of suction or blowing near the tip on the axial pressure gradient could
be investigated were a proper knowledge of the axial flow characteristics
of a vortex available. Also, the effects of periodic suction of blowing

and periodic displacement of the vortex sheet (as a flapping surface)
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should be investigated. Such procedures might be able to produce further
core instability.

Apparently the most promising of these approaches is the last. Even
though the vortex has a different origin, i.e. from the leading edge,
the fact that it bursts in the presence of a particular pressure field
may be applied to other vortex flows. In fact, a conjugate-flow theory
for vortex breakdown seems to apply well to vortex pipe flows. investi-
gation of the axial flows in aircraft trailing vortices, possibly by
wind tunnel or water tunnel tests, appears to be a necessary first step.
After a consistent knowledge of this area is acquired, the affects of
sucfion, blowing, and jet flaps on the vortex characteristics should be
studied, preferably by analytical methods rather than experimental ones
in order that good test areas can be defined. 1If a favorable pressure
field can be generated without an unreasonable power expenditure, tests

on aircraft could follow,
2,6 SUMMARY

Results and conclusions regarding future aircraft are the following:

1, Based on 2,013,700,000 projected passenger enplanements
for the year 2000, a passenger fleet of 8179 aircraft is
predicted.

2, Cargo demand in the year 2000 for the all-cargo fleet has
been projected to be 601,082 millions of ton-miles, of
which 434,600 millions are domestic air cargo. This
cargo will be moved by a total of 3140 aircraft of which
1805 will be flying domestic routes.

3. General aviation aircraft in the year 2000 will number
700,000,

4, Due to the fact that higher wing loadings of future

aircraft will compensate for advances in high lift
technology, terminal area performance of future
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conventional aircraft will be approximately the same as
present aircraft performance.

5. Notable exceptions to conclusion four are that STOL and
VIOL will have unique terminal area performance character-
istics, and conventional aircraft will approach the runway
at higher descent angles to help alleviate the noise
problem,

6. Recommendation of aircraft separation distances based
on vortex strength is only a stop-gap measure. There-
fore, in order to significantly decrease aircraft
separation distances, vortices must be dissipated.

Further theoretical and experimental work will be
required to determine methods for accomplishing this.

To fully appreciate the above aircraft projections, they must be
compared with the present aircraft fleet (see Table 2.17),

A four fold increase in the total commercial fleet is estimated.
Cargo aircraft will increase twelve times over its present fleet size
and by the year 2000 the cargo fleet alone will be larger than the
present total commercial fleet. This, combined with the projection of
700,000 general aviation aircraft, gives some indication of the urgent
need for improvement in air traffic control equipment and procedures,
especially when one considers that with the present fleet size, five

of this country's major airports are now saturated.

TABLE 2,17 COMPARISON OF PRESENT AND PROJECTED AIRCRAFT FLEETIS

Commercial 1969 Percent 2000 Percent Increase
Fleet of Total of Total

Passenger 2,327 90.0 8,179 72.3 3.51

Cargo 259 10.0 3,140 27.7 12.12

Total 2586 100.0 11,319 100.0 4,38

General

Aviation 133,000 700,000 5,28
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CHAPTER III

AIR TRAFFIC CONTROL PROCEDURES AND HARDWARE

3,1 INTRODUCTION

The investigation of all ramifications of an air traffic control
system is, at best, an arduous, time consuming task. Even more difficult,
however, is the development of a future system to accomodate the
anticipated growth of air traffic. Recognizing this fact, it was decided
to focus attention on the technical aspects of a future system. The
reader will, therefore, find little reference to the economic, social
or political consequences of design proposals. These interactions,
although not examined in depth, were considered in the systems design.

Every attempt was made to develop an optimal air traffic control
system. An optimal system was considered to be an ideal or ultimate
concept. No pretense was made, however, that this goal could be attained.
A number of designs were proposed and each was examined in terms of its
capabilities and limitations. The designs herein are those which are

considered the most favorable.

Purpose

After gaining an appreg¢iation of the problems associated with air
traffic congestion, it was determined that the terminal area constituted
the biggest bottleneck to the flow of traffic in the entire air traffic
control system. As a result, the following statement of purpose was

formulated:

To develop air traffic control, approach, takeoff and landing,
and air collision avoidance procedures and hardware to

minimize terminal _area operating time, safely and economicall
through the year 2000. ’ Y
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Terminal area operating time is the key phrase in this statement, This
time may be minimized by increasing airport capacity, the maximum number
of operations per unit time with acceptable average delay, and/or by
decreasing the time to landing, the time from entering the terminal area

to touchdown.

Assumptions and Constraints

In an investigation or systems design study, it seems advisable to
guide the working individuals through a set of coordinating assump=-
tions. One drawback to such an approach may be to unduly restrict
systems planning. In retrospect, this is properly a matter of concern
but it is felt that joint activity requires effective direction through
such measures, The more important assumptions and constraints which
were considered for preliminary planning follows

1. No order of magnitude advancement in aircraft power sogurces
or lift generating systems was considered,

2, Concepts presently available in electronics, computer
technology, and flight instrumentation would be employed
with development and integration into a total system.

3. Aircraft would approach and depart in a single direction
using dual lane runways.

4, System capabilities would include both segregated and
mixed operations.

5., 1Initial design would be based on one airport with one runway
at the center of an approximately 60 mile terminal area.
Subsequent design would be expanded to include multiple
runways and multiple airports in the terminal area.

6. System designs would accomodate mixed performance classes
of aircraft under category II weather conditions,

7. Airspace within the terminal area would be segregated for
controlled and uncontrolled aircraft.
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Investigation Approach

Analysis of the sequence of events in current terminal areas
prompted activity along four avenues of investigation:

1. Air Collision Avoidance--Procedures and hardware required
to reduce air collision to the lowest practical level.

2, Landing and Takeoff--The transition from touchdown to
ground taxi and from ground taxi to flight.

3. Final Approach=-~The precise transition from flight to
touchdown,

4, Terminal Air Traffic Control--The transition from enroute
flight to final approach.

Subsequent sections of this chapter describe the results of these

investigations.

3.2 AIR COLLISION AVOIDANCE

The current problems concerning mid-air and near midair collisions
have resulted in a number of devices and procedures to avert a collision
situation. Recent developments have specified the first generation
proposals,

The most developed system is the time—frequencyl, collision avoidance
system (CAS). It is based upon a highly accurate cesium clock which is
capable of segregating signals of all aircraft in an area, such that on
board calculations of separation parameters are possible for as many as
2,000 aircraft every three secondsz, They system requires very accurate

ground based clocks to neutralize the aircraft's time errors.

Below is listed the advantages and disadvantages of this system.
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Advantages:

1. It is capable of handling multiple aircraft.
2. Range rate is accurately achieved.

3. Other navigational aids could be incorporated.

Disadvantages:

1. The cost of the system in prohibitive to general aviation.
Minimum cost is estimated at about $4000 per unit.

2, The clock synchronous system may be difficult to implement
due to its precise nature and extensive ground equipment.

3. The system still uses an exchange of heights based upon
barpmetric measurements and its associated errors.

The cost of the above system has led to a different concept for

general aviation., This system is based upon a Zenon beam of light

warning the pilot of a small aircraft intruder within a certain area of

this aircraftu3 The relative merits of this system are listed below:

Advantages:
1. Multiple aircraft can be observed.

2. Cost of this system is less than the time frequency system
($1,500~2,000) .

3. No signals in the commonly used radio frequencies are employed.
Disadvantages:
1. Only VFR traffic conditions are considered,

2, PFalse and missed alarm rates are high due to inaccuracy of
equipment.

The VFR constraint upon the system is the most serious. Those

who advocate the system rely on past mid-air collision data which
indicates that most collisions occur under VFR conditions.
A second generation system now on the drawing board at RCA

incorporates collision avoidance with ground controller activities,
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system, called SECANT~B4 (Separation Control of Aircraft by Monsynchronous
Techniques), allows multiple aircraft coverage by filtering all signals
until the right frequency signal is received. This allows the same
separate aircraft treatment as in the time-frequency system at much
less cost. The versions of this system range from a $500 pilot warning
system for general aviation to a $10,000 to $20,000 CAS for air-carriers
and eventually to an on board traffic monitoring system coordinated
with the ground control. A listing of its advantages and disadvantages
follows:

Advantages:

1., Cost to general aviation is well below that of previously
defined systems,

2, Multiple aircraft coverage is still possible.
3. All versions are compatible with one another.
Disadvantages:

1. System is still on paper and tested versions may still
prove disappointing.

2, System may be too late to be employed as the solution
to the immediate problem.

One basic method of hazard evaluation has evolved. This method
must allow ample time for maneuvers after warning the pilot. It is
felt that the relative range and velocities must allow a certain miss
distance that must never be violated. Shown in Figure 3.1 is the geometry
of the interaction among aircraft.

The mathematical expression for miss distance is:

(r + Vt Cos 8)2 + (Vt Sin 8)% < x? (3.1)

The above equation holds when a hazard exists. Here x includes minimum

miss distance, a term used to compensate for possible accelerations of
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aircraft and range rate error. Since range and range rate are the only

measurements, the criterion for hazard becomes:

r+ 1T « u (TZ- Tcz) + Other Terms (3.2)
where: ’
U = combined maximum allowed aircraft acceleration for both planes
T = Tau (time to collision).

Tc = time due to data processing.

Other terms ~ include compensation for errors in measurements and
the minimum miss distance.

This is called the modified tau criterion and can be represented
graphically by a cardioid. A common system criterion is shown in
Figure 3,2. The shortcoming with this method is that large areas
about the aircraft are enclosed by the cardioid. This results in
numerous alarms which do not represent a true hazard.

The future CAS systems will follow one of two solutions. The on-
board systems described previously show the greatest amount of development.
Another idea that shows promise for future use is a ground based
evaluation system with alarm status being updated to each aircraft via
data~link,

The advantage of a ground based system is that one can utilize the
increased amount of data and accuracy of the ground measuring system.
Future terminal area air traffic control using this tri-lateration
system can determine accurately the position and velocity vector of
each aircraft in the area. The addition of the Ve component reduces
the alarm region described by systems which use range and range rate
alone. Figure 3.3 shows an example of a conflict situation being

evaluated by both types of hazard region. The inner curve is the
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conflict region for a set of aircraft in which the total velocity vectors
are known.

One can still approximate Ve using the on board equipment. This is
done by differentiating the radial component r with respect to time.
This yields ;:5 The normal velocity component is then calculated by:

Vg=Vr ¥ (3.3)

The future of air collision avoidance is closely related to air
traffic control procedures. It is safe to predict that automation and
other improvements in the traffic control techniques will reduce the
possibilities of separation violation in the controlled airspace. This

places the recommended collision alarm and maneuver system into a back-up

operation.

3.3 LANDING AND TAKEOFF

The approach used to study the aircraft-runway subsystem was to
investigate the basic relationships of the subsystem, acknowledge the
interface considerations, and construct a performance meodel. The per=-
formance capability of the system is measured as a function of identifiable
physical parameters, the objective being to maximize the airport capacity
by improving this capability.

The basic relationships of the subsystem are those between physical

parameters of the system components, i.e., the aircraft and runway.

The Aircraft

Considering the wide spectrum of missions performed by aircraft,
the performance characteristics vary widely. Those performance character~

istics which directly affect the aircraft-runway subsystem are:
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1. Landing Speed. The forward speed of the aircraft when it
contacts the ground and begins the transition from an air
vehicle to a ground vehicle,

2., Deceleration. The change in velocity from landing speed to
turnoff speed,

3. Turnoff Speed. The forward speed of the aircraft when it
leaves the landing surface and turns onto the taxiway. The
turnoff speed depends upon the type of runway exits.

4, Distance Down the Runway to Landing. The distance from
runway threshold to touchdown point. The threshold is
defined for these purposes as that point where the air-
craft is committed to land and-from which a waveoff
cannot be executed.

5. Entrance Speed. The forward speed of the aircraft when it
enters the takeoff surface and aligns for beginning takeoff
roll,

6. Takeoff Speed. The forward speed of the aircraft when it
lifts off the runway.

7. Acceleration After Liftoff. The continued increase from

takeoff speed during the climbout.

The Runway

The runway is internationally defined as "a (defined) rectangular
area on a land aerodrome prepared for the landing and takeoff of aircraft
along its length."

Functionally, the runway provides a channel through which the air-
to-ground transition of traffic can be achieved. It is this single
channel, one directional characteristic at which traffic converges and
diverges that makes it a bottleneck even when it is operating below
capacity.

The runway capacity largely dictates the size and nature of all

other airport services provided,
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The Landing Operation

In the landing operation, aircraft are accepted from the approach
subsystem at the threshold of the runway, make contact some distance
down the runway, deceierate, and exit to the taxiway/terminal subsystem.

The aircraft performance characteristics affecting subsystem
capability in landing are:

1. Landing speed

2. Deceleration

3. Turnoff speed

4., Distance down the runway to landing

Deceleration on the runway is assumed to be constant, a good
approximation if thrust reversal is not used. Thrust reversal represents

an extra margin of performance,

The Runway Performance

The runway performance characteristics affecting subsystem capability
in landing are:

1. Runway exit type

2, Exit location

3, Taxiway/terminal acceptance rate
Runway exit type characteristics include:

1. Angle of turnoff

2, Radius of curvature of the turnoff

3. Width
Exit location is optimized when exits are located for the highest possible
turnoff speed at the ideal location.

If the aircraft performance characteristics are specified in terms

of touchdown speed, deceleration, and turnoff speed, (a function of exit
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type) with the exits ideally located, the minimum runway occupancy

time can be determined. This is illustrated in Figure 3.4.
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Figure 3.4 Aircraft Landing Characteristics, Given Exit Location
and Type, and Runway Occupancy Time

If the aircraft performance characteristics are specified the
effects of arbitrary exit location on minimum runway occupancy time

can be determined. Figure 3.5 displays this procedure.
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Figure 3.5 Aircraft Landing Characteristics, Ideal Exit Location
For Given Exj.t Type and Minimum Runway Occupancy Time
The total runway occupancy time is the sum of the minimum runway
occupancy time and the time required to fly from the threshol_d to
touchdown. Time from threshold to touchdown is the distance from

the runway to landing divided by touchdown speed which approximates

approach speed.

92



Total Runway Occupancy Time

The maximum hourly capacity of the aircraft runway subsystem is
defined as the ratio of time interval to mean runway occupancy time. Mean
runway occupancy time i3 obtained by computing total runway occupancy times
for each performance category of aircraft and computing a weighted average
of occupancy times over the percentage distribution of aircraft per-

formance category in the traffic. The following equation ds obtained:

c =90
1 Ta (3.4)
where:
C1 = maximum hourly capacity of aircraft runway subsystem.
I, = Cmin * k1

thin = minimum time between touchdown and turnoff

kl = time over runway prior to touchdown (3.5)

Interface With Aircraft--Approach Subsystem

IFR rules governing the approach to the runway require:

1. A minimum separation distance between all aircraft in the
approach corridor.

2, The position of the previous operation before another operation
is accepted into the subsystem,

These rules reflect fthe accuracy of the control and navigation
subsystems as well as aircraft-pilot and control~controller subsystem
response,

Current specific IFR radar rules require:

1. Minimum separation distance of three miles

2, That a landed aircraft shall have turned off the runway before
the approaching aircraft crosses the runway threshold.
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Figure 3.6 TFAA Approach Control Rules (IFR) Single Runway

Interarrival time is a function of approach speed and separation

distance. This relationship is illustrated below in Figure 3.7.
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Figure 3.7 Airplance Characteristics And Approach Control
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If all aircraft in the system have equal approach speeds the
separation will be constant throughout the approach. If the approach
speeds of succeeding aircraft are not equal, the separation distance will
be either opening or closing during the approach introducing an additional
time penalty when a slow aircraft follows a fast aircraft,.

The mean interarrival time is a function of approach speed,
separation dﬁstance, and frequency distribution of aircraft pairs with
unlike approach speeds. The frequency of occurrence ¢f unlike speeds
can be taken as its natural frequency of occurrence or it can be modified
by control measures such as segregating traffic into speed blocks.

The maximum hourly capacity of the aircraft~approach subsystem is

defined in terms of the mean interarrival time. The following equation

results:
. 60
C =
2 T
where:: Co = maximum hourly capacity of aircraft approach subsystem
Ty = mean interarrival time (min.).

Subsystem Dependence

The basic subsystem dependence is the relationship of runway
occupancy time and interarrival time. A comparison of the runway
occupancy time and the interarrival time is made to ascertain whether
the system is in balance., To illustrate the sensitivity of landing
capacity to approach/landing speed, deceleration, and approach separa-
tion, the landing capacity of a runway for three mile approach spacing
and a combination of exit design and aircraft capability permitting
deceleration of 9 ft/sec,2 and exit velocity of 60 knots with ideal

exit location is shown in Figure 3.8.
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Figure 3.8 Landing Capacity Versus Approach/Landing Speed

The two curves define the upper limit of landing capacity. It
can be seen that the approach spacing is restrictive for an approach
speed below 260 knots and runway occupancy time is restrictive above.

By varying the approach spacing and deceleration the landing

capacity can be changed. More important, the approach speed at which
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runway occupancy time becomes restrictive is decreased with decreased

approach separation. The result is shown in Figure 3.9.
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Figure 3.9 Landing Capacity vs. Approach/Landing Speed, 60 Knot Exit
Speed

The Takeoff Operation

In the takeoff operation aircraft are accepted from the taxi-
way/terminal subsystem, accelerate in a ground roll, become airborne
at takeoff speed, and accelerate airborne to enter the departure

subsystem.
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The aircraft performance characteristics affecting subsystem
capability in takeoff are:

1. Entrance speed

2, Acceleration to liftoff

3. Takeoff speed

4., Acceleration after liftoff

The runway performance characteristics affecting subsystem capa-
bility in landing are runway entrance type and taxi-way/terminal
deliverance rate. Runway entrance type characteristics include:

1. Angle of .turn on

2. Radius of curvature of turn

3. Width

If the aircraft performance characteristics are specified in terms
of acceleration and takeoff speed and runway entrances are such that
the aircraft starts the takeoff roll at approximately zero speed, the
minimum physical runway occupancy time as well as takeoff distance can

be determined (See figure 3.10).

Interface With Aircraft-Departure Subsystem

IFR rules governing the departure of aircraft require:

1. A minimum separation distance between aircraft in the departure
phase.

2. The position of the previous operation in the aircraft-runway
subsystem before another operation is entered,
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Figure 3.10 Aircraft Characteristics and Minimum Physical Runway
Occupancy Time

Current specific IFR rules specify that:

1. An aircraft taking off shall have lifted off the runway
before the following aircraft may begin takeoff roll,

2. A minimum distance, based on the size of aircraft involved,
before the following aircraft may begin takeoff roll.

Because the separation distance of aircraft is generally less
than the minimum separation distance, '"effective'" runway occupany
time is generally greater than the actual runway occupancy time.

If the aircraft performance characteristics are specified and
runway entrance are such that the aircraft starts the takeoff roll
at approximately zero speed, the runway occupancy time for given

separation distance can be determined by the method shown in Figure 3.11.
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‘Mixed Operations On A

Single Runway

When both landing and takeoff operations are executed from the

same runway, the IFR rules interfacing the aircraft-runway subsystem

are still applicable.

They require:

1. A minimum separation distance between all aircraft in the
approach corridor be maintained.

2. A minimum separation distance between aircraft in the
departure phase be maintained.

3. The position of the previous aircraft in the subsystem be

approved before another operation is entered.
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To integrate mixed operations, the last rule specifies that a
departing aircraft may not begin takeoff until the aircraft 1anding
before it has exited the runway. Moreover, an arriving aircraft
may not cross the runway threshold until the aircraft departing
before it has lifted from the runway, resulting in a separation
distance required for the insertion of a departure greater than that

required for a series of arrivals. (See Figure 3.12)
Separation for
F__—___Insertion of
W,

Arrival™— __

/

Departure

Figure 3.12 Mixed Operation Separation

Time-distance relations among arriving and departing aircraft
using the same runway can be displayed by a distance versus time plot
as shown in Figure 3.13. Aircraft speed is represented by the slope,
and acceleration by the radius of curvature of the position plot. An
arriving aircraft crosses the runway threshold at zero distance,
shortly thereater makes contact with the runway, decelerates, and
exits. After the arriving aircraft has exited the runway, a departing
aircraft begins its takeoff roll, accelerates to takeoff speed,
further accelerates, and exits the runway subsystem. Because a
sﬁbsequent arrival may cross the threshold at the time that the

preceding departure lifts off, there is an overlap of runway
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occupancy times available. Any arrival that crosses the threshold at
a time after the optimum represents a delay and such non-optimum

arrivals decrease runway capacity.

Parallel And Dual Runways

From the distance versus time plot of aircraft positions in
arriving and departing, it is evident that increases in runway capacity
would be possible if an aircraft were released for takeoff immediately
after an arriving aircraft has touched down on the runway. The
departing aircraft could then accelerate to lift off speed on the
runway while the preceding arriving aircraft is decelerating to exit
speed.

Clearly, the requirement that only one aircraft occupy the runway
at a time prohibits this scheme., The dual-lane runway circumvents
this restriction on the runway by separating the arriving and
departing aircraft on the runway, but not in the air. This configuration
consists of two adjacent parallel runways that are interdependent in
operation with arrivals and departures segregated. This configuration

is shown in Figure 3.14.

Figure 3.14 Configuration of Dual Lane Runways
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If dual runways are separated laterally so that operations are no
longer interdependent, a parallel runway configuration results., While
operations are segregated in the dual system, mixed operations are
conducted on the parallel system, resulting in two independent mixed
operation runways located at the same facility. This system is displayed
in Figure 3.15.

The amount of separation required for independent runway operations
is a function of system capability to measure and display position and
the pilot-aircraft ability to maintain position., The configuration
which promises to provide the greatest capacity and flexibility is
parallel arrangements of dual runway systems. This configuration has
the simplicity of segregated operations to dependent runways with

increased capacity gained from multiple runways.

Wake Vortices and Separation

The direct effect of wake vortices on runway capacity will now be
considered. (For a more complete treatment of wake vortices, refer to
section 2.5)

'An analytical expression for vortex strength, I', is:

r= _L! (3.7)
where:

L' = % is the weight per unit span length of the aircraft,

p = air density,

v

]

velocity of the aircraft,
Clearly, for constant aircraft weight and configuration and air
density, the vortex strength is inversely proportional to the aircraft

velocity in flight.
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Figure 3.15 Parallel Dual Runway Configurations
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In a takeoff or landing situation, however, where aircraft weight
is partially supported by the gear on the runway, the 1ift is corre-
spondingly smaller that aircraft weight. 1In takeoff, as the aircraft
speed builds from zero to liftoff speed, the vortex generated builds
from zero to a maximum at aircraft liftoff, then decreases slightly as
the aircraft accelerates in departure. 1In the landing, the vortex
strength will be maximum during the approach. Following touchdown, as
the aircraft decelerates, the vortex strength decreases to a minimal
level during high speed taxi.

The wake vortices generated by arriving aircraft are characterized
by being some maximum strength throughout the approach and then
rapidly decreasing at touchdown, just down the runway from the threshold;
while the wake vortex generated by departing aircraft are characterized
by building from zero near the threshold to a maximum at 1iftoff, well
down the runway.

Thus, an arriving aircraft traverses in flight that portion of the
runway where the wake vortex generated by a departing aircraft is a
minimum, and traverses on landing rollout that portion where it is a
maximum. Likewise, a departing aircraft traverses on takeoff roll
that portion of the runway where the wake vortex generated by an
arriving aircraft is a maximum and traverses in flight that portion
where it is a minimum., Therefore, under conditions where aircraft
separation in the arrival or departure phase is dictated by wake vortex
strength considerations, this may be the limiting factor on runway
capacity in segregated operations. In this case, runway capacity is
increased by mixing operations on two independent runways, rather than

by segregating operations,
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Runway Exit Design

Runway exit type and exit location have been identified as performance
characteristics affecting the subsystem capability for landing. Runway
exit types are evaluated by the speed at which aircraft are capable of
exiting. Factors affecting this speed are:

1. Angle of turnoff

2, Radius of curvature of the turn

3. Width: -~ Lo
Exits .would ideally be located at a distance down the runway at which
the aircraft reaches exit speed, using aircraft design deceleration.

The simplest runway exit design employs a single right angle exit
taxiway at the upwind end of the runway, requiring all aircraft to
rollout the full length of the runway before exiting. Only slightly
improved are runways that employ a few right angle exits spaced
periodically down the runway length. Although aircraft have the option
of exiting prior to the end of the runway, the exit speed remains
restrictively small,

To increase exit speed, the angle of the exit must be more nearly
aligned with the runway centerline and the radius of curvature for the
turn to the exit must be large. 1In all cases, the exit must be wide
enough to acpommodate an aircraft traveling at the design speed.

The requirements for multiple exit locations and angled exits
have resulted in a design utilizing a continuous extension of the runway’
on one side which allows aircraft to "drift off" the landing surface at
the highest exit speed, anywhere along the runway length. This "drift
off: exit design will minimize the runway occupancy time by greatly

increasing the exit speed and optimizing exit location.
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Runway Entrance Design

Runway entrance type has been identified as a performance
characteristic affecting the subsystem capability for takeoff.
Runway entrance types are evaluated by the speed at which aircraft
are capable of entering and using as an initial speed for takeoff
roll. Factors affecting this speed are, as in runway exit design:

Angle of turn on

1
2. Radius of curvature of the turn
3. Width

The simplest runway entrance design employs a single right hand
entrance taxiway at the downwind end of the runway, requiring all
aircraft to enter at low speed and execute a large angle change before
being aligned for takeoff roll, The aircraft is then able to begin
the takeoff roll at a higher speed shortening the runway occupancy

time, Illustrations of different types of runway entrances and exits

follow.

{

%

Figure 3.16 Runway With High Speed Turnoffs

Figure 3.16 depicts a conventional runway entrance/exit at the
end of the runway requiring a ninety degree heading change and slow

traverse speed. This runway also has periodic angled exits.
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Figure 3.17 Drift-0ff Runway

Figure 3.17 depicts a higher capacity runway with both angled
and conventional entrances and a "“drift off" exit. Both runways

can be designed to allow the direction of operations to be reversed.

Crosswind Configurations

Each runway or set of dual or parallel runways inherently has a bi-
directional character, so that by reversing the direction of traffic
flow, operations may always be conducted with at least no tail wind.
Crosswind runways are normally added to handle a small percentage of
traffic when crosswind components of the runway exceed aircraft
capability, When winds vary greatly in both direction and strength,
another complete system of runways may be required with attendant
duplication in other facilities. The need for a crosswind runway,
to provide operational capability for all traffic using the airport,
is apparent. The need to duplicate an entire system at a single
site is not so apparent and should be approached as a trade-off to

increased crosswind capability.
3.4 FINAL APPROACH PHASE

The next thirty years in air travel will show a great increase in

the number of enplanements with the present day approach=~to-landing
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system strained by increased landing demands, The system bottleneck is
the antiquated Instrument Landing System (ILS).
A new system must satisfy certain needs and solve basic problems.
The following is a list for ILS requirements that increase capacity
. 7, 8
and insure safety.
1. Increase vertical coverage to include the lower and higher
approach angles necessary for new concepts in aircraft

(i.e., V/STOL,SST, air carrier helicopters).

2, Eliminate the interference affect in the present day ILS
due to ground object reflection.

3. Increase measurement accuracy to three dimensions for
automated landing implementation and reduced approach area
separation criteria. Eventually, this will be used to guide
all-weather operations.

4, 1Include a scanning capability which will allow a variety of
approaches to the runway. This will best utilize the
immediate airspace by providing an extra separation direction,
allowing trajectory optimization studies, and providing for
noise abatement approaches.

The present air traffic control procedures in the terminal apprach
area of an airport rely heavily upon the ability of a human controller
to maintain an orderly and safe sequence of airplanes onto the runway.
The accuracy of his equipment has led to certain separation criteria in
the approach area.

The standard TILS serves IFR traffic with a one~dimensional (a
straight line path) route to follow. A three mile separation is the
standard rule for aircraft spacing. Problems arise when a faster
aircraft preceeds a slower aircraft down the ILS course, The three
mile separation distance being enforced along the entire course length

constitutes a delay in the system., An example would be two aircraft

separated by three miles at the outer gate. Let plane one have a
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speed of 180 knots and let plane two fly at 150 knots., When plane one
touches down, the separation distance will have expanded to over 4% miles.
This represents a delay which is unavoidable with the present ILS. The
case of the slower aircraft first results in a converging separation
allowing the three mile separation to be achieved when the first plane
touches down.

Another shortcoming of the present ILS is the requirement for large
distances to be traversed by aircraft coming from the opposite landing
direction in order to intercept the glide slope, A more versatile and
broader ranged landing system would reduce these terminal delays.

One possible solution currently in the development state is the
microwave scanning beam ILS (MILS). This system expands the terminal
area coverage to three dimensions. This offers aircraft alternatives
to lengthly flyout-and-back maneuvers to intercept the glide slope.
Figure 3.18 illustrates this system. The scanning is done at prescribed
frequency. Using modern control technidueS'which employ digital logic,

many of the landing procedures can be automated.

Microwave ILS

The idea for a scanning microwave beam for approach guidance was
first formally reported in the mid 1950's. These past 15 years have
been devoted to flight tests of various modes of operation and equipment
packages to evaluate the possibility of replacing the fixed beem ILS
system, The analysis has produced a variety of systems. Table 3.11

shows a number of these.
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TABLE 3.1 CURRENT M-ILS CAPABILITIES

Azimuth Transmitter Elevation Transmitter
Angle Coverage Angle Coverage

System (in degrees) i (in degrees)

AILS +5 (+35 Clearance) 0 to 10
AN/SPN~41 +20 0 to 10
AN/TRN-28 +20 0 to 20
RSAFB/TILS +20 (+35 Clearance) 0 to 10

A-SCAN +60 5 to +45

RASCAL +20 0 to 13.5
AN/TRN-18 Spec +20 0 to 20

Three possible bands of transmission exist for the microwave system:
C-band (3900-6200 MHZ), X-band (5200-10,900 MHZ), and Ku-band (15350-
17250 MHZ) . Looking at their implementation, there is not a C~band
with enough antenna aperture to effectively guide fixed-wing aircraft
on the final approach, the reason being that to eliminate ground
reflection requires a tall antenna &25') which makes guidance in
flareout, touchdown, and rollout quite dubious. The X~band has a
limitation in spectrum availability. Most successful tests have been
made using the Ku~band, although some engineers think that under tropical
rain conditions the range is insufficient?.

Concerning the basic methods of beam scanning, the flat beam is the
most flexible and easily interpretable. Other means, such as conical
beams or phased array can be used also, The scanning rate of the flat
beam can be either continuous or stepped, but it should be as low as
possible, consistent with autopilot requirements, and should not exceed

5 HZ since a faster scan rate would reduce the dwell of the beam on the
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receiver antenna and thus reduce accuracy. Independent of the method,
a granularity of .05 to .10 degree can be achieved.

The accuracy of the Ku-band system has been quite good. 1In terms
of one standard deviation (0), the beam has an accuracy of + .03 degree
in elevation, + .05 degree in azimuth, and + 100 feet in range, using

precision distance measuring equipment (DME).

Altimetry

With the accuracies stated above, the MILS can be used as a tool
in determining and retaining altitude separation in the terminal area.

At a slant range of ten miles, the accuracy of the MILS beam is:
ERROR = ( 10 nm. )(o )

= ( 10 )(6016.1)(£.05) = t 53 ft.
57.3 (3.8)

This accuracy is valid up to a height of approximately 11,000 feet.
This is achieved with the AILS made for the FAA and not the updated
TRN=~28 (refer to Table 3.1). This can be compared to another method of
altimetry.

This method is the use of static pressure sensors., These devices
record static pressure either with a static pressure port or a pilot
static tube, both of which may differ from true ambient pressure because
of location, Mach number, angle of attack, or configuration., Although
manufacturers of this system claim an accuracy of 0'-65' at sea level
and 100'-255' at 40,000 feet, flight tests have shown discrepancies of
50'-225"' at sea level and between 225'-500 at 40,000 feet. Constant
recalibration will allow an error determination within 50 feet at lower
altitudes, Discounting an altitude of 40,000 feet in the terminal area,
. the MILS is more accurate at the lower altitude and does not have to be

recalibrated.
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With such positive factors, the MILS was incorporated into the final
approach phase procedures developed in thisrchapter.

This scanning beam system provided new dimensions to arrange for
more precise landings and approach paths. One attractive approach path
idea employs the scanning capability to provide curved approaches from
the outer radius onto the runway, tangent to ‘the landing direction,

The geometry involved is shown in Figure 3.19. The parameters are:

@ = azimuth of aircraft (8, = glideslope intercept azimuth)

O = centerline angle

V = aircraft velocity vector

fe= radius of curvature

d = distance to touchdown
(d, = initial scan radius)

Certain relationships can be derived.

Te _ d,

sin (5 - Qo) sin (7 - 85) (3.9
and =5+ 2a (3.10)
Therefore:

Te  _ do

cos o, sin 2 a (3.11)
and

r, = ————EQ————

¢ (2 sin qg) (3.12)

For a constant radius curve:

L__& (3.13)
d sin o

where:

L = are length of path with chord length d.
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The actual implementation of the system reveals many development
problems. The curved paths represent a more difficult pilot task. Pilot
workload in many cases is approaching its upper limit; therefore, ease
in flying these paths is of great concern. Pilots have found flight
directors to be of great assistance and it is believed that similar

equipment employed here would best fit the pilot into the control loop.

Flight Director

The above final approach system assumes that the aircraft will be
able to precisely follow the prescribed path. This can be accomplished
in two ways, First, a display for the pilot to follow or second, an
autopilot. Either method would use radar information supplied by the
MILS. This information would be processed by an onboard digital
computer, It was decided to use the first method-~a good display for
the pilot to follow. There were several reasons for this choice,

First, it was felt that the pilot should still be in command of the
plane even in the year 2000. Also, the design considered only category
IT operations: that is not completely "0--0" weather conditions., An
autopilot will have to be used for category III operations.

The work in this area concerned determining exactly how accurately
a pilot following a display could hold a prescribed path. It was assumed
the path was known exactly--or at least to the accuracy of the MILS system .
which is +100 feet. A literature search revealed that a similar study
was carried on by NASA Ames Research Center concerning flight profiles
for noise abatement,1 In that study, pilots were required to fly two
segment straight approaches--one at six degrees followed by one at three

degrees. The pilots used the flight director system shown in Figure 3.20.
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In those tests, pilots were able to stay within 100 feet of the prescribed
path laterally and within 50 feet vertically.

Using this as background, it was predicted that future pilots could
follow the curved approach paths to within these same accuracies. Thus
it was determined that the future system would have at most a 200 foot
lateral error--100 feet from the microwave ILS error and 100 feet from
the pilot~display error. The pilot~display errors are not the limitation
of the system. It may be noted that these errors were included in the
point simulation of the final approach and caused no false alarms to
the air collision avoidance equipment,

The question of time delay due to separation maintenance is another
problem area that should be investigated.

The microwave system can reduce the delay time caused by the faster-
plane-first situation. This is illustration in Figure 3.19. The
lateral separation of the two interacting airplanes allows the minimum
separation distance point to be delayed until some time before the
first, faster aircraft lands. The closer one can bring the minimum
separation point &o the time when the first aircraft touches down, the
shorter this excess delay will be. Figure 3.21 illustrates this
improvement. Xggye represents a distance savings acquired by the microwave

ILS.
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Figure 3.21 Separation of Two Land Aircraft Faster First

Another technique employs the addition of the height dimension
into the separation criterion. Using an altitude separation during
certain portions of the approach phase allows the lateral separation
limit to be relased. Figure 3.22 illustrates some possible interaction

of the two criteria. Notice that whenever the lateral separation is
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Separation of 2 A/C Using An Altitude Criterion
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Figure 3,22
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not observed the altitude separation is maintained and vice-versa. This
allows the minimum lateral separation to be achieved when plane omne
touches the runway. This results in an optimal landing rate for a
prescribed separation distance.

An analytical investigation can be performed to test the feasibility
of using altitude separation in the final approach. Consider two air-
craft flying in the same vertical plane as in Figure 3.23., The vertical
separation can be expredsed by the following equation.

hgep = Ldpin + Va(tp-t)lsinyy - [Vy(tp-t)sin vy ] (3.14)

By examining the time derivative

d(hsep) (3.15)

at = Visinwyy - Vysin yy
One finds that there are three ways to insure a minimum altitude
separation.
1. When plane one touches down
hy > hpin (3.16)
~and,

__id_ftﬁ@_p_ = Vysinyp - Vosinyy < O (3.17)

2., When plane two intercepts the glide slope

Bhgep = Bhpip (3.18)
and,
d h _ ) . (3.19)
_dt_S_QL = Vjysin y] - Vosinyyp > 0

3. At any time in which two planes are within the final approach
boundaries

Ahsep > bhyin (3.20)
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V) = Velocity of A/C |
Vo = Velocity of AIC 2
%) = Elevation angle of A/C | (not to scale)

¥ = Elevation angle of AIC 2 (not to scale)
8t = tp - t (t, is time A/C 2 hits entry marker)

hs = Vertical separation of the two A/C at
ep ..
time t

dmin = Minimum allowable lateral separation

Vertical Plane Geometry
Figure 3.23
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and

—95%§§R— = Visin Y1 - V,sin Yy = 0 (3.21)
or
sin yp = (V1/V2)sin Yq (3.22)

The curved paths do not allow a strict application of the above
equations. They are used as separation guidelines to allow for separation

rules to be obtained for each particular aircraft interaction.

ILS Comparison Study

This section is a numerical study which compares a standard ILS
with the scanning beam ILS using vertical separation. The constraints
.for the example are IFR traffic, three miles lateral separation, and
1000 feet altitude minimum separation.

1. The Standard ILS is shown in Figure 3.24. 1t is capable of
accepting aircraft at any of three gates as shown.

2., The Micro~-wave ILS is also shown in Figure 3.24, Composed of
five entry gates, the attempt here is to conserve airspace
by making the wider approach paths shorter. A possible speed
segregation could be as in Table 3.2,

TABLE 3.2, SPEED SEGREGATION AT MILS APPROACH.GATES.,

Approach Gate Terminal Speed
0° Gate 150-200 knots
18° Gate 110-160 knots
30° Gate 80-120 knots

The particular example examined here is to optimally land the

following aircraft in the specified order as shown in Table 3.3.
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TABLE 3.3 AIRCRAFT:EANDING ORDER

Sequence No. A/C Type Final Speed
1 SST 165 kts.
2 707 150 kts.
3 DC-6 110 kts.
4 Bonanza 80 kts.

The order is chosen as an example of decreasing speeds to produce
an arrival delay for the standard ILS and to generate some numbers for
the scanning beam system which would help evaluate the feasibility of
the ideas involved.

The following equations were used in the study:

T;p = time for ith aircraft to reach the glideslope marker
T, = time for ith aircraft to land
Qi = runway bearing for ith ajreraft ( oL initially)
Yi = elevation angle for ith aircraft (y im initially)
® = heading azimuth for ith aircrafe (6 ;, initially)

The calculation of the parameters (tims til eLM’ im dyp)

th

associated with the i-" aircraft are based upon the preceding aircraft.

The following equations are used to determine these times:

e = dmin | Qisep
Tir, = T(i-1y1+ L (3.23)
' (=DL" 7y {Sin(a isep)}
Tim = Tj; - 4im O_im (3.24)
Vi sin( & {m)

hyn = 8 hgep + V(i-1) [T(i—l)L“" Tim] sin(yi-1) (3.25)

<
]—l-
It

sin”l | __him (3.26)
dimC€o0s Uiy
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Some initial value calculations differ from the above.

Ty = To initial reference time

@1 = Chosen independent of other A/C

vyl = Assumed

y2 = sin”1 [ Ahmin } (3.27)
dmin

(method 1)

Standard ILS calculation equations were used:

_ . dmi
Tim = T(i-Dm + =8 (3.28)
Til = Tim + _9im (3.29)

Vi

The following table, Table 3.4 resulted from using the aircraft of

Table 3.3 and the above equations.

TABLE 3.4 RESULTS OF COMPARISON BETWEEN
STANDARD ILS AND MICROWAVE ILS

ith A/c 1 2 3 4
Standard
LS
: Tim 0 3.02 4,82 10.07
Ti1, 5.45 7.02 10.82 13.82
dim 15 10 10 5
Micro-~
wave ILS Tim 0 2.61 2.39 6.74
TiL, 5.45 6.65 8.45 10.7
8im 180° 216° 144° 2400
o 0 18° -18° 30°
im
dim 15 10 10 5
Vi 165 kts 150 kts 100 kts 80 kts
vi 20 3.1° 4,43° 5.10°
Bim 3,180 3,110° 4,480" 2,340
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The table shows that the four aircraft were brought down in less

total time by the microwave system,

percent decrease = 13.82 — 10.7 = 22.6 percent
13.82

.Considerations and Constraints

1. The three mile and 1,000 foot separation criterion will be reduced
in the coming years, but this will only change the numbers used in
the calculations. The implementation of the accuracy will greatly
reduce the separation constraint.

2. The altitude separation approach lends itself to on=~the-~spot
computer calculations of final approach fixes because each air-
craft's parameters depend upon the previous aircraft's status,

3. The landing capacity constraint for the future will gradually

shift to the runway itself and will produce a large time separation.
This will permit more altitude~lateral separation tradeoffs.

-One-Runway System

The micro-wave system being evaluated here also permits increased
accuracy in determining aircraft position and velocity. Using this
system for terminal survelliance, the separation distances can be
reduced gxtensively. The three mile lateral separation can now be
modified to less than one-half mile, This places the landing interval
constraint on the runway.

It has been estimated that for future air travel the landing interval
will be reduced to 40 seconds between aircraft. This figure reflects
the minimum time necessary to allow all types of aircraft to land and
clear the runway.

The previously defined micro-wave ILS can now be altered to be more
compatible with these separation standards., Figure 3,25 depicts a set

of curved paths that allow maximum integration of aircraft types with
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assured separation and 40 second landing intervals. The aircraft in a
. o . 10 .

future terminal system must maintain a two mile separation at the

outer approach gates. The lateral separation at any point may be .

substituted by a 500 footlO

altitude separation standard.

The aircraft that enter the system are broken down into the cate~
gories specified in Chapter 2, Table 3.5 shows a projection of the types
and percentages of the aircraft that will be properly equipped to fly
into this runway system., Other aircraft may not use this runway because
they would not be properly equipped to integrate into. the landing pattern.
The data excludes a large percentage of the total aircraft fleet, fhat
of general aviation.

General aviation will be relegated to smaller airports away from
the positively controlled airways. The desired safety and efficiency
of future air operations will not allow ill-equipped aircraft to fly in
controlled airspace within the terminal area.

Combining the aircraft types in Table 3.5 with the approach possibili-
ties of Figure 3.26 one can derive computer logic to prescribe the MILS
entry. point which best fits the necessary separation maintenance with
a minimal enroute flight distance for each aircraft, Figure 3.25 is a
flowchart that could serve as a program used by the traffic controller
that properly places the aircraft on its final approach entry point.

Ni is the aircraft's category number as shown in Table 3.4. This
specifices the ILS approach distance. The algorithm evaluates the air-
craft's relation with the previous aircraft in the landing system, Care
must be taken to prevent a slower aircraft from using the same approach

path as the faster aircraft which immediately precedes it.
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: Final |Elevation 1% of jotal | M-1Ls

Aurcraﬁ Type Number Speed Angle {Operations} Gate L
o 120-45°
STOL. | 85 kis 6 24,8
General Aviation 2 115 kis 4° 10.0
Short § Medium R
Haul 3 135 kis 3.5 16.8 7
Jumbo o
Transport 4 140 kis 3 9.3 | r=ionm
Transonic - TS
Transport 5 140 kis 2.5 26. | r=150m
Supersonic .
Transport 6 165 kis 2 3.0 r=I5nm
Table 3.5

Terminal Area Aircraft



Figure 3.26

Entry Gate Flowchart
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Flight Path Simulation

A computer simulation was devised to check for separation maintenance
along the ILS paths.

The program input was a sequence of aircraft chosen at random from
the distribution presented in Table 3.5. No optimal sequencing was done,
therefore, the study represents the capabilities of the landing geometry.
The input includes a factor as to which of the four sectors (Figure 3.25)
the aircraft used when entering.

The program details are located in Appendix D. The results verify
the entry logic as all cases of random input for 1000 aircraft into the

total system showed that minimum separation standards were maintained,.

Multi-Runway System

The landing system under study cannot be accepted unless as investi-
gation is performed to evaluate its performance in a large airport
environment with many runways.

The basic requirements for a multi-runway system are:

1. Parallel independent runway systems with minimum land usage.

2. Proper integration of takeoffs and landings to acheive
maximum number of operations per hour.

3. Procedures giving each aircraft a distinct waveoff or escape
path for a missed approach.

The accuracy of the micro-wave system will allow a reduction of the
parallel runway spacing to 2500. feet. Figure 3.27 shows a four runway
configuration that employs four parallel independent dual lane runways.
Each can accept the maximum specified capacity of 90 aircraft per hour
(40 second interval)., The fifth runway is a STOL landing strip. This

runway achieves a greater number of approach possibilities because of
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Figure 3.27
Multirunway System
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the higher descent angle capability of the STOL aircraft. The figure
shows a normal operational breakdown of aircraft category into each
runway. This breakdown represents a peak operation condition which
accepts inputs distributed similarly to those in Table 3.5. The location
of the STOL strip is not specified here but the consideration for its
placement would be: first, one allowing the maximum scan angle which
doesn't interfere with the paths of the other runways; secondly, the
runway operation must not interefere with abort paths of the four main
runways; and thirdly, the runway must still be close to the other runways
for minimum use of land space.

When the system operates below a saturated level, aircraft can be
sorted into different runways depending upon the individual MILS
occupancy and the overall advantages to be gained by switching runways.

The dual lanes shown in Figure 3.14 provide the capability for an
aircraft to take off as another lands on the other lane. This retains
the arriving plane's abort route clearance and allows an equal number
of departures and arrivals to occur,

The runways are basically speed segregated. The SST, however,
flies the same approach pattern as the TST. Runways 2 and 3 allow
an eight degree path scan to allow for glide slope passing. Runways
land 4 are for slower aircraft as shown in the table with Figure 3.27.

The: elevation drawing, Figure 3.28, shows the altitude separation
obtained between runways caused by differing approach angles, staggering
approach angles, and staggering the runway threshold.

The net result of a runway-approach combination like this will be
720 mixed operations per hour at capacity. The automation needed to
handle this vast increase is a large design problem in itself.
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Figure 3.28

Air Collision Avoidance in Final Approach

The air collision avoidancevprocedures discussed in section 3.2
can now be modified and refined for the final approach system.

An independent system must serve as the automatic landing abort
indicator for IFR conditions. The use of the scanning beam in the
system to increase airport capacity requires greater safety assurance
because of reduced separation standards.

Various modifications of the general air collision avoidance
procedures already presented can now be examined.

Maneuver restrictions in the final approach area allow the maximum
acceleration parameter to be reduced from the enroute value of % g
per aircraft to a smaller and safer 1/10 g maximum.1

The system chosen to evaluate the collision hazard must be as

independent from the landing system as possible, This will allow the
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CAS to serve in a back-up separation assurance roll, Two future terminal
area systems look promising for this job.

The first is an advanced version of the onboard system discussed
earlier. The main requirement is more accuracy in measuring range and
velocity. The confidence level needed is one which allows normal curved
approaches to proceed free of collision alarms. The CAS would serve
to specify the abort route should the microwave system fail or the air-
craft's path following control malfunction. At present, the onboard
CAS systems being tested do not have sufficiently accurate measurements
to achieve the desired terminal approach alarm status.

A second system is envisioned which could provide the needed service
to the final approach system. Using the terminal tri-lateration
navigation equipment the ground based collision hazard criterion can
effectively warn aircraft of collision possibilities without interfering
with normal curved approach landing runs. The numerical characteristics

are in Table 3.6,

TABLE 3.6 FUTURE TERMINAL CAS USING TRILATERATION

Parameter Values
Data Interval Time 1 sec,
Delay Time .9 sec.
Total Escape Time 28 sec.
Range and Velocity

Error .30 n.m.
Minimum Separation

Distance .10 n.m,
1/10 g Freedom .23 n.m.
Alarm Region

Half-width .63 n.m.

The flight director allows each aircraft to deviate 100 feet laterally
from its path. This condition may be simulated by expanding the alarm
half-width.

137



HW = .63 + (2x 100/6080) = .67 nautical miles (3.30)

The path simulator program included a collision avoidance algorithm,
Figure 3.29 shows the logic flowchart used to evaluate the ability of
the one-runway system approaches to proceed free of collision alarms.

As mentioned before, the minimum separation standards were maintained for
720 landing aircraft under saturation conditions. It is desired, there-
fore, to allow the aircraft to proceed down the prescribed path without
being bothered by a false CAS alarm.

The flow chart shows. the height standard set at 600 feet. This is
a combination of the 500 foot minimum standard for separation and the
two aircraft flight director errors of 50 feet each,

The number of alarms observed for the 1000 aircraft was two. The
conclusion is that had the aircraft involved been flying at the maximum
error points along the curves, the alarm would serve to direct the pilot
back onto the course.

No simulation was done on the possibility of entering an intruder
into the landing pattern. It is believed, however, that the alarms
would have noticed the intrusion and escape maneuvers as described in

the collision avoidance section would have been employed.

3.5 TERMINAL AIR TRAFFIC CONTROL SYSTEM

This segment attempts to define a future terminal area air traffic
control system. The system is designed to sequence and to direct arrivals
and departures in order to achieve the maximum rdnway-approach system
capacity with minimum delay to aircraft.

The terminal area system interfaces with the enroute air traffic

control (ATC) and the runway-approach system. Terminal ATC accepts
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arrivals from enroute ATC sixty nautical miles from the airport and delivers

them properly sequenced to the speed segregated gates of the scanning

beam TLS.

The system is designed within four primary constraints:

-1,

It

agpects

1,

The initial configuration is a single airport with a single
dual lane runway. Later configurations include multiple
runways and multiple airports,

The system is based on the avionic, navigational, computer,
and aircraft capabilities forecast between now and the year
2000, assuming no order-of-magnitude increase in aircraft
performance during that time.

The system is designed considering the arrival problem only
since departure handling is not as crucial as the problem of
sequencing and directing aircraft to the ILS gates within a
few seconds standard deviation of their scheduled time. Also
arrivals and departures can be treated independently because
the dual lane runway makes it possible to release departures
as soon as arrivals touch down, eliminating the need to
include departure gaps in the landing sequence.

The system is designed for Instrument Flight Rules traffic
only, Thus positive control is assumed.

was felt that the system should be compatible with four desirable

of a terminal ATC system,

The system must have a time management capability of delaying
aircraft that are ahead of schedule and of expediting air-
craft that are behind schedule.

The system should minimize airspace usage. This implies that
aircraft should be assigned specific terminal area paths or
corridors to fly. The paths should be speed segregated to
ease the difficulty in handling a mix of aircraft types with
altitude and lateral separation for safety. They should be
close to the airport and as direct as possible to minimize
aircraft flight time. And they should be arranged for ease
in changing the active runway in case of a wind shift,

The system should be strategic in that the responsibility for
managing the overall sequencing, vectoring, and safety of air~
craft in the terminal area should lie with a computer on the
ground. It was felt that this centralization of responsibility
is consistent with the philosophy of centralized national
scheduling of IFR flights.
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4, The system should direct aircraft to fly optimum descent-
deceleration profiles so as to minimize their flight time
within the terminal area,

Terminal Survelliance And Control Equipment Capabilities

Control of aircraft in a high density terminal area with proper
sequencing and spacing requires an accurate position and velocity sensor
system, This system must also have a rapid track update rate to relay
control information to and from the aircraft.

The present day ATC system with its standard radar and ILS does
not provide the accuracy and data rates that would be required for this
control. Listed below are some of the data acquisition capabilities that
may be required for a computer controlled terminal system:

1. Three-~dimensional search and track functions

2. Rapid track update capability (1 second or greater).

3. Maximum positional error of + 400 ft. at the outer terminal

perimeter with the error decreasing to + 100 ft. at 20 nm.
from touchdown,
4, Two.way data link capability.
Four systems were studied to determine the capabilities of a control

system in the period 1970 to 2000 and they are listed below,

I. Radar

A. Rotating Antenna (Improved)
1. Range error + 370 ft, Az ,25°
2, Track update rate limited to rotation
3. Altitude through transponder + 250 ft
4. Greater accuracies requiring large antenna.
B. Phase Array
Position error + 360 ft. (3-Dimensional)
Track while scan capability (100 A/C)
Data link capability
Rapid update information for control
Transponder for altitude (2-Dimensional)
Position error 4+ 100 ft. at 20 mm

oW

141



II. Radio Beacon (Trilateration Systems)

A. Ground Based (discrete coded)
1. ©Position error + 300 ft. up to 150 miles
2, Interrogate 8000 A/C up to 5/sec.
3. Data link
4, Could be phased in with present day ATCRBS

B. Satellite Based
1. Position error
2. Velocity error 1 ft./sec.
3. Data link for limited terminal control
4, System still on the drawing board.

A brief description of each system follows.

Air Traffic Control Radar Beacon System (ATCRBS)

The improved ATC radar beacon system will meet most of the requirements
stated previously (with a transponder equipped for altitude information)
except for the track update capability. Track update capability in the
terminal area is an important factor in the proposed terminal model
since speed changes and path delays are used in sequencing and spacing.
In this system, with a mechanically rotating antenna, data rates affect
tracking accuracy. For this reason, the rotating radar beacon system,
even with improvements, seems lacking for precise terminal control. Data
transmission to aircraft is limited by the amount of time the system can
spend on target. System capabilities include:

Range accuracy + 370 ft.
. Azimuth accuracy .25 degree (center marking)
Range resolution -- 350 ft,

Azimuth resolution 4°..8§0
Elevation via transponder + 250 ft.

(S S BN OUN R

Phased Array Radar

Various studies indicate that phased array radar is favored in the

near future for surveillance and control in the terminal area. The
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phased array radar offers a tracking capability along with the possibility

of providing a data link capability. Presented below are some of the

expected advantages:

Three~dimensional capability without transponders
Maximum range error at 60 nm. could be less than 360 ft,
Track while scan (up to 100 targets)

Rapid update rate of track information

Interrogator capability

Data link capability in the track mode

Intruder surveillance

The system's disadvantages include the following:

1.

Expensive, thus possibly limiting use to high density terminal
areas.

Untested working prototype
Requires digital control of beams steering

Frequency not the same as conventional radar, (Aircraft will
require a new transponder)

The Alexander Report recommends phased array interrogators. Moreover

the system does meet the requirements for a automatic type control in the

terminal area. With more improvements, the capabilities may be extended

to approach control.

Discrete Code Range-Ordered Trilateration System

A range-ordered trilateration system offers many unique features

essential to the successful. implementation and operation of air traffic

control systems. These features include:

1.

Ability to interrogate over 8000 aircraft in an air traffic
control area at rates up to five times per second.
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2. Positional accuracies of 300 feet at ranges up to 150 miles

3. ©Positional accuracies at close range commensurate with blind
landing system requirement.

4, Capability for working with radar systems

5. ICAO=~compatible

6. Ability to handle orderly phaseout of existing equipment
7. 1Inherent two-way link capability

8. Minimal airborne equipment

9. Ready compatibility with ground collision avoidance system

This system was used in the Los Angeles study and has the accuracy
and data link capability that is required in a terminal area. The system
is also technologically and economically feasible.

The apparent disadvantages are the number of sites required in a
control area and a line of sight requirement from three stations to

the aircraft,

TABLE 3.7 PARAMETERS OF CONTROL FOR THE
LOG ANGELES AIR TRAFFIC CONTROL AREA (400' NM by 800 NM)

Interroga- Maximum
tion period- Position
Ttem Number seconds error (ft)
Interrogated aircraft 8,000
Final approach aircraft 300 1/5 25
Terminal aircraft 1,400 1 100
High density en route 425 1 100
En route and VFR aircraft 5,875 3 600
Number of radar in area:
Enroute 8
Terminal 5
Number of aircraft seen by one
en route radar 2,500
Noise reports 250
Number of aircraft seen by one
terminal radar 1,000
Noise reports 100
Number of failing transceivers
(percent) 0.1
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TABLE 3.8 MINIMUM COST OF GENERAL AVIATION CONTROL EQUIPMENT

Item ‘ Cost:

Basic transponder $1,700
Altitude encoder 200
Antennas (2) 100
Adaptive antenna selection 600
Display 250
$2,850

Satellite System

Although this system lends itself to area navigation the predicted
accuracy of the system forces a consideration of usage near the terminal
area. Using three satellites with highest elevation angles from a five-
satellite constellation, accuracies can be obtained in position error of
100 ft. and velocity errors of 1lft./sec. (important inflow control) any-
where in the continental United States. The system also has data link
capabilities, The system would require an active transponder at cost
equivalent to the present radar transponder, The system has yet to be
designed and tested. The cost of satellites, system deployment, and
cost of airborne equipment for navigation information is a prohibitive

factor at this time.

Conclusion

It is generally agreed that the track data update in the terminal
area should be one second or greater. Of the systems.investigated the
phased array type radar best satisfies the accuracy required plus the
track data update capability. The phased array radar can take on two

basic forms, either the two~dimensional phased array is less expensive
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but relies on a transponder for altitude information. The three-dimensional
system is more versatile in a high density terminal area since knowledge

of the altitude of intruders and aircraft with non-operational transponders
is known and the system's accuracies could be incorporated into approach
control., The ground based trilateration system and the satellite system
also meet the requirements of control in a terminal area.

A possible development by the 1980's for high density terminals
would be phased array radar as a primary control system with ground
based trilateration sites near the terminal as back up, yielding the
expected accuracies and capabilities of:

1. Terminal position accuracy + 360 ft, at 60 nm.

2, Terminal position accuracy + 100 ft, at 20 nm.

3. Data Rate (tracking and control) 1/sec.

4, Tracking capability (control) 100 targets at high data rates,
Future developments in the post 1980 period may prove that the
satellite or the ground trilateration system is more capable of handling
aircraft in a high density terminal area as the primary system with the
phased array radar used as a system backup. A system of this type could

yield advantages such as:

1. Position accuracy (continental) + 100 ft.

2, Data rates of 1/sec. or greater

3. Command guidance for 10,000 aircraft in the U.S. at high data
rates,

4. Approach guidance to multiple runways (using the phased array
radar.

5. Velocity accuracy of 1 ft./sec.
The Time Frequency system was not considered in this study because
of the high cost of aniaccurate clock prohibits its use in small aircraft,
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and more important the system relies on cockpit management rather than
ground control,

No mention has been made about the computer or the program needed
to accomplish the control function, but reports on this subject indicate
that the computer technology is or will be available to handle the problem

by 1980.

Aircraft Flow into the Terminal Area

A terminal area will have an upper limit of landings that it will
handle in a specified time based on some limiting factor such as trailing
vortices or spacing limitations of aircraft at each runway.

To land aircraft at the maximum acceptance rate the aircraft would
have to be delivered to the landing threshold including delivery error
and potential waveoffs at less than or equal to this rate. In order to
eliminate extensive maneuvering delays in the terminal area and still
meet the maximum acceptance rate, aircraft must be metered into a terminal
system in some orderly fashion which allows for an error that can be
corrected in a small area. With a metered type flow control into the
terminal area it is not so important that arrivals meet on original
scheduled time slot. The important point is that they meet an open time
slot that can be dynamically scheduled during the enroute phase. The
metering system suggested in this report is similar to that suggested
by the Air Traffic Control Advisory Committee with primary emphasis
placed on the metering of aircraft from the enroute phase to the terminal
phase. The purpose is to deliver aircraft to.the terminal in a specified
time slot with an error less than or equal to a runway acceptance time

interval., The system would use a central control for scheduling and
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control of all aircraft in flight to high density terminals. The following
procedures could be used for metering aircraft into a high density terminal
to meet this time interval,
1. A flight plan similar to present day is filed. A clearance
is given based on an open time slot (+ one minute nominally
at the destination airport runway.
2. Enroute monitoring at flight route control points is conducted
to compare actual position versus the predicted schedule's

position,

3. If minor deviations exist in the Estimated Time of Arrival
(ETA), corrections are made in flight to compensate them.

4, If aircraft meets flight conditions that do not allow
meeting scheduled arrival time, the central control searches
for another time slot that can be met.
5, If a new time slot is not available a check is made to see
if another flight or flights to the airport can be modified
to open an available time slot. Since a high demsity airport
may have multiple runways a check is also made of all runway
time slots at the airport.
6, Under the extreme condition that a time slot cannot be met,
the aircraft will be held at the outer terminal radius
(approximately 60 nm.) until an opening occurs.,
7. Errors up to a minute are corrected in the preapproach phase.
These basic procedures would require computer control for flow
regulation and a more-strategic type navigation than used at present.
Primary sequencing would then be done while the aircraft is.in the enroute
phase. Secondary sequencing would be done in the terminal area to
compensate for the error in delivery. A system of this type is
feasable since for a flight of 90 minutes or less a precise departure
and arrival time can be met. Longer flights may require an exact
arrival time to be assigned at midflighto12

Using accurate area navigation, aircraft could be handed off from

the enroute to terminal system at the terminal acceptance rate with
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delivery errors not exceeding one runway time slot (i.e. if one runway
can land one plane per minute the projected error in delivery to the
runway would be no greater than one minute of schedules time to land
under normal contitions). A delivery of this type would facilitate
sequencing in the terminal area since under the worst case a cluster

of three aircraft would be competing for the same landing threshold time.
Normally in the terminal area the maneuvering space is limited and the
model introduced in this report can compensate for an error of approxi-
mately one minute in delivery (using a maneuver area with a five mile

radius before approach).

Airspace Structure

The airsbace structure is a synthesis of many arrangements that
have been advanced. Each arrangement takes advantage of a slightly
different set of air traffic control procedures, and because few simula-
tions of advanced concepts have been conducted, the rational for an
airspace structure rests with how well it serves the system and philosophy
of which it is designed to be a part. For the single airport, single
runway configuration of Figure 3.30 has been selected as being consistent
with the constraints of the study and containing the desirable aspects
previously mentioned.

Since the structure is designed around the ILS system, there is
a high speed approach path feeding aircraft to the high speed ILS
course, with medium speed and low speed approach paths feeding the
medium and low speed ILS courses, respectively. The high, medium, and
13

low speed approach paths are laterally separated by two nautical miles

with the high speed farthest from the airport, and the low speed nearest.
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This is desirable for four reasons. Longer paths take less time for
high speed aircraft to fly than low speed aircraft. The high speed ILS
gate is farthest from the airport and must be fed from further out.
High speed aircraft have larger turning radii requiring more room for
maneuvers. And, the specific arrangement allows for a convenient fit
of the paths into the airspace. The approach courses are altitude
separated by 1000 feet with the high speed at 3500 feet, the medium
speed at 2500 feet, and the low speed at 1500 feet. This is reasonable
because it is desirable to keep the high intensity noise at higher
altitudes. Also, since high performance aircraft generally operate at
higher altitudes, descent to high approach paths is desirable from a
separation-for-safety standpoint. The distances the paths lie from the
airport compare favorably with the distances used in the FASA and MAT/TAS
simulations, the New York Metroplex arrangement, and the arrangements
discussed in the references.,

The number and geometric arrangement of descent corridors feeding
into the approach paths are determined by the most direct international
routes used by the area navigation system, However, near the airport,
descent corridors that intersect the approach paths on headings parallel
and perpendicular to the runway heading are advantageous because the
symmetry allows the active runway to be changed without changing the
descent corridors. The descent corridors are. . laterally separated by
four nautical miles in accord with the views of reference 13.

The approach fix arrangement was chosen in conjunction with the
procedures for computerized handling of terminal area traffic. 1In
general, fixes on the higher speed approach courses are farther from

the airport.
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ATC Procedures and Sequencing Logic

The procedures and logic of the system are taken from the Federal
.. .y 14 . . . .
Aviation Administration's FASA and MST/TAS simulation studies with two
important differences. First, the FASA, MAT/TAS studies use computerized
sequencing . as an aid to the air traffic controller, who retains vectoring
and decision making responsibility. Although the pilot will remain
responsible for the safe operation of his aircraft the controller will
assume a supervisory capacity overseeing the computer's handling of
aircraft, the reasons being that the expected high density of traffic in
the terminal area will make sophisticated decision making necessary and
the continuous updating of scheduleing and maneuvering to optimize
operations will preclude the controller as a communications link. Secondly,
current sequencing logics ascertain the deviation in the aircraft's .
arrival time at the delivery point and correct the error with a count-
) 15 . . .

down turn to final approach. It is felt that the projected improvement
in terminal surveillance and control equipment will enable a future
terminal air traffic coantrol computer to continuously correct deviations
from schedule. The following is a description of the operating logic
and procedures envisioned in the future air traffic control system. (See
Figure 3.31.)

1. Acceptance. The aircraft arrives at the outer perimeter
of the terminal area within some error of its schedule time
of arrival. Terminal air traffic control begins tracking the
aircraft and knowledges the aircraft's entrance into the
terminal area,

2. Tentative Scheduling. The terminal air traffic control computer
has the aircraft’s performance profile in memory and computes
its Direct Course of Touchdown, DCIT, via the various approach
courses by adding the aircraft's fastest time to fly the

descent and transition approach to its time to fly the final
approach in the ILS, at the aircraft's optimum final approach

152



£a1

ASSIGN P
BEGIN oIl ~RSSION g%%i(:héDURE
FINAL FINAL APR. TSTT, DESCENT
APPROACH, OR PROFILE,
APPROACH
MISSED BEGIN y OLLOW PATH,
APP ROACH MANEUVERS /.

TERCEPT BF B DESCENT/
INTERCEP G.S. PROFILE DECELERATION
GLIDE

PROFILE
SLOPE A s ~ ACQUIRE «
| AGQUIRE
FINAL APPROACH PATHALT}
@F& ACH TRANSITION SPEED |
INNER MIDDLE 5 nm OUT | R&60
ALAPR. FIX  APR. FIX R  DESCENT CORRIDOR _
P APPROACH ' ............. & T e e
PATH
Figure 3.31: Vertical Airspace and Flight Plan Profile



speed., The computer then searches the tentative landing sequences
for an optimum Tentatively Scheduled Time of Touchdown, TSTT, by
comparing the aircraft's DCTT with the TSTT's of already tenta-
tively scheduled aircraft, looking for the best fit for all
aircraft on the basis of the following:

a, If the aircraft is heavily arrival weighted,
i.e. preferred, it is assigned a TSTT as close
to its DCTT as possible, perhaps stepping into
the sequence ahead of already tentatively scheduled
aircraft.,

b, The TSIT should place the aircraft in a sequence
that will land it the minimum allowable time or
distance behind the aircraft preceeding it in the
sequence, Alternating right and left side approaches
are desirable.

c, No aircraft may be scheduled so as to incur more
than the maximum delay the system is capable of~
absorbing. If this is not possible, the aircraft
is stacked at the outer perimeter.

Standard Descent. If the aircraft can be scheduled, it is
cleared for a 5-~10 nautical mile standard descent in one of
the descent corridors. The computer uses this time to scan
other arrivals and recalculate the landing sequence for all
tentatively scheduled aircraft, looking for the best fit.
As aircraft in the standard descent phase have not yet been
assigned a descent/deceleration profile, changes in the
sequence at this stage can be made without having to alter
the aircraft's flight profile.

Tentative Schedule Assignment. After penetrating 5-10

nautical miles, the aircraft is assigned the computer's current
optimum TSTT and is given an approach path to fly. The computer
then calculates a Tentative Arrival Time at the Inner Approach
Fix, TAT-IAF, and assigns a descent/deceleration profile that
will deliver the aircraft to the IAF on schedule.

Descent/Deceleration. As the aircraft is assigned a tentative
schedule, it is given a higher priority so that it is less
likely that it will be slipped back in the sequence, requiring
an undesirable midcourse alteration of the descent/deceleration
profile. The computer, however, is continuously updating the
landing sequence and may alter the schedules and descent/
deceleration profiles of any or all tentatively scheduled
aircraft if it finds a more advantageous sequence. The
descent/deceleration profile is tailored to the aircraft's

per formance capability and brings the aircraft to its appropri~
ate transition speed and approach path altitude at least five
nautical miles out from the first Middle Approach Fix, MAF,

the aircraft encounters.
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6. Firm Schedule Assignment. At five nautical miles from the MAF,
the computer firmly schedules the aircraft. The aircraft's
current TSTT is adopted if no priority slip in the sequence
has occurred. Or, the computer assigns an updated Firm
Scheduled Time or touchdown, FSTT, if the aircraft has accured
an error in his schedule that the computer has not been able
to correct by ordering speed change maneuvers in the descent
stage. If, at this time, a different approach pigth would
be more advantageous, the computer may order a '"last chance"
divert to another approach path. The landing sequence cannot
be altered onee the aircraft is firmly scheduled. The computer
then assigns a Time of Arrival at the IAF, TA-IAF, and a
final approach profile as described in the Final Approach
section.

7. Fine Maneuvering. The computer now indicates lateral and speed
change maneuvers to the aircraft which will deliver it to the
JAF at its assigned time, at its final approach speed.

8. Final Approach. If the aircraft arrives at the IAF within
allowable standard deviation limits of its assigned time,
it is released for a final approach according to its final
approach profile. If the aircraft cannot arrive within
acceptable limits, it must declare a missed approach.

Time Management Capability

System logic must be supported on a sound mathematical foundation.
A mathematical analysis is necessary to demonstrate system performance
with the constraints imposed onitthe system. By system performance is
meant the ability to accommodate air traffic at the airport acceptance
rate with a specified separation maintained between aircraft. This
section describes the assuption; constraints, and geometry used in
support of the design model from the terminal boundary to the initiation
of final approach. A study was performed to determine the time manage-
mefit capability in the system or ability to compensate for inherent
timing errors. An error of + 5 seconds at the inner approach fix was

considered acceptable.
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A simple geometry is desirable for two primary reasons:

1. The time required by a computer to solve the resulting mathe-
matical expression is minimized. As has been indicated
previously, all aircraft positional information and directions
will be processed through a ground based computer facility.

It is advantageous to reduce computation time as far as
possible in order to improve traffic handling capabilities.

2. Flight path geometry is easy to negotiate by pilot personnel.
Prior to landing the pilot follows prescribed procedures
which require considerable effort and attention. Therefore,
in order to reduce pilot fatigue and the probability of air-
craft position error, a minimum number of inflight maneuvers
should be designed into the system.

In these reasons and in consideration of air collision avoidance
the following restraints were imposed in the time management analysis:

1. All turn maneuvers will be accomplished at a half standard
rate or 1.5 degrees per second.

2, Final turning maneuvers will be performed within a five
nautical mile radius of the middle approach fix.

Terminal Boundary

As has been indicated in section 3.5, terminal control and surveil-
lance equipment are expected to meet a position error of + 360 feet at
the terminal boundary. However, it is not unreasonable to assume that
larger errors could develop due to faulty equipment or pilot error. The
system should be designed to respond, therefore, to the largest anti-
cipated error while considering its probability of occurrence. For
planning purposes, it was decided to consider a system capable of
responding to arrival time errors of + 1 minute (16,230 feet at 180
knots),

Since a super saturated condition will never be permitted to
develop, the aircraft arrival rate must be less than or equal to the

airport landing capability., It was considered reasonable to use 90
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aircraft per hour (interarrival time of 40 seconds) as airport capacity.
This figure represents a substantial improvement over percent landing
capabilities., Providing some cushion for inflight emergencies and go-
arounds, the aircraft arrival rate at the termipal boundary was limited
to 86 aircraft per hour.

Upon entering the terminal boundary from any quandrant aircraft
are directed to follow one of three air corridors to the middle approach
fix. The spacing between aircraft along a given corridor will not be
allowed to fall short of 40 seconds. 1In most cases spacing will be
considerably greater because with multiple corridors available to arriving
aircraft, there is a low probability that one aircraft will be required
to follow immediately behind another along a common path. During this
period aircraft decelerate to transition speed and decend to a specified
altitude while attempting to correct position error. Upon reaching a
point five nautical miles from the middle approach fix, however, some

position error may still be present.

Time Maneuver Area

In order to achieve accuracy of + 5 seconds at the inner approach
fix the system incorporates five maneuver areas, one for each ILS gate,
Aircraft within these areas maintain a constant altitude and decelerate
from transition to approach speeds. A simplifying assumption of
constant speed terms was made, however, for the analysis. Also, wind
effects were neglected. By directing the aircraft to follow a specified
flight path within the maneuver areas, the computer is able to correct
aircraft position errors. The reader is directed to the system schematic

Figure 3.32. It can be seen that four maneiver configurations are
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MANEUVER CONFIGURATIONS

Figure 3.32: Approach Configurations
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depicted for this typical system. An analysis of each maneuver
configuration with its appropriate mathematical expression follows.
The expressions relate the error compensation to the parameter which is
varied during the maneuver.

The expressionslare written in the following terms:

R~maneuver area radius in nautical miles

r~radius of curvature in nautical miles determined by the expression

d

r =97 where d is the arc length

® ~ angle of turn in degrees

8y~ angle of turn in radians

V - aircraft velocity in nautical miles per minute

D -~ total flight path distance in nautical miles

¢ - angle between the maneuver area entry point (EP) and the inner

approach fix,

Configuration A

This configuration is appropriate when the entry point (EP), the
middle approach fix, and the inner approach fix lie along a common
straight line. (Refer to Figure 3.33)

Three possible flight paths are shown for the maneuver configuration.
The straight line path is, of course the shortest route to the IAF,
aircraft incurring the earliest allowable arrival error would be directed
to follow this path. Longer, curved paths would be followed by aircraft
incurring smaller early arrival errors, on time, or late arrival errors.
The curved path is symmetrical. By monitoring the aircraft airspeed and
time of arrival at the PE, the computer is able to specify the appropriate

flight path using the following mathematical expression which relates

flight path distance to angle of turn:
159



D= ((R - rtan 8/2)sec 8 - r(tan © + tan 0/2) + V 0/45) (3,31)

Thus, by specifying the angle in which the turns are performed, the
time required to fly from Er to IAF may be specified. The following table
indicates the flight time-angle of turn relationship for typcial airspeeds.

Flight times are expressed in minutes:

TABLE 3.9 FLIGHT TIME-ANGLE OF TURN RELATIONSHIP FOR TYPICAL ATIRSPEED

Angle of turn Airspeed (knots)
85 115 135 140 165
0° 7.06 5,22 A 4,28 3.64
15° 7.30 5.39 4.59 4,42 3.75
30° 8.02 5.89 5.00 4,82 4.06
45° 9.44 6.83 5,74 5.51 4,59
59%% 11.34 8.05 6.66 6.37 5.45

*Limiting angle for 165 knots to remain within the 5 nm maneuver area

using the relationship:

(R - rtan 8/2)tan @ - r(sec ® - 1) < R (3.32)

By observation, this configuration provides a maximum of 1.81 minutes
(+ 55 seconds) for arrival error correction at 165 knots, the highest
anticipated approach speed. Greater error correction, therefore, are

possible at slower approach speeds.,

Configuration B

This configuration (Figure 3.34) is applicable when the angle

between the PE, MAF and IAF is 900. All aircraft would follow a curved
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Figure 3.33: Configuration A

Figure 3.34: Configuration B
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path from PE to IAF. Two mathematical expressions are appropriate:

1.
D=2x+r0_+ (3.34)
W/GR - X - rtan ¢/4)42(1 - cos P - 2rtan 0/4)
where @ = 90°. The expression reduces to

D = 1.414 + 0.586x + 0.15561
This expression is applicable to flight paths within the shaded area
(Figure 3.34) where the parameter X, the distance flown prior to the
initial turn, is varied to provide the required error correction. This
parameter varies from zero to R - r,
For longer flight paths the initial turn is made away from the

IAF with angle of turn specified using the following expression:

2.
D= 2r O_ + Rs 0@ + Rtan © - 2rsin ©/2
r 0, ec in ©/ (3.35)
- 2rtan((90°+ 0)/2) + r w/2 + R
where angle @ is limited to the expression
o ) '
- - - - 0
(R - rtan ®)ctn(90 - ©) retn(90 ) + 1 (3.36)

Minimum and maximum flight times (minutes). for this maneuver con-

figuration are listed below:

Table 3.10 Maximum and minimum flight times for
configuration B

Exptression 1 Expression 2

Airspeed (knots) 85 115 135 140 165 85 115 135 140 165
Minimum 5.18 3.87 3.32 3.21 2,75 6.79 4.95 4,17 4,01 3.36

Maximum 6.79 4.95 4,17 4.0l 3.36 10.49 7.35 6.02 5.75 4.64
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It should be noted that the maximum flight times by expression 1
are equal to the minimum flight times by expression 2. Error correction
varies from 5.31 minutes (+ 160 seconds) at 85 knots to 1.89 minutes

(+ 56 seconds) at 165 knots,

Configuration C

When the angle between the EP and IAF is less than 90°, maneuver
configuration C (Figure 3.35) is used. The distance, X, between the
first and second turns is varied to acheive the densired error correction
using the following expression:

D=2R+ nwr+ Or - 2r ¢csc O - r tan ©/2 + 2X

The parameter X may be veried from 0 to R-r. A table of minimum and
maximum flight time values (minutes) is depicted for typical approach
speeds and a 8 value of 307,

TABLE 3.11 MAXIMUM AND MINIMUM
FLIGHT TIMES FOR CONFIGURATION C

Airspeed (knots) 85 115 135 140 165
Minimum 6,68 4,84 4.06 3.91 3.25
Maximum 12.46 8.79 7.23 6.93 5.61

Error corrections of 5.78 minutes (+ 173 seconds) at 85 knots to 2.36
minutes (+ 71 seconds) at 165 knots may, therefore be obtained using

this maneuver configuration.

Configuration D

The final configuration (Figure 3.36) is used when the angle between
the EP and the IAF is greater than 90° but less than 180°, The expression
D= 2((R -rtan 9/2)cos O+ (R - rtan 8/2)sin® c¢tn #/2
-rtan ©/2 - rctn §/2) + 2r® + r(180° ~ @) (3.37)
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Figure 3.35: Configuration C

Figure 3.36: Gonfiguration D
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relates the flight path distance to the angle 'of turn 8. This angle

is limited by the expression
(R - rtan 8/2)sin 8 =~ r)esc P/2 + r< R (3.38)

which designates flight paths in the maneuver area. Typical flight
0
times (minutes) using this configuration with @ = 150 are shown in

Table 3.12.

TABLE 3.12 MAXIMUM AND MINIMUM FLIGHT TIMES FOR CONFIGURATION D

Airspeed (knots) 85 115 135 140 165
Minimum 7.05 5.21 A 4,28 3.63
Max imum 11.42 8.46 7.31 7.01 6.42

Multiple Runway Airports

Additional runways in the airport layout alter the Final Approach
System, but do not appreciably effect the terminal air traffic control
airspace configuration or sequencing logic. The speed segregated
approach path arrangement used for one runway is immediately adaptable
to the final approach system adopted for the four runway airport. The
only significant change is the addition of another high speed approach
course. Figure 3.37 depicts such an airspace structure with the high
speed approaches feeding the outer runways. The landing sequence can
be optimized on the outer runmways. The landing sequence can be optimized
on the outer runways which have multiple gates, but aircraft on the inner

runway approaches will have to be lined up on final approach in much the

165



991

DESCENT CORRIDORS

MANEUVER AREA, R = 5nm
5
SCALE

AR

FOUR 5 A
RUNWAY

APPROACH =
SYSTEM

Ist high speed 3600
e 2110 high speed 2900
—-—- Medium speed 2200
—————— Low speed 1500

Figure 3.37: Multiple Runway Airport Airspace Configuration



16
present day fashion. This change in procedure should not reduce
efficiency or safety because the aircraft are speed segregated and should

be able to land with the minimum allowable time separation,17

Multiple Airports

Two or more airports in close proximity in the terminal area
greatly reduce the airspace available for speed segregated approach
paths. No general path configuration can be specified because the best
path structure depends on the particular airport arrangement. However,
as more of the side-entering low and medium speed approaches must be
eliminated, the closer the path structure approaches the current technology
straight~in ILS approach course.

Figure 3.38 is a model of the New York City area approach path
structure assuming additional runways at JFK, Lagurdia, and Newark

airports. The figure shows how cramped the airspace can become.

Summary

The terminal area air traffic control system that has been presented
extrapolates the present day ideas of computer aided final approach
sequencing and airspace reservations to an entirely computer-managed
system of close scheduling and optimal sequencing. The system is designed
to maximize airport landing capacity and minimize inflight delays to
aircraft, Capacity increases are the result of reduced time separation
between arrivals made possible by optimal sequencing, close scheduling,
and the abandonment of the three mile distance separation criteria in
favor of a minimum collision avoidance separation. TImplicit in the

system's close scheduling capability is the more accurate delivery of
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aircraft to their final approach fixes insured by the support hardware
forecast for the next three decades. Inflight delays are reduced in
three ways. First, aircraft fly on descent/deceleration profiles which
are tailored to the aircraft's performance and allow it to fly as

fast to the airport as its schedule permits. Secondly, the approach
paths are laid out to be direct to the airport as possible, which reduces
flying time. And thirdly, optimum sequencing of arrivals insures minimum

delay to all aircraft.
3,6 CONCLUSIONS

As a result of the investigation, the following conclusions were
developed:

1. Air collision avoidance in a future terminal area may be
accomplished through automated system management and improved
air traffic control procedures. Collision alarm and maneuver
recommendation systems revert into a backup role for positively
controlled aircraft.

2. The runway configuration which provides the greatest capacity
for future airport systems is parallel arrangements of dual
TUNWays.

3. An approach system employing the microwave ILS, curved
paths and altitude separation appear to be the most
desirable for accommodating anticipated air traffic up to
the year 2000.

4, Controlled aircraft in a future terminal area must be
equipped with a flight director for four dimensional
vectoring in addition to present IFR equipment require-
ments.,

5. With the MILS lateral separations may be modified to
a. Less than one~half mile in flight
b. 2500 feet between parallel runways

6. Minimum separation distances may be maintained along MILS

flight paths for aircraft landing at a rate of 90 aircraft
per hour.
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The trilateration system is most desirable for handling
aircraft in a high density terminal area as a primary
system with the phased array radar used as a system backup.

The proposed terminal area system is capable of delivering

aircraft at a rate of 90 aircraft per hour per runway with a
+5 second delivery accuracy.
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CHAPTER IV

TERMINAL AREA SIMULATION

4,1 TINTRODUCTION

In accordance with the systems approach to the terminal area study,
a fast~time computer model was developed, The simulation provided an
effective means of studying the present-day terminal area. This model
should prove a useful tool for examining evolutionary and revolutionary
changes in terminal area hardware and procedures,

The model was designed to be general enough to simulate the
terminal area operations of any airport, regardless of size, location,
or geometric constraints. This primary constraint required that the
model possess a number of capabilities and characteristics. The model
would have to be:

1. Flexible enough to simulate multiple runways, several
approaches to each runway, and a holding queue for each
approach,

2, Capable of generating random arrivals with inter-arrival
times based on an expected number of arrivals by category

per hour.

3. Capable of studying all types of aircraft with their
individual approach and landing characteristics,

4, Capable of including effects of equipment improvements,
wind and weather changes, and pilot and controller errors.

5. Flexible enough to simulate aircraft characteristics,
demand levels, and terminal area procedures of the
present as well as those proposed for the year 2000.

6. Capable of simulating both the interaction between two

or more runways at one airport and the interaction
between several airports in one metropolitan area.
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JIndeed, such a model represented an interesting and difficult
challenge. Contained in the body of this chapter is a description of
the model. This description includes the following sections:

1. Model development. The general philosophy and initial
assumptions used with the model are presented.

2, A brief description of the programming methods. The
GASP simulation language is discussed. Also the contents
of the non-GASP subroutines are explained and their
flexibilities are illustrated. Flow charts are included
to provide the reader with the detail necessary for
following the program .logic,

3. Description and tabulation of model input data. The
format 6f the necessary input data is presented for
readers wishing to use the model for their own study.

4., Results and conclusions. Experiments performed using
the various model options are summarized and the
output is analyzed. '

5, Possible extensions of the model, The model's
versatility is demonstrated in the discussion of
some feasible extensions.

4.2 DEVELOPMENT OF THE MODEL

In order to imclude the flexibilities and capabilities listed in
the introduction, the model was necessarily general and abstract rather
than a more detailed point-by-point simulation. A general simulation
language, GASP, was employed for the study. GASP, which works on a
discrete events philosophy, is described in Section 4.3. By using the
discrete events rationale rather than a spatial approach, the events
became abstract and easily moved within the system. This technique
permitted the effect of critical parameters and individual characteristics
of the system's performance to be separated and studied.

Research into various references (given at the end of the chapter)

uncovered some previous simulations of the terminal area. These earlier

models fell into two categories:
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1,

2.

Real-time simulations.

Detailed fast-time simulations.

This work provided a background of ideas but was not ultimately adopted

for this project. The first type of model was eliminated since both

the equipment and time required to work in this area were not available.

The second approach was also eliminated since it was felt that the

necessary generality and flexibility were lacking.

Several assumptions were made before proceeding with the model:

1.

Landings only would be considered. According to current
air traffic control procedures, takeoff priority is
secondary to landing priority.

Aircraft would be divided into the categories as presented
in Chapter 2. FEach classification represents aircraft
with similar performance and landing characteristics.
Present aircraft and those predicted for the year 2000
would be evaluated.

Arrivals would be random with a Poisson distribution.
A different arrival rate, based on current and pro-
jected data for the Atlanta terminal, was assigned
for each of ten hours per day (from 8 am to 6 pm);
(see Section 4.4), The Atlanta terminal arrival data
was chosen since it was readily available,

The model would have the capability of considering a
maximum of two runways, each with three approach corridors.
There would be an assigned holding or queueing area for
each approach. The queues would constitute the arrival
points into the system and aircraft would be segregated

by performance categories among the queues. The queue
location, 'in time to touchdown, would reflect optimum
aircraft performance considerations. As an example,

the queue for jet aircraft would be located further from
touchdown and at a higher altitude than the queue assigned
to general light aircraft.

The model would assume no interaction between airports
(see Section 4.6).

All aircraft in the terminal area would be under positive
control, thus assuring correction separation between air-
craft at all times. By this assumption, the possibility
of mid-air collisions was not considered and a collision
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avoidance system was proposed as a backup only. The
precision of the positive control assumed was represent-
ative of the year 2000. However, because the model
dealt in discrete events rather than in spatial movement,
this assumption was necessary to allow one aircraft to
pass another on the approach in the terminal area.

7. Enroute air traffic control would not be considered
in the model. It was assumed that enroute vectoring
assured that the aircraft would arrive at the correct
queue. In the case that the aircraft must be held in
a queue, correct arrival altitude was also assumed,
Inter-arrival times may be less than those which would
actually occur in real operations. This reflects the
effect of the abstract queues.

Using the previous assumptions, the model development progressed
in three phases. Successive phases added more details and more adequately
represented the true terminal system., Table 4,1 indicates the workload
and factors considered for each phase,

The model included three nodes through which all aircraft must
travel:

1. The queueing area, an abstract holding point for each
approach, positioned only by aircraft flight time to the
runway.

2. The merge point, the first point on the final glide path
common to all approaches. This point is located at

approximately the middle marker.

3. The touchdown point, a point over the runway where an
aircraft is committed to. land.

The queueing areas represent the first decision point encountered
by an aircraft arriving into the terminal area system. If the aircraft
was restricted from advancing directly to touchdown by one of the
approach sequencing logics, then it was placed in a queue and held,
This point was an abstraction in -that it did not represent an actual
physical location. 1In today's air traffic control procedures the queue

would be representative of a holding stack. For future systems with
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tighter scheduling the queue could be located at the origin airport if
desired,

At the logically designated time for an aircraft to leave a queue,
a time error was generated and added to the scheduled time of the next
depart-queue event (See Section 4.3, Subroutine DEPQUE). This error
was used to simulate the time difference in scheduled and actual depart-
queue events., Such error arose if, for example, at the time of the
scheduled event, the aircraft's position was not readily accessible for
leaving the queue. For the departing aircraft the future merge and
touchdown times were calculated and stored., This information was used
for sequencing of future arrivals in the approach and for scheduling
the merge event occurrences,

The critical node was merge, since aircraft on all approaches
to a runway had to be sequenced and spaced correctly at this point.

The spacing at this node also had to account for proper separation at
touchdown as well as runway rollout delays.

The effects of errors in the system such as aircraft location
error, velocity and deceleration profile errors, wind and weather dis-
tractions, and pilot and controller errors were consolidated into one
randomly-generated error and added to an aircrafts scheduled merge
event, Where necessary, the approach aircraft and the successive air-
craft were delayed in flight to assure proper separation. This error
factor was difficult to predict. Greater accuracy would necessitate
measurement of actual terminal operations.

The touchdown point is the final node. The model developed did not
actually follow a plane past merge into touchdown. Since no passing was

tolerated past the merge point, the aircraft was assured a safe landing

at the designated touchdown time.
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TABLE 4.1 PHASES OF MODEL DEVELOPMENT

Phase I

Single Airport
Single Runways

- Two Approaches

Two Queues

Present Aircraft
Categories

Statistics

Landings Only

System Errors

FIFO Sequencing

(first~in~first-out)

Present System
Three mile spacing

Phase II

Single Airport
Two Indépendent
Runways
Multiple Approaches
Three Queues
Present Aircraft
Categories
Improved Statistics
Wave-offs
System Errors
Three Sequencing
Logics
Priority Entrances
Basic Effects
Equipment
Procedures
Wind
Weather
Present System
Closer Spacing

Phase III

Multiple Airports
Runway Interaction

Multiple Approaches
Multiple Queues
Future Aircraft
Categories
Improved Statistics
Wave-offs
System Errors
Three Sequencing
Logics
Priority Entrances
Refined Effects
Equipment
Procedures
Wind
Weather
Year 2000

The pdssibility of a waveoff was included in the model., Based on a

fixed probability (0.01), the possibility of a waveoff was randomly

allotted to an aircraft on final approach.

Details of system errors

and waveoffs are explained in Section 4.3, subroutine MERGE,

Figure 4.1 is a descriptive flow chart of the simulation program.

This figure maps an aircraft's advancement from entrance to landing.

A summary including flow charts of the respective subroutines follows

in Section 4.3.

4,3 PROGRAM DESCRIPTION

This section provides a more comprehensive examination of the

computer program model of the terminal area,.

The philosophy of employing

the general simulation language, GASP, for this model is briefly presented.
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A computer listing of the GASP subroutines is provided in Appendix G;
however, no attempt is made of describing the interworkings of these
subroutines. For this information, the reader is referred to Pritaker,
A, Alan B,, "Simulation With GASP II," as listed in the bibliography.

Also included in this section is a summary and functional analysis
of the non~GASP subroutines. The respective comments and flow charts
should prove useful to the reader wishing to use the model or to per-
form similar simulations in other areas. To further assist the reader,
a list of the non-GASP variables used in the program is provided in

Appendix E. The non-GASP subroutines are listed in Appendix F.

Main Program

The MAIN simulation program reads the non-GASP data and initializes
the non~GASP variables., The non-GASP data as well as the various codes
and logics available with the program provide the flexibility necessary
to make the model an effective working tool, MAIN also calls GASP to
perform the executive and even-selection functions for the simulation.
Figure 4.2 shows the flow chart for MAIN., The main program is listed

under the name WWWW in Appendix F.

GASP Description

The GASP simulation language was utilized in this study to provide
a conceptual and an operatiomal framework in which to develop the
simulation model of air-terminal operations. GASP provides an efficient
means of attacking large scale system simulation and employs a philosophy

quite adaptable to an air terminal operation model.
GASP is essentially a set of FORTRAN subroutines which may be

manipulated to effect many types of simulations., The basic philosophy
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INITTAILIZE: READ/WRITE MODES,
RANDOM NUMBER GENERATOR

v

TNTTTALIZE NON-GASP VARTABLES:
NBRCRD, NCHRCT, TLSTTD, DEMAND,
NCAT, KDAY, LDAY, T.OGIC, ACINSY

v

READ/WRITE: ARRIVALS BY HOUR OF DAY-
A/C ARRIVAIL CHARACTERISTICS AND TYPE.

v

ACCUMUTATE PROBABILITIES
OF A/C TYPE OCCURANCE BY
HOUR OF DAY.

CALL
GASP (NSET)

Figure 4.2: Main Progrem
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employed is the discrete-events philosophy. An event is defined as an
occurrence which changes the state of the system. To perform a simula~
tion, only events must be processed. The system to be simulated must

be decomposed into the pertinent events which may occur, and a separate
non-GASP subroutine must be developed to process each event. GASP

acts as the executive controller of the simulation, codlect desired
statistics, generates output reports, and provides efficient, dynamic
storage of operating variables in an array called NSET,

Various items can be segregated in files which are stored dynamically
within the NSET array. File one triggers the various events which may
occur in the system. This study used files three and four to store
various characteristics (termed attributes) of aircraft on approach
to simulated runways one and two, respectively. Files five through
ten were used to store attributes of aircraft in holding queues five
through ten. File two was not used.

The coding schemes used for various events and files are given
in Table 4.2. Attributes, or characteristics, of entries stored in

the various files are delineated in Table 4.3.

Non~GASP Subroutines

One of the specific functional capabilities supplied by GASP is
event control. Four events were identified in the model: aircraft
arrival into the terminal system, departure from a queue, arrival at
the merge point, and end of day. The changes in the state of the system
due to an event occurrence were programmed into the respective non-GASP

subroutines: ARRVL, DEPQUE, MERGE and EVNTS,
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TABLE 4.2 CODING SCHEMES USED IN GASP

Event Codes File Numbers Description Codes

2 Arrivals to approach 5
6
(Codes 1-4 not used 7
for approaches) 8
9
10
5 A/C in que, for 5
6 approach 6
7 7
8 (Codes 1-4 not used 8
9 for queues) 9
10 10
5 IQ+ Depart queue, check 5
6 event, for queue 6
7 7
8 8
9 9
10 10
3 1G4~ Merge at runway 1
4 2

13 End of day event

3 A/C between queue
4 and merge point
1 Event file
2 Not used

+IQ is used as a code describing queue number for an A/C
#IG is .used as a code describing merge point for an A/C
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TABLE 4.3 GASP FILE STRUCTURE

FILE l1--Events File
Ranking in file: lowest time, ATRIB (1), first

ATRIB (1) (ATRIB (2)

(Time of (Event code)
occurence)
2 Arrival to system (queue point)
3 Merge at runway 1
4 Merge at runway 2
5 Check and depart from queue 5V
6 6
7 7
8 8
9 9
.10 10
13 End of day event

FILE 2-=-Not used

FILE 3, 4--A/C on flight path from queue to merge point at runway 1, 2.
Ranking in file: last merge time, ATRIB (3), first

ATRIB (1) ATRIB(2) ATRIB(3) ATRIB(4) ATRIB(5) ATRIB(6) ATRIB(7)

Time of A/Cc Arrival Arrival Delay on Approach Cummulative
arrival category time at time aft flight path code delay on
into (1-7) merge touchdown path (5-10) flight path
point point only and in hold-
ing stack

FILES 5-10--Queues or holding stacks (6 possible)
Ranking in file: earliest arrival time, ATRIB (1), first

ATRIB (1) ATRIB(2) ATRIB(3) ATRIB(4) ATRIB(5) ATRIB(6) ATRIB(7)

Time of A/C Duration Duration Future Queue Not
arrival category to merge to. touch time number  used
into (1-7) point down when A/C code
system point will be (5-10)

ready to

leave

queue

+ Queues and approaches 5, 6, and 7 feed runway 1
Queues and approached 8, 9, 10 feed runway 2
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Subroutine EVNTS

The end of day event is performed by subroutine EVNIS, The
event~selection control is also provided by this subroutine. At each
scheduled event time stored in the vent file, GASP calls subroutine EVNTS
which then directs the simulation to the respective non-GASP subroutines
based on the code IX., The code IX is stored as ATRIB (2) in the event
file and passed to subroutine EVNTS as an argument. Figure 4.3 shows a
flow chart of subroutine EVNTS.

Subroutine EVNTS is called at the end of each simulated day to
allow all aircraft in the system to land and to reject all new arrivals,
At the end of each simulation run, the non-GASP variables and random
numbers are initialized to begin the next run. At this time subroutine
EVNTS triggers the output reports on the statistics collected by GASP.

Before the next run, the logic code options are specified.

Subroutine ARRVL

Whenever a scheduled event occurs with an arrival code, subroutine
ARRVY, is called by EVNTS. This subroutine employs an exponential
distribution to generate the next arrival time. The distribution is a
function of the hour of day. The next arrival time is then stored in
the event file, A random number from a random rectangular distribution
is used in a Monte Carlo technique to assign a category to a new
arrival, This technique uses a cumulative probability distribution
generated from the number of arrivals by category per hour of day. On
the basis of the aircraft's category, the queuing area and approach
corridor are then assigned and initial arrival statistics are collected.
The difference between the one and two runway simulations lies in the
queue assignment made for Categories I and II. The approach corridor

is governed by the queue delegation.
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EVNTS (IX,NSET):>

IX=5,_( carr, DEFQUE)
?IQ,NE y,

REMOVE ARRVL.: BEVENT FROM EVENT FILE

!

</

LAND ALL A/G IN SYSTEM AFTER END OF DAY BYENT

v

COLLECT END OF DAY STATISTICS

NO

!

INITIALIZE NON-GASP
STATTISTICS

COLLECT FINAL STATISTICS

v

v

INITIALIZE EVENT FILE

INITTIALIZE RANDOM
NUMBER GENERATOR

y

LOGIC = LOGIC + 1

Figure 4.3: Subroutine EVNTS
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If a previous arrival is already holding in the chosen queue, the
current arrival is placed at the top of that queue. TIf no previous
aircraft is holding, subroutine DEPQUE is called to determine when the
arrival can leave the queue. For the more sophisticated priority
entrance logic, subroutine ARRVL calls DEPQUE to determine the arrival's

exit queue time, Figure 4.4 shows a flow chart of subroutine ARRVL.

Subroutine DEPQUE

Subroutine DEPQUE (see Figure 4.5 for flow chart) is called to
determine if an arriving aircraft or an aircraft in queue can be
allowed to proceed toward merge and touchdown. It is called from EVNTS
subroutine whenever a depart-queue-check event is to occur or from the
ARRVL .subroutine whenever an aircraft enters the system and the designated
queue is empty. Subroutine DEPQUE performs the function of placing the
aircraft in the proper approach file if it is allowed to leave the queue
or holding the aircraft for the necessary time if it is not allowed to
proceed.

The DEPQUE subroutine selects which aircraft is to be checked for
release. An aircraft may be selected because it has just arrived into
the system, because it is the next in line to leave the queue, or
because it has the highest priority based on accrued delay and aircraft
category. It is the user's option to choose the algorithm he rerfers,
and this is accomplished by setting the input variable priority LFLAG,
equal to zero or one (for priority release LEFAG eéquals one). The
sequencing of this aircraft is then investigated. If the last aircraft
from the queue in question is not far from the queue (in flight time),

the aircraft to be sequenced is held. If the last aircraft is the
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CALCULATE HOUR OF DAY

v

GENERATE NEXT ARRIVAL TIME
PLACE IN FILE 1

!

GENERATE/WRITE INFORMATION ON
CURRENT ARRIVAL ATTRIBUTES BY
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1.TIME OF ARRIVAL
2.4/C CATEGORY.
3.DURATION TO MERGE
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2

TIME READY TO
LEAVE QUEUE=TNCW

g

5. CALCULATE TIME A/C WILL
BE READY TO LEAVE QUEUE

PLACE IN QUEUE FILE

RETURN ‘

Figure 4.4:
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STACGK (FIRST-IN-FIRST-OUT)

FIND NEXT PLANE IN

FIND A/C IN STACKS WITH
HIGHEST PRIORITY TO LEAVE

V
COLLECT COMMUNICATIONS o
STATISTICS OR ARRIVALS
RE ANY A/C -
“ENROUTE AHEAD i

CALCULATE REQUIRED
ENROUTE DELAY

- \
l PLACE DEPARTING A/C
INTO APPROACH FILE

(FILE 3 OR 4)

v
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DELAYED IN STACKS
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ANOTHER
A/C ENROUTE
AHEAD

LY,

GENERATE NEXT DEPART CHECK EVENT
FOR CALLING DEPQUE

¥

COLLECT COMMUNICATION

COLLECT COMMUNICATIONS FOR ALL A/C

INTO APPROACH FILE
(FIIE 3 OR 4)

STATISTICS FOR HOLDING TIMES

GENERATE NEXT DEPART CHECK
EVENT FOR CALLING DEPQUE

FIGURE 4.5 SUBROUTINE DEPQUE
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required time away from this queue, the APPRCH subroutine is called to
determine if the aircraft in question may proceed (see section on sub-
routine APPRCH). If a conflict occurs at a future node, the aircraft

is held in the queue. If it can proceed, the aircraft is removed from
the queue and placed in the approach file. Whenever an aircraft is held
or released, the next departing event check time is generated and stored
in the event file so as to provide for the next entry into the subroutine
DEPQUE.

The priority selection routine for determining which aircraft should
be released from the holding areas is based upon the calculated priority
of each aircraft, This routine is chosen if the input LFLAG is set
equal to unity. The aircraft priority is the sum of the accrued delay
of each aircraft, the aircraft-type category, and the number of aircraft
in the particular queue in question. Each of these three wvalues is
multiplied by an input constant (XKL, XK2, XK3) which may be varied by
the user to affect different priority schemes. Priorities for all
aircraft in queue as well as the arriving aircraft are computed by
DEPQUE. The priority of a newly arrived aircraft is determined by its
aircraft-type category multiplied by a fourth input multiplier (XK4),
the value of which is also chosen by the user. It is these priority
values which are compared to determining which aircraft will be allowed
to leave the queues next. Through the use of the four multipliers
(XK1, XK2, XK3, XK4), the user can therefore vary the relative weighting
given to aircraft delay and different aircraft categories,

In the real-world situation, the aircraft in the queues are not

exactly in the proper position to leave when the controller clears them
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from the holding area. This effect is simulated in DEPQUE by generating
two random errors (ERRLV and ERRHD) which are added to the present
simulated time (TNOW) to generate the next depart-queue check event.

For example, if the aircraft presently being investigated by DEPQUE is
released, the depart-check event for the next potential aircraft to
leave would be at TNOW plus ERRLV, However, if the present aircraft
cannot be sequenced into approach and is held, the next depart-queue
check event for that aircraft would be TNOW plus ERRHD plus the expected
additional holding time (HOLDTM). The ERRLV values are drawn from a
distribution with a larger mean than that of ERRHD. This will provide
time for other aircraft in the queue to descent to. a lower altitude

after an aircraft departs from that queue.

Subroutine APPRCH

Subroutine APPRCH is called from subroutines MERGE and DEPQUE,
The function performed by APPRCH is to properly sequence aircraft
enroute to the merge point. This sequencing is accomplished at three
levels of sophistication depending on the LOGIC code. APPRCH is
called from MERGE in the case of a waveoff. The waveoff aircraft
circles and waits to be resequenced to the merge node. APPRCH is
called from DEPQUE when a depart-queue-check takes place. Figure 4.6

shows a flow chart for subroutine APPRCH,

LOGIC Levels for Subroutine APPRCH

There are three levels of logic available to the model user. The
difference between the logic levels represents the amount of aircraft
handling and interaction allowed after leaving the holding area. Tigures

4.7 a, b and ¢ show the flow charting for the respective logic codes.
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Figure 4.6: Subroutine APPRCH
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= MERGE TIME (M.T.) FOR ARRIVAL A/C
= TOUCHDOWN TIME (T.D.T.) FOR ARRIVAL A/C
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Figure 4.7a: Logic code 1
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Figure 4.7b: Logic code 2
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Logic code 1, which is the first and simplest logic level, is
first-in-first-out (FIFO) sequencing. This logic permits an aircraft
to proceed only if it can safely follow the aircraft which will arrive
at the merge node last. That is, no aircraft can pass another in the
entire system regardless of the queue from which it entered,

Logic code 2, the next level of sophistication, allows faster
aircraft to pass slower aircraft already in the approach phase. This
accounts for the differences in queue-to-merge times for the different
categories and holding queue locations. This algorithm searches the
approach file for any aircraft which the aircraft in question can pass
before its tentative merge time. If the decision aircraft is unable
to pass anyone, the program checks to see if it can fit behind the
final aircraft in the approach file. 1If it can pass slower aircraft,
the algorithm checks for proper separation at merge, touchdown and
runway rollout between the aircraft in question and the last possible
aircraft it can pass. If the minimum separation constraint (chosen
by the model user) is satisfied, then separation behind the first air-
craft which the decision aircraft cannot pass is checked, If separation
can again be assured, the aircraft is allowed to proceed on its determined
flight path. If interference is detected on either of the checks and
separation cannot be guaranteed, the decision aircraft is held in queue
for a calculated hold time (HOLDTM).

Logic code 3, the highest level, uses a minimum flight path for
the decision aircraft. It then calls logic code 2 to determine if any
interference will occur with aircraft passed on approach. However, the

aircraft whose sequence is in question can arrive at merge before
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another already on approach, but separafion is less that the minimum
specified, it is permitted to leave queue if it fulfills the established
criterion. The criterion used for logic code 3 is that the flight delay
which all aircraft on approach need encounter to be passed with proper
separation at merge be less than the holding delay incurred by the air-
craft in question. 1If the criterion is not satisfied, a hold time is
calculated and the logic attempts to sequence the plane into the system
at a later point in time. If the calculated hold time is greated than
the category's speed range, the decision aircraft is held in queue for
the designated time. TLogic 3 represents the greatest work load on the

controller and pilot.

Subroutine MERGE

When an aircraft reaches the merge point, subroutine MERGE is called.
If another aircraft is in flight (this corresponds to additional entries
in the approach file after removal of the merging aircraft) a random
time adjustment is generated and added to the next scheduled merge.
This random adjustment is used to represent equipment, weather effect,
controller, pilot, and velocity profile error encountered on approach.
Whenever the next merge is delayed, proper separation for all aircraft
in the approach file is checked and adjustments made as necessary. The
random merge error is a function of aircraft category. This reflects
the differences in flight geometries and performance characteristics
of the different aircraft types.

This subroutine also considers the possibility of a waveoff. 1In
the case of a waveoff, the next merging aircraft is removed from the

approach file and a time, which is also a function of aircraft category,
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is added to ATRIB (3) and ATRIB (4) to simulate circling. Subroutine
APPRCH is then called to determine proper resequencing. The waveoff
aircraft is then relocated in the approach file to account for the
change in its scheduled merge event. The delay encountered in the wave-
off queue represents a penalty the aircraft must pay for missed approach.
Since no passing is allowed beyond the merge point, the merging
aircraft is removed from the simulation and its final statistics are
collected at this time. Before returning control to GASP, the MERGE
subroutine generates the next merge event based on the attributes

stored in the approach file. Figure 4.8 shows a flow chart for MERGE,

4,4 MODEL INPUT DATA

Model input data included pertinent aircraft characteristics,
arrival rate statistical parameters and system error statistical
parameters, This input was grouped according to aircraft performance
categories., For 1970 data (Table 4.4a), the aircraft were separated
into seven categories and for 2000 data (Table 4.4b), the projected
air traffic mix was segregated into six categories. For a complete
description of the present and future aircraft categories, see Chapter
IT. The input used in the model is listed as follows:

1. Arrival rates for each aircraft category.

2, Times required to fly the aircraft separation distances.

3. Times required to fly the approach paths.

4, Times to clear the runway after touchdown.

5. Error distributions.
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~ INTER-TOUCHDOWN TIMES
-A/C TOTAL TIME IN SYSTEM

-TOTAI, TOUCHDOWNS BY HOUR OF DAY
.NO. OF A/C IN SYSTEM BY CATEGORY

APPROACH

REMOVE NEXT MERGE FROM
APPROACH FILE -
{ GENERATE NEW ATTRIBUTES

FROM WAVEOFF A/C -
CALL APPRCH - )
DETERMINE SEQUENCING
PDATE ATTRIEUTES FOR WAVE
OFF-~—PLACE IN APFROXH FILE

L

Figure 4.8:

GENERATE RANDOM ADJUSTMENT

T

RANDOMLY GENERATE WAVEOFF -

O NEXT MERGE -

FO

” SEPARATION

DCES
WAVECFF

| NEXT = PREQECESSOR

DETAY PRECESSOR
OF NEXT MERGE

R SUCCESSIVE

A/C GOOD
?

#PRECESSOR ™\
LAST A/C IN
APPROACH
FILE
¢

GENERATE NEXT MERGE EVENT AND

PLACE IN THE EVENT FILE.

Subroutine MERGE
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TABLE 4.4a AIRCRAFT PERFORMANCE DATA, 1970

ATRCRAFT  TRAN- TIME TO FLY APPROACH TIME TO FLY FINAL TIME TO FLY RUNWAY
CATEGORY SISTION X-MILES (MIN.) SPEED .X-MILES (MIN.) SPEED X-MILES (MIN.) ROLLOUT
SPEED X=1.5 X=3.0 (XTs.) X=1.5 X=3.0 (XKTS.) X=1.5 X=3.0 TIME (MIN.)

1 140 0.56 1,12 95 0.83 1.65 80 0.98 1.95 0.50

2 150 0.52 1.04 120 0.65 1.31 105 0.75 1.49 0.45

3 156 0.50 1.00 135 0.58 1.16 115 0.68 1.36 0.50

4 175 0.45 0.89 150 9.52 1.04 130 0.60 1.20 0.48

5 200 0.39 0.78 170 0.46 0.92 150 0.52 1.04 0.57

6 205 0.38 0.76 180 0.44 0.87 155 0.50 1.01 0.61

7 215 0.36 0.73 185 0.43 0.85 165 0.48 0.95 0.66




10¢

TABLE 4.4b PROJECTED ATRCRAFT PERFORMANCE DATA, 2000

ATIRCRAFT  TRAN- TIME TO FLY APPROACH TIME TO FLY FINAL TIME TO FLY RUNWAY
CATEGORY SISTION X-MILES (MIN.) SPEED X-MILES (MIN.) SPEED X-MILES (MIN,) ROLLOUT
SPEED X=1.5 X=3.0 (KTs.) X=1.5 X=3.0 (KTs.) X=1.5 X=3.0 TIME (MIN.)
1 105 0.87 1.74 0.85 1.06 2.12 75 1.22 2.44 0.45
2 140 0.64 1.28 115 0,78 1.56 100 0.90 1.80 0.45
3 165 0.55 1.10 135 0.67 1.33 117 0.77 1.54 0.50
4 170 0.53 1.06 140 0.64 1.28 121 0.74 1.48 0.61
5 165 0.55 1.10 135 0.67 1.33 117 0.77 1.54 0.50

6 201 0.45 0.90 165 0.55 1.10 143 0.63 1.36 0.66




Arrival Rates

Arrival rates per hour for each aircraft category for 10 hours
per day were required to generate a realistic random number of aircraft
entering the system. The present hourly arrival rates were generated
using available data from the Atlanta area. This data was also extended
to obtain approximate arrival rates for the future. The program divides
the total number of hourly arrivals into arrivals in that hour for each
category. These average arrival rates are given in Table 4.5a (1970)

and 4, 5b (2000), and stored in the array RATE.

Times to Fly the Aircraft Separation Distances

Separation times were needed to maintain the spacing required
between each aircraft in the system. These times were checked when
each aircraft arrived at the three nodes in the model. If aircraft
maintained the required separation at these three nodes, the model
assumed correct separation along the entire approach path., The nodes
are described in Section 4.2.

Separation times at the respective nodes were calculated for both
3 and 1.5 nautical mile separation. An internally generated array,
DTLVQ, was used to assure proper separation at the queue. DTLVQ
stored the first available time for an aircraft to leave the respective
queues., This time was calculated in the last depart-queue event by
storing the time required for the last aircraft leaving that queue to
fly the designated separation. The separation times at queue for
the different categories, shown in Table 4.6, were stored in row 8 of
a storage array called PLANE having dimension 20 x 7. The seven
columns correspond to the aircraft categories, while the rows are used

for the different parameters,
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FIGURE 4.5a: ARRIVALS/HOUR, 1970

SEQUENCE HOUR 1 2 3 4 5 6 7 8 9 10
8:00 9:00 10:00 11:00 12:00 1:00 2:00 3:00 4:00 5:00
HOUR OF DAY 9:00 10:00 11:00 12:00 1:00 2:00 3:00 4:00 5:00 6:00
Category 1 5 7 3 6 2 1 2 3 4 7
Category 2 0 0 0 0 0] 0 0 0 0 0
Category 3 1 1 1 1 0 1 1 1 1 1
Category 4 8 15 12 10 2 8§ 11 8 7 15
Category 5 17 32 24 22 5 17 24 18 14 32
Category 6 0 0 0 0 0 0 0 0 0 0
Category 7 0 0 0 0 0] 0 0 0 0 0
FIGURE 4.5b: ARRIVALS/HOUR, 2000
SEQUENCE HOUR 1 2 3 4 5 6 7 8 9 10
8:00 9:00 10:00 11:00 12:00 1:00 2:00 3:00 4:00 5:00
HOUR OF DAY 9:00 10:00 11:00 12:00 1:00 2:00 3:00 4:00 5:00 6:00
Category 1 33 33 33 33 28 28 28 28 33 33
Category 2 13 17 8 15 5 5 5 7 10 17
Category 3 17  1a 16 16 14 11 14 14 16 16
Category 4 8 3 3 3 3 3 3 3 3 3
Category 5 16 12 12 12 11 10 10 11 12 12
Category 6 3 3 3 3 3 2 2 3 3 3
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TABLE 4.6 TIMES TO FLY SEPARATION AT QUEUE*

CATEGORY CATEGORY CATEGORY CATEGORY CATEGORY CATEGORY CATEGORY

1 2 3 4 5 6 7
1970 DATA
3 N.M,  1.12 1. 04 1.00 0.89 0.78 0.76 0.73
SEP,
1.5 N.M. 0.56 0.52 0.50 0.45 0.39 0.38 0.36
SEP.
2000 DATA
3NM. 1,74 1.28 1.10 1.06 1.10 0.90 ——-
SEP,
1.5 N.M. 0.87 0.64 0.55 0.53 0,55 0.45 ---
SEP.

* ALL TIMES ARE IN MINUTES

For thg remaining two nodes, separation times were based on one
aircraft following the previous aircraft at the respective nodes., Tables
4,7a and c give 1970 separation time data and Tables 4.7b and d give
2000 separation time data. This information is stored by category in
rows 1 - 7 and 12 - 18 of the PLANE array for the touchdown and merge
nodes, respectively. The seven rows used for each node allow data to
correspond to aircraft category of the leading and following aircraft
in case the user wished to provide different separation distances in each

case,

Times to Fly the Approach Paths

Times for each aircraft to fly from node to node along the approach
path were obtained using velocity and deceleration profiles (see Tables

4.4a and 4.4b). The times for each aircraft category to fly from the
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TABLE 4.7a SEPARATION TIMES FOR AIRCRAFT AT MERGE, 1970%

PLANE\ PLANE

BEHIND\AHEAD 3 NAUTICAL MILES SEPARATION

CAT.1  CAT,2 CAT.3 CAT.4 CAT.5 CAT.6 CAT.7

CAT.1 1.65 1.65 1.65 1.65 1.65 ~1.65 1.65
CAT.2 1.31 1.31 1.31 1.31 1.31 1.31 1.31
CAT.3 1.16 1.16 1.16 1.16 1.16 1.16 1.16
CAT.4 1.04 1.04 1.04 1.04 1.04 1.04 1.04
CAT.5 0.92 0.92 0.92 0.92 0.92 0.92 0.92
CAT.6 0.87 0.87 0.87 0.87 0.87 0.87 0.87
CAT.7 0.85 0.85 0.85 0.85 0.85 0.85 0.85

1.5 NAUTICAL MILES SEPARATION
PLANE\ PLANE

BEHIND\AHEAD
CAT.1 CAT.2 CAT.3 CAT.4 CAT.5 CAT.6 CAT.7

CAT.1 0.82 0.82 0.82 0.82 0.82 0.82 0.82
CAT.2 0.66 0.66 0.66 0.66 0.66 0.66 0.66
CAT.3 0.58 0.58 0.58 0.58 0.58 0.58 0.58
CAT.4 0.52 0.52 0.52 0.52 0.52 0.52 0.52
CAT.5 0.46 0.46 0.46 0.46 0.46 0.46 0.46
CAT.6 0.44 0.44 0.44 0.44 0.44 0.44 0.44
CAT.7 0.43 0.43 0.43 0.43 0.43 0.43 0.43

*ALL TIMES ARE IN MINUTES
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TABLE 4.7b SEPARATION TIMES FOR AIRCRAFT AT MERGE, . 2000%

PLANE \ PLANE 3 NAUTICAL MILES SEPARATION
BEHIND\AHEAD

CAT,1 CAT.2 CAT.3 CAT.4 CAT.5 CAT.6

CAT.1 2,12 2,12 2,12 2,12 2.12 2.12
CAT.2 1.56 1.56 1.56 1.56 1.56 1.56
CAT.3 1.33 1.33 1.33 1.33 1,33 1.33
CAT.4 1,28 1.28 :1.28 1.28 1.28 1.28
CAT.5 1.33 1.33 1.33 1.33 1.33 1.33
CAT.6 1.10 1.10 1.10 1.10 1.10 1.10
PLANE \ PLANE 1.5 NAUTICAL MILES SEPARATION

BEHIND\AHEAD

CAT.1  CAT.Z2 CAT,3 CAT.4 CAT.5 CAT.6

CAT.1 1.06 1.06 1.06 1.06 1.06 1.06
CAT.2 0.78 0.78 0.78 0.78 0.78 0.78
CAT.3 0.67 0.67 0.67 0.67 0.67 0.67
CAT.4 0.64 0.64 0.64 0.64 0.64 0.64
CAT.5 0.67 0.67 0.67 0.67 0.67 0.67
CAT.6 0.55 0.55 0.55 0.55 0.55 0.55

*ALL TIMES ARE IN MINUTES
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TABLE 4.7c SEPARATION TIMES FOR AIRCRAFT AT TOUCHDOWN, 1970%

PLANE \ PLANE 3 NAUTICAL MILES SEPARATION
BEHIND\AHEAD

CAT,1  CAT.2 CAT.3 CAT.4 CAT.5 CAT.6 CAT.7
CAT.1 1.95 1.95 1.95 1,95 1.95 1.95 1.95
CAT.2 1.49 1.49 1.49 1.49 1.49 1.49 1.49
CAT.3 1.36 1.36 1.36 1,36 1,36 1.36 1,36
CAT.4 1.20 1.20 1.20 1.20 1,20 1.20 1.20
CAT.5 1.04 1.04 1.04 1.04 1.04 1.04 1.04
CAT.6 1.01 1.01 1.01 1,01 1.01 1.01 1.01
CAT.7 0.95 0.95 0.95 0.95 0.95 0.95 0.95
PLANE \ PLANE 1.5 NAUTICAL MILES SEPARATION
BEHIND\AHEAD

CAT.1  CAT.2 CAT.3 CAT.4 CAT.5 CAT.6 CAT.7
CAT.1 0.98 0.98 0.98 0.98 0.98 0.98 0.98
CAT.2 0.75 0.75 0.75 0.75 0.75 0.75 0.75
CAT.3 0.68 0.68 0.68 0.68 0.68 0.68 0.68
CAT.4 0.60 0.60 0.60 0.60 0.60 0.60 0.60
CAT.5 0.52 0.52 0.52 0.52 0.52 0.52 0.52
CAT.6 0.50 0.50 0.50 0.50 0.50 0.50 0.50
CAT.7 0.48 0.48 0.48 0.48 0.48 0.48 0.48

*ALL TIMES ARE IN MINUTES
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TABLE 4.7d SEPARATION TIMES FOR AIRCRAFT AT TOUCHDOWN, 2000%

PLANE \ PLANE 3 NAUTICAL MILES SEPARATION
BEHIND\AHEAD

CAT.1 CAT.2 CAT.3 CAT.4 CAT.5 CAT.6

CAT.1 2.44 2.44 2.44 2.44 2.44 2.44
CAT.2 1.80 1.80 1.80 1.80 1.80 1.80
CAT.3 .1.54 1.54 1.54 1.54 1.54 1.5
CAT.4 1.48 1.48 1.48 1.48 1.48 1.48
CAT.>5 1.54 1.54 1.54 1.54 1.54 1.54
CAT.6 1.26 1.26 1.26 1.26 1.26 1.26
PLANE \ PLANE 1.5 NAUTICAL MILES SEPARATION
BEHIND\AHEAD

CAT,1 CAT.Z2 CAT.3 CAT.4 CAT.5 CAT.b

CAT.1 1.22 1,22 1.22 1.22 1.22 1.22
CAT.2 0.90 0.90 0.90 0.90 0.90 0.90
CAT.3 0.77 0.77 0.77 0.77 0.77 0.77
CAT.4 0.74 0.74 0.74 0.74 0.74 0.74
CAT.5 0.77 0.77 0.77 0.77 0.77 0.77
CAT.6 -0.63 0.63 0.63 0.63 0.63 0.63

*ALL. TIMES ARE IN MINUTES
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queue to the merge point is stored in the PLANE array, row 9, while the
time to fly from the merge point to touchdown point is stored in row 10

of the PLANE array.

Times to Clear the Runway After Touchdown

The rollout time required for an aircraft to leave the runway after
touchdown is given in the last column of Tables 4.4a and b. These times
were stored in row 11 of the PLANE array with the columns corresponding
to aircraft category.

Waveoffs, or missed approaches, which occur with a probability of
17, were also generated when a aircraft reached a merge node. The times
required for an aircraft to circle and be in position for resequencing
after a wave-off are given in Table 4.8. This information in the program

is stored by category in row 19 of the PLANE array.

TABLE 4.8 WAVE OFF GO-ROUND TIMES

CATEGORY CATEGORY CATEGORY CATEGORY CATEGORY CATEGORY CATEGORY
1 2 3 4 5 6 7

TIME 3.70 3.30 11.70 10.50 9.20 8.80 8.50
(MIN,)

Configuration one (accompanying Table 4.9) of the model represented
a present day single runway system. This configuration was used for
determining the times between nodes for the aircraft categories., The
configuration consisted of three queues (for Jet Aircraft (Cat V-VII),
Large Propeller and Small Jet Aircraft (Cat III and IV), General
Aviation and VFR Aircraft (Cat I and II)); a merge node where all

traffic join on a common final apprach path; and a touchdown node,. 2
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TABLE 4.9 FLIGHT TIMES FOR SINGLE RUNWAY GEOMETRY, 1970%*

CATEGORY TMIN TMN ™D TDMIN TDN TN
1 -- 2.40 1.50 -- 3.90 --
2 - 2.30 1.14 - 3.44° -
3 9.68 10.73 1.04 11.21 10.17 5.34
4 8.69 9.12 7 0.92 . .9.61 .10.04 4,80
5 18.14 18.53 0.80 18.94 19.33 4,22

*ALL TIMES ARE IN MINUTES

CAT. 3-4
A ‘4’//// QUEUE
. CAT. 5

| MAX. STD. | MIN, QUEUE
|
L5 . . MERGE . TOUCHDOWN

2 J//”*
CAT. 1-2 QUEUE

SINGLE RUNWAY GEOMETRY

TMIN = MINIMUM TIME TO FLY FROM QUEUE TO MERGE

TNM = STANDARD TIME TO FLY FROM QUEUE TO MERGE °
™D = TIME TO FLY FROM MERGE TO TOUCHDOWN

TDN = STANDARD TIME TO FLY FROM QUEUE TO TOUCHDOWN
TDMIN = MINIMUM TIME TO FLY FROM QUEUE TO TOUCHDOWN
TN = STANDARD TIME TO FLY FROM A TO 2
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nautical miles from the merge node. Aircraft could be routed along a
minimum, nominal, or maximum approach path to eliminate time errors or
to allow passing on the approach.

Configuration two (accompanying Table 4.10) of the model considered
independent dual runways using present and future air traffic arrival
r@tes. The configuration is similar to configuration one for Category
III - VII aircraft., Category I and II aircraft are routed to a second

runway independent of Category III-- VII aircraft approach paths.

Error Distributions

When an . aircraft arrives at the merge point a random system error
time is generated for the next aircraft to arrive at merge. This
error represents the pilot, controller, and tracking error on delivery
at the merge point. These error times are drawn from statistical
distributions for which the mean, minimum value, maximum value, and
standard deviation must be input and loaded into the PARAM array,
rows.l -~ 7. . Table 4.11 lists the values used for the;@ergevtime
errors for the seven aircraft categories for year 1970 data. For
the purpose of the test cases run, these times were somewhat arbitrary,

Another system error time was included to represent the effect
of non-optimum aircraft position within the holding pattern at the
time of release from the queue. If the aircraft next to leave the
queue is released, a random leave-time is generated from distributions
with the statistics given in Table 4.11. (The absolute value of this
random number is taken so the leave time is always greater than zero.)
When this aircraft leave the queue, another leave-time error is generated

for the next aircraft to leave this queue. These leave-time errors
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TABLE 4.10 FLIGHT TIMES FOR INDEPENDENT DUAL RUNWAY GEOMETRY

CATEGORY TMIN TMN TMD TDMIN TDN N
‘ 1970 DATA
1 -- 2.40 1.50 - 3.90 -
2 -a 2.30 1.14 -- 3.44 -
3 9.68 10.73 1.04 11.21 10.17 5.34
4 8.69 9,12 0.92 9,61 10.04 4,80
5 18.14 18.53 0.80 18.9 19.33 4,22
6 17.54 17.91 0.77 18.32 18.68 4.02
7 16.82 17.17 0.73 17.54 17.90 3.90
2000 DATA
1 - 2,15 1.41 .- 3,56 --
2 - 2.90 1.04 . - 3.9 -
3 9,24 9.69 1.02 10.26 10.72 4,98
4 21.45 21.9 0.99 21.47 22,93 5,09
5 9,24 9,69 1.02 10,26 10,72 4,98
6 18.23 18.61 0.84 19.06 19.46 4,32
ALL TIMES ARE IN MINUTES
CAT. 3-4
- A QUEUE CAT, 5-7
I MAX, STD. | MIN. QUEUE
| PATH PATH PATH
k N v—
2 TOUCHDOWN

CAT. 1-2 QUEUE{

DUAL RUNWAY GEOMETRY

TMIN = MINIMUM TIME TO FLY FROM QUEUE TO MERGE

TNM = STANDARD TIME TO FLY FROM QUEUE TO MERGE

T™MD = TIME TO FLY FROM MERGE TO TOUGHDOWN

TDMIN = MINIMUM TIME TO FLY FROM QUEUE TO TOUCHDOWN
TDN = STANDARD TIME TO FLY FROM QUEUE TO TOUCHDOWN
TN = STANDARD TIME TO FLY FROM A TO 2
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are .generated from Gaussian distributions with the statistics shown in
Table 4,12 which are also input into the PARAM array, rows 8 - 14,
These values have a non-zero mean since this aircraft must descend in

the queue.

TABLE 4.11 MERGE-TIME ERROR -SEATISTICS*

A/C Category Mean Min. Value Max. Value Std. Dev.
CAT % 0.0 - (.80 0.80 0.36
CAT T 0.0 -b.70 0.70 0.35
CAT III 0.0 -0.50 0.50 0.20
CAT TV 0.0 -0.50 0.50 0.18
"CAT V 0.0 -0.45 0.45 0.15
CAT VI 0.0 - 0,40, 0.40 0.15
0.0

CAT VII ~0.40 0.40 0.15

* ALL TIMES IN MINUTES

TABLE 4.12 QUEUE LEAVE-TIME ERROR STATISTICS*

A/C Category Mean Mirn. Value Max. Value Std. Dev.
CAT I 2.0 0.5 3.5 0.5
CAT 1II 1.3 . 0.5 2,8 0.5
CAT I1L 1.2 0.5 2.7 0.5
CAT IV 1.1 0.5 2.6 0.5
CAT V 1.0 0.5 2.5 0.5
CAT VI 1.0 0.5 2.5 0.5
CAT VII 1.0 0.5 2.5 0.5

* ALL TIMES IN MINUTES

4.5 RESULTS AND CONCLUSIONS

Although time aid not permit the evaluation of all the possible
program options, some test cases were completed, and the results are
presented in this section as an example of the program output. Table
4,13 summarizes the cases that were run.
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TABLE 4.13: TEST CASES RUN

. Ohé Runway Two Runways *%
*

Sequence Logle 3 mi. sep. 1,5 mi, sep 3 mi. sep.

1 CASE T CASE .4 CASE 7

2 CASE 2 CASE 5 CASE 8

3 CASE 3 CASE 6 CASE 9
* Logic Code: 1 -- No passing of aircraft

2 ~-- Passing with approach flight delay to departing
aircraft,

3 ~- Passing with approach flight delay to departing
or passed aircraft, whichever fs less.

**No interaction assumed,

It is believed that the five sequencing logics (logics 1, 2, 3
and priority sequencing with logics 2 and 3) work properly. However,
preliminary tests using the priority release logic indicated that
system performance was very poor because excessive delays in the queues
were incurred. The highest priority aircraft often incurred large
delays which held all other aircraft in the queues with no chance to be
released.

The cases in Table 4.13 use year 1970 aircraft characteristics
and Atlanta data. Year 2000 aircraft data is presented in the Section
4,4 and could be loaded into the program directly. It is noted that
since the Atlanta traffic demand data was used (this data representing
a two-runway system), the delays for the one-runway three mile separation
cases are excessive, However, the relative performance of the sequencing

logics and other variables can still be compared.
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Program Results

Table 4.14 presents the hourly mean arrival rates used as input
for all the cases, along with the actual average arrival rates obtained

for the ten days simulated. These arrivals are Poisson distributed

TABLE 4.14 HOURLY MEAN ARRIVAL RATES FOR ALL AIRCRAFT

Hour of Day
1 2 3 4 5 6 7 8 -9 10

Theoretical
Average Arrivals 31 55 40. 39 10 27 38 30 26 .55

Actual Average
Arrivals 29.9 55,8 40.3 38.5 13.5 23.6 37.7 27.1 28.3 56.3

résulting»in an exponentially distributed inter-arrival-time. Shown in
Table 4.15 is the average number of arrivals per day by aircraft
category obtained from the simulation. This aircraft category mix is

also representative of the Atlanta traffic of the 1970's.

TABLE 4.15 AVERAGE DAILY ARRIVALS BY ATRCRAFT CATEGORY

CAT 1 CAT 2 CAT 3 CAT 4 CAT 5 CAT 6 CAT 7 Total

Average Daily
Arrivals 40.6 10.4 98.5 201.5 0 0 351

The computer program made multiple simulation runs for a given
input condition. Each sequencing logic was simulated over a ten-hour-
per~-day, ten day period., The flexibility of the program is represented
by the fact that only 14 data cards need be changed to simulate 1.5 mile
separation instead of 3 mile separation, and only 2 cards need be changed
to land aircraft categories 1 and 2 on the second runway. The computer
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program including the GASP simulation language, used 34K computer storage
locations and a typical multiple run took 80 seconds on a GbG 6600 com-
puter. (Approximately 10 seconds for compilation and 2 seconds for each
day simulated,) This compact size permits many extensions to be added

to the basic model,

All random number generators were initialized to the same reference:
values for each run, Therefore, each run had to accommodate random
arrivals, category assignment, waveoffs, and errors, but all runs saw
the same demand and sequence of arrivals. This permitted a direct
comparison of the sequencing logics since each saw the same demand.

The types of system measurements collected for each run and the
code foreach are outlined in Table 4.16., The statistics presented in
this section are based on 10 day runs. Further work is needed to
determine if longer simulation periods would yield improved statistics,
more closely coverging to population parameters. Only the more signif-
icant results are presented.

Figure 4.9 compares the total delays for 3510 aircraft over 10
days incurred for each case. Table 4,17 summarizes these results,
showing the best logic under each condition (BL), and the best con-
dition for each logic (BC). Case 6 (1 runway,. l.5 mile separation,
‘logic 3) resulted in the lowest total delay. As shown in Figure 4.10
(1 runway, 1.5 mile separation, logic 2) resulted in the lowest number
of communications, a measure of the relative work loads on the pilots
and ATC personnel. This case also yielded the second best delay.

Figure 4.11 shows the maximum number of aircraft in each queue

and on approach for each case., It is noted that the maximum number of
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TABLE 4.16 SYSTEM MEASUREMENTS

COLCT HIST@ TMST

Generated Data Histograms Time Generated Data

Code | Description Code | Description Code | Description

1 | Total Delay at 5 1 | Number of arrivals | 1 | Number of A/C in 1

2 Queue=~=~ 6 by hour of day, I-1}{ 2 system by A/C 2

3 7 Number of touch- 3 category 3
4 8 downs by hour of 4 4

5 9 day 12-22 5 5

6 10 2 | Number of communi-| © 6

cations by hour of | 7 7

7 | Total Delay 5 day (1-11), by A/C _

8 |along approach 6 category (12-22),by] © |Number of A/C in 5
-9 |pathe~ 7 location 9 6
10 8 ‘Artivalto 10 /

11 9 system 23 11 8
12 10 Hold or Depart 12 9
que 24 | 13 0
Update Depart
. level time 25
13 Total Delay Des?eng in que h
14 |for A/C cate- hogle J approac
15 gory -~ elay 27
16 Clear for TD at
merge 28
17
18 Delay on
19 approach 29
Waveoff 30
3 |Runway vacancy
times
20 Inter"tOUCthWn 5 Runway vacancy
time times (runway no.2)
29 |Total A/C time in
system 4 |Total delay by 1
30 |Total deily num=- 6 |A/C category 3
.ber of arrivals 7 4
8 5
9 6
10 7
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100, 000)

(MINUTES

100,000)

(MINUTES

(MINUTES 10,000)

[o)}

N

TOTAL DELAY

5.64 5.07 3.55
i
]
1, 2 ., 3 1, 2 ., 3 1, 2, 3
LOGIC  1OGIC LOGIC
3 MI. SEPARATION |1.5 MI. SEPARATION 3 MI, SEPARATION
1 RUNWAY 2 RUNWAYS

DELAY IN QUEUES

5.62 5.05 3.53|
:
. T swammen
1,2 .3 1, 2 3 1, 2 .3
LOGIC ) LOGIC LOGIC
3 MI. SEPARATION|1.5 MI, SEPARATION 3 MI, SEPARATION
1 RUNWAY 2 RUNWAYS
DELAY ON APPROACH
1 2 . 3 1 2 3 T 2 . 3
LOGTC LOGTC LOGIC
3 MI. SEPARATIONI1 .S MT. SEPARATION 3 MT. SEPARATION
1 _RINWAY 2 _RIINWAYS
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Figure 4.9 COMPARISON OF DELAY TIMES FOR 10 DAYS, 3510 A/C




Teble 4.17: Comparison of Delays Incurred by Sequencing Logics
Under Various Conditions

LOWEST N0,
CONDITION LOGIC COMMUNICATIONS
L1 L2 L3
One Runway
3 mile separstion BL
1.5 mile separation BC TBL/BC L2 lowest
Two Runways
3 mile separation BC BL

Communications(Hundred Thousand)

Logic 3 using one runway with 1.5 mile separation eppears
to be the best combination tested.

++ Logic 2 using one runway with 1.5 mile separation appears
to be the second best combinstion tested

BC = Best condition under a given logic based on total
minutes of delay
BL = Best logic under a given condition bessed on total
minutes of delay
2.0
1.5 23 E
l.O . . -
0'5 = oy
0.0 i
1 4.2 4 3 1 2 3 1.2 3
Logic Logic Logic
3. i, Sen, 1.5 mi. Sep. 3 mi, Sep.
One Runway: Two Runways

Figure 4.10: Communicat.ions Comparison
(10 days, 3510 aircraft)
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' Logic Logic Logic
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One Runway

Two Runways

Maximum Number In Queues During 10 Days

-

1 2 3 1 2 3 1 2 3
Loglc Iogie Logic
S R NN P T
mi. Sep. 1.5 mi. Sep. 3 mi. Sep.

One Runway

Two Runways

Maximum Number In Approach During 10 Bays

Figure b4.11: Peak Numbers Of Aircraft IH

ueues And Approach

10 days, 3510 alrcraft)

220



aircraft on approach using two runways did not appreciably exceed the
number on approach for one runway and for the same (3 mile) separation
distances. However, use of the second runway resulted in much lower
maximums in the queues, allowing aircraft to travel through the system
much faster. Results indicated that only aircraft of like characteris=-
tics should be landed on a runway since the slower aircraft are always
penalized in a mix solution. Higher order logics appeared to penalize
the faster aircraft to some degree.

Logic 1 was inadequate in all test cases. However, this logic
was not meant to be an actual operating philosophy, but rather a test
for model development.

Logic 2 most nearly reflected current day ATC procedures., This
logic appeared to be the best, or nearly the best, under all conditions.
Many other logics could be developed, however, and this is. probably
not the optimum.

Logic 3 showed improvement in some cases, but was not superior
as was expected., At most decision stages, the lower delay resulted in
holding the decision aircraft in queue rather than delaying aircraft
already on apprach so as to fit the decision aircraft. into approach.
This tended to increase delays in queue. Logic 3 also imposes a higher
work load and would requi;e a computer to perform the decision making
functions.

Although the priority-queue-release routine was not completely
checked out, it is believed that the effect would be a lower average
delay for higher category aircraft, but an inferior overall system
performance (higher runway vacancy times for example). This is due
to the fact that for optimum performance, the aircraft with the shorter
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service time (queue to touchdown time) should be released first. Since
the priority scheme in this model was based on aircraft delay, the
"optimum" aircraft would not necessarily have the highest priority.
However, different ways of assigning priorities could be included in
the model.

Table 4.18 summarizes the results for case 8 which employed two
runways, three mile separation, and logic 2. All aircraft of categories
.one and two were landed on the second runway. Of all cases tested,
this case probably most adequately reflects the actual Atlanta operations
although no data is available to validate the model. On an-infuitive
'basis, the delays and other measurements appear realistic.

Table 4.19 shows the results for case 5, which -modeled one runway,
1.5 mile separation, and logic two. This separation is below.that
permitted under current operation rules and improved equipments and
.procedures would have to be:implemented to.permit safe operations with
this separation, It is noted, however, that due to the stochastic
arrival rate, the occurrence of such a close separation is relatively
rare so thgt more concentrated effort could be applied by controllers
to improve safety. Delays and communication workloads under this case
were lower than those dncurred under the case were lower than those
incurred under the previous case. Better runway utilization was realized,
aircraft were put through the system in less time, and queues had a
lower maximum number of aircraft than in the preceding case. This
.presents an interesting tradeoff, should equipment which permit closer
separation be developed, or should additional runways be provided.

Loglc 3 yielded lower delays for this one runway, 1.5 mile separation,

case. However, this is at the expense of a somewhat greater workload.
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TABLE 4.18 SAMPLE RESULTS
LOGIC = 2, 2 Runways, 3 mile Separation

Statistics (minutes) Mean Std, Dev, Min. Max. Obs.
Total Delay in Queue 6
(Cat 3,4) 10,69 13.22 0.0 51.88 1089
Total Delay in Queue 7
(Cat 5) 0.30 0.66 0.0 6.73 2015
Total Delay in Queue 8
(Cat 1,2) 0.21 0.59 0.0 3.44 406
Total Delay in Approach 6
(Cat 3,4) 1.12 2.66 0.0 27.77% 1089
Total Delay in Approach 7
(Cat 5) 0.92 2.89 0.0 26.01* 2015
Total Delay in Approach 8
(Cat 1,2) 0.07 0.26 0.0 3,70% 406
Total Delay A/C Cat 1, 2  0.27 0.70 0.0 5,48%* 406
Total Delay A/C Cat 3 10.50 12.04 0.0 45, 46% 104
Total Delay A/C Cat 4 11,68 13.61 0.0 51.88 ~985
Total Delay A/C Cat 5 1.15 2,97 0.0 25,90 2015
Runway (2) vacancy times
Rowy 1 (Cat 3-5) 1.48 2.23 47 22 ,46%% 3104
Rowy 2 (Cat 1-2) 14,23 21.49 1.45 190.24 406
Average time in system 19,62 10,03 2,03 71.75% 3510
Total Daily Deman
(Aircraft) 351.0 21,02 320.0 387.0 10
No. in Approaches
(Aircraft) Rnowy 1 9.23 3.65 0.0 26.0 -
Rnwy 2 0.17 0.39 0.0 3.0 -
No. in Queue 6 (Cat 3,4) 1.90 3.28 0.0 .19.8 --
No. in Queue 7 (Cat 5) 0.10 0.39 0.0 4.0 -
No. in Queue 8 (Cat 1,2) 0.01 0.12 0.0 2.0 -
1 2 3 4 5 6 7 8 9 10 11
Avg. No,
Arrivals

per hour 29.9 55.8 40.3 38.5 13.5 23.6 37.7 27.1 28.3 56.3

Avg. No.
TD per
hour 23.0 43.4 44,3  43.8 20.9 19.8 32.1 31.6 28.4 45,3 17.8

Avg, No.

Communica«

tions per

hour 134.6 353.3 491.0 .331.0 76.1 98.7 199.2 191.4 143.9 338.0 107.5

Avg, No.

Communica-=

tions/AC

Cat/Day 144.3 -- 118.5 1204.2 997.7 -~ - -- - -- --

*Delay Includes Go-around Time for Aircrafts Waved Off
*%0ccurs Due to First Arrival of the Day
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TABLE 4.19 SAMPLE RESULTS
LOGIC = 2, 1 Runway, 1.5 mile Separation

Statistic (hWinutes) Mean Std., Dev. . Min., Max. Obs.
Total Delay in Queue 5
(Cat 1,2) 10,56 14,77 0.0 85.91 406
Total Delay in Queue 6
{Cat 3,4) 1.23 2,75 0.0 20.29 1089
Total Delay in Queue 7
(Cat 5) 0.07 0.28 0.0 4.48 2015
Total Delay in Approach
{(Cat 1,2) 0.45 1.22 0.0 16.22% 406
Total Delay in Approach
(Cat 3,4) 0.76 2.19 0.0 24, 99% 1089
Total Delay in Approach
Y(cae B5° 0.64 2.00 0.0 19.73% 2015
Total Delay A/C Cat 1,2 10,97 14,79 0.0 86,01%* 406
Total Delay A/C Cat 3 2.06 3.95 0.0 24 ,99% 104
Total Delay A/C Cat & 1.92 3.68 0.0 36.10 985
Total Delay A/C Cat 5 0.71 2.02 0.0 19.73 2015
Runway Vacancy Time 1.24 2.20 G.0 22,40%% 3510
Average Time in System  17.52 7,32 1.75 88.53 3510
Total Daily Demand
(Aircraft 351.00 21.02 320.0 387.00 10
No. in Approach
(Aircraft) 9.26 4,42 0.0 29,00 wo
No. in Queue 5 (Cat 1,2) 0.65 1.48 0.0 9.0 -
No. in Queue 6 (Cat 3,4) 0.18 0.57 0.0 5.0 ==
No. in Queue 7 (Cat 5) 0.02 0.17 0.0 3.0 -
(Aircraft)
1 2 3 4 5 6 7 8 9 ic 11
Avg. No.,
Arrivals
per hour 29.9 55,8 40.3 38.5 13.5 23.6 37.7 27.1 28,3 56,3 ~--
Avg. No,
D per
hour 21.5 46,3 46.2 40.9 19.5 19.9 33.2 32.1 26.9 45.8 18.7
Avg. No,
Communica-
tions per .
hour 128.3 289,0 298.0 204.5 61.1 .79.5 165.1 126.0 112.0 326.8 73.5
Avg. No.
Communica~
tions/AC
Cat/Day 462,7 -= 52.8 499.9 848.5 - - - == == ==

*Delay includes goQaround time for aircraft waved off
**Qccurs due to first arrival of the day
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A comparison of the average, total delays for each aircraft category
under logic two for all three conditions is shown in Figure 4.12, This
figure indicates that case 5 (one runway with 1.5 mile separation) yields
the lowest delay under logic 2,

Figures 4.13a and b present the runway-vacancy-time probability
density histograms for cases 2, 5, 6, and 8. This information gives an
indication of how efficiently the aircraft are delivered to the runway
threshold from the standpoint of maximizing the number of landings per
hour. 1It also indicates the probability of the runway being vacant
for a takeoff at some time during the day. That is, if an aircraft
requires 1 minute to roll into the runway and take-off, there is a
probability of 407 that the runway would be vacant one minute or more
for this aircraft to takeoff for case 2 (the sum of the probabilities
above one minute).

The data of Figures 4.13a:and b also show that the limiting cri-
terion on maximum landings per hour shifts from the separation criterion
to the runway vacancy criterion as the minimum separation is reduced
from 3 to 1.5 miles., This is demonstrated by the fact that the runway
vacancy time cell with the highest probability is from .05 to-0,75
minutes for the 3 mile separation cases. This occurs since the three
mile separation time for category 5 aircraft, for example, is 1.04
minutes, while the roll-out ime for this category is 0.57 minutes.
Therefore, if the aircraft are being landed with three-mile separation,
the runway vacancy time would be 0.47 minutes, very close to the highest
probability cell of 0.5 to 0.75 minutes. On the other hand, the 1.5
mile separation time for this category is 0.52 minutes. Therefore, the
runway vacancy time would go to zero if the runway vacancy criteria
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were the limiting case. That this does occur is demonstrated in the
case 5 data, for which the highest probability cell is the 0.0 to 0.25

minute cell.

Conclusions

Results definitely indicate that discrete-event modeling of
system effects can adequately simulate the air-terminal operations
system. Many decisions concerning the system can be made with the
assistance of such a model.

Further study is required to build more realism into the model,
Also needed is a set of actual data to validate the model,

Modeling the flight dynamics of aircraft may not be necessary
to answer many questions concerning the air terminal system. However,
the model could easily be extended to do so by adding a subroutine to
perform the necessary calculations. This event could be called every
few seconds (or in some other small time increment) to update aircraft
location,

Meny tradeoff studies were suggested by the results and could be
performed by the model, For example, such tradeoffs as 1.5 mile
separation on one runway versus 3 mile separation on two runways, and
providing high speed ramps to reduce roll-out times versus retaining
current rollout times could be studies.

Not only the total arrival rate is critical to operations but
also instantaneous mix of aircraft in the system and the sustained rate
of arrival are critical to operational procedures. Improvement in the
system performance could be obtained by accepting arrivals at a point

only with proper enroute separation. Lower separation times are
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permitted in the current model to reflect the fact that the decision
(queue) nodes are abstract in location and arrivals may not enter the
system at the same point or the same altitude,

Results indicated that it is more efficient to land only aircraft
of similar flight characteristics on a runway as opposed to mixing air-
craft categories. It also appears that the best way to operate the
system is to group aircraft as closely as possible for landing regard-~
less of any priority system or delays incurred on approach,

While the model could not be validated with actual data, the
results and conclusions drawn from them appear to correspond directly
to current operating philosophies. This fact lends much credulence to

the model,

4.6 MODEL EXTENSTIONS

This sections serves as a framework for extensions that the
reader may wish to include in the model. This supplement is sub-
divided into the following extensions: those formulated from the
original model concept recommended in the introduction, and those
necessary to perform a specific experiment with the model. The first
category considers the following:

1., 1Interaction between runways at a single airport, in=-
cluding runway changeover.

2., 1Interaction between airports in a single metropolitan
area, including wave offs and landing at an alternate
airpoert.

3. Takeoff simulation capability.

The second category examines the following:

1, Microwave ILS simulation
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2, Wake vortex separation and sensitivity analysis on
separation effects,

3. Spacing of scheduled arrivals.
4, Stored characteristics of individual aircraft.
5. Moxe realistic system errors with sensitivity studies.
6. Arrival aircraft in an emergency situation.
The capability of readily including these extensions indicates the model's

versatility.

Runway Interaction

The interaction between approaches to a two runway airport is the
first logical extension to the terminal operations model. This inter-
action occurs when approach corridors overlap because of geometric
constraints or noise abatement procedures, or when crossovers between
approach corridors and runways are permitted. Overlapping corridors
would require testing for proper spacing at all of the event nodes on
the approaches before allowing an aircréft to advance from queue to
tbuchdown. Crossovers on a dual runway system could be handled in two
ways. The first method adds several points to the flight path of IFR
traffic. The second method moves the merge point to coincide with
approach crossovers,

The geometry used with the first method for including crossovers
.is shown in Figure 4.l4a, This geometry was converted to the Time
Based Model in Figure 4.14b., VFR or light IFR Traffic will still merge
with IFR traffic at approximately the middie marker as shown in Figure
4.14b (the middle marker is located at the merge point). Although
several points are added to the system, an algorithm could be developed

to consider omnly two points at any one time.
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The time, Tl, in the timed based model corresponds to the time it
would take an aircraft to follow the shorter geometric path between
points 1 and 2 (1-1%-2), T2 corresponds to the longer geometric paths
(1-1%-1%%-2%-2), The time T3 is the travel time between points 2 and
3, and T4 represents the crossover time between points 2 and 5. Since
the north and south geometries are the same, T6 and Tl are the samne,

T7 and T2 are the same, and T3 and T5 are the same., If different
geometries are used for the north and south, these times could easily
be corrected to agree with the geometry.

The scheduling process used for the IFR traffic in this model is
based on maintaining separation between priviously scheduled aircraft
at all common points in the geometry. For example, if an aircraft is
being scheduled from the north queue to the south runway, it would be
necessary to insure separation at points 1, 2, 5, and 6. The possible
paths for aircraft entering the system at the north queue are 1-2-3
or 1-2-5-6. Likewise, aircraft entering at the south queue can use
paths 4-5-6 or 4-5-2-3,

When each aircraft is initially considered in the scheduling
process, the appropriate separation constraints are developed. The
separation constrant for a point is the first time the present aircraft
could pass this point and be assured of separation with all previously
scheduled aircraft. Stored for each point is the last time an aircraft
was scheduled through that point and the aircraft's category. Using
the categories of the present and previous aircraft, the time separation
necessary to maintain the appropriate physical separation is determined.
When the time separation is added to the stored time of the last
scheduled aircraft through the point, the separation constrain is

obtained.
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Utilizing the separation constraints and the time the present air-
craft is at the queue, the aircraft is tentatively scheduled to the
appropriate merge using both path times between the queue and merge.
(i.3., north queue aircraft are scheduled to the north merge point
using time Tl and T2, south queue aircraft are scheduled to the south
merge point using times T6 and T7.)

The scheduling philosophy from these crossover points to merge
and touchdown depends on the landing philosophy used. One philosophy
is to consider the north runway as a primary runway and to use the
south runway only if it introduced no additional delay for the aircraft.
This means that most aircraft will use the north runway, leaving the
south runway available for takeoffs. Although takeoffs are not included,
it would be easy to include takeoffs, simply by changing the separation
constraint at the appropriate runway each time a takeoff is scheduled.

An algorithm describing the geometry of Figures 4.l14a and 4,140
could be incorporated into the subroutine APPRCH to determine an
aircraft's possible flight paths and event times.

Another arrangement for allowing crossovers which is more easily
adapted into the current model involves moving the merge node to
coincide witht he approach crossovers. Aircraft departing from the
queue would be tested for spacing at merge and touchdown with aircraft
already on approach to the designated primary runway for that queue.

If the calculated separations are less than the allowed minimum, a
crossover time would be added to the scheduled merge, and the spacing
tests would be made with aircraft on approach to the other runway. If

proper separations are still not assured, the aircraft would be held in
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queue for a time sufficient to allow the aircraft to be sequenced to its
primary runway.

Delay caused by runway changeover, due to a reversal in the direction
of the head winds, is an airport problem that could be studied with this
model. New arrivals would be assigned to queue locations more accessible
for approaching the airport into the new headwind. Aircraft already on
approach would be permitted to land in the direction and on the runway
originally intended. The approach direction and runway designation
for aircraft holding in former queues would be variables to be determined

in the study.

Multiple Airports in One Metropolitan Area

The current model does not have the capability of simulating
multiple airport hubs such as Kennedy-LaGuardia-Newark, Chicago O'Hare
and Midway, and the southern California complex.

Additional event nodes would have to added to the model to effectively
simulate interaction of overlapping enroute corridors to different
airports,

The possibility of having waveoffs land at an alternate airport
within the hub would have to be explored., Shuttle service between the
respective airports could be simulated by using a separate approach file

but maintaining the same merge nodes,

Takeoff Simulation

The present model collects statistics in the form of a histogram
on inter-touchdown times for the one runway and independent wo runway
system. This histogram represents the only record of possible takeoff

events. A study could be performed on airport ground-handling capacity
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and runway occupancy time for takeoffs by aircraft category. This
study would then provide a basis for adding constraints to the touchdown,
merge and depart queue events for arriving aircraft.

Takeoffs in the two runway system could be assumed to occur on
one runway only. This would designate one of the runways as the primary
landing strip. Since aircraft in the air assume a priority over those
on the ground, the takeoffs would be restricted whenever a landing is

to occur on the alternate runway.

Microwave ILS

Modeling & future airport with microwave capability could be
accomplished by moving the merge node forward to coincide with touch-~
down. This would allow the aircraft to fly curved final approaches and
intersect the glide slope at different gates and at various altitudes
as prescribed by performance characteristics, Time separation schemes
at the merge node would have to be worked out to assure proper spacing
on final approach. Further information on the microwave ILS system is

available in Section 3.4

Sensitivity Studies on Separation

In the present model, spacing at the event nodes is based only on
the times that it takes the respective categories of aircraft to fly
the specified nautical mile separation. A more detailed study of
operations could examine the order in which aircraft proceed through
the system. Separation constraints would vary according to the relative
positioning of aircraft categories on approach. For example, spacing
for light aircraft following jumbo jets and SST's might be specified in

terms of the probability of a wake vortex encounter, This would add
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a dynamic variable to the priority entrance algorithm to test the
favorability of like category aircraft moving in trains. An experiment
of this nature would also provide a gauge on the effect of new aircraft,
such as the SST, and overall system performance.

Sensitivity studies on delay and runway utilization could be per=~
formed on the basis of varying separation constraints. This type of

study could also determine effect vs. cost for new equipment.

Scheduled Arrivals

The present model uses known arrival rates to generate random
arrival times and categories. The model could be extended to study
optimum scheduling of arrivals by category, given the airport's demand
level and handling capability. An additional runway could be proposed
to handle pop-up traffic or general aviation. The scheduled arrival
times could be further allocated to the various trip generators by
demand considerations. In this type of model the queueing areas could

be moved to the origin of the flight,

Stored Performance Characteristics

To supplement the scheduling experiments, the classifications
could be expanded to individual stored velocity and deceleration pro-
files, and flight dynamics of aircraft by name or type. Then based on
optimal or alternate flight path geometries, the event times could be
more precisely calculated by the program.

In addition to the node event codes, another event code could be
used to check the state of the system at a selected time increment.
This time increment would correspond to stepping the aircraft through

the system. GASP would provide the executive control. At each step,
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the flight dynamics could be used to determine an aircraft's exact
position. This type of model could be used to study collision avoidance
systems or the overall safety of the terminal operations as the logic

codes and separation constraints are varied.

Error Analysis

The current model lumps all system errors into normal distributions
based on aircraft category and flight geometry and assigns these errors
at the queue and merge nodes. Studies of actual terminal operations
could more precisely determine error distributions for internode times
and performance categories. More detailed analysis of error accured
by weather problems or equipment options would be another useful addition
to the model., Sensitivity studies could then determine the effect of

varying error distributions on system performance.

Fmergency Operations

Whenever an arrival is designated as an emergency aircraft, it
would assume the highest possible entrance priority and encounter no
enroute delay. This would mean that all aircraft in the approach
which the emergency aircraft can pass would be held or waved off
when necessary. The model could be extended to include emergency-cap-
ability by assigning to the arrival an order of magnitude higher priotity

and a negative weighting factor on any calculated holding time.
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CHAPTER V
CONCLUSION

A study for the terminal area control system for the year 2000

has produced the following conclusions:

1, Passenger demand is projected to be 20 x 108 enplanements
per year with the following breakdown:

Distance (miles) 7% of Total Enplanements
0-500 51.4
500-1000 24,3
1000~1500 12,3
1500-2500 10.4
over 2500 1.4

2, Cargo demand is projected to be 601,082 millions of ton-miles
of which 434,600 million ton-miles will be domestic cargo.
This assumes an arrival rate increase of 177% in domestic
cargo demand and 13% in international cargo demand, Ninety-
nine percent of cargo (ton-miles) will be moved by an gll-
cargo aircraft fleet.

3. The air carrier fleet is projected to be 8179 passenger
aircraft and 3140 all-cargo aircraft. Carrier aircraft
will be of six types:

Type Maximum Range (miles)
VSTOL 1000
Short Haul Jet .1500
Medium Jet 1500
747 Type Jet over 2500
Transonic Transport over 2500
Supersonic Transport over 2500
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4. General aviation will grow to 702,300 aircraft, with the
following breakdown:
Type Number
Single Engine 480,000
Multiple Engine 80,500
Turboprop 39,000
Turbo ject 30,000
Rotorcraft 70,000
Unspecified 2,800 )
5. In approximately 1985 a Transonic Transport will be introduced
to the air carrier fleet having the following characteristics:
a. Range over 2500 miles
b. Speed 650 miles/hour
c. Pzyload 273 tons (or 1000
passengers)
d. Gross Weight 1,75 x 106 pounds
6. Terminal area airspzce will be positively controiled from
which inadequately equipped aircraft will be excluded. Air
collision avoidance will be provided by positive control, with
aircraft collision alarm a backup system,
7. The trilateration system is most desirable for the terminal
area ravigation capacity.
8. Parallel arrangement of dual runwayvs provides the greatest
landing capacity.
9. A microwave ILS is the most desirable for cerminal area opera-

tions for the following reasons:

a, Curved approach paths are obtained,

b. Lateral separation may be reduced to less than ¥ mile in
flight,

c. 2500 foot separation between parallsl runways is possible,



10.

11.

d. Aircraft, of similar landing characteristics, can be
landed at a rate of 90 aircraft per hour per runway with
a + 5 second delivery accuracy at the touchdown point,

e. With reduction separation the landing rate is constrained
by landing rollout time.

Simulation results indicate that a discrete events philosophy
of system effects has potential as a technique for simulating
air terminal operating systems. Further extensions of this
model should be developed to more accurately describe real
world conditions. The model was able to verify other con-
clusions of this study, specifically:

a, Airctraft of 'similar landing characteristics should land
on the same runway.

b. Rollout time becomes the limiting constraint when air=-
craft separation is reduced.

A model has been developed that may, with extension, adequately
simulate terminal area operations. Future air control systems
will require simulation techniques in order to accurately
evaluate new equipment and procedures., The year 2000 aircraft
demand can be satisfied by techniques and procedures developed
by this study.

243



244



APPENDICES

245



APPENDIX A

FUTURE STOL AND VTOL ATRGRAFT

Several studies have been made to determine the feasibjlity of
using STOL and VIQL aircraft to alleviate the present air traffic
cc)ngest::'.01:1.1’2’3’4 While these studies differ somewhat in their choice
of the best type of V/STOL‘aircraft to use, they all agree that V/STOL
operations are feasible and desirable if:

1. They can operate in their own airspace, separate from GTOL,
with their own ATC procedures.

2. Noise can be reduced to a level that is acceptable to the publie
(around 90 PNDB).

The first condition is necessary because V/STOL aircraft have higher
operating cost than CTOL. 1If they are required to fly conventional
approach paths with the three degfee slide slope and the delays encountered
in holding patterns, they cannot operate at a profit and thus will not
be acceptable to commercial airlines. The noise problem with V/STOL is
at present the limiting factor as far as technology is concerned and
it is felt that this can be overcome. The biggest problem facing V/STOL
today is that no one is willing or able to take the initiative to start
such a service. Aircraft manufacturers are not willing to begin a
large research and development program without some assurance that
their aircraft will be purchased. On the other hand, commercial air-
lines are not willing to order a large number of aireraft when they are
not sure that the quadity of the ride and the type of service that
results will be acceptable to the public. To further complicate the

problem, local governments are unwilling to set aside land in a
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downtown area to establish a stolport until they are sure that the
service will be acceptable based on safety and noise considérations,
Thus, a vicious. circle exists that will require some form of government
intervention to break. This is not to say the government will become
involved in V/STOL as it is in the supersonic transport program, but
that some form of government encouragement and direction must be applied.

In preparing this report it has been assumed that the government
will encourage its development and that V/STOL service will come into
being in the following manner. By 1975 limited STOL service will exist
in the northeast corridor. This will consist of small, 60 passenger or
less, aircraft operating from separate 2000~foot runways at existing
airports and some temporary locations in or near downtown areas. The
aircraft used might be either the DeHavilland Twin Otter or Buffalo,
the Brigade 941, or possibly a tilt-wing turbo prop vehicle. While all
of these vehicles leave something to be desired in the area of ride
quality, it appears that they can be made acceptable long before the
noise problems associated with jet engine STOL vehicles will be over=~
come, This service will primarily be intended for VFR conditions since
the ATC equipment necessary for STOL IFR landings will not have been
installed. It is also highly likely that during . this first phase of
STOL service the airlines will lose money and require some form of
government subsidy.

During the period 1975-1985 STOL service will continually increase
and VTOL aircraft will be introduced. The jet flap or fan-in-wing
vehicle with 90 to 120 passenger capacity will become operational.
Local governments will begin planning and constructing downtown, roof-

top stolports and the necessary IFR equipment will be installed.
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Once these downtown facilities are complete, and V/STOL aircraft
obtain an all-weather capability, the service will grow'in popularity
until by 2000 it will carry 80 to 90% of all air traffic under 500 miles
within the northeast corridor. 1In less densily populated areas its
impact will not be as great and operations will probably be limited to

separate runways at existing airports.
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APPENDIX B

ATLANTA ARRIVALS AND DEPARTURES

In order to provide some realistic data to use as input to the
simulation model program, it was decided to obtain present=-day hourly
arrivals and departures at a particular airport. In addition to present
day data, some projection of future operations was desired to study the
effects of changes in air traffic control procedures and equipment.

Thus the following data were compiled for the Atlanta airport. (Atlanta

was selected because the data on hourly operations was readily available).

Present Day Operations

Through the cooperation of Mr. Lester Shipp, Tower Supervisor for
Atlanta, data on hourly arrivals and departures at the Atlanta airport
on July 9, 1970, and average hourly operations for February, June, July,
and August 1969 and May 1970, were obtained.

The July 9, 1970, data were used for present~day input. The total
figures were broken down into the seven composite categories listed in

Chapter II by applying the following percentages:

Category I and II 0%
Category II1 1.3%
Category IV 42.7%
Category V 56,0%
Category VI 0%
Category VII 0%

For general aviation the actual numbers were used since these are recorded

separately from commercial. The other percentages were obtained using
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statistics from the CAB's Handbook of Airline Statistics, 1969 Edition.

This book lists the percent of revenue passenger miles by aircraft type.
Each of the aircraft types used by the CAB was placed in one of the
above categories and the percentages summed. Categories VI and VII are
zero since they represent the 747 jet and SST. The results of this

breakdown are shown in Table B.1.

Operations for the Year 2000

The hourly arrivals and departures for the year 2000 were obtained
using the aircraft types and characteristics from Table 2.7, the
enplanement projection from Figure 2.1, and the percentage of enplane-
ments by trip length from Table 2.8, The daily enplanements at Atlanta
were obtained by dividing total enplanements by 365 and multiplying
the result by 0.046, This last number was obtained by averaging Atlanta's
percentage of total enplanements for the years 1965, 1967, and 1968 (FAA

Statistical Handbook of Aviation, 1966, 1968, 1969) and assuming this

will remain constant. Then using the procedure described in Chapter ITI,
the total departures per day by trip length were obtained (see Table
B.2). To break this down into hourly departures and arrivals, assuming
the total number of arrivals equals departures, profiles of hourly
arrivals and departures were projected by using present day profiles,
obtained from the data provided by Mr. Shipp, and assuming that steps
will be taken to eliminate peaks, The results are shown in Figures B.1
and B.2. Figure B.3 shows a projection for cargo arrivals and departures
for the year 2000. Since there were no present day data to work with,
this projection was somewhat arbitrary but reflects the belief that the

majority of cargo operations will be during the early morning hours
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when passenger demand is low. By applying these hourly percentages to
total departures and arrivals, the projected operations for Atlanta,

as shown in Table B.3, were obtained.
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HOURLY ARRIVALS AND DEPARTURES AT ATLANTA

TABLE B.1

FOR JULY 9, 1970 BY CATEGORY
Category

Hour & II 11T IV
In "Out - " In OQut " In " Out In QOut
0 .1 3 1 o fo 4.6 8 12
1 2 4 3 0 0 4 2 8 5
2 3 7 5 0 0 2 1 5 2
3 4 1 2 1 0 3 2 7 5
4 5 1 1 0 0 1 3 1 7
5 6 0 0 1 0 7 2 14 4
6 7 1 0 0 1 0 11 0 22
7 8 2 1 0 0 1 5 3 11
8 9 5 3 1 0 8 3 17 7
9 10 7 8 1 0 15 5 32 11
10 11 3 4 1 1 12 13 24 28
11 12 6 4 1 1 10 15 22 32
12 13 2 6 0 1 2 12 5 26
13 14 1 4 1 0 8 4 17 9
14 15 2 5 1 1 11 8 24 17
15 16 3 9 1 1 8§ 10 18 22
16 17 4 4 1 1 7 8 14 18
17 18 7 6 1 1 15 8 32 17
18 19 6 7 0 1 4 13 9 28
19 20 3 0 1 0 16 6 34 12
20 21 1 1 0 1 5 12 10 24
21 22 2 2 0 1 6 10 12 22
22 23 4 0 0 0 6 5 12 10
23 24 3 0 1 0 10 1 22 3
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TABLE B.2

DAILY DEPARTURES BY TRIP LENGTH

V/STOL- S.H.J. T,S.T, S.S.T.

0-500
ENP © 92,280 39,120
ENP/DEP - 162 325
DEP 563 120
0-1000
ENP 6,170 43,190 12,340
ENP/DEP 135 260 300
DEP 46 166 41
0-1500
ENP 3,120 24,960 3,120
ENP/DEP 195 1300 210
DEP 16 83 15
0-2500
ENP 15,840 10,560
ENP/DEP " 400 300
DEP 40 35
0-3000
ENP 381 3,429
ENP/DEP 400 360
DEP 1 10

TOTAL DEP 609 302 165 50
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TABLE B.3

HOURLY OPERATIONS AT ATLANTA IN 2000

Cargo

Short Haul Med, Haul
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TABLE B.3 - (CONCLUDED)

Passenger

 Hour IX/Sngt S.H.J. T.s.T. 5.5.T.
In Out - In o4t In Out
0 -1 15 15 8 8 4 4 1 1
1 -2 15 15 8 -8 4 4 1 1
2 -3 15 15 8 -8 4 4 1 1
3 -4 15 15 8 8 4 4 1 1
4 - 5 15 15 8 8 4 4 1 1
5 -6 15 18 8 9 4 5 1 2
6 - 7 15 18 8 9 4 5 1 2
7 -8 15 18 8 9 4 5 1 2
8 -9 33 18 16 9 9 5 3 2
9 -10 33 34 16 17 9 9 3 3
10--11 33 34 16 17 9 9 3 3
11--12 33 34 16 17 9 9 3 3
12--13 28 34 14 17 8 9 3 3
13--14 28 34 14 17 7 9 2 3
14--15 28 31 14 15 7 8 2 3
15--16 28 31 14 15 8 8 3 3
16~-17 33 31 16 15 9 8 3 2
17--18 33 31 16 15 9 8 3 2
18--19 33 30 16 15 9 8 3 2
19--20 33 .30 16 15 9 8 3 2
20--21 28 27 14 13 7 8 2 2
21~-22 28 27 14 13 7 8 2 2
22~-23 28 27 14 13 7 8 2 2
23-=24 28 27 14 13 7 8 2 2
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APPENDIX C

ATRCRAFT PERFORMANCE CHARACTERISTICS

Aircraft Stopping Performance

Minimum runway occupance time is the time from touchdown until
turnoff, assuming maximum deceleration performance and ideal exit
location.

Given the following aircraft performance characteristics:

Ve = Landing speed
a = Deceleration
V2 = Turnoff speed

minimum runway occupance time (tmin.) and the total runway occupancy

limit (T,) can be determined.

= Vi - V2

Thin = 3 C.1
= C.2
Ta = Tmin + 1080 ft.
1

The above performance characteristics (V15 Vo, a) also permit the
distance to the ideal exit to be determined. This is done by the following
equation

2

2
D = _____2_‘712"7 c.3
a

Aircraft-Runway Subsystem Capacity

For each approach/landing speed, Vi, a total runway occupancy time,
T, is determined. Mean runway occupancy time is computed using a weighted
average of occupancy times over the percentage distribution of aircraft
performance categories in the traffic,

Landing capacity vs. approach/landing speed is determined using

total runway occupancy time instead of mean runway occupancy time. Total
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runway occupancy time is determined for selected values of turnoff

speed and deceleration.

Approach/Runway System Landing Performance

System landing capacity is one of the most vital terminal area
parameters. It is determined by a combination of approach separation
capacity, interarrival time capacity and approach/landing speed capacity
vs. approach/landing speed.

The results and relationships described in this appendix are

illustrated in the figures which follow.
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APPENDIX D

SEPARATION PROGRAM

A computer program was written to simulate airplanes in the final
approach phase. The purpose of the program was to calculate the minimum
lateral separation and the minimum vertical separation experienced by
airplanes during the final approach phase. The airplanes were flown
on constant radius curves as discussed in section 3.4. A flowchart of
the program is shown in Figure D.L.

The program randomly selects an airplane according to the statistics
from the distribution in Table 3.4. The final approach gate is selected
according to the other airplanes in the system and according to the
entering sector shown in Figure 3.30. The time at the marker and the
time at landing is calculated for each airplane based on a forty
second landing interval. ' The position of each airplane in the system
at the current time is calculated. The lateral and vertical separations
of each airplane in the system is calculated; and, if the minimums are
exceeded, a warning is printed out. The collision avoidance area is
calculated, and, if this area is crossed, a warning is printed out.

All the airplanes are advanced by one time increment; and the process
is repeated.

The program was used on 1000 randomly selected aircraft and none
of the separation minimums were exceeded. Since the program only
prints out warnings if the minimums are violated, there is no example
output, with the exception of the sentences "number of separation

conflicts = 0" and "number of colliision alarms = 0."
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Select airplanes

Select gates

Calculate time at Marker

Calculate time at Landing

Calculate Position of Airplane |

Calculate Lateral and Vertical Separation

Calculate Collision Avoidance Area

Print if Minimums are Violated

Move Airplane to next position

END

Figure D.1 Separation program flowchart
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APPENDIX E

DEFINITION OF NON-GASP VARIABLES USED IN THE TERMINAL AREA SIMULATTION

VARTABLE DESCRIPTION PROGRAM LOCATION

Arrays:

ACINSY ( ) Number of A/C in system by MAIN, ARRVL, MERGE,
A/C category EVNTS, DEPQUE, APPRCH

DLY ( ) Stored delay times - APPRCH

DTLVQ ( ) Time A/C can leave queue MAIN, ARRVL, MERGE,

EVNTS, DEPQUE, APPRCH

PLANE ( ) A storage array for A/C same as above
parameters as a function
of A/C category (reference
Section 4.4)

PRBCAT ( ) Comulative probabilities of " " "
A/C arrivals by hour of day

RATE ( ) Mean arrival rates by hour " " "

of day for all approach
corridors and A/C category

Simple Variables:

Note: A/C=KCOI, indicates A/C whose attributes are contained in KCOL.

ACCSP1 Acceptible spacing at merge MERGE
ACCSP2 Acceptible spacing at touchdown "
ACCSP3 Acceptible spacing at rollout "
BLOCK Flag used with logic 3 to APPRCH

assure that the flight time
of the D-A/C is reduced by
10% only once

DELAY Total time delayed in queue DEPQUE, APPRCH, MERGE
or at takeoff

DELAYM Flight delay necessary for APPRCH

the D-A/C to follow the A-
A/C at merge
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VAR TABLE
DELAYT

DELMAX

DEMAND

DLYM

DLYT

DUM1

DUM2

DUM3

ERRLV

ERRHD

FLYACT

FLYDLY

FLYMG

FLYTD

DESCRIPTION

Flight delay necessary for
the D-A/C to follow the A-
A/C at touchdown

Max. allowable delay in
priority scheme for depart-
ing queues

Total no., of A/C that have
arrived in a day

Difference in merge times of
the P-A/C and D-A/C minus the
necessary time separation

Difference in touchdown times
of the P-A/C and D-A/c minus
the necessary time separation

Clock time to merge plus
separation for A/C=KCOL;
used with logic 1 only

Clock time to touchdown
plus separation for A/C=KCOL;
used with logic 1 only

Clock time to touchdown
plus rollout for A/C=KCOL;
used with logic 1 only

Queue leave-time error after
an A/C leaves

Queue leave-time error when
an A/C is held

Difference in touchdown or
merge times between the D-A/C
or A-A/C

Inflight delay predicted
at time of departing queue

Separation constraint for
the D-A/C following the
A-A/C at merge

Separation constraint for

the D-A/C following the
A=A/C at touchdown
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PROGRAM T.OCATION

APPRCH

MAIN, DEPQUE

MAIN, ARRVL, EVNTS

APPRCH

APPRCH

APPRCH

APPRCH

APPRCH

DEPQUE

DEPQUE

APPRCH

DEPQUE, APPRCH

APPRCH

APPRCH



VARIABLE

HOLDT1

HOLDT2

HOLDMG

HOLDTD

HOLDTM

ICHECK

KCAT

KCATA

KCATD

KCATP

KCATWO
KCAT1

KCAT2

DESCRTPTION

Holding constraint for
arrival A/C to follow A/C=
KCOL at merge; used with
logic 1 only

Holding constraint for arri-
val A/C to follow A/C=KCOL

at touchdown; used with logic
1 only

Hold time necessary to fit

decision A/C behind approach
at merge; used in

logics 2 and 3

Hold time necessary to fit
decision A/C behind approach
A/C at touchdown; used in
logics 2 and 3

Additional delay to A/C in
queue before departing queue

A flag used in logic 3 to
allow the arrival ‘A/C to pro-
ceed the encounter delay
equal to FLYDLY while on
approach

Category of A/C

Category of the successor
(equal to A-A/C) to the
P-A/C; used in logics 2
and 3

Category of the arrival or
decision A/C (equal to D-A/C);
used in logics 2 and 3
Category at least A/C (equal
to P-A/C) which the D-A/C

can pass before merge; used
with logics 2 and 3

Category of A/C waved off
Category of A/C=KCOL

Category of arrival A/C
current day being simulated
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PROGRAM LOCATION

APPRCH

APPRCH

APPRCH

APPRCH

DEPQUE, APPRCH, MERGE

MAIN, DEPQUE, APPRCH,
EVNTS, MERGE

ARRYL, MERGE

APPRCH

APPRCH

APPRCH

MERGE
APPRCH

DEPQUE, APPRCH



VARTABLE

KCOL

LDAY

LELAG

LOGIC

MAXCOL

NADJIMG

NBRCRD

NCAT

NCHRCT

NHR

NHDY

NSTACK

PRIMAX

DESCRIPTION

Column of NSET in which the
attributes of A/C are stored

Hours per day to be simu-
lated

Last day to be simulated

Sequencing variable-
LFLAG=0, first-in-first
out of queue entrance;
LFLAG=1, priority entrance

Approach sequence logic
code:
LOGIC 1: No passing, FIFO
LOGIC 2: Passing, no delay
for approach A/C
LOGIC .3: Passing, min.
delay algorithm

A column of NSET in which

the attributes of the

A/C with the highest priority
is stored. (NSET is a GASP
array name)

Adjustmenb to merge time;
used to consider system
errors

No. of approach corridors

No. of A/C .categories in:

.the simulation

No. of parameters for each
A/C category

No. of minutes per day to
simulate

Current hour of day being
simulated

No. of stacks in system

Max. priority for an A/C
in queue
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PROGRAM LOCATION

ARRVL, DEPQUE,
APPRCH, MERGE

MATIN

MAIN, . EVENTS

MAIN, DEPQUE, EVENTS,

- ARRVL

MAIN, DEPQUE, EVENTS,

-APPRCH

DEPQUE

MERGE

MAIN

MAIN, EVNTS, ARRVL
MAIN
MAIN, ARRVL, DEPQUE,

EVNTS, DEPQUE, APPRCH

ARRVL, MERGE, EVNTS,
DEPQUE, APPRCH

MAIN, DEPQUE

MAIN, EVNTS, ARRVL
DEPQUE, APPRCH, MERGE



VARIABLE

SEEDK
SEEDL
SEEDM

SEPACT

SEPMG

SEPT

SEPTD

SPACE 1

TDTIME

TEST1

TEST2

TLSTTD

TOTTME::

WAVEOFF

XK1
XK2
XK3
XK4

DESCRIPTION

Used in random number gener-
ation for arrival rates,
waveoffs, and A/C category,
respectively

Actual separation at touch-
down or merge between P-A/C
and D-A/C

Necessary separation at merge
between the P-A/C and A-A/€
in order for D-A/C to fit
between

Difference at touchdown be-
tween the P-A/C and D-A/C

Necessary separation at
touchdown between P-A/C
and A-A/C for the D-A/C
to fit between

Workifig variables to cal-
culate separation between
A/C on approach

Time A/C touches down

Clock time to merge for
arrival A/C

Clock time to touchdown
for arrival A/C

Time of last touchdown

Total A/C time in the
system

Random number used to
determine whether an A/C

waves off

Priority ranking multi
pliers
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PROGRAM LOCATION

MAIN

APPRCH

APPRCH

APPRCH

APPRCH

MERGE

MERGE

APPRCH

APPRCH

MAIN, MERGE, EVENTS

MERGE

MERGE

MAIN, DEPQUE



APPENDIX F

Air Terminal Operations Model-Program and Actual Input Data

(Processor used: CDC 6600)
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COMMON ATRIBITIONFRO(LCO), INN(LO0) s JCFLST10.32) KRANKILICO) 4 JCLRY
IMAXNQ{TOOY oMF T{100) MLCLLI00) yMLELI00Y . NCEL SEIDTLNIEL00Y 4 PARAMI4C 44
ZVeQTIMFLIO0)» SSUMATI0,5) o SUMAC3045) G NARFIH) o NPROJMINGNDAY s HYR
COAMIL HIHDTMATESTID (DEMAND  STELKSSEEDE o SEFDH, TCHECK L FLAG
COMMON NBRCRDGNCATSNCHRCT s KCAY y NHUOY oL DAY o1 OGTC o NHR ¢ KH

COMMNON RATFL10) JPLANE(Z20,7) o ACINSY(T)oDTLVRITIPRBCATII0, 7)
COMMON NSTACK oDFLMAX g XKL g XK2 o XK o XKAMCOE {a)  PRIMAX (6. CUT)
CIdnN MAXC O

o e e gk Qe o g Lo Ak ok ok % A ool Al e ok AR R X8 e o kol ok A AR Ok £ X

INTTIAL [7F RFAD/WRITF MODES
NCRDR =5
NPRNT =4
NUMBFR OF AINUTES PFR DAY STMULATED-—- CHANGF FOR NEW STMULATION LR
A SU1 CHANGFE END OF DAY EVENT IN DATA AND FNDODAY INITIALTZATION AR
NHR =400
NUMRFR ()F HOURS PFR DAY SIMULATED —--- CHANGE FOR NEW STMULATION LA
KH=10

INTTTAL T7F RANDOM NUMRER GENERATORS
ARRIVAL RATFS

SFFNK=A7415,

X=RANK{SFEDK)

SEFNK=0.0
WAVF QOFFS

SFFIM =96417.

X=RANI { SF-DL )

SEFDI =0.0

A/C CAT

SFFNM=53479.,
X=RANA{ SEFOM)
SFFOM=0.0
FRROR SFEN=T1SEED INITTALIZED BY GASP

Nede Ao de e et ol e e Ao ode e e e ok e e o ok ek o RO ol e dee R deok ok ok



6.¢

i Rel

READ AND WRTITE NBRCRDGNCAToNCHRCT.LOGIC

anan2é READINCRNDR<10) NBRCRD¢NCAT ¢NCHRCTLGGIC
nonnsl WRITFINPRNTL10) NRRCRDyNCAT ,NCHRCT . LOGIC
0ono0nn 10 FORMAT(T7110)
C READ AND WRITE ARRTVAL RATLS
aO00SS READINCRDR POV IRATE(D) s J=19KH)
[STel¢Ton A WH ITTEANPRNT 20 IRATELJ) yd=1yKH)
onn1n3 20 FORMAT{IOFT.2)
oudtn3 DI 28 =1 .KH .
0105 26 RATELAY=RATFLA}/AD.0
£ READ AND WRITE PP ANF ARRAY
o0t MDY 35 T=14NCHROT
HOA R REANCNCHNR, A0} L PLANEL Ly J) v J=1,MCAT)
o026 WRITF({NPRNT 30 {PLANE{T4J) o J=1,NCAT)
GU0143 30 FURAAT{TIFIQ.4)
ann1al 35 CONTINUF
€ RFEAD AND WRITE A/C CAT. ARRIVALS HBY HOUR OF DAY
np0tLe s Ml 70 1=1 KA
000147 READINCRNR65Y {PRRCAT(T4J) +J=1,NCAT)
0001A2 WRITEINPINT65) IPRROCAT(I 4J)9d=1,NCAT)
000176 65 CNRMATLTFIN4)
nool’ée 70 CONTINUFR
C CUMULATIVE PROBARIIITIFS
003201 N 90 T=1.KH
oNN2n? PRACAT(I.])=PR6CAT(!,1)/(RATE(I)*60.)
DOHN20G DY RO 322 dNCAY
nnoPo6 PRECATOT s IV =PRBCATIT 4 J)/ (RATE(L)*60.)
naaz21a M=4-1
noo2ts PRECATI T o J)=PRABCATIT ;J)+PRBCAT( T M)
Guno222 K0 CONTINUF
00n224 90 CONTINUF
602’6 N7 95 f=1.KH
non2140 ARITEINPRNT«6H5) (PRBCATII o) o d=1NCAT)
0N024? 95 CONTINUF
[ S R R R AR R ERAREREF AR ARG EREH AR TR KREEELD
C
£ FURTHER INITTALIZATION
o
000246 [CHFECK=0
nonYat 1 F1LAG=0
Ju?2na G KNAY =1

Ccaazat TISrInN=0.0



08¢

aan2s2 DFMAND=0,0

000253 DO 100 I=1.NCAT
Gon2s54 100 ACINSY(1)=0.0
annzsn DO 110 I=1,.7
noozael 110 NTIVOLT)=0.0

C NUMABFR NIF DAYS SIMULATED —==— CHANGFE FOR NFW STMULATION ¥3%
00027264 tDAY=10 :

: C NUMRFR (1F QUFUES STMULATED «~=-- CHANGE FOR NFW NUMABER DR TWO RUNWAYSH%

Q002468 NSTACK=3

€ At SiT CHANGF APPROACH CORRIDOR ASSIGAMENT IN AQRVL » %
GO0266 DEFMAX=30.0
0002617 XK1=1.0/30.0
a2ty AK2=1.0/7.0
0nn2l? XK3=1.,0/710.0
NGty Xka=%,0/7.0

C BFGIN STRULATION
anGrIE T GASPINSFET)Y
Qo277 i



18¢

anonans
0000045

000006

00o0n0s

Q00008
000005 .

a0nnons
00000s

000005

000025

annoz27

000030
000033
0000144

annoni3s

000040
OU0N041

cn0042

000046
000050

SO N D

laNaNale el

o

I

SURRNUT INF EUNTS{IX.NSET)

NDIMENSTION NSET(12.1) .

COMMON TN IMe INTToJFYNT p UMNIT o MFASMSTOP o MX s MXCoNCLCT o NHIST

INOR NORPT o NOT «NPRMS o NRUN s NRUNS s NSTAT «OUT o SCALE, ISEED TNOW,

PTRAFG s TFINGMXXsNPRNT o NCRORNEPsVNGI100) 4KOF o KI EoKOL

COMMAN ATRIRIIO0)IFNQLLO0) s INN(100)JCFLS(10032) «KRANK(TIOO) ¢JCLR
TMAXNOLTO0) «MFE(LD0)Y e MLCL100) ¢ MLE(TIO00)oNCELS(10)oNOLT00) PARAM{AD o4
21 QTTHFII00) s SSUMAT30,5) s SUMAL3045) s NAMF(6) o NPROJSMONGNDAY s NYR
COMMON HOLDTMTLSTTN  DEMANDySEFCKoSFFDLsSFFDMTCHEC K LFLAG
CCOMMAN NBRCRDNCAT o NCHRCT s KDAY s NHOY o LDAY s LOGTC o NHR o K

COMMON RATEL10) o PLANE(20¢ 7)o ACINSY (7 4DTLYQUT) +PRBCATI1057)
COMMON NSTACKDFLMAX ¢ XK1 g XK2sXK2 3 XK4MCOL [6) o PRIMAXTH)CULT)
COMMON MAXCH

oo ool e e ofe 9o ok oot e o ko Ok o ok R ek ok B Ak e ok R e Aok

SWITCHING DFCISION
GO TOU1e264+495055+¢5¢595e11011413)01X
[X=1o?o3v4'5w6‘7-819’10111012-13

s ool 46 4 de o 35 A0 ot oo et e gkt ot ook o ool ok ool g K X R ek e Aok e ok
!
ARRIVAI FVENT
2 CALL ARRVL INSETYH
RFETURN

CARRIVAI TO MFRGE FVENT

4 16=1X%
CALL MERGF(IGoNSFT}
RFTURN
NDEPART QUFUF FVFNT
5 T0=1X
CALL DFPRUEITIQNSFT)
RFTUAN

(G e e e e o e ook e ol o e ofe ot o e o e g ook B ok e ok e o ok e ook e ok e ke ok

8
C

c

NFRUG PRINT NUT OF FILES
P TFITNOR.GF.35.) GO TO 110
NFXT DFBUG CHECK
ATRIBIL)=ATRIB{1)+5.
CAall FTEFMITNSFY)



8¢

annpse
ao0nss
00057
0000560
000064

0on0nNss
onNnTS

Q0076

o000t
nnn10l

000110
nanti

[eIeleR I I3
o0n120

000121
noan124

000124

neov2y

000113
00133
ann14s
0no137
on014l
000145

[

N 100 JN=1,.NND :
JRFINQEIR)FR.0Y GO TO 100
CALL PRNTQUJO-NSET)

100 CONTINUF

110 RFTURN

fo gk %z e e ek At ol 2 e X A e 3k A 3k el e o afe ol e sk ke oo e e o ok ok ok 3 o ok Aok ok e

FND OF DAY FVFNT
HOUR NF CAY ’
13 NHDY={TRNOW+A0.~FLOAT{NHRE(KDAY-1)1)/60.
SAVTM=TNOW+600.
MIIRF FVENTS IN FILF 1
G TN 30
YFSe MORF FVENTS IN FILF
10 CALY RAOVEIMFE{T) 1 .NSETY
IX=ATRIB{2)+0.001
DROP ALL ARRIVALS
TFLIX.FOL.2) GO TN 30
TFCTNOWLGTLSAVIMY GO TO 30
TRIGOGFER FVENT T OCCUR
COIEIXL6TLl1.) G0 TO 35
1F (IXL6T.4) G TD 400
MFERGF FVENT FOS 3 0OR 4 !
CALL MERGF {1X.NSFT)
GHoTa 30
DEPOLF FVYENT FQS 5 10 10
400 CALl NFEPOUF{TXNSFT)
MORF FVYFNTS IN £I1FE 1
30 TFINQIT).GTL0Y GO TN 10
Ali PLANFS HAVF | ANDFD

GO T 37

35 DO 36 J=1,N00
TREINQLTM LT FLO) GO TO 36
CALL PRNTQ(JWNSET)

16 CONTINUF
G0 TO 30

e A e o A e xe e e 3 A e e e e e e X e e e e ol e ko ke ol Qe e ok e ol o e R ool R Ak R

LI FOT NFCFSSARY STATISTICS



£8¢

0001446

000151
00152
nonise
aont1 6l

000164

000167
aonrrTe
IS5 I g
NN 74

000y

an200
aao201

one2as
RLLERRS
ann2 it

0onn213
000218
002146

nnn? 2t
00n224
nop22%
0007240
000231
non2 15
0nn2i34

D024 13

a0N243

000244
000245

A D

G

37 CAI'L COICT(DEMANDG30,NSET)

e o x Rexe Qe e 3% e e e e e e e e e e e ek e ook dokeok kR

UPNATF FOR NFXT DAY
DEMAND=0,.0
M} 40 I=1.NCAT

40 ACINSY( F)=0.0
TIMP=FI DAT(KDAY*NHR)
IF{KNAYJFQ.1 DAY} TIME=0.0
NTEVRITI=0.0
N 80 I=1,.6

S0 DIEVRLTI=TIMF
TLSTIN=TIMF

USFD #0x RUNWAY 2 VACANCY TIMES
NTEVO(A)=TIMF

UPNATE FVENT FILF 1
NN 70 d=3.1M

70 ATRIALIY=0.0

NFXT END IF fAY FVENT .
ATRYB{Y)=1IMF+FLOAT{NHR)
ATRIBI?}1=13.0 '
TALE FTIFHML)GNSFT)

FIRST ARRYVAlI FVENT
ATRIBLY ¥=TINF
ATRIBUL2)=7.0
Catl FIIEM{1.NSET)

FILF PRINTOUT AT FND OF NEXT DAY
ATRIR{TY=TIMF+FLNAT{NHR)
ATRIBI2)=12.

CALL FILEMI1,NSFT)
NHDY =1
TEIKNAY.FQ.I NDAY) GO TO 300
KNAY=KNAY+]
WRITFINPRNY .80) KDAY

RO FNAMATEIH (#KIAY=%415)
RFTURN

e g dr ke g g A % R o ol e e e e ol e g o ol ke o g e s ool ol ek ok ok ol oo ok ko ol

END GF STHMUTATION-COLL ECT FINAL
300 NORPT=0
MSTNP=—1

Reste e odode ok kR ORK K

STATISTICS



%8¢

N00246

nti0247
0nonZsi
Q002573
aN02%6
000262
D263
ON0726 6
G00266
annzat
Q0G270
[NV
Q027127

QG272
0027
(002717

ann300
ananind
G304

00030%
Q0030¢
000351

ann3e?
000311

s Nal

TTCHFGK=0
DFAUG PRINTNUT NF FI1IFS
ATRTIBLYI=STIMF+5.0
ATRIB(?2)=12.
CALL FIITFMITONSFT)
TFILFLAGLGTL0) GO TO 320
TOGTC=1 OGTC+]
TFLINGIC.6T.3Y GO TO 325
6N TN 309
320 1616=3
G TN 3INS
326 1F1LAG=]
incic=/2
305 KNAY =) .
INTTIAM T7F RANDOM NUMRER GENERATORS
ARRIVAI RATFS
SEENK=RT4YS .,
X = ANK{ SFFDK )}
SEFNK=0.0
WAVE NFRFS
SEFDI =96317.
X=RAN! { SFEDL)
SEED =0 .0
A/C GAT
SFFNM=5%3479.
X=RANM(SFENM)
SEFNM=0NL0

! RETURN
FND

.



$8¢

000003
000003

0000013

000003

0000013
(2101010101 I

anoon 3
Q00003

onanni
o00013
00001 6

200021
NONN72 %

annnz?
0000 a2

ao0dn3T
0004t
30001

000061
0000A4
6onnoTs
MM ¢RI ]

0nn11o

ke

aEaRate

[ e TeNe T

SURRNUT INF ARRVL {NSET)
DIMFNSTION NSET112.1) _
COMMIN TN EMy INTToJFVUNT g UMNITyNFASMSTOP oMo MXCeNCLET o NHIST,
INDQe NORPT S NNT o NPRMS e NRUN ¢ NRUNS o NSTAT o 0UT o SCALF o ISEED s TNUW,
PTREG TR INMXX oMPRNT ¢ NCROR 4 NEP,VNO(100) o KOF o KI Fo KDL
COMMUN ATRIS(T10)FNILLC0) s INNTLOO) o JCFLSE10032) e KRANKILNO) 3 JCLR,
TMAXHOLI00) o MFF{ 100 MLCLL00) ¢MLETT00) oNCELSIT0) NI 100) «PARAMIAC o4
P2YeOTIMFITO0) ¢SSUMALI0,5) g SUMALIGH) o NAMELSH) o NPHOT o MUNGNDAY s NYR
COMMON HNT OTMe TUSTTD g DEMAND ) SECCK SEEDL ySFENML ICHFLK S LFLAG
COMMON NARCRDeNCAT NCHRCT sKEAY s NHDY 1 DAY st OGTC o NHR « KH
CAOMMON RATELT0) o PLANE(2057)sACINSY (7)o DTLVRIT)«PRICATIIOLT)
COMPAN NSTACKoDEL MAX s XK1 o XK2e XK 3o XK4 o MCUL 1A) e PRIMAX{6),CLT)
COMMANN MAXCTH

HOUR IF DAY
NHOY={ TROW+60. -FLOAT(NHR*{KCAY-11))/60.
XXXX=F} QAT {NHR*KTAY)
FRETNAYLGT XXXXY TNOW=XXXX

HPDATF STATISTICS ON ARRIVALS
JGFLSTTNHDY ) =JCELST L NHDY ) ¢ 1
NDEMAND=NFMAND#1 .0

Fedp e Aeofe e sfe A% e Qe e e e sk sk o ok e ekl o e o e e Xk e e R o e ook e e e e ek ok ok ok o ok sk

GENFRATF NFXT ARRIVAL EVENT
TTTT=RANKISFFNDK)
ATRIBOI)I=ATRIB(TII=-ALOG(TTTT)I/RATEINHDY)
ASSUREF TNDFPENDENCFE BFTWEEN HOURLY ARRIVAIS
NHRTSTF={ATRIBII V460, ~FLIAT{NHR* (KDAY-113) /60,
NHKTST=NHRTST=-NHDY
PRFIANHRTST.GT. 1) ATRIBLL)=FLOATINHRE(KDAY-1 ) +60%NHDY)
P ACF INTO FVENT FItE 1 OF NSET
CAlLY FITEMUT1.NSFT)
TFIKDAY.GTL 1. 0RNHDYLGT2) G TO 3
ARTTFINPRNT S I0) TATRIB(I ) I=1,T1)
10 FORAMATI/IH +*ARRVE FEVENT®,; IX,7F10.4)

FRpp R puh g e ek f ok Rkl ok koo ks Rkl kg

DETFRMINE AIRCRAFT CATEGORY AND INFC
TIMY FNTFR SYSTFEM
3 ATRTIALT ¥ =TNOW

.



98¢

noaty 2
QUN11 4
0001 LA
odnry7
000124
000126
[S181¢R I I
06137

agotan

[$10R¢0 9 BN

0Nl 4A7
SR RN I

000154
NOO1S S
00N1612
000164

OO1AG

[$T6200 I 4
elelon v

oN1The

(0202
aG02113
Go022%

ann22.
00072130
nne?3l
onn2 s
000?247
006237
G241
ann2aa
G250

sEzsRaks]

GFNFRATF A/C CAT.

~

TFST=RANM{SEERDM)

NN 5 J=1.NCAT

KCAT=)

TFITFSTJIFLPRECATINHDY,J)) GO TO 7
CONTINUF

CALEL TMSTOACTINSYIKCAT) o TNOWLKCATLNSET)
ACTNSYIKCATY=ACINSY{KCAT)I+1.0
ATRIB(2)=FIOAT(KCAT)

INTTIAL ARRTVAL CNMMUMTCATION-~273

ASSTON APPROACH CHRRIDOR

NEN=ATRIR(2)+15.001

JOELSU2 oNHDY ) =JCF S{2,NHDY ) +1

JOFLSE2ANNI=JCFLSE?2 MNN) + 1

JUFTES(2.23)=00F1 S5(2e23) +1

—== CHANGF FDOR TWO RUNWAYS
13=56

THFIKCATLGTL?2) 1Q=6

AFIKCAT.GT . 4) 1Q=7

ATRTAMAI=FIOAT(TO)

FXPECTF TIMFE TN MFRGF-STATY OIST LATER

ATRIBE3)=PLANF{9.KCAT)

ASSTIGN MPRGF PCINT ANUMBFR

16=3 '
fELIQ.GTLT) 16=4

FAPFOIED TIME T TOUCHDOWN ~STAT-0IST LATFR

ATRIBZLA)=ATRIBLII+PLANLCLLOKCAT }

PRINT TNFN GFNERATED 1IN CURRENT ARRIVAL

TFAKNAY 6T YL ORNHDY . GT o 2) U TE 1%
WRTTFINPRNTY o T1 ) CATRIB(I ) o l=141IM)
FORMATEIH o%DESCRIPTIUN®R,9Xy TFLCe4)

gk ook e 3 ok A ok gk ok deodde o meod b ok b d R bt ek detiadok ook ok e ok

PLACF INTD QUFUF TF OQUEUE NOT EMPTY

15

17

16

TFINQIIC).FQ.0Y GO TO 30
TF{LFLAG=-1)16417,17

ATRIALS )=TNNW

Catt NFPRUF{IQLNSFT)

CONTINUF

NN=TQ+3

THIQUF=FIOATINOL{TOY)

CALL TUSTUOTNTQUF, TNMNW, ,NN,NSET)
KEOY =M1 FLTQ)

LR X



£82

000253
000262
000267
000271

non27?2
000274
0ne277y

000304

00030%
0306

JCAT=FLOATINSFT{2:,KCOL))}/SCALE+.0001
ATRTIB{SI=FLOAT{NSFT{5,KCOL))}/SCALE
CALY FILFM{IQ.NSET)
RFETURN ’

C : .

C hddokihle okl hkk bk kb dar ks kI hhph khh bk g kR dkg

. .

€ OUFUF FMPTY CHFCK DFPART QUEUE TIME

30 ATRTARIS )=TNOW )

CALL DFPQUF(TQ.NSET)

! IF{ICHFCK.LT.10) RFTURN

TCHFOK=0
GN TN 16
FNO



887

anoo00s
00a00%

onnoos

0nnanNns
00000%

00005 .

00000%
0oncans

000004

000014
60001 s

a0n01 6
0000240
000022
000074
000026
000031
060032
000034
000036
000043
BONN4AS
0aN047
000905 3
0nnnos

nnno%ﬁ
60D054

[alEa)

aEeReEele Nel

o

SURROUT INF DFPOQUFITQ,NSET)

NDIMFNSTION NSETILI2.1)

COMMNON TN TMeINIT JFYNT s JMNIT oMFAMSTOP o MX s MXC o NCLOT ¢ NHIST,

TNOQe NIRPT o NOT NPRIS e NRUN o NRUNS o NSTATNUT o SCALE, !%FFDoTMUW

PTRFGTFIN, NXX;NPHNT.NCRURvN[PvVNO(lOO)oKﬂFoKlFﬁKﬂI

COMMON ATRIBIT0).FNQ(ICO), INNILOC) o JOFLSE10032) s &RANK(IOD) , JCLR

TMAXNGQITON) MFELT00) o MLCUL100) pMLELLO0) «NCFESIIOT N TONY o PARAMIGO 04

21 QTTMFLI00) « SSUMALT095) s SUMA(3Ce5) o NAMF L) 4NPROJ<MONSNDAY ) NY R
COMMON HOLDTHe TLSTTD  BEMAND SEL DKy SFEDL,SFFOM, [CHECKSLFLAG
COMMUON NRRCRDGNCAT o NCHRCT s KEAY yNHDY ol NAY o1l IGIC s NAR e KH

COMMON RATF{10) PLANE(2097) s ACINSY (7)o DTIVI(T Yo PRABCATII0O,T)
COMPON NSTACKDFLMAX ¢ XKL XK29 XK I XK MEIIL(H) « PRIMAXTA) o C(T)
COMMON MAXCOH

HOUR 0F LAY
SHNY = (TRNW+60. =FILOAT {NHR& (KCAY~1)))/60,

#****#*#*##*********f****###*****#****##******#*

CALIFD UPON NEW ARRIVAL , QUE EMPTY
Nt AT FVENT TIMF WYTH WAITING

INFI AG=0 '
NFW ARRTIVAY TFST

[F(LFLAGLEQ.OY GO YO 10

DFTFRMINE WHOIH A/C TN QUEUE TO EXAMINE

Ta DN 1 J=1.NSTACK
KOO =MFFI)+4)
IFINGLI+4)Y=1)6eT7

6 PRIMAX{IJI=0.
TFld.FN.1) PRIOTY=0,
a0 1A 1

7 NUPP=NO(J+4)
NN 2. 1=1.NUPP
TIN=FLOATINSEY(1.KCOL))/SCALE
NFI AY=TNAW~TIN
IF{NFLAY=-DFI MAX)12,13,13

14 IF(ATRIBLG).GT..0001) GG TO 700
IQ=4+4
Gn 10 3

700 ICHECK=10
RETURN



68¢

-

000057
000073
000077

© 000102

nno10s
o0otaT
000113
0nn11ée

000123

nooL2s
a00130

ano1iz,
Q001337

0non134
JONL4
000144
000145
noGsra
000150
000153
000156
000141
nNoal62
000163
00016%
nant 7o
onol1i1?

000176
000202

unn203

annz2a3
600206
GOG210
a002172

Q002158

s e Nale el

o

12 PRI?= XKI*DFLAY+XK7*FLUAT(ASET(2.KCDL))/SCALF+XK3*F[1AT(NQ(J+4)|

IF{T.FD.1) PRIL=PRI2
IF(PRI?=PRI1)44:5.5

5 PRIMAX(.JI=PRI?
MCNE (JY=KCOL

4 KGO =NSET{MX.KCOL)

? CONTINUF ‘
TF{JFQ.1) PRIOTY=PRIMAX{1)
TF(PRINTY-PRIMAXIJ}) 8,8,1

8. PRINTY=PRINMAX{J)
MAXCO =MGCOL{J)
10=0+4

1 CONTINUF
IFIATRIA(6).GT.0.00001) GO TO 15
TF(PRINTY.LT.L.001) RETURN
6N TA 11

15 PRIARV=XK4*ATRIB(?)
TNFI AG=1
IF{PRIARV-PRINTY)F:9,20

9 1Q=ATRIA(6Y+.0001
TEINQUTQ)GTL0) RETURN
ICHFCK=10
RETURN

11 KCOL =4AXCOL
3 CAIL RMOVF{KGCOL o TOLNSET)
G0 TN 20
10 TFIATRIB(6).GT.0.0001) GO TO 20
AJC WAITED
CALI RMOVFIMFFITO).TQ,NSET)
NSWIT=1
ATRTH NNW CONTAINS SAME INFO FOR BOTH CASFS

AR R R R R R R AR E R R R F TR A E RS ERE R E A

YFST TO SFF IF A/C CAN DEPART
20 CONTINUF

SYSTFM FRRORS IN OUFUF

MM=ATRIB(2)+7.0001
NN=MM~-7
FRRI V=RNNRMIMMY
FRRHD=ARS(RNORMINNY Y

HOID R DEPART COMM FNR ARRIVAL
NNN=ATRIR{2)+15.001



06¢

onn22 0
oNa224
000230

Onn231

000235

nnoz2ié
0non237
000242
0002473
NON24%6

0002450
000283
annz2ss

0nnrs5
annnNRan
000264
nnn2as

Q00267

0n0270
onn271
0002175
0onn2 17
anonla?
ann3ns
o0n31?
000330
00350
00638¢C
0003573

[aa

¢ SFF
30

L MAX

c

C

CHECK TF 1 AST PLANF OUT 0OF THIS STACK IS 3 MI.

JOFI S{?2oNHDY ) =JCF) SU2 4NHDY )+
JOFLSU?2 <NNNY=JCELST2 ¢ NNN)+1
JOCFLSI?2024)=JCFELS(2,24)+1

HOLDTM=DTLVOLID-4)Y—ATRIB(S)

TEIHOIDTM)I30.30.70
IF ANY PLANFS FNROUT
1G6=14
KKK=ATRIR{6)+.,0001
111 =7

TE(KKK.GTL L) 1G=4
TFINQITIG).FR.0) GO TO 200
NUMAFR CF A/C ON APPROACH = 50
TFINQITG)LLTL50) GO TO 35
HOINDTM=1,0

GO IO 70

»

e e oo ool de e e ookt sl Qe e o e o e e ool o e s e e e ool o sl e ok e ofe e g ofe e e Xe e e sk e ke

C NFTFRMINF TF A/C CAN DFPART QUEUE LR NOTY

35

A/C
70

71
80

CAIL APPRCHITO,IG.NSET)
JRIDTIVQIETYGT.0.0) GO TG 201
TEITCHFCKLFOLL ) G T 200
IFITCRFOKLFRL?)Y GO TO 200

o)
C
G e ot oo ok o 9 B e e oo Xe e g e e oofe e ok A el ok ok ke R e e e ok e Rk
o
[

CANNOT DFPART. HOLD ALL A/C IN STACK. UPDATE
ICHFCK=0

TF{HROIDTIM.LE.0.001) GO YO 200
ATRIBIS ) =TNOW+HOLDTM+ERRHD

XXXX=TNOW+30.

TFCATRTIR(S)GTXXXXY ATRIB{S)=XXXX
[0=ATRIBRIA}+.00001
TFCINFLAG.FUL 1. ANDJNQETQ) o GT.0) RETURN
TFIKBAY BT 1.NORNHNDYGTL2) GO TO 80
WRTTFINPRNT71) TNOW,HOLDTM, ERRHNDL,ATRIB(S) DT
FARMAT(IH o *HL NDTM CHECK#*,8X,5F10.4)

Catd FITEMUTO.NSFTY
TEFLKMAY . 6T 1. 0RNHDY o GT.2) G TO 8%

ouT

DFPARY LFVFL TIMES

LVQL1Q=4)



16¢

000364 WRITFINPENT o T12VIATRIB(J) pd=1sM)
000400 A2 FORMATLF HOLD¥,16X.7F10.4)
L CRFATF NFXT DEPART CHECK EVENT
C IF ONF FVFNT FXISTS., DO NOT GENERATE ANOTHER

Q00400 8% ATQ=FLOAT(IQ)
000403 CALL FINDIATQ.S 12 KCOLoNSET)
0004017 TFIKCN .FR.0) GO TO. 86 _
000412 TFIFLOATINSETIT ,KCOL)YI/SCALELLTLATRIR(S)) GO TO 116
000420 XTTMF=TNOW
0n0421 CALI RMOVFIKCOL1sNSET)
000424 INOW=XT T MF
C00426 86 ATRIH{1)=ATRIA(S)
000430 : ATRIBI2)=FLOATITQ)
OOG4A3? NOYIo 1=3,14
000444 ATRIB(T)I=0.0
0004 36 110 CONTINUF
C PLAGE INTQO FVFNT FILE
000440 CALL FILFM{1.NSFT)
006441 TRF{KNAY.GT.1.0R.NHDY.GT.2) GO TO 1156
000454 WRITFINPRNT I I (ATRIBISY sd=1s I M)
000466 111 FORMAT{® DEPEVFENT*,12X,7F10.4)
C UPDATF NDFPARY L FVFL TIMFS
N00&6A 115 KGO =MFF(TQ)
C COMM TO UPDATE NFPART 1 TVEL TIMES
006472 120 XANN=FL OATINSFTL2,KCUL) )/ 5CALE
000471 RAEN=XNNN#15.001
000507 ACFE SU2 o NHNY Y= J0F S{2,NHUY }+L
nnosna JOFLSE2 ANN)=UCFLS{? ¢NNNI+L
aans6t 2 JCFESI2,2%9)=00E1S{2.25)¢)
000451 13 KGO =NSFY{MXKCOLY
000517 TFIKCNL GFL7777) GO TG 130
0aah?21 Ga N 120
000822 130 RFTURN
C .
G drdofodeod de ko ook o kol ok ok e Ak ook ook oo ook o et e dededeal ok gkl
C
C A/C CAN DFPART, BRING A/C DCWN ONF LEVFL
C DECISTON A/C IN ATRIB ARRAY, DEPARY A/C
N00521 20U FLYM Y=DTLYDIT)
0a0s?s GO T 203
a00s28 200 FILYDNEY=0.0
000526 ICHFGK=0

000527 203 KCAT?2=ATRIR(2Y ¢ 0001



[4:Y4

nonsi’?

00n643
000536
na0s40
00541
000544
0600545

anQss?
000553

NoNs56 -

anNnsaQ
000512
000605

N00ANH
000610
000612

19147, 9 I
000617
nnnNes2s
4006130
600634
It E I Y
[alale X 4
DO0GLY
000644
00064A
000647
000652

000654
NN0ASE
000657
000AATL
Q006463

000665

00666

O

NTLVQITY=0.

NEFINF A/C FOR APPROACH FILE 3 OR 4
ATRIBU3I=ATRIB(3)+TNOW+FLYDLY
ATRIB(4)=ATRIBI4)+TNOW+FLYDLY
ATRIRB(S)=FLYDLY
10=ATRIBI6)+.0001
ATRIR(TI=TNOW-ATRIR( L)
DTLVOLTQ-4)=TNNW+PLANEI{BsKCAT2)

PUT INTO APPROACH FILF
16=1 .

CTIFLIQ.6T.7) 1G=4

CALL FIIFM(TG.NSFT)

TFIKDAY GT 1. ORJNHDYLGT.2) 63 TO 207

WRITFLNPRNT 0205 (ATRIB(J) ¢ J=1,1M)}
205 FORMATI* DEPARTX*, 14X, 7TF10.4)
COMYFCT STATISTICS ON DELAY IN QUE
707 NN=[Q~4

DFLAY=TNOW~ATRIBIT)

CALY COLCTIDFL AYGNNeNSET)
GENFRATE MFRGE FVFNT IF NO CNE ELSE IN APPRNACH
210 ATG=FLOAT(IGY

CALY FINNIATIGS551e2¢KCOLNSET)

TEIKCM L FQL0Y G0 TO 212

TFST=FI OATINSFT{1.KCOL))/SCALE

TFITFSTLIFLATRIR(3)) GU TO 230

TFST=ATRIA(3)

XTIMEeTNOW

CALL RMOVF (KGCOLoloNSET)

TN =X T IMF

ATRIBIYI=TEST

CALL FILFM{1,NSET)

GU Ta 230
GENFRATF MFRGF EVENT
212 ATRIB(I)I=ATRIR(3)

ATRTRIZ2I=FIOATI{IG)

N 215 1=3,1IM

. ATRIR(T)I=0.0

215 CONTINUF

PUT INTN FVERT FIHE 1
CAL) FITFEM{1,NSFT)

DESCEND At1 A/C IN QUEUE

230 TFINQIIC).EDOLANDLLFLAG.EQ.0) RETURN

CREATF NFXT NFPART CHFCK EVENT



&

£6¢

000677
000701
Q00705
000706
Q00710
00Ty 2
0007113
0onTis

oo0717
0op720

000724

600732
00736

000745
060752
noaTsns
0007k
00076S
000766
000172
0nnpT7s

anatTie

DN 300 1=1,NSTAGK

300 IFINQIT+4).GT.0) Gn TO 301
RFTURN

301 ATRTB(1)=TNOW+FRRLYV
ATRTIAL2)=FLOATLIQ)
NN 265 I=3,1M
ATRIBIT)I=0.0

T 265 CAONT INUF
. PUT INTN FVFNT FI{E 1

CAtt FILFM{T.NSET)
KCOL=MFF(TIQ)

c UPDATF NFPARY TIME

TFIILFLAGLREQ.1) KCOL=NSET(MXyMAXCOL)
TRE(KCOI oGFT7TTT) RETURN
NSETIS. KOOL ¥={ TNOW+FRRLV) ¥SCALE

C COMM TO DFPART QUFUF

245 XNNN=F1 OATINSFT(2.KCOL))/SCALE
NNN=XNNKN+15.001
I(FIﬁ(?.NHDY’“lfFLS(ZthPY)*l
JOFLS{2 NNN)=JCFLS{2 NN+

JOFLS(2.2AY=JCFELS(2,26)+)
KCMl =NSFTIMX.KCOL)
TEIKCO GF.TTTT)Y RFTURN
GO T 245

C OllF UPDATFD

FND



#6¢C

0a0006
an0006

nononoe6e

0800006
000004
NO0096
00006
000006

aon0na

000015
0n0nut1ée
000017

annazo
onnasoe

0o0n32
aQo03s

0nonig
000037

T 000472

N000s 1
conNsa
Q00T Ae

noolio

a0011 4
000126

C

SURRDUT INE APPRCHIIQ,IG,NSET)

DIMFNSTCN NSFT{12,1),0LY(50)

COMMON TN ITMe INIToJEUNT o IMNITyMFAMSTOP (MX o MXC o NCLLT o NHIST,

INDQeNORPTNOT e NPRMS ¢ NRUN o NRUNSoNSTATsOUT e SCALF L TSEFD o TNOW

PTAFGs TEINSMXXSNPRNT o NCRDR yNERSYNOLIUVO) o KOF s KLE S KDL

COMMON ATRIBLI0Y «FNQILCO) s INN(LO0) 2 JCELS(10432) «KRANKILGD) 4 JCLR,

1MAKNQ(100).MFF(\OO)}MLC(100),MLE‘IOO).NCELS!lO)-NQI100).PARAM(40.4

21.QTTAF (100} SSUMAL30,5) s SUMAC3005) e NAMF(6) o NPROJ SMANSNIDAY S NYR
COMMON HOLOTMTESTTH y LEMANDB, SERCRK o SFEDL o SFEDM TCHECK 1 FLAG
COMMON NBRCRDeNCAT e NCHRCT 4KCAY ¢ NHD Y U DAY o LUGTC o Nidlt o K

COMMON RATFLIO) L PLANE(20, 7)sACINSYTI D) oDTL VLT PRACATILO,7)

COMMON NSTACKeDFLMAX ) XKLy XK2sXK3oXK4oMCOL(H)« PRIMAX(6),C1T)

CUMMON MAXCOH

C o Aeakeddeofoodeodole v deofede e e e ode ek Aol ol X ol R Rk Ak ok ok A A Ao e Ak

C
"

C

c

HOUR NF DAY :

NHDV=(TNUN*60.~F!OAT(NHR*(KCAY-I)))/60.
HOI NTM=0.0

FIYM Y=0.0

K=0

G TN32,39.39.39).L0OGIC

FIFO SIMPLEST 1LOGIC

3?7

TESTI=ATRIAI3 )+ TNOW
TFRST?=ATRYIB(4)+TNOW
ICHECK=0

ABNVF ARF TIMFS TO MFRGE AND TOUCHDCWN FOR PLANE LEAVING STACK
NOW CHFCK IF CONFLILT AT MERGESTD, CR ROLL QUY

SFF

SEF

KCOF =MFFLIG)

KCAT?2=ATRIBI?2)+.0001

KCAT1= FINATINSITI2.KCOL))/SCALE + 0001
BUMI=FLOATINSETI3.KCOL) ) /SCALE+PLANFIKCATZ2411,KCATY) —-,0001
DUMP=FI OATINSFT L4 KCOLY Y /SCALE+PLANFIKCAT? s KCATY Y-, 0001
DUMS=F1 OAT(NSFT (4 KCOL) ) /SCALE+PLANE( 1T KCATLY=.NNOY

1E RO AUT TIME OR 3 M SEP TIME IS MOST CONTHRAINING
TFIDUM2 .1 T.DUM3)Y DUM2=DUM3

IF PLANF CAN FIT IN 3 MILES BEHIND PLANE IN FRONT
TF{TFSTILGE.DUMLANDLTEST2,L,GE,DUM2)Y GO T 200

GO TO (31.39.39,39) ,LOGIC



G6¢

0001134
000140
600143
0N0144

000145

[a1¢180 YN
anet1st

Q00154
anNon1se

00163
apor e

nonLr?
annYzea

00200
000205

000204

onn2l4
0nn222?

c .
% e Goieode e g ok ook s oot ol ookt et o o o ool el o koot o o e oot ikl o ok e
c
CIDGIC 2 OR 1
€
%q(gp 40 J=1,50
40 DTY(J)=0.0
RLOGK=0,0
DFLAY=0.0
€ ATRIR CONTATNS INFD ON NECISION A/C
C BEC AJC CAT .
KOATN=ATRIR(2)+0,001
C APPROACH
16=3
TE(QATRIA(A)LGT.T.001) [G=4
€ TEST = TIAE TN MERGF
TEST=TNOWHATR TR { 3) i
TEILGGIC.FOL.3) TRST=TEST—={0.1)*ATRIALD)
€ FIND A/C ON AMPRDACH WHICH DEC A/C CAN RFAT
CAllL FINDETEST«?+1Go3 4 JKCOCLyNSET)
1111 =aKen
C .
C####*t*###*#\*#**#***##*#####**##v#*#*#**&##**#*#ﬁ
€
¢ DFC OAZC HFAT ANY A/C .
TFLJKG BT.0) 6O TO 45
C NFGC AZG BFATS NO ONF=CAN HL FIT BFHIND LAST A/C
KOOI =MEFLIG)
KCATA=FIOATINSETI2,KCOUL) }/SCALE
GIY TO RQO
C .
C#*#**#**#*** fegfek e fkkfedede ok hk ke kR ek kokkd
C .
C CAN DFEC A/C RFAT WITH CORRECT SEP
45 KCATP=FIOATINSFT(2,JKCOLY)/SCALE
C SFP AY MFRGF 0K
SFPMG=FI OATINSFT(3,JKCOL) ) /SCALE=-TEST
TFISEPMG.GF.PI ANEIKCATP+11,KCATD)) GO TN 100
C .
G ke e Ak o g 4o e e e ol o e e o ik ol e ke ol ok Kkl sk ok Ok ol e ol ok
C
C CONFLICT AY MERGF
C HOIN TIMF TO FYIT DFG AJC BEHIND P A/C



96¢

noc227
annz2al

000255
annz257

000267

0007264

0007271
000274
GOO27T6

0002717
000308
nOn312
(S eR Vs
o032l
000331
oon3 s

aon3 A7
G003n

nonN3as
000351
000353
000354
na0362

000371

000371
0004073

50 HOINMG=(FIDATINSET(3,JKCCLY) /SCAt F~TEST)I+PLANF(KCATN¢11.KCATP)
HOLDTD=(FL OATINSFT (45 JKCCL) ) /SCALE~{TEST+PLANFU10,KCATDY })
1+P)L ANFEKCATDLKCATP)
HOE D TM=HOI DMG
TEIHM DTINLGTJHOIOMG) HOLOTHM=HOLDTD
C MNST CONSTRAINING TIMFE KNGwN
C I0GIC 2 HOI DS IN QUFUF. LOGIC 3 CHECKS MIN DELAY
TFULOGIC.FQL.2) GO TD 1200

C HOUUDTM WITHIN SPFFD LIMITS
TFCHOIDTMLGT{0.2)YXATRIB(3)) GO TO 1190
C HMENTA ONEY TIMFE tFSS THAN NCMINAL
TF{RINCK.GT.0.5) GO TO 55
HOE DIM=HOLOTM={0.1)Y%ATRIE(3)
TF{HOIDTMLT.0.0) HNLUTM=0.0

s Rele]

NOW CHFLK THTS AGATNST APPROACH TOTAL DELAY
56 DI YM=FI OATINSET{3,JKCOL) }/SCALE=TFST
M YM=D1 YM—PI ANF(KCATP#L1sKCATO)
DLYT=F1 DAT{ANSFT (4. JSCCL) 1/ SCALE~(TFST+PLANE{10.KC AT )
OLYT=DLYT~PLANE(KCATP ,KCATD)
K=K+
NLYIK)=NLYM
TE(M YTLGTLNEYM) DI YLKY=CLYT
C CONTINUF IF APPROACH NDELAY OF THIS A/C IS5 NEGATIVE NR 7ERN
IFINIYIKYE FNL001) GO TO 90
DFEAY=DFLAY+DE Y {K)
C NNW CHFCK PRECEFFNDING AZC
JKECE =NSETIMXX o JKCNL)
TFLIKGI L F0.9999) G0 TO 90
KCATN=KCATP
KCATP=FIDAT{NSFTI2,JKCOLY) /SCALE
. TEST=FLNAT{NSFT (35 JKCOL) ) /SCALE+BLY(K)
C 0P TN DFLAY MORE APPRNACH A/C

v

GN 701 55
C
Codedededed el R dok sk A b kel ek kgl A ko R R e Rk o Kk
c

C CHFCK APPROACH DELAY AGAINST HUOLDTM
0 TF(HMDTM.GT.OFTAY JANDVBLCCKLT.0,001) G0 TO 75
TFIHOEDTNLLY.OFLAYY GC TO 1200 ' '
C NDFILAY A/C ON APPROACH



£61

ann&ans 95 NDLY=DLYIK)*SCALE

000611 TF{IOKCOLF0.9999) JKCOL=MFELIG)
000415 NSFT (3, JKCOL Y=MSFT {3, JKCOL)+NDLY
000421 NSET(4, KGO Y =NSFT {4, JKCCLY4NDLY
0004246 NSETI5. KOOI YaNSFTIS, JKCCLI+4DLY
000406 NSFTIToJKCOLY=NSFT(T,dkCCL)+NDLY
COCOMM T NFLAY
000431 NUN=FIOATINSFT{20KCOL))/SCALLCH15.001
000440 JOFLSE2 JNHDYI=UCFLS {2, NHDY 1+
000444 JCFLSE2 JNNNY=JCFLS L2 JNANY # 1
NON450 JCFLSI2e2T)=0CF1 812027 )+1
C RFLFASF NFC A/C AFTFR UPUDATING ALL CN APPROACH
0NN0N451 IFIK.FOL1Y 6 TO 1000
£ CHFCE OGN FLYDLY
oOnaes? K=K~1
00453 JKONL ENSET{MX o JKCL )
000457 G TR 95
I
-2 RN EE S EELTEESEEIIFIIISLERE LR ISR ELESEE S L X E
r
€ RUMOTH SITHIN SPEFD LIMITS REQUCE SPEFD ONLY ONCF
000457 75 TFIBILGKLFQL1.0) GO TO 1200
300461 ELOCK=1 .0
(100467 TEANQIEICYLLFLYY 6 TO 1266
000465 KGO =HSFTIMXX 1L L)
000471 1141 =0KC0
nnoar? FEYDEY sHOUDTM= (0TI XATRIB(3)
(0N4 18 TELAKGNE JFCL49999) GU TU 1600
C CHFCK SFEP TN PASS PREGFFDING A/C
0004717 TEST=ATRIB{IY+TNOW
€ 1UNP WITH NFW TFST TIMF
000501 il T0 45
€ IS SFP AT T 0K
000501 100 SEPT=FILOATINSFT (4, JKCLL) ) /SCALE—{TEST+PLANF(10,KCATN) )
0nnsy TFISFPT LGF.PILANFIKOATO,KCATS)Y)Y GO T 205

C CONFILICT AT TR-DEC A/C IS FASTER
CoHaP 700 EXANINE RO D 1T IMES

anes2o Gy Tt 50
C . .
O o ol ook &R Aok B R R R R R R R R R e i Rk Rk
¢

COAD CONFETCY WITH PASSEDR A/C
C CAN OFC AZC FIT BERHTHNIE NEXT A/C



86¢C

GOOsS20

000524

Q00526
000530
a0ns534
0onnn%34
000542
GONs4 A
au0ss0
000557
NONHHE
00560
nnanas
0o0es70

a5y

nons 717

N00a06

000616

0004A20

000621

000631

000640

Q0N48427

c

c
.

C
C

205 KCOL=NSFTIMXJKOOL)
NFC A/C RFAYS FVERYONFE RELAESE
TFA(KCOL LY T7777) GO YO 2175
0 A/C BFATS ALL A/C ON APPROACH
CRFATF NFW MFRGF FVENT
NN 240 4=1.7
240 CLIDY=ATRIBLYY
ATG=FINAT(IG)
CAf1 FINDLAIGeHele2s MGEVNT s NSET)
TFIMGFYANTL.LE.O) GO TO 1000
CALL RMOVE{MGEVNTe 1 NSET)
ATRTALI ) =TNOW+C{3)+FLYDLY
ATRIBI?2 1 =AlG
CALL FTEFMUTNSFT)
nn 248 g=1.7-
245 ATRIBL1Y=CLA)
GO T0 1000
CAT (F NFXT A/ZC
275 KCATA=FINATINSET(?2.KCOL))/SCALFE
RFQUIRFD SFP AT MFRGE FOR ALL 3 A/C
SFPMG=P1I ANFIKCATP+11 ,KCATCI+PLANEIKCATD+1L1 . KCATA}
ACTUNL SFP
SEPACT=FIDATINSFT{3JKCCL)=NSET (3., KCOM ))/SCALF
IS SF2 GANDD !
TRESEFPACT.GFSEPMG)Y GO YO 700
CONFILTET AT MFERGF
F00P 10 FXAMINE HOLD TTMES
GO TN S0

L e LR e R e T R T T s T e

NEC A/C FITS BETWFEN P AND A AT MERGF HOW ABNUT AT T
RFQUIRED SFP AT TD ,
700 SEPYN=PI ANF(KCATPKCATO) +PLANE{KLATD KCATA)
ACTUAL SEP AT TN
SFPACT=FIOATINSET 4+ JKCCLYI-NSCT {44KECO1 ) ) /SCALF
IS SFP GNNN
IF{SFPACT.GELSEPTD) GU TO 800
CONFt ICT AT TD
100P 0 FXANMINE HNLD TIMES
G0 Ta 50

LR R R AL E R L AR L R R L e R R R S



66¢C

(a1 Ion 48]
000767
0n0774

onoTTé
aa0771
0011700
GO1Ta01

C

Cor kg ok 4ok e e gl ok R AR R e b ot oot ol ko e Rt e

C

30 HW NTM=HILNDT]
TE (HOINT1LTLHOLDT2) HOLCTM=HOLOT?2
IF {ENGTICNFL.3Y 6N . TO 70

70 RFTURN

200 1CHFCK=?
RFTURN
END



00¢

000643

000650
00656

000660

00Nn6 11

000676

oonToe
oGoTol
00704

ann706

SR Te N 94
aOnN718

non7TY?y
00072y
aoonre?

non7213
0onoT2s
000726

oonT2 7
nGe73t

eonTii
000744
nanTaS

DFC A/C FITS BFTWEEN P AND A FIND SEP D TO A

SFP AT MFRGF RFQUIRFD

A00 FIYMG=PIANFIKCATD+11,KCATA)

C ACTUAt SFP AT MERGF
FIYACT=TFST-FIDATINSET(3,KCCL))/SCALF

. DFLAYM=FL YMG-FLYACT

C SEP AT TD ACTUAI )
FIYACT=(TFST+PL ANE(TO,KCATD) )-+LOATINSET{4,KCILYY/SCALF

C SFP AT T RFSUIRFD i
FIYTION=PI ANFIKCATN.KECATA)

€ 1S DF1AY NFCESSARY
DFYAYT=F) YTN-FI YACT
EIYDIY=DFLAYM i
IFINFILAYT.GTLDELAYM) FLYDLY=DELAYT
TFIFIYDI YL T.0.0) FIYDLY=0.0

. RFIFASF DFC A/C

C IF FIYDIY 1T F .1 % ATRIBI(3)
TE{FI YN YL hEL{OLYIXATRIB(3)) GO 1O 1000

C HM D IN QUFUF ' ’

HIY DTM=FLYDLY- {0 1) *PLANE(9.XKCATL)

GO T 1200

e e Tal

C
C ookt s ol e soeste e e sk e ol o o Aot A ok i e sk ol e ok o Aok ok ol ko ok Ak |
¢ "
¢ RFI FASF
1000 DTIVALTYI=FLYNDLY
IFIFIYNIYaEQaN0) TCHECK=1
RFTURN
C
€8 S doodkae & i ok oo o e ookl g e e ki e e ok okob B sk stk o ol e e el o e e ke
c .
C HOLD
1190 HOIDTM=(0. 1I%ATRIB(3)
1200 FI¥yDi¥v=0,.0
GO T 70

31 HM DTL=NUMI-TFST]
HY DY2=NUM2-TEST?
C SFF IF MFRGF DR T IS MOST CONSTRAINING
TRIKLAY.GT s JORLNHDY GT.2) G3 TC 30

WRITFINPRNTL1001) DUML,OUM2,HOLOTLoHOLDT2 o MO OTHM. TEST1,TEST2

100) FORMAT(% VARTABLES#.11X,7F10.4)



10€

00000%
noonosS

onnno0s

nononns
QoN00%
0000ns
o005
000009

000005

noont 4
oneny
n0a0 44
000046

QN4 4G
0nonnn)
a0a0s»s
No0R6]

000Ns7
Q00065
00006 A&

oNno 72
00076
000100
DUIGTO4
aoIn

0onn1ls
an012e

oo

[aBaRale)

SUBRAUT INF MFRGF(IG.NSET)

NIMENSTCN NSFTI12.1)

CAMMON !Q.YM.!NYT-JFVNT'JNNIToMFA.M%THP.MXcMXC.NClCT.NH!STv

lNﬂO.NURPT.NCT.NPR%S.NRUA'NRUAS.NSTAT'UUT'SCALE.ISCFU.TNUWo

?THFG.TFIN.MXX.MPMNT.NLRDRpNEP'VNQl100).KDF.K1E'KUL

COMMON ATRIH(10)-FNO(loo)oINN(lcﬂ)oJCFLS(IO.37).K&ANK(IPO):JCLRv

IMAXNO(IOO).MFE(IOO).MLC(100).MLE()OO).NCFLS(]D)«NJ(100).9ARAMI40.4

?).QTIMF{INC).QSUMA(WO;S)vSUMA(jO-Q)qNAMFlﬁ).NPPOJ.MUN-WDAYvNYR

COMMON HH!DTM.T!STTH.UhMANU;SE[DK.SFFDI-QFFHN.!CHTCK.IFXAD

COMMIN NRRCRDNCAT, NCHRCT yKEAY g NHOY o LDAY o LOGIC o NHiL o KH

COMMON RATF(IO).PIANT(?O;7);AC!NSY(7).DTIVQ(?).PRHCAT(!O.7)
COMMON NQTACK.DPLMAX,XKL;XK?,XK%.XKQ;MCH!(6).PRTHAX(61-C(7)

COMMON MAXCHH

HOUR IF DAY :
NHDY = I TNDW+AD . —F1 DAT {NHR#{KEAY=133) /60,

ede ot A R Bt R R e AR RO R R R R AR R LA RRERE

FIRST A/ HAS ARRIVEO AND YIS MOVED GN
CALY RMOVEIM FLIG) o TGoNSET)
TF(RLAY . GT.1.0RJNHDYLGT .23 GO TC 30
WRITEINPENT 25 LATRIB(J) s =14 1M}

25 ENRMAT(% MFROGEX,15X.TF10.4)

COMM TO CIHFAR FOR TD

30 NNN=ATRINIZI4]S.00)
JOFLSE2 JNMDY ) =dCFLS T2, MHUY )+
JOFESI2 W MNNY=JCFLS 2 gARIN) # ]
JOFY S22 .28Y=)CF1S812.28)+1

FLIGAT PATH DFIAY
AN=ATRIBLA)I#2.0
DFLAY=ATRIHBIG)

CALL CORCTIDELAYLWNNoNSET)

INTAL DRI AY RY A/C CAT.
NN=ATRIR(2)+12.0001
DFLAY=ATRIBIT
CAl1 CNICTINFL AYNNGNSET)
NNSATRIAE21+3,0001
TCALE HISTOHDFL AYe?.042.0,MNyNSET)

INTER=-TNUCHNOWN TIMES
KCAT=ATRIR(2)+0.001
TF(IG.FRL4) GO T 40



[40}3

(S1¢140 Ik ]

000125
[$81¢ 2 SR T
000136
0nplay
Q00145
nootlar
00152
aagol sl

000165

00V A6 -

0ng17o

A00178
noary?

000203
000206
0Na214

couazzo

000223
Goo227
onnz2iz
Q00236

000241

0nn242
000244
onnzaet
nnora3
anoznsa

a0n257

IDTIMF=ATRIR{4)-TLSTTD
CALL COLCTITDYIMF,20,NSET)
CAtE HISTDUTDTIME,0.25,0.25,3,NSET)
TLSTTN=ATRIB(4)+PLANE(LL (KCAT)
GIY 10 50
40 TOTIME=ATRIBILI=DTILVQIS)
CAll COIGTITOTIME.21,NSET)
CALL HISTO(TLTIMF.0.255062595:NSFT)
DTIVO(6Y=ATRYRIG)+PLANE(LL KCAT)
€ TOTAL A/C TIMF IN SYSTFM,
50 NN=29
TOFTMF=TNOW~ATRIB( 1)
CALL COICTITOTTMF NN,NSET)
CTOTAL NUMRFR OF TOUCHDOWNS BY HCUR CF DAY
NIN=NRDY+1Y
JOFI SO GNNNY=JCFLSTT ¢ NNND 41
€ NUMRFR IF A/C IN SYSTFM BY CAT,
KCAT=ATRTIB{2Y+.0001
CAIT TMSTOACINSY(KCAT) , TNCW.KCATSNSET)
ACINSY{KCAT)=ACINSY(KCAT)=1.0
C MORE A/C IN PATH-TFSTY
TFINQITGI.FNL0Y GN TO 500
C i
CodrhhddhhbdtokrdsdhdeibRiorR kb hdbne s dh by oonkhy
«
C FIND RANDOM ADJUSTMENT TQ MERGE TIML FOR SFCOND A/C
NADJIMG=ANORMIKCATI®*SCALL
KCOL =M FIIG)
NSFT L3 KON 1=NSET(3,KCOL)+NADIMG
NSFT (4. KOO ISNSFTLa KCOL ) +NADIMG
C ANN ADJIMRG T NEIAY IF POSITIVE
TFINADIMG.LFE.OY GO TO 120
C DOFS A/C WAVE OFF
AAVNFF=RANL{SFENL)
TFIJAVOFF.LT.N.02) GO TO 250
HEFTI5,KCOLY=NSFT{S KCOLY+NACIMG
NSFFEToKGOL)=NSFTIT «KCOL)+NADJIMG
GO TR 130
C
R EITIITIEEFFE I RIS RIS LRSS EE R E ST LSS S22 2222
f
€ TFEST TN ASSURE CORRFCT SEP wiTH A/C AHFAD
120 SPACFI=FLOATINSFT{3,KLUL) } /SCALE~TNOY



€0t

Q00264 QPACF?=FI NATINSFT14,KC0OLY ) /SCALE~ATRIBL4)
' £ AGCCFPIARIF SFPARATIAN=ACCSPC

ann21? NKCAT=ATRIR(2 )1 +#.0001
oON2 e &CAT:FLHAT!NSFT(Z.KCUL))/SCALF*.OOO\
[ IR ACCSPI=PIANFIKCAT+11 3NKCAT)
ARIERR! ACLSP2=PLANFIKC AT JNXLAT)
0003158 ACCSP=FL ANFITT JNKCATY)
Lony2n TRFLALCSPILGTLAGCSP?Y ACCSP2=ACCSPY
C IS SERPARATION 0K
IHOR YA NTESTY=ISPACFI~ACCSPL)®SCALE
0321 NTEST2= (SPACF2-ACCSP2)%SCALE
RERERE! NTFST=NTIFSTY
nIN3 Y TINTES T2, TONTESTEY ANTEST=NTEST?
G0a3aT . IEINTESTLGFL0Y GO Ty 300
I
C b dadddokr it Aok kR oo R g KPR A A R ERRF ERHAR AR KRR R
C
C TKFST TO ASSURF CURRFCT SEP Wi1Thk AZC BFHIND
00341 NSET {3, KOGE Y =NSEFTI 3 KCOL ) =NTEST
ORI NGET (4. KO 1 =nSEFT{4 . KCUL)Y=-NTEST
00034 7 NSETUSKOON Y =uSFTI5 . KCL ) =-NT IS
noGi%5 2 NSET{ 7o XKONL I=NSEFT(7KCOLI-NTEST
COCOaMM 10 OFE AY SUCCFESSTVE A/t AT MERGE
NON1S5 XKNAN=FE OATINSF T2 KOULY ) /SCALE
BRIV NN XENNET S 00T
RN JOHD S22 NHDYY = CED ST 24 NHOY ) 4L
HIGEYA! OS2 NN 2 J0HES L2 NEND S L
TRREFA JOED S22 290V =00FE8t2,25)+1
C CHECK SUCGFSSTVY A/ FOR CORKFCT SEPARATICN
0003 7TE 10 TEINGQEINY e 1Y GO TO 3CC
IS I ’ NKGNE =RSET XX KOO )
a6 04 148 §9ACEV:F!H\IlMSFTIW.NKCEL)—NST1(W.KCUI))ISCAIF
GG et e CPACE?=FI DATINSET {4 NKCOLI=NSETLaskCO1 )Y/ SCALE
C ACCEPTARLE SFPARATION=ACCSPC
NyN42% NKCAT=EI OATINSFT {2« NRCOL) Y /SCALF+.000]
N304 4 ACCSPTI=PLANS(NKCATHT L, KCAT)
000440 ACCSP2 =P ANF (NKCAT o KUAT)
000444 ACCSPA=PIANFLI T W KILAT)
Ca04n? {FIAGLECSPILGTLACLSP2)Y ACCSP2=ACLSPS
OUiinh 7 NTFEST1={SPACFI-ACTSP L)*SCALE
RIS Y MTESI2=(APACF//—ACLSP2YESCALE
ON0LH2 MIFST=NTFSTY

G461 (F(NTESTIPLLTONTESTEY NIPST=NTFSTY



70¢

000666

a0n&70
000474
000477
on0s502

anasns
30612
000518
oonNs21
000524

Qo526
nNnnsi33
000544
000515
000540

000541

000546
0onnsst
nnnss e
000561

00065462
000563
300566
0nns7T3
nnns7?
0006073
000607
NDOOAK2 2

NAamn

e

IFINTFSTLGF.0) GN TO 300

el fedesofede ook drofe e e e de e el e e e ok el ok foke ookt frookde ek &

SFRPARATINON NOT GOON.OFLAY A/C

140 NSETU3.NKCOL J=NSFT{ 3, AKCCLI=NTEST
NSFT{4 s NKCDE )=NSET (4 NKCCL)=-NTEST
NSFTUSNKCOL Y=NSET IS, NKCCL )~NTEST
NSFT{ 7T NKCOLY=NSETL T NKCOL Y -NTEST

COMM TN BFIAY A/C IN APPROACH DUE TO ERROR
XKMNN=F QAT {NSFTI(2,.,KCQL)Y )} /SCALE
NANN=XNNN+15.001 ’
JOFI SIU2 NHDY)=JOELS (2, 0NREY ) #]
JOFE S{2 NNNI=dCFLSI2 AN #1
JOFESI2.,29)=0CF1.S(2,29) +1

MNRE A/C T CHFCK
TFINSFTIMXX.NKCM V. FQ.339G) GO TG 300
KGOt =NKGOL T
KCAT=NKCAT
NKCO =MNSETIMAX s NKCO Y
GO TN 1139

At SEFPARATIONS 0OF APPROACHING A/C CK

!
'
e e Aok e A AR B AR OR Rk R R R R R b Rk R A b o R g

WAVE OFFS——PUT BACK INT APPROACH ACCORDING TO 1GGIC

250 CAIL RMOVFIMIELIG)e IG,NSET)

POSITION COMM TN WAVE DFF A/C
NNN=ATRTIR(2) 415,001
JOFLST?2 JNHDY)=JCFELS{2 4 NRDY ) #1
JOEL SI2 o NNNI=JCFL S{P,ANNDY +1
JCFLST2630)=0CFLSE2.30)+1

RFEDFFINF A/C WAVED OFF
[sﬂl=7n
KCAT®WN=ATRIAR(?1+0.0001
ATRIR{3I=ATRIBI3Y¢PLANE( 19, KCATWO ) =TNOW
ATRTHR{4)=ATRISIII+PLANL {10 4KCAT W)
ATRIBIS)=ATRIR(S)I+PI ANE{ 19 4KCAT WO}
ATRTIBETI=ATRIATIT)+PI ANE( LYy KCAT WO
TFIKDAY . GTo1.0RJNHDY.GT.2) GO TQ 270
ARTTEINPRNT w260 (ATRIBLIY 4 =1, 1M)

1



S0t

000634

00064
000AK13S
0006716
00643
ondna4

a0nN6as1
N6 4
NnNass1?
Q30661
0N06H 4G
and6e 71
o006 T3

N6 T4
ONGARTE

HINATA
onnnrar
onn7n3
a7
annTrg
[BISTeN A I
QupTis

anorir
nonT20
000721

¢

260 FORMAT{¥* WAVF QFF——m——ee®,5X, TF10.4)

(% e oo e o Re o R ok geadefede et kol ookl e e o gtk e e Ao ook Bk Ko ko kol

c
c

an

DFTFRMINF POSTITION ON APPROACH
270 TCHFCK=4
HUY NTM=0.0
CAYY APPROWIT . IGWNSET)
TCHELK=0
TFIHNINTMLCT.60.) HULDTM=60.

"NFFINF dAVE DFF AND RFPLACE IN FILE 3 DR 4 THE APPRNACH FILE

KCAT=ATRIB{21+0.000]1
ATRTATAY=ATRIAIAI+HNLDT M+ TNOW
XXXX=TNUR+60.
IFCATRIBLIILGT O XXXX) ATRIBL3)=XXXX
ATRTA(4)I=ATRIB(IIVI+PLANE (L0 ,KCAT )
ATRIBIBI=ATRIA{S)+HOLLTH
ATRINETISATRIBTI TY+HOLLTM

AP DFLAY TN NEW MERGE TIat

PUT WAVF OFF INTO AFPROACH
CAlL FTIFMUTG.NSETY
KETHRN

A e e A oA A e e A e oo ok e Qe o o e g e ok sl e R o o e o g ok o QoA o e e e e ofe s ok ok k&

GFNFRATE NFXT MFRGF FVENT

300 KON =MEFLT16G)
TRIKGCOL L FL0) 60 TO 500
ATRIALY Y =F1 OATINSFTL3,KCOL))I/SCALE
ATRIBI21=FLOAT(IG)
NN 305 =3, 1M
ATRIBITI=0N.L0

NG CONTINUF

PILAGF INTI) FVFNT FILF
CAL L FILFEMI1.NSFT)

500 FFTURN
Fn



90¢

0onon03
000003

0nnnos

00003
000003

000003 |

aGo0n 3
CIROLE!

0ononn3
onooe7

000007
ononIe
onont 2
000014
q00026
000034
000041
000N4 3
ann060

000060
ononre

000070
00097
a0n0T4s
a0a10]
Go01a2
IR R ]
0no01t1 i

Y5

e le)

SURRNDUTINE OTPUT(NSET)

DIMENSICN NSFTE12,.1)

COMMON TN, IMo INTToJEVNT ¢ JMNIToMFAMSTOP eMX ¢ MXCoNCLCT o NHTST,
INDQe NORPTeNOT ¢ NPRMS e NRUN ¢ NRUNS s NSTAT O T s SCAL Fo ISFF D INDW
PTBFGTF INGMXX o NPRNT e NCROR G NEP, VNG (100 « KNF o KI Fa KL
COMMON ATRIB{V10)FENQ{LOOY ¢ INNLLCO) 2 JCFISC10432) KRANKITOO)JCLR,
TMAXNOL100Y «MEETICOY o MLC{L00) sMLELLOO) s NCEESCIN) o NOL1GOY o PARAML 40454
2V OTIMFLI00) o SSUMAL30,:5) s SUMALZ065) o« NAMELA) s NPRDJ JMONNDAY, NYR

COMMON HOLDT Mo TESTTO, UEMAND,SEECKSEFEDL o SEFDUM ICHEUK WL FLAG
COMMON NBRCRNDGNCAT g NCHRUT yKCAY o NHDY o LNAY , G TC - NHR o KH
COMMON RATFLI0) o PLANE(20,7 )3 ACINSY (T DTIL VOUT o PRACAT(I0, 1)
COMMON NSTACKOFLMAX g XKLy XK2 e XK3 o XKb4o MCOL (61« PRIMAXIH),,C (T}
COMMON MAXC

e oo ok e K A e A g A R OR ol R % o kg A A ok o o Rl o

WRITF(NPRNT,10)

VO EORMATC/ /YN %7777 1S 117100711710 L7 10007100 1707001 0007070011107 17

YI170072 0007007777777 702820272772707070777F770770702720077057770777727777
2%}

NSTRIP=1

NDMNT=SUMAL30.1)

TFOLFLAGFO.O0) LTRSTLOGIC-1

TR FLAGLFOLYLANDUIDGIC.EQ.2) LTFST=3
TR FL AGSFNLTJANDLINGIC.EQL3) LTEST=?
TEINRUNSLFR.2) tTEST=]

SFP=3.0 '

WRITFINPRINTZ20) NSTRIPyNOMDT s LTESTLFLAG.SFP

20 FORMATO//TH o 4Xo¥CURKENT LAY DATA ON #o11e% RUNWAY®, 4X,

P eTOTAL DEMAND=#, 110, 4Xs%LOGIC=%.125 4Xs %l FLAG=%,124 4X,
PFa.1.% MITE SFPARATIUN AT MERGE*)
WRITFINPRNTL30) DAY, NHR

30 FORMAT(//IH 10X o¥NUMBER OF CAYS SIMULATEN=%,14.10X.

ENUARER OF MINUTES PER DAY=%,15)
N YOLF=0.0

NN 4 d=1s.6

DY YOUF=01 YQUF+SUMATJ, 1)

M YAPP=0.0

DY 50 J=T7.12

N YAPP=NLYAPP+SUMAL,1)
NEYTAT=NLYQUF+NLYAPP



L0t

ootz
ano1e

.

00061273

A00124
Q0oL 1
NnonNtat
000146
D046
on0YS2

0001573,

WRITFINPRNTH0Y NLYQUEDLYAPPDLYTOT
60 FORMATUI//TH 10X %¥DF LAY IN QUEUES=%,F10.1,
110Xe % DFt AY ON APPROACHES=%,F10.1.
210X, % TOTAL DFL AY=%,F10.1)
LOMA=N.0
M 70 d=16.22
70 COMM=COMM+FLOATOICFLS(2,4))
WRITFE {NPAUNT < B0) COMM

B0 FORMATI//71H 10X RTUTAL NUMBER OF COMMUNTCATIONS=%*,F165.1)

WRTTE{NPUNTL10)
RETURN
NN



80¢

VFR

1.1

RANK
000013
oneonon 0nno13
con0an  220114613555565000001
0Cant  nAnaneNOANNNNANN0NNN0
COCCO?  S120000011 +
56110
10627
€Oaao03 0301000007 +
24606
(Qoens 0331000001 +
6120777717
(noans 27621
432773
16667
. . 54620
COCO06 0400000001 +
CON007 5110000012 +
42612
54620
COCOID 24606
c400000001 +
NO0O011 +
€001 17171274321477413155
COCnl?  20000000000000553645
carn1y

011671

PROGRAM LENGTH

BLOCKS

PROGRAM%

ENTRY POINTS

COUOC1 RANK

RANK

RANDCM

REL
RANND
RANMLT

UNUSED STORAGE

INDFNT  RANK
LOCAL
ENTRY RANK
VFD 42/70HRANK 1871
DATA 0 ’
S5A2 RANNIY
Sal 31
R Xé X2
7R X1 RANDOM
NX6 1O X6
NG X1 s RANK
SB2 -608
PXxé B2 e X1
MX? 59
RXé6 ~X24X6
SA6 A?
IR 0. RANK
SAl PAAMLT
DX6 X1aX2
SA6 A?
NX& B e X6
7R B0« RANK
FQU *HT+1]
NATA 1717127432 14774131558
DATA 200000000006005536458
FND

25 STATEMENTS 5

08/17/70

SYMBOLS

CPAGF

NO .



60¢

VFR

1

4

w )

RANIL

ccaaoon
cocom
coeno?
cocnos

fOCH04

cacans

CeCG0a
cnecor

CCeen

coaat
cacotr?
coce’

Q00013

aGo000 000013

272011614555555000001
000NaaACe2000000000
5120000011 +
56110
106272
03016000607 +
24606
0331006001 +
6120777717
27621
432713
16662
54620
0400000001 +
5110000012 +
426172
54620
24606
C40CH00001 +
0000011
17171274321477413165
20000000000000553645

015535

PROGRAM LFENGTH

BLCCKS

PROGRAMS

ENTRY PUINTS

CCOGC1 RANL

RANL

RANDCM

REL
RANNO
RANMLT

UNUSED STORAGF

INDENT RANL
1 NCAL
FNTRY RAM
VFED 42/70HRANL.18/1
DATA 4]
SA? RANNND
SAL 1
BX6& X?
7R X1 o RANDOM
NX6 W0 XhH
nG X1 ¢2ANL
SH2 -608
P X6 R?2+X1
MX 2 59
A X4 -X2+X6
SAA A?
FAN HO o B ANL
SAl RANMLT
3244 X1&¥2
SA6 A2
NX6& BOeXbO
7R B30 KANL
EQuU *xx1+]
DATA 1717127432147 74131558
NATA 2000006000055 36453
END

25 STATEHMENTS

5

cesrr/70

SYMSOLS

PAGE

o
Miie



01€

VER

el

RANM

000013

000000 000013

£oeonn 220114155855555000001

COCCN 000000 CN00000000000
(eecn?2 5120000011 +

56110
10622
cocani 0301000007 +
24606
COCC04 0331000001 +
6120777717
coceos 27621
432713
16667
54620
cececan 0400000001 ¢+
COCeCO07? S110000012 +
42612
54620

COCaln 24606
0400000001 +
0000011 +
COCOIl  17171274321477413155
COCCI?  20000900000000553645
cocnis

015535

IDENT RANM
PROGRAM LENGTH

BLOUCKS

PROGRAM*  LOCAL

ENTRY PCINTS
0C00CT RANM

ENTRY RANM

+ VFI) 42/70HRANM,13/1
RANM DATA Q '
SA? RANND
Sal A1
RX6 X2
7R X1 e RANNNM
NX6' B0, X6
NG X1 RANM
SB? ~A03
PX6& N2eX1
MX? 59
AX6 ~X2+X6
SAh A2
7R A0 s RANM
RANDCM SA1 RANMLT
DX6 X1%X?
SAH A?
NX6 RO.Xb
7R B0 s RANM
REL EQU H¥]+]
RANNO DATA 171712743214774131558
RANMLY DATA 26000000000D005536458
£ND

UNUSED STORAGE 25 STATEMENTS

5

a8/11/70

SYMBOLS

PAGF NO,



T1¢

C

C %W 3636236 I3 3K I 2636 I I T I 3 I I IE I I I A6 TEIE I NI I I KK W

[ B
C INPUT DATA
C
6 7
31, 5% 40, 39,
195 195 1695
149 1.49 1449
136 1,386 136
1,20 120 1e20
104 ‘104 1.04
1,01 1,01 101
0I5 295 ¢ 95
112 1+04 100
2.4 23 1048
1.3 10 0.9
e B0 e85 e 50
165 1:65 1465
131 1031 1,31
1e16 116 1a16
104 104 104
92 - 92 22
’87 .87 ‘87
o 85 85 « 85
3.7 3.3 117
Se Os le
Te Oe 1o
3 Ce le
Ho Ose le
2e O, 1e
1e Co le
Pe Oe Te
3 Oo 1e
4., O )
7. 0. . l.
WEWILHELM 1 7171970
la 10 30 13 200
28 28 28 28 28
1 1 3 3 1
H 1 2 2 1
Ne O ~28 8
hn —O.T .7
s 0 -5 e R

s

19
10e
1095
1449
1236
1.04
1,01
0 Y5
0«89
9e7
0.8
»48
165
1631
116
1404
92
87
.85
105
8e
156
12
10,
2e
Bs
11,
8.
T
15,

v

7 1N
28 28
1 1
1 1

«36
e 39

2

27 38,

la9b
1249
1036
1.20
104
1.01
e ¥b
0s78
2046
07
«37
1265
131
116
1e0D4
«92
«87
«85
9.2
17s
326
244
22
Se
17
24,
18,
14,
326

30 100060
28

28 28
1 !
1 !

30« 260

Le9n
1449
1436
1.20
104
1401
« 95
076
1G.82
Oe7
261
165
131
1a16
104
292
0B7
» 85
B.8

1
1

55
1oy
149
136
1420
104
101
e U5
073 ]
19.08
06 10
0«66
1.65
1,31
1.16
104
s 92
«B87
« BS
a.s



[AR3

oD
Y]

2.0
13
1.2
1ol
1'0
1.0
10

~05
~-s45
-a4
—eh
0,5
0.5
0.5
065
D05
- 045
065

0.0

600,
500,

060

S
" 6005%
600,

600,
600,

0,0

600,
600

0,0
Se

1
1
1
1
1
1
(¢]
1
1
1
1
1
1
[e]
1
1
1 0.0
1
1
1
0
1
1
1
1
1
1
0
1
1
1
1
1 600,

5
Y- 3]
04
.4
3+5
2.8
207
246
28
2e5
2085

2¢0
12,
12e
13.

2e¢0
12.
120
13,

260
12
12,

136

240
12,
12

136

2.0
120
126

018
015
015
15
0450

D50 .

0650
Ce50
Na350
0e50
050
2000,0

2000.0

2000.0

20000C

2000.0

12345

12345

12348

12345

12345



c€1¢

1 600,

SUBROUTINE OTPUT PRINTOUT FOR 1.5 MILE

13

PLANE ARRAY FOR 1.5 MILE SEPARATION

0
SEP=1.5
«98 298
s 75 75
68 s 68
s 60 060
52 252
-1 o5
+48 48
56 «52
2048 2.3
12 140
350 45
« 32 . «82
+ 66 « 66
« 5B «58
s 52 « 52
s 46 46
044 0d4
2473 P 3!
37 3.3

298
73
+ 68

«60 .

052

]
48
« 50
108
0.9
«50
66
58
052
45
044
« 43
117

298
«75
68

" 260

52

5
«48
245
9.7
Oe8
+48
« 82

056
«58

52

46

1)

043

1065

SEPARATION
298 «98
75 e 7S
¢ 68 +68
«60 «60
52 - [JeTa
5 5
e48 «48
«39 ¢ 38
2066 19,82
Oe77 Oe7
57 e61
«82 82
066 266
«58 «H8
.52 o552
46 «46
44 44
«43 43
9e2 8.8

MAIN PROGRAM INITIALIZATION FOR 2 RUNWAYS WITH 6 QUEUES

NSTACK=6

+98
075
+68
60
292
5
+48
«36
12,08
Deb
0+66
«82
56
+ 58
52
246
PY-T1
a3
B85

SUBROUTINE ARRVL QUEUE ASSIGNMENT FOR A/C CAT { AND 2 ON 2 RUNWAYS

10=8

SUBROUTINE OTPUT PRINTOUT FOR 2 RUNWAYS

NSTRIP=2

10



APPENDIX G

GASP Simulation Language (Version Used in Simulation)

(Processor used: CDC 6600)

314



S1¢e

anaonha
a00006

006004

0n0004a
coneca?
o000t
annnts
aaonzo
anNnr3
[s13 1818 oAt
cnnnr?
SIS
0NN 34
G003 e
000737

SURRAQUTINF COLCTY {XX, Ny NSETH . cLey

DIMENSTON NSFTL12.1), XX(1) cLerT
COAMON TN IMe INTToJEVNT o IMNIT o MFAZMSTOP ¢MXoMXCoNCLLCT o NHIST, GLeT
Tl NORP TG NOT o NOPRMS o NRUN yNRUNS ¢ NGTAT ¢ MUTe ST AL FL ISFRD L TNOMW (AR
ITAFGeTFINGMXXoNPRNT o NCROR ¢ NERPVNCL100) +KOF o KLE LKL CLeT

COMMON ATRIBLIO) o EMOLLIOC)  INHULCO) o JCELSTI032) o KRANK{TIODY o JCLRy CLCT
TMAXNQELOOY AR (1001 MLCLLC0Y v MLECTIONI o NCFE SETIOY o NQUTOD) ¢PARAMIAD 44CLLT

2V 0TIMFLLI00) SSUMAL 30649 ), SUMAL30.5) o NAMELSH ) JNPKAOJ eMINNDAY,NYR cLert
TE IN) 22,1 . CLLT
CALY FRAROR(30LNSFET) cLCY
TF {N= NCLCTY 343,72 CLGT
SUMALN 1)Y= SUMAINGT) #XX{1) cLnT
SUMAIN?2)= SUMAING2Y +XX{L)%XX(1} CLnT
SUMA(N.3) = SUMAIN.3)+1.0 cLey
TEL XX{1) ~SUMAIN.4)) 4, S, 5 cLeT
SUAA (M. al= XX{1)Y cLey
TF{XX{T) =SUMAINGSYY 7. 1, 6 cLey
SUMATNGS)= Xx(1) cLer
Ri-TURN CLLT

FND cLer

16
20
“0
4:)
50
(3
70
RO
990
100
110
120
130
14C
16¢
6H3
17¢
181
19

200



andn0ny
0anend

annon3

0000013

QaGoNs
nnnoa?
a03024
adn027?
caeos’Q

0000731
nnoons1
0naos i
000054

onnns s
0001403
neo1na

nno10e6
000121

oon121

000134
000147
00Nt 52

non1s54
Q00167
006167

SUBRNUT INE DATANINSET)

DIMENSICN NSFT(12.1) : ] :
COMMON IDe TMe INTTJFVUNT ) JMNIT ¢ MFA MSTOP e MX o MXC o NCLCToNHTST,
INDQ,NORPT G NOT o NPRUS o NIKUN g NRUNS s NSTAT o OUT o SCALF o TSEFD TNOW
PTRFGTF INoMXXNPRNT NCRDR g NEPGVNQI100) o KOF o KLF s KOL

CCOAMON ATRIGUIO) SENQULCO) o INNILICO) o JCFEST10432)Y e KRANKILON) ,SCLR,

CAThN
CATHK
£atTH
CATH
LATY
CATA

FMAXNGETO0Y o MFEF (100 o MLC{LO0) s MLETLOOY JNCFUSITO) o NO(TOO) ¢ PARAMIG40,408TH

2VsOTIMFLI00)SSUMATT095) 9 SUMAL3005) o NAMFLIS) JNPROJMINNDAYy YR
TF INNT)2361 2
CatoltosNFEP 1S A CONTROE VARTABLE FOR DETFRMINING TRF STARTING CARD
CHasexxTYPFE FOR MULTIPIF RUN PROBLEMS. THE VALUF OF NFP SPECIFLIES THE
CeAESTARTING CARD TYPF.
? NT={FP
GO Ti) (16566941 04?2 eRe43:3269415:20)NT
23 CALL FRROR{G5.NSFT)
1 NOT = 1 '
‘ NN = )
CHeazxDATA CARND TYPF (ONF
RFAD (INCRDR.101)Y NAME NPRCJI+MONsNDAY W NYR, NRUNS
101 FORMAT (AA2:14012:12,14,14)
TRINRUNS) 3063045
30 CALY FEXIT
CAe%e#NATA CARD TYPF TWND .
5 RFAD INCRNRGBNZ)Y NPRMS NHIST,NCLCToNSTATIDIM NOQy MXCoSCALE
803 FIRMAT (R15,F10.2)
TE (NHISTY 41.41.6 .
CHxdx&3ATA CARD TYPRF THRFE IS ULSED CONLY IF NHIST IS GRFATFR THAN ZERI) -
CRxexRSPFCIFY NUMHER (OF CFLLS IN HISTOGRAMS NOY INCLUDING FND CELLS
6 RFAD INCRDRG103Y (NCELS{T) I=1aNHIST)
103 FORMAT (1015)
CakiexATA CARD TYPF FOUR
Crex%xSPFCTFRFY KRANK=RANKING ROW
41 RFAD (NCRORGINZ) (KRANK{I)I1=1,N0OQ}
CHR&x2%ATA CARD TYPE FIVF
CrxexxSPFLTFY ITNN=1 FOR tVFy [NN=2 FOR HVF
42 RFAD (NCRIRL103) {INN(IL) ,I=1:N1GQ)
IF (NPRMS) 23,43.8
8 MY § 1 = 1.NPRMS
Cxxk&xNATA CARND TYPF SIX 1S USED CHNLY TF NPRMS 1S GREATFR THAN ZERQ
RFAD INCROR106Y (PARAM(Isd)ed=144)
106 FORMATIA4FID.4)
9 COANTINUF ‘

carn
CATN
CATHN
cary
CATN
CALN
CATN
CATN
CATH
DATM
CATN
CATN
CATH
CATH
CAIN
CATN
CATN
CATN
CATN
CATH
CATHN
CATN
CATN
CATN
TATN
CATN
CATN
CATN
CATN
DATH
DATN
CATHN
CATN
DATN
CATN

16

et}

«{
I'J{n
H
7¢
8]
ag)
1nn
110
120
130
149
150
Lo,
170
1130
150
2nu
210
220
220
24C
250
260
210
240
2460
300
310
320
339
340
350
360
3760
38N
390
400
410
424



L€

000173
nGo21s
00021 %
nanNz2z2a
000222
0224

n0nz2s

000224
0NNz il
nonzis

0002346

one240
nNNn2hu g
0007254
onazs7
00260
anN24 1
ONN26H5
neu2i1e

a0z 74
nno274
100300
ano3a?
0003N3
0onn3l
0003113
0NNl
000321
RIS ICE Ve
040478
200327
000348

CEex#0ATA GCARD TYPF SFVFN. THE NEP VALUE IS FOR THF NEXT RUN. SET
C#¥x&JSEFND GREATER THAN 7ERD TO SET TNOW FQUAL TO TAEG.
43 READ INCRDR, 104) MSTOPyJCLRsNORPT NEPTREGTFINLJISEED
104 FORMATL 415, 2F10.%s [10)
IF (JSFEDY 27726427
27 ISFFN=JSFEEN
RNUM = LRANDIISFED)
1SEFN=0
T = THEG
DO 142 g=1.N00Q
142 QTIMF{J)=TNOW
26 JMNTT = @ )
CruusaINITIALYZF NSET
CHxuxxSPLECTFY INPUTS FOR NEXT RUN
CH¥#x%RFAD IN INITIAL FVFNTS
299 DO 300 JS = 1.10D
Craxx%#)ATA CARD TYPF 8
CH2x&xINTTTALYZE NSET BY JU EQUAL TO A NEGATIVF VALUE ON FIRST EVENT
Aok x(LARD
CHaxedRFAID IN INTTIAL FVENTS. END INITIAL FVENTS AND FNTITIFS WITH JQ
Craxx%FOUAl TO ZERD
RFAD (NCRDRL1110)1JQe {ATRIB(JUK) ¢ JK=1,1M)
1110 FORMATITI0,17F10.4))
TE(10) 44415320
44 INIT=1
CALE SFTI1.NSFT)
GOTA 300
120 CALL FITFMUJQ.NSFT)
300 GOANTINUF
CaEexiIGI R HBF POSTITIVE FOR INITIALIZATION OF STORAGE ARRAYS.
15 IF{ JCIR )20,20.10
10 YFINCICT)I?23.110.116
116 NN 138 T = 1,NCLGCT
NN 17 0 =1.3
17 SUMALT..0) 0.
SUAALT o 4) 1.0F20
18 SUMALTLH)= —1.0F20
110 IF (INSTAT)?3.111,117
117 B8 460 T=1.NSTAT

Wb

SSUMALT «1) = TNOW
NN 370 J = 2.3
370 SSUMA(T .0} = 0.

SSUMALT «4) 1.0F20

CATN
CATN
CATHN
NATN
CATH
CATN
DATHN

DATN
CATN
DATN
CATN
CATN
CATN
CATHN
CATN
CATN
CATN
CATN
CATH
CATN
Carn
CAIN
DATN
CATN
CATHN
NATN
AT
CATN
CATN

DAIN

DATN
CATN
DATN
CATHN
CATN
CATN
CATN
CATN
CATN
DATH
CATN

JATN

430
440
450
460
470
480
490

500
510
520
530
540
550
560
570
5480
590
600
A10
/20
671)
6410
50
560
H1o
LHO
HGG
700
710
720
T73)
740
150
160
770
780
750
BOG
#in
820
#4130
840



81¢

000337
000347
000345
00341
000350

00034)
000401

000401

000404 .

0004046
0Q0ae?27
ad04er v
000445
AN04715
000461

N004H 1T
000464
ouG46T7
000477
aansy ?
000%12
(1N82 4
I0NS24
000547

0On6K47
aOds50

360
11
118

280
Cartk
20
102

C¥ k¥

Cb?
64
107
60
1107

995

993
Q96
994
997

-Qan

999

SSUMA(T «5) = ~1.,0F20

TFINRIST)?23.,20,1118

N 330 K 1NHIST

DO 380 L 1« MXC

JOFLSEKSL)Y = O .
*PRINT QUT PROGRAM IDENTIFICATIUA INFORMATION

WRITF {NPRNTL102) NPRCJsNAME,MONNOAY NYR & NRUN

FORMAT [1H129X,?22HSINMULATION PROJECT NOLeT4e2Xs 2HRY 42Xy
1 6A2/7 30X e4HDATES I3, 1H/ 3 134 LH/ 9 156 12X 1OHRUN NUMBER15//7)
¥PRINT PARAMFTFR VALUES ANC SCALE

FFINPRMS ) 60460062

N 64 T=1oNPRMS

WRITFE (NPRNTL107) T.,(PARAM{IJ)J=104)

FORMATI20X14H PARAMETER NO.s15,4F12.4)

WRITF (NPRNT.1107) SCALE

EORMATY (/7/74TX.BH SCALE =F10.4)

PRINT 965, NPHMS.NHIST,NCLCT,NSTAT.INIM.NOQ,MXC
FORMATI//2X e ID 0 6H=NPRMS 92X 9 1546 B=NHIST e 22X IS4 6H=NCLCT 42Xy
1 I‘i.hH=NSTAT.?X.I5.5H=IU.‘3X.IS.BH-':TM.S'X'15'4D4=4\JI)G.4X.
2 15¢4H=MXC) ,

TE (NHIST) 994, 994, 4993

PRINT 996, (NCFISUK),y K=1,NHIST)

FORMAT (/. BI2X.15%. 6H=NCELS))

PRAINT 997, (KRANKIK}Y, K=1,N0J)

FORMAT (/. 8{2X,15, HH=KRANK))

PRINT 968, {INN{K}), K=14NOQ)

FURMATL /o BI(2XeT8, 6M=INN "

PRINT 969, MSTOPRJCLR yNORPT¢NEP 3 THRGTFINWJISFED

It i

FORMAT (/¢ 2Xa15, GHIMSTUP, 2Xs 156 SH=JCLR, 2Xe1H%s AHINORPT(2X, 15,

V' 4H=NFR+4XeF10.345H= TBEGvZXaFlO 3-5H TFINe2Xs I 506H=0SFFD)
RETURN
FND

DATN
CATN

CLDATN

CATN
DATHN
LATH
DATN

UATN

CATN
LATN
CATN
CATN
CATH
DATHN
CATN

y4u0
860
BTG
500
AQ0
900
910
G20
G3:)
340
950
S6H0
570
Gy
YLy

CATNLIOQC
CaTNlO10
CATNLOZD
UDATHLI30
CATNLQAQD
CATNLIOLE
CATNIOAC
NATNIOTO
CATNLIOROD
LATNTOGO
CATNLILOO
LATNIY 1O
LATHNLLIZ2D
LATNLLEZD
CATNL140
CATNLLSO
CATNLLGD



61¢

000005
000005

noooos

0o0onns
000Ny 2

0noonot?
aoo01 6

0060022

annnzs
aan03 e
D0GOIC
oon0le
00031
00N013
0NN iy
00003 €

SUAROUT INF ERRORI(J NSET) Fuara

DIMFNSTION NSFTE12:1) . ) ERRZ
COMMIN. TNe TMs INTToJEYNT g JMNIToMFASMSTOP e MX o MXC o NCLLTo NHIST, LErRR2
INOQeNIRPT o NOToNPRMS e NRUN g NRUNSyNSTAT o OUT o SCALELISFEN S TNOW, ErR2
PTRFG«TFINSMXXoNPRNToNCRCR ¢ NEPRVNQIL100) o KOFoKLEKOL ERR 2

COMMAN ATRIBUIO)GENQLLIGO) o INNTLOO) »JCELS{10432) ¢KRANK(100),JCLRy ERRZ

IMAXNQEITO0) o MFFI100) e MLCELCO) yMLELLCO) o NCELSEIO0) NITON) PARAN(4C4ERR2

21 QTTMELYION) o SSUMALIBOD 2S5 ) s SUMALS0 5 ) o NAMF(6) JNPROJMINNDAY NYR LRR2

| WRTTEINPRNT100) J FRr2
JFUNT=101 Ehile
Coxe&EPRINT FI1 ING ARRAY NSET EURZ
CALL MONTRINSFT) Evn 2
WRITFINPRNT,LI0T) ERK2
Caikk&PRINT NFXT FVENT FILE ERRZ
CAtD PRINTD{1.NSFT) ERR 2
Caak%¥PR ITNT SUMMARY REPORTY UP TO PRESENT ERR 2
CAlLE SUMRYUINSFT) i EF22

100 FNORMATL///736XT6HFRROR EXITs TYPFSI3.7TH FRROKR.) Fan?
101 FORMATIIHE.41XTBHSCHEDULED EVENTS//) i E+R2
NEDM =0 FRR2
TFINFNNL)Y 34463 ERR2

3 RFTURN EAR2

4 STNP EiR2

FND ERR2

16
29
30
40
HQ
60
70
a80.
490
1006
110
1249
130
140
159
160
170
180
190
200
210
220
239
240



oce

nnoons
00000%

000005

00008

000007,

000013
G000 3

000016
naoe? 1
o002
ananzs
oononz2T

000042
000044

000046

000047

000051
noooss

000057
Q0006KH
000067
00074

SURRDUTINF FILEM (JO,NSET) FILM

DIMFNSTICN NSET(1241) FILM
COMMON TDeIMe INTT JFVNT g JMNIToMF Ao MSTOP o MX o MXCoNCLE T4 NHIST, FILM
INOQ NORPT NOT e NPRMS o NRUN ¢ NRUNS s NSTAT s OUT o SCALFS ISFFDs TNOW FiLM
P2TRFG s TFINs MXX o NPRNT s NCROR ¢ NEP o VNR I 100 o KOF 4 KI £ KOL FILM

COMMON ATRIBI10),FNO(L1003, INNL100)JCFLSI10432)s KRANK{100)¢JCLRs FILM
IMAXNQULOO) e MFFL{T00) o MLCILOO) ¢ MLE(L100) e NCFLS{10)NQU100) cPARARISGC4FILM

21 QTIMFLI00)«SSUMA(30,5) s SUMAT30:51 aNAME(6) sNPROJSMONGNIAYNYR FILM
Cx#4%xTEST TN SFE IF THERE IS AN AVAILABLF COLUMN FOR STURAGF FILH
TF (MFA — 1D ) 2,2.,3° ' FILH

3 WRITFE (NPRNT.4)- FILM

4 FORMAT (/7724H OVERLAP SET GIVEN RELOW/) FILM

100 CALL FREROR (BT7sNSFT) FILM
Cxsx%%P)T ATTRIRUTF VALUFS IN FILE FILM
2001 1 = J.1M FILH

NFI =.000001 FIL A

TF LATRIAIT)) 50151 FILM

5 NFL = ~-.000001% FIL™

1T NSETIT.MFA)=SCALEX(ATRIB{I)+DEL) FILM
CHuxxxMFEX TS FIRST ENTRY IN FILE WHICH HAS NOT BEEN COMPARFED WITH ITEM FILHM
CHExx%T0 AF INSFRTED FILM
MEEX = MFF(J0) FILM
MEFX=MI FI.00) . FILM
CxeeueMl FX 1S 1AST FNTRY IN FILE WHICH HAS NOT BEFN COMPARED WITH ITEMS FILA
CaskxxT) BF INSFRTED. . FLLM
CehereRNT [S A CHFGK CONE TG INCICATE THAT NN COMPARISONS HAVE BLEEN MACEF LM
KNT = 2 FiLs
CraatxkKS 1S THF ROW ON WHICH ITEMS OF FILF Q0 ARF RANKFN FILM
KS = KRANK(.O) FILM
CHReEXPUTTING AN FNTRY IN FILE JQ FleM
CreixeNXFA IS THE SUCCFSSOR COLUMN OF THE FIRST AVAIt ABLF CGOLUMN FOR FILwm
CH%u%%STORING INFNRMATION FILM
CraatxTHFE TTFM TN BF INSFRTED WILL BF PUT IR COLUMN MFA FILM
B NXFA = NSET{MX.MFA) FILw
JEINQIUCY) 9.10.9 FILM
CCEEEkxTFE [NNLJQ) FOUALS 1) FILE IS LVFS 2) FILF IS HVF< 3) FILE IS FIFCFIL4
Caxxessy FILE IS LIFD FlL4
9 IF LINN{JOI-1) 100,116 FILM

6 TELTNN(JQI=-3) 19,1316 FILM

10 NSET{MXX.MFA)=KLF FILM
MEF(.JQ} = MFA . ' FILM

C*¥&&kTHFERE TS NG SUCCESSOR OF (TEM INSERTFD. SINCF ITFM WAS INSERTED FILM

70

100
110
120
130
140
150
160
170
180
190
260
210
220
230
240
250
260
270
280
260
360
jiec
320
320
340
350
360
370
380
390
4C0
410
420



1z¢

nnnon7s
noo1o02z

00103
000108
0onn107

0nntis
000117
N0GY 24
0n013p
000134
0001386
[10X B N4
000145
0no150

000151

0NNLTA)
0n016%
000171
0onor 74

onn2ar
ono207
a00212

0002113
onez2l 4
0nu2290

000222
a0n0227

CosassIN COLUMN MFA THE LAST ENTRY OF FILE JO IS TN COLUMN MFA.
17 NSETIMX.MFA) = KOL .
_ MIELJ0) = MFA ,
CHax6%SFT NFW MFA FQUAL TO SUCCESSOR OF OLN MFA, THAT IS NXFA, THE

CAHxc£4NFW MFA HAS ND PRFDECESSUR SINGCE IT IS THE FIRST AVAILABLE COLUMN

CaxslsFR STNRAGE.
14 MFA = NXFA
TF (MFA-KIIF) 237.238,238
237 NSFTIMXXeMFAY) = KLF
Cexsx2xUUPNATF STATISTICS NF FILE JQ
238 XNGQ = NOUJOY

FNQLJQ)Y = FNQLJUOIFXNQ*(TNCW=-QTIMF(JU))

VRQTJD) = UNQLJOY + XNQ#XNQ®( TANOW~QTIME(JQY)

QTIAF(IQ) = TNNW

NOLAQY = NOCJQY + 1

1R INJLU0Y —MAXNQIJUO)) 239,239,240

240 MAXNQ(IQ)= NC(JOQ)
239 MICLIQY= MEF(JD)

RFTURN . . ) )
CHes%%TFST RANKING VALUF OF NEW ITEM AGATNST VALUF OF [TFM IN COLUMN
C kMl FX . ’ !

Tl TFINSFT{KS MFA)=NSFTIKS,MLEX))12,13,13
CE¥XEEXINSFRT ITFM AFTER COLUMN MLEX. LET SUCCESSOR OF MLEX RBE MSU.
14 MSH = NSFT{MX.MLEX)

NSFT{MX oM FX) = MFA

NSFTLMXX<MFA) = MLEX

GIY T (18.17)«KNT
CxaxxSINCE KNT FQUALS ONE A CCMPARISON WAS MANDE AND THERE IS A
CraxxxSULLFSSOR TO MIEX, TeEup MSU IS NOT FOUAL TO KOL. POINT COLUMN
CrxtsxxMFEA TN MSU AND VICF VERSA.

18 NSFTIMXMFA) = MSU

NSFT{MXXeMSH) = MFA

GN TN 14
CeesexSFT KNT 70 ONF SINCF A CCMPARISCN WAS MADE,

12 KNT = 1
CrexxdTFST MFA AGAINST PREDECESSCR OF MLEX BY LETTING MLEX FQUAL
CHExEEPRFOFCFSSOR OF ML FX.

MIFX = NSFT{MXX.MLEX)

TFEMI FX=XLF) 11,164,411
CrxrrslF MILFX HAN N PRFDFCESSOR MFA IS FIRST IN FILF,

16 NSFTIMXX.MFA) = KLE

MEF{J)Y = MFA

FILM
FILM
FILM
FILM

FILw

FILM
FILY
FILM
FILM
FILM
FILM
FILM
FILM
FiLm
FILM
FILM
TR
FILM
FiLM
FILK
FILM
FILV

FILM.

FILM
FILM
FILM
FILM
FILM
FILA
FILM
FILM
FILM
FILM
FILM
FILM
FILM
FILM
FILM
FILM

FILM

Fits
FELM

CEEEEESUCCFSSOR OF MFA TS MEEX AND PREDFLFSSOR ()'- MEEX IS MEAL (NOTE AT F1LM

430
440
450
460
470
480
490
5CC
510
520
530
540
550
56:)
570
5410
590
6CC
610
620
6730
640
550
660
670
680
63C
700
710
720
732
740
750
160
770
T80
790
800
Hio
R20
830
840
850



(44

000230
0002135
nan24n

000241

000251

0N002s2
0NO254
000257

an02zal
0002457

aon2740
000278

000300
000306

CrpxTHIS POINY MUFEX = MFEX IF LVF WAS USFD). FILM 860

26 NSFTIMXMFA) = MFFX FILM 870
NSFT{MXXsMFFX) = MFA FILM 882

GO TO 14 FILM 84GQ
Cxxexx FOR HVYF NPERATIAON TRY TO INSERT ITEM STARTING AT BEGINNING OF FILM 906
CrksxdFIl F 10, FILM 910
C#xxxTFST RANKING VALUE OF NEW ITEM AGAINST VALUE OF TTFM IN COLUMN FILM 920
CAuesiMFF X, ’ : FILM 929
19 TFUINSFTIKS s MFAI=NSFT{KS e MFEX))20:21:2] FILM 940
CHesssTF NEW VALUF TF LOWFRs MFA MUST BF COMPARED AGAINST SUCCESSOR OF FILM S50
Gk aMFFEX o FILL4A 980
20 KNT = 1 FILM G70
Cxxusxl FT MPRF = MFFX AND LET MFEX BE THF SUCCESSOR OF MFEX. FILM 920
MPRF = MFFEX : FILM 990

MFFX = NSFTIMXMFFX) FILALGOC

TF {MFFX=KOL) 19¢24,19 FILMLOLO
CHeed®IF NFW VALUF IS HIGHERs IT SHOULD BF INSERTFD BETWEREN MFEX AND ITSFILMLO2D
CouxstkPRFDFLFSSOR FILMLO30

CahinslF KNT = 2, MFFX HAS NO PREDECESSOR. G0 TUY STATEMENT 16, IF KNT FILMLO4Y
Crdfe= Jo A CAMPARTSON WAS MADE AND A VALUE OF MPRE HAS ALRFADY ACEN FIL L350
CHaex&=NRTAINFD ON THF PRFEVICUS ITERATICON. SFT KNT = 2 TO INDICATE THIS.FILWI0AD

21 GO TO (22.16)KNT FILMIGTO

272 KNT = 2 . FILMIGHe
CresxMFA 1S TN RF INSFRYFD AFTER MPRT. MAKE MPRF THF PRFEDECESSOR OF FILMLO90D
CHuexExMFA AND MFA THF SUCGESSOR CF MPRF. FILMI1IOO
24 NSFT{MXXsMFA) = MPRE FILMILLO
NSEFTIMX JMPRF) = MFA FILMI120
CodesralfF KNT WAS NOT RFESFT T 2, THERF 1S NO SUCCFSSOR OF MFA, POINTERSFILMLLIEN
Crxrd&ARF UPDATFED AT STATFEMENT 17. IF KNT = 2. 17 WAS RESFT AND THE FIuMilan
CE4&%SUCCFSSOR NF MFA 1S MFEX, FILALLBD
GO TN (17:26)e KNT FIL41160

NN ' FILMIYOD



1 XA

noooll
a00011

noooil

000011

000017 .

0onant 3
Q00014

nooon2o

00002t
onone 3
0OnNN2 4
00026
0000%3

n00nN3a
A00045
00046
nooon4ad
o050

annosy .

000052
0na00s3

nnans &

0nn00s5
00ugnh6
000on7
OGO00AQ

002047
onoorl
000073

SURRDUT INF FIND (XVAL, MCODE, JOs JATT, KCQi o NSFT)

DIMENSTON NSFT(12,1), XVALLL) )

COMMON IDL IMeINTT o JEVNT s JUNIToMFAJMSTOP o MX ¢ MXCoNCLCT o NHIST,
INDQNORPToNOT ¢ NPRMS g NAUN s NRUNSo NSTAT e GQUT SCALES TSFE N TNNW
PTAFGeTFIN«MXX o NPRNT o NCRDR ¢ NEP,VNQI100) KOF ¢ KLE . KOL

COMMON ATRIB{I0O)ISFND{100), INN(IOO)LJCFLSI10632),KRANK(109)4JCLR,

FIND
FIND
FIND
FIND
FIND
FIND

IMAXNQETIO00) MFELTI00) e MLCULIO0) SMLELLINO) o NCELS{IO) oNTLLOD) o PARANMI4C 04F IND

2 e QTTIMFLI00) « SSUMAL 30,5 ) s SUMAT3065) o NAME(S) JNPRODJSMONJNDAYGNYR
CaexuECHANGF VAT UF T0O FIXFD, PCINT AHEN SFARCHING NSET
NDFL= 0.00001
TF (XVALL1)) 30, 40. 40
30 DFl = -DFL
40 NVAI= SCALE#{XVAL{1) +DEL)
CaFkuxTHF COLUMN WHICH (S ThE BEST CANDIDATE 1S KBFST
KBFST=0
CExxexTHFE NFXT COLUMN TO BE CONSIDEREL AS A CANDICATE IS NEXTK
NFXTK=MFF{JQ)
IFINFXTK) 16162
16 CALY FRRORIBIYLNSFTY
1 KCOI =K8FST
RFTURN
CuxreeMGRNY IS +1 FOR GREATER ThAN SEARCH AND -1 FOR LESS THAN SEARCH
CrxesaNMAMN TS +1 FNR MAXIMUM AND =1 FOR MINIMUM
CHkxexF(IR SFARCH FNR FQUALITY THE SIGN OF MGRNV AND NMAMN ARF NOT USED
2 G0 TO (11e12:13,14,11),MCODE
11 MGRNV=1
NMAMN=1
GO TH 20
1?72 MGRNV=1
NMAMN=~ 1
G TN 20
13 MGRNV=—1
NMAMN=1
Gy T 20
14 MGRNV=—1
NMAMN=-1
20 IF(MGRNV*(NSFT(JATT.NEXTK)-NVAL)) 4421066
Cxred&dHFN FQUAL ITY IS ORTAINELC TEST FOR MCONE=5, THE SEARCH FOR A
CH:E&XSPECTHEIFD VAL UF
21 IFIMCONDE=5) 4.1%:4
66 TF (HMCNONF=-8) bbb
b TFIKBFSTY 16.8,7

£ IND
FIND
FIND
FIND
FIND
FIND
FIND
FIND
FIND
FIND
FIND
FIND
FIND
FIND

FIND 2

FINOD
FIND

FIND

FIND
FIND
FIND
FIND

FIND

FIND
FIND

FIND 3

FIND
EIND
FIND

FIND -
FIND 2

F L
FIND

IND
FIND



ee

00007%
analoa
oontice
000114
Qo017
000120
DOB12 1

o~

15

TFINMAMAX{NSFTIJATT o NEXTK)=NSET(JATT KREST) ) 4.4.8

KRFST=NFXTK
NEXTK=NSET{MX oNFXTK)
IF{NEXTK=7T77120e161

KGO =NFXTK
RFETURN
FND

FINU
FIND
FIND
FIND
FIND
FInNG
£ IND

430
440
450
460
470
480
490



*

1TAY

060003
annoni

nnoanNon 3

0nanonl
000004

Q00005

000006
[§1e1¢10 R N¢]
o000l 4

QO0n014
00002}
noanr3

00o02s
ann03ia

IS TS ROR 94

nonnle
noan3y

00060
Q00042
nonnas
000046

000050
n000s3
aN00s S
0onnoLs 6
G6GC0S4
n0006 1
00N0A3

SUBRAOUT INF GASPINSET)
DIMENSICON NSFTE12.1)

COMMON TNoTMe INTToJFVYNT ,JMNIT o MFALMSTOP MX e MXCoNCLCTHNHIST,
INDQeNORPT JNCT 4 NPRMS « NRUN ¢ NRUNS e NSTAT o OUT« SCAI Fo ISEFN TNOW

PTAFG TR INGMXX o NPRNT s NCRORyNEP s VNR(10N) JKOF 3 KLF o KNI

COMMON ATRIBITO)CENQ(L100), INN(LOD) < JCELS(10432)  KRANK(100)sJCLR,

GAsP
casp
GAYP
GASP
Case
GASY

IMAXNOQUIOOY o MFF{I00Y s MLCULICO) yMLELIONY 2 NCFELSET0Y s NALT00) o PARAM(404GASD

2)QTTAFIINN) o SSUMA(30,5) s SUMAT3045) «NAMELH) JNPRILEGMONJNDAY e NYR

NOT = 0
1T CALE DATANINSFT)
CHXHREFPRXINT NUT FILING ARRAY
JEUNT = 101
CALL MONTR (NSFET)
WRITF {NPRNT.403)

403 FORMATIIHL 238X 241 INTERMEDIATE RFSULTS*%//)
CExe3¥N3TAIN AFXT FVENT WHICH IS FIRST ENTRY IN FILF 1.

CHaxxxxT [MF. ATRIB(2) IS EVENT CGDE
10 CALE RMOVFIMFET{1)e) oNSET)
TNNW = ATRIALLY
JEVYNT = ATRIB(2)

CH*#«sTEST T SFF IF THIS EVENT IS A MCNITOR EVENT

TFCUREVNT -~ 100V13.1246
13 1 = JFVUNT

CH#x¥C A1 L PROGRAMMFRS FVENT ROUTINES

CALE FUNTS U1.NSFT)
CeetxxTFST MFTHOD FNOR STOPPING
TF (MSTDOP) 40,8420
40 MSTHP = 0
CxexxxTFST FIR NO SUMMARY REPORT
: TF INNRPYY 14.22,42
20 TFUTYNNW~-TFIN)}R22.722
2?2 CALY SUNFRY(NSFT)
CALL OTPUT INSFT)
CaxxexTFST NUMBFR OF RUNS REMAINING
472 TF{NRUNS~1)114,9,23
23 NRUNS = NRUNS - 1
NRUN = NRUN + 1
G TO
14 CAl1 FRRNDR(9ILNSFT)
6 CALE MONTRINSFY)Y
GO 1o
CaexxxQFSFT UMNIT

GASP
GASP
GASP
GASP
CASP
casp
GASY
Gesp
GASD
CASP
GASP
GASP
GASE
GASP
GASP
GASP
GASP
CASP
GASD
CASY
GEsSP
GASP
CASP
GAaSP
GASP
GASP
GASP

- GASP

GASP
GASY
GASP
GASP
Gasp
CASP
Case

10
20
ER
443
G4
(3¢
70
80

1ce
110
120
130
140
150
160
170
180
160
200
210
22
230
240
250
i(ﬁo
270
280
290
300
310
329
33)
340
35¢)
360
370
480
3949
4C0
410
420



9¢¢e

0000465
ano00a?
00oQic
000071
000072

aoonn73
000075
an00T77?
aooloe
00101

IS 1SR RON]
00G104

12 IFLUMNTTI14:30,31

30 JJMNTT
GO 1A
31 JUMNTTY
GO 10
CHakxsxTEST T
8 IF{.IMN
42 ATRIAL
JEVNT
CAIl M
G Til
Cxxxxx[F Al
9 KFETHAN
[SYH)]

= 1
10
= 0
10 !
N SFE IF EVENT INFCRMATIGN IS TO BF PRINTED
1791441032
2) = JFVNT
= 100
ONTRENSET) .
10
RUNS ARF COMPLETED RETURN T0 MATN PROGRAM FOR

INSTRUCTIONS

GASP
CASP
G&sp
GASP
GASP
GASP
GASP
CASP
CASP
GASP
GASP
case
GASD
GASP

430
440
450
4&6GC
470
480
490
5GC
510
520
530
.41}
550
e



XA

a0001310
000010

000010

aonote
000012

000014 .

0001 4
000018

000022
ANcO2 4
00002 s
000026

000027
a0n0i3
Q00037
000042
0onooat
000050

SUBROUT INE HISTO (XXy Ay We N» NSET) HIST

DIMENSION NSFT(12,1), XXU{1), A(1)e W(1) HIST
COMMON TN IMe INIToJEVNT ¢ JMNIT ¢MFASMSTOPsMX o MXCoNCLEToNHIST HIST
INARe NORPT o NOT ¢ NPRMS « NRUNyNRUNSy NSTATOUT s SCALE S TSEED TNOW, HIST
PTRFG o TFINSMXXeNPRNT o NCRDRyNEPyVMO{100) JKOF ¢ KLEKOL RIST

COMMON ATRIB{10)LFNQ{1C0) ¢ INN(L10O) +JCFLS{10.32) KRANK{(100)},JCLRy HIST
TMAXNQET OO MEECTO0) e MLCIL00) yMLECTOO)NWNCELS{I0Y e NQULOOY o PARAMIAT 44 IST

21 NTTMFL100) o SSUMA(30:5) 9 SUMA{ 30:5) « NAMEL6) oNPR(OJMON,NDAY s NYR HIST

5 IF (N-NHIST) 11l.11.72, . HIST

; ? CALL FRROR(96. NSFT) FIST
250 FORAATII9H FRROR IN HISTOGRAM,14/7) HIST
CAYE EXIT ‘ HIST

11 IFINIZ.2.3 HIST
C#&%x%*TRANSLATE X1 RY SUBTRACTIAG A IF X.LF.A THEN ADD 1 TO FIRST CELL HIST
3 X= XX{}) -A(1) , FIST

IF [X)bsTs7 HIST

16 = 1 HIST

GO TN 8 FIST
Crexx#DFTFRMINE CFLL NUMBFR IC. ADD 1 FOR LOWER LIMIT CELL AND 1 FOR HIST
CaxxExXTRUNCATION ’ HIST
7 IC= X/Wl1) 42, +1ST

TF (IC — NCFELSIN) = 1) 8¢8,9 HIST

9 IC = NCFISIN}+2 RIST

"B OJUCFISINGICY = JCFLSINGIC) + 1 FIST
RFTURN HIST

FND FISY



8¢¢

000003
000003

o60003

000003

non0os .

(81610100 ]
000014

000014
000041
000041
0000462

000044
000047
000053
ononns3
000054
000086
o00100

N00100
00010l
Q00107
aoo0ia?
0001t i

C ek
7
100

1000
101

9
Gk
Coaukk
1

3

199

4
103
5

6
ins

IMAXNQUL00 o MEF{100) . MLC{100) sMLELI00).NCFLSLTI0) NI 100) ¢PARAM{40 ,4MONT
21 OTIME(100)2SSUMAL30,5), SUMAL30.5) o NAMF (61 oNPROJ ¢MONNDAY,NYR MONT
#{F JFVNT .GE. 101, PRINT NSET MONT
CTE (JEUNT = 101) 9.7,9 MONT
WRITF {NPRNT.100) TNOW VONT
NN 1000 T=1,10 MCNT
FORMATEIIHL - 10X31HAXGASP JUB STORAGE ARFA DUMP AT.F10.4 MCNT
1 2Xe12HTIME UNITS%%//) MONT
WRTITF (NPRNT.101) I.(NSET(JoI) J=1oMXX) MCNT
FORMATIT541219) MCNT
RETURN MCNT
TFIMFFI1))3,641 MCNT
®IF JMNIT = L,PRINT TNOQ,CURRENT EVENT CODF. AND ALL ATTRIBUTES CF MOCNT 1
#THF NEXT EVFENT MONT
IF CJMNTIT = 1) 50443 ' MCNT
WRITF (NPRNT,199) MCNT
FORMAT(///36X?26H FRROR EXIT,TYPE 99 ERROR.) MONT
CALL EXIT ) MCNT
MMFE =MEF[1) MENT
WRITFE [NPRNT.103} rwoa.nraxs«z)v(NqFrtr.MMFF).ralamxx: . MONT
ENRMAT (/T0X23HCURRENT EVENTsowoTIME SoFRL25XTHEVENT =.F7,2s - MONT
1/10X e VTHNFXT FVFNTowauweos/ (10X, 12193/7) MONT
RETURN MENT
WRITF (NPRNT,104) TNOW MENT
FORMAT {10X,19H FILE 1 1S EMPTY AT F10.2) MONT
60 7O S B MCNT
END MONT

SURROUT INF MONTRINSFT) MONT
DIMENSTON NSET(12,1) ’ MONT
COMMON XD«!M.lNquJFVhTaJMNIT,MFA MSTOP ¢ MX s MXC o NCLGToNHIS T, MONT
INNQ NORPTNOT < NPRMS « NRUNp NRUNS s NSTAT 3 O0UT s SCALF « ISFEN s TNOW MONT -
PTHEGTFINoMXX NPRNT SNCRDRs NEP,VNQ{LOD ) o KOF o KLE o KOL : MONT

COMMON ATRIB(IO)vFNQ(100)9INN(100).J(‘.F19(lO"%?).KRANKHOOPyJCLRv~ FONT

230

250
260
270
280
290
300
310
329
330



@

6¢C¢

000005
000005

a00n0ns

000005
000012

00n0YE .

000022
000022

aGon24
a0 ?
nandn 37
onn0s3

Na0na7
0000713
0noo07s

000101

anoye?
000106k
000111
0NN A
onn123
0nnt 44
0N0143
000146
000151
G001 Y 1
200151
nooLs
aNn1s1
nnot s

0001451
non1si

1?2
105

C ks
G ks
13

Cxuks
Coers

>N

77

139
100
rm
102
103
104

SURRNUT INF PRNTQ {JQ,NSET) ) PRTQ
DIMFNSICN NSFY{12,1}) PRYQ
COMMON 100 IMe INTToJFYNT ¢ JUNIToMFAMSTOP MXyMXCoNCLETNHIST, PRTQ
INOQ G NORPToNOT o NPRMS g NRUN ¢ NRUNS ¢ NSTATAOUT o SCAL Ty TSEF D6 INNW, PRTY
PTREG o TFTINSMXX o NPRNT o NCRDOR g NEPoVNQ (1001 4 KNF ¢ KLFo KOL PRTQ
COLMMON ATRIBUIO) oENQUL0C) s INN(LON) o JCFLSI 104323, KRANK(100)¢JCLRy PRTQ
IMAXNQTTO0) JHFFLLONO) o MLCTLOO} ¢MLELLNO) ¢NCELS(10)oNO(L00Y sPARAM{40,44PRTD)
21, GTTAF L1000 « SSUMAL3045) , SUMAL3Ce5) s NAMFL6) sNPROJMONJNDAY,NYR PRTQ
WRITE (NPRNT.100} 10O, PRTQ
CTF (TNOW — TBEG) 12,12,13 PRYQ
WRITE {NPRNT.105) PRTG
FORMAT(/35X«?5H NO PRINTOUT TNCOw = TBFG //) PRT
GO TR 2 PRTQ
*CAMPUTE FXPFCT NO. TN FILE JQ UP TO PRESFNT THIS MAY RBF USEFUL PRTY
*IN SFTTING THF VALUF CF ID PRTQ
KNO=AOL I PRTY
X=(ENQ LAY XNQ*{ TNOW-QTIME (JQ) Y )/ { TNOW-TBEGH PRTQ
STO={LVNQL JOY+XNQEXNQ* (TNOW-QTIME(JQI NI/ {TNOW=TBEG) ~X¥X ) ¥%0,5 PRIQ
WRITF (NPRNT«1041 XsSTD,MAXNQ(UG) PRTQ
*PRINT FILF IN PROPFR (RDER REDUIRFS TRACING THROUGH THF POINTERS PRTQ
*F THF FILF PRTQ
1INF = MFFEIJ0) ' PATQ
TF (LINF=1) 4,141 PRTQ
ARTTF (NPRNT.107} PRTQ
RETURN PRTQ
WRYTF {NPRNT,Y01) . PRT)
DO 77 I=1,1M PRYQ
ATRIA (1) = NSFY(I,LINE) PRYQ
ATRTH {T1)=ATRVB (I)/SCALE PRYQ
ARITF {NPRNT.103) (ATRIB{I),I=1,1IM) PRTN
LINF = NSFY(MX,t INF) PRTY
LF (LINF=T777) 64245 PRTQ
WRITHE {NPRNT.199) ) PRTQ
FORMAT(///36X?26HFRROR EXITy TYPE 94 ERROR,) pPRYQ
FORMAT{//39X25H FILF PRINTCUT, FILF ND.. I3} PRTQ
FORMAT (/45X14H FILF CCNTENTS/) PRTN
FORMATI /43XTRHTHE FILE IS EMPTY) PRTQ
FORMATI?20X410F10.4) PRTQ
FORMAT{ /35X, 2 THAVERAGE NUMBER TN FTLFE WAS<FLl0.4/35X9HSTD, DEV.,PRTQ
1T 18X oF10.4e/35Xe THMAXIMUM 424X 414 ) ) PRTY
STNP PRTQ
FND PRTQ

140
150
160
170
180
1o
200
210
220
230
240
250
260
210
280
250
3100
31c
320
330
340
350
360
370
380
390
400
410
420



oce

0000046
000006

000006

600006
000007
Q00010

000012
anonté
000023

200030
00003l
000040
000044

. 000050

000052
noons 4
000061
000064

000065
000072
000073

" 000074

00076
000103
600104

SUBRNUT INF RMOVE {KCOLL+JQNSET) RMVE

DIMFNSTON NSET{12.1)¢KCCLL(1) : ’ RMVE
COMMON 10 EMs INITaJEVNT s JUNIT4MFAMSTOP yMX o MXC o NCLEToNHIST, RMVE
INNQs NORPT o NOT o NPRMS « NRUN e NRUNSo NSTAT OUT« SCALE. ISEED. TNOW, RMVE
PTRFGTFINGMXXoNPRNT+ NCROR ¢ NEPsUNQ{LO0) o KOF s KLE KDL RMVE

COMMON ATRIB(101.ENQ(100)s INN(100)+JCFES(10632)KRANK(LOO0)2JCLRy RMVE
IMAXNQEIO00) MFF{100) s MLCI100) oMLE{LOO) o NCELS({10)NOI{100)PARAM{40,4RMVE

' ?!vOTIMF(!OO).SQUMA(30'S).SUMA(SOoS)oNAME(6)oNPRnl.MDNoNDAY NYR RMVE
KCOL=KCOLL{1) . N RMVE

CIF HKCOL)Y 1601662 RMVE

| 16 CALL FRRNR{9TLNSFT) RNVE
CaxexxPUT VAI UFS OF KCNL IN ATTRIB RMVE
2D0 3 07 = 1M . RMVE
ATRTB (1) = NSFT(!yKCUL) / RMYE

3 ATRIA (I} .= ATRIB{I)}/SCALE RMVE
Ch¥E%#RFMOVAI NF AN ITEM FROM FILE JQa RMVE
Cxuxkxt]PDATE PODINTING SYSTEM TG ACCOUNT FUR REMOVAL OF KCOL . RMVE
C % &bk I.FT JL FQUAL SUCCESSDOR RMVE
CakkxENF COLUMN REMOVEND AND JK EQUAL PREDECFSSOR OF COLUMN REMOVED. RMVE

Cesrex[F Jl = KOL, MLC WAS LAST ENTRY. IF JK = KLEs MLC WAS FIRST ENTRYRMVE
CH#4x4ML G WAS NOT FIRST OR LAST ENTRY. UPDATE POINTFRS SO THAT JL IS RMVE

Coxxx%SUCCFSSOR OF JdK AND JK 1S PREDECESSDR OF JL. RMVE
NO 32 I=1.1M RMVE
a;.NqF!lt KCOLY = 0 RMVE

JI = NSFT{MXeKCOL) RMVE

JK= NSET{MXX.KCOLY . RMVE

: TF {JL-KNL) 33,34,33 RMVE
33 IF {JK-KLE} 35,36436 _ RMVE

25 NSETIMX.JK)} = JL _ RMVE’S
NSFTEMXXeJdL) = JK - " RMVE

én 1O 37 : . ’ RVMVE
CEBxxKGOI WAS FIRST FNTRY BUT NOT LAST ENTRYs UPDATF PDINTERS, RMVE
36 NSET(MXXsJL) = KLE : RMVE
MFFL4QY = JL RMVE

G0 TO 37 RMVE

. 3% IF {JK=KLE} 38,39.38 RMVE
CHexaKCOl WAS 1 AST FNTRY BUT NOT FIRST ENTRY. UPDATE POINTERS, RMVE
38 NSFTI{MX.JK} = KOL RMVE
MLELJO) = JK RMVE

GNn 10 37 RMVE

CxexxKCM WAS BOTH THE LAST AND FIRSY ENTRY. THEREFDRE, IT IS THE,ONLY RMVE
CrexxdFNTRY . RMVE

370
380
390
400
410
420



1e€

000105

oconio7

000131l
IR K
000122
000174
000131

000133
0n0o13s

000140 |

nnov42

000150

IV Y
000140
nnnla?
000163

39 MFF{.Q)
ML F(OQ)

0
0

Caxxxs)PDATF POINTERS,

37 NSFTIMXKCOLY =MFA
NSFT{MXX.KCOt ) = KLE
IF (MFA-KIIF) 234,235,235
234 NSFT{MXX.MFA) = KCOL
235 MFA= KLGL
Coksxx)PNATING FILE STATISTICS
XNO = NQ(JQ) ,
IF (40 =1) 16, 301, 302
31 TNOW= ATRTIABL1)

i

302 FNCTUQ)= FNOUJQ) +XNQ*( TNCOW -QTIME(JQ))
VAQLJQY = VNO(JQ) + XNQ=XNQ*({ TNNOW-OTIME(.UQ))}

QTIMFLINY = TNDOW
NOf.1Q) = NOLGQY-]
RFTURN

FND

RMVE
RMVE
RMVE
RMVE
RPVE
RMVE
RMVE
RMVE
RMVE
RMVE
RMVE
RNEVE
RMVE
R¥MVE
RNMVE

© RMVE

RMVE
RMVE

430
440
450
460
470
480
490
500
510
520
530
540
559
560
570
580
56¢
600



cee

0anons
a000n0s

nononos

a00005

000007
anoora
000011
000012
o001 4

DO A
noeat?
onnn2o
a0nn’ e
0000313
000041
ann0a 4
a0004 6
00050
noensl
0oanns3
Q00054
0000%6
0000517
annoel

ananes
Q00066
nnonaad
000070
00071

SHBROUTINE SFT{JQ.NSET)

DIMENSICN NSFT{1241)

COMMON TN IMe INTToJEYNT s JMNIT o MF Ao MSTOP ¢ MX ¢ MXC
INODQGNARPTNDT cNPRMS o NRUNNRUNS e NSTAT s BUT e SCALE S TSEF DL TNNDW,

XX s NPRNT« NCRDRoNEPVNQL100) oKOF o Kt £ KOL

COMMON ATRIABLT10)FNO(LO0) s INN(L1CO)+JCELSI10632) o XKRANKI100);JCLR,
LE(CLOOT o NCEL STTIGIeNQETO0) s PARAM{A4D 4T ATNIZ4N
MON «NDAY o HYR

oNCLCTSNHIST,

IMAXNOULIONY MFELI00YMLCLLCA) oM

21 0TIMFLI00) ,SSUMALI05) ¢ SUMATT0:5) e NAMELG) 4 NPROL
F*t*#klN!T SHOUL D BE ONE FOR INITIALIZATION OF FILF
CINTT=1) 27.28.27°
r#****lNIrIAII7F FILF T0 7ERD.
INITIALTIZF KRANK(JQ)
C#**##MU\T INITIALIZF INN{JQ)#x2xINN(JQ)=

SET UP POINTERS
CaoxwkxMIST
IS FIFO®FINNIJQ)=2

WoH o

CHxexx[GITIAL IZ7F PNINTING CELLS OF NSET AND 7EROD OTHER CEILS OF NSET

NSFTIMX X, 1)
NSFT{MXs1) =
NSFTIMX 1D}

FNGIK)=0.0
VNG{K)=0D.
-3 QTIMF{K)I=TNOW
CH¥xu&FIRST AVATLARLE COLUMN

2?7 RFYURN

CATNYidG
CATHLI g0
CATNLIZOD
CATHNL21O
DATNIZ22D

DATN1IZ230

CATNLZSD
CATNLZ60
CATN1270
CATN1Z80O
CATNI290
LATNL30O
CATNLI310
CaTNL320
CATNE330
CATNL34D
CATN135C
DATN1360
CATNL370
CATHI380
CATN13S0
DATN1400
CATNL410
CATNL420
CATNL43D
CATNLA4O
CATN1450
CATH1460
CATMN14T0
CATN1480
CATN1490
CATN1500
CATHN1510
CATN1520
DATN1S3D
DATN1S540
DATNISS0
CATNISGE
CAINLSTC



€ee

ceo003
0000013

naonno3

100003
aoenoy

000007

anoo» 7

000027
000037
nnani4g
0nodnss
annnhnH5
annns v
00N0A3
0ONNAH3
G004
oeanto

000070
00n07H
nana?s
anctng
c00101
oa1os
a0t 0
000111
oot sl
IR R K
o017
Non121
00e122
anon12?
0001 34
000154
000154

21

102

14A
H4
107
147
‘;
199

6h
23

Cxux
A7
63

Al

201

204
205
24

SURROUTINF SUMRY {NSET}

DIMFNSTON NSFT{12:11

COMMON TN TMe INIToOFVNT o UMNIT yMFAMSTOP MX o MXCoNCLCT o NHIST,
INOQeNDRPToNOT o NPRMS o NRUNeNRUNS ¢ NSTAT o 1T o SCAL Fo ISFED s TNOW
PTREGTFINMXX o NPRNT o NCRUR s NEP VRO {100 +KNOF oKL F o KL

COMMON ATRTBIIO)LFNQLL00) ¢ INNILICO o dOFLEI10632) o KRANKILIOO0) ¢ JCLR,

2)OTIHMFLI00)SSUMAT30,5) o SUMATL30.5) e NAMELH) s NPROJMUNNDAY S NYR
WRITF INPRNT.21)

FORMAT (1H1.39X.23HX¥GASP SUMMARY RFEPORT®%/)

WRITF {(NPRNT.102) NPRUOJyNAME,MONWDAY o NYR « NRUN

FORMAT (30X 22HSTHULATICN PRECJFCT NOLel462Xe 2HRY 02X s

¥V A2/ e 30X 4HNDATF T3 3 LH/ 5133 1H/ 2154 12Xe JOHRUN NUMBER.IH/)

IF (NPRMS) 147,147,145

N A4 T=1sNPRMS

WRTTF {NPRNTL107) T {PARANI(I,JY,J=1.:4)
FIIRMAT{ 20X s 1414 PARAMETER NQL»i994F12.41}
TFINCLCT IS 6066 ‘
WRITE (NPRNT.199) .
FOAORMATL 7/ /36X26RFRROR EXIT, TYPE 98 FRROR.)
CALY FXIT

WRITF INPRNTS23)

|

SpRy
SMRY
SPRY
svay
SHRY

THRY
IMAXNDL{TOO0) s MFFLT00) o MLCI1I00) MLELLCOY G NCELSELO) NI 100 PARAM{4C 94SMIY .

SMy
SMRY
SMRY
SMRY
SVRY
SHMRY
SMY
SMRY
SNRY
SMRY
SNRY
SMRY
SMRy
SMY
SMRY

FORMAT {//44Xe THHEXGENFRATED OATA%Y /27X 4HCODE 04Xy 4HMFAN A X o SHSTOSMRY

1ol FVaoSXo4HMING o TX o 4HMAX W » 5X 9 4HCRS /)
*CLOMPUTE AND PRINT STATISTICS GATHERFND BY CICT
NN 2 T=1.NCICT

TFISUMALTI.3))15,:.62.01

WRITF (NPRNT.63) I

FORAAT (27X T3, 10X1AHNO VALUES RECORDFDY

GO rn

XS = SUMA(IT,1)

XSS = SUMA(T.2)

XN = SUMA{T,.3)

AVG = XS/XN

N = XN+.0Q01

TFIN=1) 203,203,264

$TN=0.0

GO TO 205

STN=LLT XNEXSS)—E{XSEXS) )/ IXNE(XN=1.0}))%%,5
WRITF {NPRANT.?4) T.AVGySTO«SUMA(I.4)¢SUMALT <RI N
FIRAAT (2TXe1344F1)104,17)

CONTINUE

SMLY
SM¥RY
SHUY
SMRY
SMRY
SMRY
Si42Y
SMRY
SMRY
SMRY
SRy
SMRY
smy
SMRY

SMRY

SMRY
SMRY
SvRy
SMRY

10
20N
20
40
59
&0
70
8c
ag
1CC
110
129
130
149
150
160
170
180
190
200
210
229
230
?AO
25
?hﬂ
270
280
290
A00
310
3249
3309
340
350
360
3
3940
350
H4Cu
410
420



7ee

anoIAD
on1a?
000164

00Q166
0001 7Y
nont lé
nnaz202
000204
6000207

ann21y .

ann2y 2
0nan24
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00N2%1
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60 TFINSTAT)S 6704 SMRY

4 WRITF (NPRNT29) SHRY
29 FORMAT { /44X.?3HEXT{ME GENERATED DATA#x% /?7X-4HCODF.4X.4HMFAN96X,SVRY
TAHSTNGNEVL o 5X e 4HMING 3 TX s 4HMAX . s 3Xe LOHTOTAL TIME/) SMRY
CRExBXCOMPLUTF AND PRINT STATISTICS GATHERED BY THMST SMRY
no 6 1 = 14NSTAT SMRY
THISSUMAET 1935, 71.72 SVRY
71 WRITF [NPRNT.nH3) | SMRY
GO 70 A SMRY
72 XT= SSHUMA{I,1) —-TBEG . SMRY
XS = SSUMA( 1.2} sMRY
XSS = SSUMA{T,.3) SMRY
AVG = XS/AT ‘ SVRY
STD = (XSS/XT—AVORAVG)I%%,5 SN2y
WRITE (NPaNTo30) ToAVGs STCoSSUMALT4) o SSUMATTSS).XT SMRY
A0 FORMAT (27Xe13.5F11.4) SH2Y
& CONTINUF SMRY
67T TFINHISTIS 75,9 SMRY
9 WRTITF LAPRNT.?25} ! SMRY
25 FORMAT (/37X 3TH**GENERATED FREQUENCY DISTRIAUTIONS®% /37X, 4HCCOSMRY
IFe?20X 1 QHHT STNGRAMS) SMRY
CHExE%PRINT HISTOGRAMS SMRY
DA 12 1=1,NHIST SMRY
NCIL = NOFIS {1)+2 _ SNRY
12 WRITE (NPRNT,26Y ToLJCELS{IeJd)eJd=1sNCL) SMRY

26 FORMATI/1XeT71Xel 1111/ 04X01L010)
Cxdkxx«PRINT FIIFS AND FILF STATISTICS SMIY
75 D 1% T = 1.NID SHMRY
15 CALYL PRNTD (1.NSET) SMRY
RETURN §MRY

- END SMRY
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SUARCUTINF TMSTAXX, Ts N, NSET)

DIMFERNSION NSFTI1261), XX(1) )
CHAAGH IDTMoTNIT UREVNT y IMNIT HFALMSTOP o MX o MXC o NCLCT o NHIST,

TNNQ NIIRPTJNOT o NPRMS S NRUNyNRUNS ¢ NSTAT . OUT  SCALF. ISEED L TNOW,
PTAFGo T INGMAXNPRNT L HNCRORgNEPy UNQLI00) oKOF ¢ KI £ KOL

COMMON ATRIBLI0YLFNOLLICC) « INMEICOY S JCFLSI 10,32 KRANKITOO0)Y,,JCLR,

THSTY
TvsSTY
%S
TFSTY
T¥ST
T¥ST

IMAXNQITON) L MFFIINOY  MLC{LGO) SMLETTO0) yNCFLSITD) JRAICTO0Y JPARAMLAD 44 THST

21 0TIMFLT100)oSSUMA(T0,5),SUMALSCH) «HHAME(OH) «NPROJ.MUNLNDAYNYR
IF (M) 2.7,1 :

CALE FRRNRT1IT1LNSFT)

IF{N-NSTAT)3,.3,7

TT= T-SSUAiN.l)

SSipdatietl)= T

SSUMAING?2Y= SSUMAING2Y +XX{13%TT

SSUAR{NLA)= SSUMAING3) +XXT1)#XX(1)¥TT

IF (XX{1) —SSUAA{N.4)) 44 5y 5

SSUAAIN4Y= XX(1)

IFL XX(1) ~SSUMAINLSYY 7, Ty 6 .
SSUMAINLS)= XX{1)

RETHRN

Fuy

TMSY
THST
1MST
T¥ST
TN¥ST
T¥ST
T¥ST
THST
TvST
TN¥ST
TMST
TMST
TMST
IMsSY
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FUNCTICN DRANDITY)
X=F1LOATLTY)
NRAND=RANF (X)
X=0a0

RETURN
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FUNCTION ERLNG (J) ELNG

COMMON INoTMe INITHUEVNT s UMNIT MFAJMSTOP o MX 4 MXC,NCLETSNHIST, ELNHG
INMOQeNORPT o NOT« NPRMS s NKUN ¢y NRUNSy KSTAT s QUT « SCALF ¢ ISFED o TNDOW, ELNG
PTREG . TFIN+MXXoNPRNT S NCRUORyNEPZWNQILI00) o KNF o KI E4KOL ELNG

COMMON ATRIDLYO) FNOQLLO0O) s INNUL1CO) o CFLSTL032) o KRANKIINO) ¢ JCLRy  FLNG
FAAXNQLION) o MFRI1003 e MLCTUL00) »HMLELTO0)«NCELSLTO o NQU100) sPARAMIAO ¢4 ELNS

2)(OTIHE1100) »SSUMAL30,5) s SUMAL3045) «NAME L6 ) s NPRU JMONJNDAY, NYR ELNG
K = PARAMIJ.4) ELNG
TF{K=1) R, 10410 ] ELNG
ARTTEINPRNT 200 J ELNG
FORMAT(/16HK = 0 FOR ERLNG,IT7) ELNG
CALL FXIT FLUG
=1 ELNG
N 21 = 1K FLNG
W = REDRANDUISFFD) ELNG
FRING = =PARAM{J.1)*ALOGIR) ELNG
TEIFRLNG=PARAM(J,2)17,5,6 ELNG
FRING = PARAM (J.2) ELNG
RETURN ELNG
TELFRRING  — PARAM (1:3))5,5.:4 ELNG
FRI UG = PARAM (J,3) FLNG
KFTURN ELNG

F N ELM
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SURROUT INF NPOSN{J.NPSSN) BOSN
COMMON TR IMe INTTo JFVNT s JMNITsMFAMSTOP . MX o MXC NuLCTvNHIST, PSAN
INNQ NORPTNOT - NPRMS s NRUNSNRUNSyNSTAT «OUT s SCALEo TSEED  TNOW PS5N
CPTRFGTFINSMXX o NPRNT s NCRORSNEP, VNQL1N00) fKOF «KIF s KUIL PSSN

—-—

COMMON ATRTIHIIO)NGFANQUIN0) , INN{1OO) s JCELSI10:52) o KRANK{I0D) ,JCLR, PSS
TMAXNCIIO0) oMFELT100) s MLCULCC) yMLE(I00) o NCELS{IOI o NOULOO) dPARAMIGC s4PSSN

2VATIHME(I0G)SSUMAL30,5,5) s SUMAL30:5) « NAMFL6) dNPROI MONSNDAY, NYR PISHN
NPSSN = 0 PS3N
P o= PARAM (1,1) POYN
IF (P=6.0) 2:244 PSSN
Y = FXP {-P) PSSH
X = 1.0 PSSN
X=X®IRAND{ISEED] PSSN
[F {(X=Y) 64+8.8 PSSN
NPSSN = APSSN+] PSSN
G TO 3 FSSN
TEMP=DARAM {J.4) P3SN
PARAMIHo4) = [PARAMIJ 1) ) %%,.5 PSSN
NPSSAN=RANRMIS)I .6 PSSN
PARAM ([ d.4)=TFMP PSS
[FINPSSNY4 6.6 PESN
KK=PARAM (Je?) PSSH
KKK=PARAM (.,3} PSSN
NP SSA=KK+NPSSN PSSN
TFINPSSN-KKK)IT:769 PSSN
NPSSN = PARAM (J,3) PSS
’FTURN PSSN
FND FSSN
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FUNCTION RLOGN (1)

LCGN

CHFE2ETHE PARAMETFRS USFD WITH RLOGN ARE THE MEAN ANU STANDARD DEVIATICNLOGN

Coa¥x&E0F A NNKRMAL DISTRIBUTICN
VA= RNIRM {J)
RINGN=FXP{VA)}

RFFUaN
9N

LOGN
LCGN
LCGN
LCGN
LCGN
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FUNCTINN RNDRM ( J) NCRM

COMMOAN TN IM INTT JEVNT  JMNIT o MFAMSTOP MX o MXCNCLET - NHIST, NORM
TMD0, NORPTLNOT o NPRMS o NRUN,NRUNSy NSTAT QUY SCALEL TSEED« INOIU 4 NCRM
PTHFG o TEINoMXXs NPRNT o NCRDRoNEPSVNQLI100 ) KNF o KLE KL RERM

COMMON ATRTALLI0)FNICLOO) s INNCLIOQ) o JCFLSI 10032 sKRANK({T100) o JTLRe NURM
VHAXNQTI0N o MFELT100) e MLC(L00) o MLELLON YA NCELSI10Y o NQU10Q) s PARANM 40, 4NCRM

2YoUTTMFLTIC0Y o SSUMAL30,5) s SUMALB05) «NAME(S) o NPROJ«MONNDAY o HYR NCRM
A = DRAMDIUISFEFEN) ACRM
RE = NRANDIISFED) NCRM
_V=(-?.O*AIHGIRA))**O:S*CGS (6.283%RB) NCRM
RIIRM = VEXPARAM (Jo4) + PARAM (Js1) NGRM
IE (RNORM —PARAM (Je2)) 64748 NCRM
ANORM = PARAM (J.2) NCRM
RETURN . NCRM
¥ {RNARM ~PARAM (Je3)) 74749 NCIM
RNORM = PARAM (Je3) NCRM
RET RN NCRM

FND NCRM



%¢e

annnos

an0a0s

annnas
0nnant 3y
000113

FUNCTION UNFRM (A.B) UNEH

CresxxTHIS CARD IS TN MAINTAIN THE PRCPER SEQUENCING UNFM
COMMON 1D. !M.YNIT.)kVNT.JMNITwMFA.MQTDP'HX.MXF.NCLCToNHYSTv URF M
INNQe NORPTNOT o NPRAS s NRUNyNRUNS o NSTAT o IUT s SCALFE o ISERD o TNOU UNFM
PTAFG S TEFINSMXXo NPRNT o NCROR ¢ NEPYNOL100) o KNE LK1 FoKOL UNF 4

COMMON ATRIBIIO)oENQUIOCY s INY(I00) e JCFLST 10632 KRANKIIGD) 3 JCLR,  UNFM
IMAXNQEIGO) s MFELTOQ0) e MLC(100) s MLECTIOO) NCEL ST10) 4N LIN0) o PARAMIALC 4 UNF M

21 0TTMFL100)SSUMAT3045) ¢ SUMA(30,5) sNAMELS) o HPROJ MONSNDAY,NYR UNFHM
UNFRM = A+[B-A}*DRAND(ISEED) UnEH
RETURN ) URFM
FNO UNEM
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FUNCTION PRODO (JATTsJGoNSET) PRIG

DIMENSTION NSFT(12,1) ’ £R0Q
COMMON TDe IMe INITeJEVNT g JMNIToMFAMSTOP MX o MXCoNCLLT,NHIST, TPRODQ
INNQ2 NORPToNOToNPRMS o NRUNo NRUNSo NSTATOQUT s SCAL Eo ISEEN S TNOW PRI
PTRFG TFINsMXX o NPRNT e NCROR ¢ NEP, VNQ {100 ) « KOF o KLF » KNI PO

COMMON ATRIBILIO) «ENQULCO) s INNLL1OOD o JCELSI10,32) o KRANKITO0)JCLRy PRDQ
TMAXNGITO0) cMFFILO0)Y e MLC(100),MLE 100 oNCFLS{10)oNO(100) s PARAM{AC:4PRDQ

2) QT TMFL100)oSSUMAL30,5) s SUMAL30+5) o NAMFL6) ¢ NPROLLMONSNDAY  NYR PINY
PRODQ = 1. . PRNQ
TF (J0-NNB) 17,1718 FrDQ
CALL FRROR(B4.NSET) PRDQ
IF (NOL 10 )) 19,19.20 PROG
PRNND=0. PRI
RETURN _ FRDQ
MTEM=MFF{.10Q) PRNY
VSFT=NSFTIJATT . MTFM) PRDQ
PRONA = PRODO*VSET/SCALE PANQ
TF (NSFT{MX MTFM) =7777) 21422,21 PRIQ
MTEM= NSFT{MX MTEM) PROY
Gn TN 23 ' FRDQ
RETURN PROQ
FNN P
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FUNCTINN SUMG (JATT o JC,NSET)
DIMENSINN NSFTE12,1)

COMMON Do IMa TNTTo JFUNT G UMNIT yMFAJHSTOP,

MX g MG dNCLUT o HTST,

TAMR G WRP Ty NOT o NPRMS s NRUN o iIRUNSy RSTAT o NMUT o SCAT R o 1SV D TR,
PURFG FF ING MY X NPRNT  NURDR G HFR VRS IGO) s KDTF o KT & o KL

COMSON ATRYIBLIN)ANQLLIOC) 2 INNTICT YW JCHFLST 10,421 kRANKLL0G) ¢ JOLR,
TMAXNQEY OO WMFPTIN0) o MLCILIOG) wMLET100) «NCEL SO0 o NILLGOY s PARAM (40 44
2)«QTIMELINOI s SSUAALIN ¢5) 3 SUAAC3065) o NAMFLH) o NPRIL) o MINSH)AY,, NYR

StAG = 0 )

1R (A0=N00)Y 17,1718
CALL FRROPISS.NSFT)

1F [NOE 00 )) 19.19,20
AF TN

WTFEM = MEFLJ0)

VSET NSETLUATY HTEM)
SUH4O SUMQ + VSFY/SCALE
F (NSFTIMXHTFM)—=TT77T) 21422,21
MIEM = NSET{MX.MTEHM)

GiY TN 23

RETURN

FrnD
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Sty
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Lecturer

Mrs, Joan Barriage
Federal Aviation Administration
Department of Transportation

Mr. Neil Blake
Federal Aviation Administration
Department of Transportation

Mr. Joseph Chambers
NASA Langley Research Center

Mr. Richard Couch

NASA Langley Research Center
Mr. Les Britt

Research Triangle Institute

Mr. Leo Garodz

National Aviation Facilities
Experiment Center

Atlantic City, New Jersey

Mr. George B, Graves
NASA Langley Research Center

Mr. Keith Holsen
Norfolk Approach Control

Mr. Dominic Maglieri
NASA Langley Research Center

Mr. Robert Maxwell
Civil Aviation Research and
Development

Mr, James Nelson
Federal Aviation Administration
Department of Transportation

Mr, Robert Oetting
NABA-WVU Participant

Mr. John Reeder
NASA Langley Research Center
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Topic

Experiences with STOL
Aircraft

What the Needs Are in
Air Traffic Control in
the Next 10 Years

V/STOL Characteristics
with Air Traffic Control

Air Collision Avoidance
Systems

Wake Turbulence

Air Traffic Control
Problems

Terminal Air Traffic
Control

Noige Problems in the
Terminal Area

Examples of Systems Analysis
Work Done by Civil Aviation
Research and Development

All Weather Operations

Coﬁments on Navigation and
Alr Traffic Control

Terminal Area Operations
and All Weather Operations



Mr. Robert Schade
NASA Langley Research Center

Mr. Luther W. Snyder
Mr. Robert A. Russell
Naval Air Test Center

Mr. Robert Sturgill
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Mr. Thomas Walsh
NASA Langley Research Center

Dr, Thomas Ballard
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Mr, Donald Geoffrion

Federal Aviation Administration
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Air Traffic Control Systems
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Problems of Air Traffic
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Terminal Area Model for
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APPENDIX J

June 16, 1970..ccccvvvscosssooscasssncecssa..Norfolk Airport Terminal

June 17, 1970...00ccccovocoseanons veesseosoe..Langley Air Force Base
Control Tower

July 15, 1970...0c0ceveveriacvecscssrneaess...NASA Langley Research Center
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