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PREFACE

The Federal Aviation Administration is responsible for operating
and maintaining the airway facilities of the National Aviation System.
The magnitude of annual operating and maintenance costs is such that
means for reducing these costs are being sought.

This report deocuments the results of a study to model the relationship
between airway facility maintenance practices and (1) aircraft delays in
terminal areas, and (2) maintenance costs.

These models are intended to serve as tools for estimating the impact
on system users and system operators of proposed maintenance cost reduction
initiatives.

The models were formulated, demonstrated, and documented by ARINC
Research Corporation under contract to the Transportation Systems Center.
Mr. F. Frankel of the Transportation Systems Center provided the technical
guidance. The dedication and expertise of Mr. L. B. Greene, Dr. J. Witt,
and Mr. M. Sternberg-Powidzki of ARINC Research is acknowledged to be the
major contribution to this work.
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SUMMARY

1. OBJECTIVE

The objective of this study is to provide the Federal Aviation
Administration (FAA) with two analytical tools to be used in suppoxrt of
its efforts to control maintenance costs. This objective has been
achieved by developing, demonstrating, and documenting two such models
for the Transportation Systems Center (TSC}. The application of these
models for FAA maintenance planning is beyond the scope of the contract
work.

2. BACKGROUND

The volume of air traffic that flows safely and efficiently through
the network of airway facilities spanning the United States is encrmous
and constantly growing. In 1975, Chicago O'Hare International Airport
alone handled 690,419 aircraft operations. To support this level of
activity, the FAA maintains more than 100 distinct types of airway
facilities, e.g., VHF Omnidirectional Ranges (VOR), Airport Surveillance
Radars (ASR), etc. In 1975, FAA maintenance was performed by a 10,000-
man force assigned to 140 maintenance sectors, at a total cost of $390
million.

The FAA's Airway Facilities (AF) Service, in an effort to reduce
this heavy expenditure of funds, commissioned TSC to investigate means of
reducing these costs without imposing excessive delays on the user commu-
nity. A constraint on this investigation was that, regardless of other
considerations, safety must not be reduced.

In June 1975, TSC and ARINC Research Corporation together prepared
an approach to the problem, and this approach was incorporated in the
ARINC Research proposal to assist TSC in its investigation. The approach
recognizes that the FAA can vary certain facility-maintenance policy
decisions, e.g., preventive maintenance (PM) practices. Such variation
will affect (1) the cost of facility maintenance and (2) facility avail-
ability. The variation in facility availability may affect the user
community by causing changes in the delays induced by normal conditions
of weather and schedule. TSC retained ARINC Research to develop two models



to focus on the varying costs of maintaining the airway facilities with
changes in maintenance procedures and the ccncomitant delay costs exper-
ienced by the users.

3. MODEL SUMMARIES

3.1 User Delay Cost Model

One of the two models is the User Delay Cost Model (UDCM), designed
to estimate delays to the user community due to facility outage and other
factors. Originally, it was intended that the UDCM output would be dollar
costs to the user community, divided into four classes: air carriers,
air taxis, general aviation, and military aircraft. Subsequently, TSC
and ARINC Research agreed that numerical delay measures would be more
appropriate since they would make the model independent of cost factors,
which could be expected to fluctuate with changing economic conditions.
Costs to each group can be calculated by using delay measvres generated
by the model and cost factors appropriate to the user class.

The model 1s a Monte Carlo computer simulation of essential aspects
of air traffic movement in and around a Terminal Control Area (TCA), with
emphasis on the effects of facility outage. The Boston TCA (Logan Airport
and several secondary airports) has been used as a guide for the model
development. The model combines the three primary stochastic processes
that induce user delays:

Facility outage
Traffic intensity

Weather ,

The underlying premise of the model is that these three factors are intrin-
sically interrelated in the creation of delay and that the only way delay
can be attributed to any single factor is to hold the other two constant
and measure the differential delay caused by variation of the third. It
can be seen that the differential delay associated with a facility outage
depends, therefore, not only on the change of facility status but also

on the existing weather conditions and traffic intensity. Historical
weather data for Logan are already incorporated in the model, and the
model will accept various aircraft traffic inputs. After delays are
initially measured, several options are available for assessing the impact
of facility outage. One or more facilities can be taken out of the system,
e.g., the ASR, to determine the consequences of total unavailability. An
alternative method is to assign values of Mean Time Between Outages (MTBO)
and Mean Time To Restore (MTTR) to all facilities simulated in the model
and let the model treat the outage and restoration times as random
variables.

The model logic duplicates the complex rules and procedures that

govern the movement of aircraft as a function of the aircraft traffic
intensity, the status of FAA facilities, and the prevailing weather.
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The basic questions that the model is concerned with in moving an
aircraft are as follows:

Will the aircraft traffic exceed the instantaneous traffic-
handling capability of a controller (controller capacity)?

Will aircraft separation be in conformance with FAA standards?
The standards depend on the status of FAA facilities, the weather, and
aircraft weight.

Can the aircraft land? The answer to this question depends on
the status of FAA approach facilities and the weather.

A large number of detailed conditions or factors are considered in
resolving these three key questions. For example, aircraft weight is
used to determine landing separation criteria. Approach category and
weather conditions establish landing minima. In addition, many runways
and combinations of facilities are considered. The model has been
developed to consider the above issues in some detail. To expedite the
model develcpment and its execution time, however, it was decided not to
simulate every step-by-step command (e.g., heading vectors) that a con-
troller issues to an aircraft but rather the overall set of rules being
followed in generatina these commands.

Although the model was designed to assess the impact of changing
facility availabilities on user delays, it was recognized during the
development process that the model would provide the ability to evaluate
a number of additional issues. Therefore, the UDCM can be used to analyze
the differential delays induced not only by facility outage but also by
the effect of aircraft schedule and weather variations, as well as by a
host of related factors. Any guestions or issues affecting the following
may be addressed easily with the model:

Spacing in final approach

Number of aircraft a controller can handle simultaneously

Landing approach minima.
For example, the model can answer questions such as "what would be the
benefit (as measured by reductions in aircraft delay) of increasing the
numbers of aircraft a controller could handle safely?" or "what is the

benefit of installing a new facility having different characteristics
(e.g., an ILS)?"

3.2 Facility Maintenance Cost Model

The second model, the Facility Maintenance Cost Model (FMCM), eval-
uates the expected annual labor cost and staffing requirements of main-
taining FAA facilities within a maintenance sector. Developed for time-
share computer application, it will evaluate both the preventive mainte-
nance (PM) and corrective maintenance (CM) required by any single facility
(e.g., a VOR), accumulate staffing and cost data on similar facilities
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(e.g., all VORs) within the specified maintenance sector, and then accumu-
late staffing and cost data for other types of facilities (e.g., ASRs,
outer markers) within the sector.

The specific maintenance sector and facility types to be evaluated
are specified as terminal inputs during program execution. An input file
containing the pertinent data on facilities (e.g., type, reliability data,
frequency and times of preventive maintenance) common to all sectors is
automatically called and read at the beginning of the main program execu-
tion. The sector file, identified by terminal input, identifies the num-
bers of like facilities within the sector for each facility type, along
with their restoration levels and manpower staffing criteria, and provides
the remaining data necessary for evaluating the maintenance costs for the
sector of interest.

The principal model outputs include the expected annual cost of main-
taining a specific facility type within a sector, the required number of
personnel by skill level for that facility type, the cost of preventive
maintenance and corrective maintenance, and the costs of callbacks. The
model also provides similar cost and labor data on the total of all facili-
ties within the sector, including management/support personnel requirements
and costs.

3.3 Potential Use of the Models

It is expected that the UDCM and the FMCM will ultimately be used
together and in conjunction with a yet-to-be-developed Facilities Avail-
ability Model (FAM) as shown in Figure S-1. As a function of equipment
data and maintenance scenarios, the output of the FAM would be a general-
ized measure of facility and sector availability, as well as reliability
and maintainability measures to be used as partial inputs to the UDCM and
FMCM. The three models could then jointly determine cost and availability
relationships for cost and benefit trade-off analyses.

Models such as the UDCM, the FMCM, and the FAM require valid data if
they are to provide reliable predictions. A Maintenance Management Infor-
mation System would be valuable in the application of the UDCM and FMCM
and in the future joint use of the FAM. Although these validated data were
not available, demonstrations of the UDCM and FMCM have shown that they
exhibit reasonable responses to typical input data variations.

4, RICOMMENDATIONS

The UDCM and FMCM have been successfully demonstrated and have
exhibited their potential for future utilization. It is the opinion of
ARINC Research Corporation that additional work would be desirable to

accomplish the following:

Enlarge the scope of applicability of the present models

Create the Facilities Availability Model
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Design and construct an FAA Maintenance Management Information
System to support the model application effort

Apply the models to evaluate potential reductions in FAA mainte-
nance costs.

Equipment Data Schedule Weather
Data Data
e Inherent MTBF Ilustrative Cost Analysis
and MTT
nd MTTR User Delay
. Costs
User Delay
Cost Model Facility
Maintenance
~ Costs
Migztﬂﬂf{"ce Actual MTBO
endrio and MDT
o PM Schedule Asilability
e Restoration Facilities [
Levels Availability
|
e Wage Rates \ Model
® Training
® Manning MTCMA
Levels
e Etc.
Facilities
Maintenance
Cost Model

ir2 5-1. MODEL RECUIREMENTS FOR ANALYZING 20STS TC THE FAA ANC THE
USER CCMMUNITY A3 A FUNCTION OF FACILITY AVAILABILITY
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CHAPTER ONE

INTRODUCTION

The volume of air traffic that flows safely and efficiently through
the network of airways facilities spanning the United States is huge, and
growing. Chicago O'Hare International Airport alone, in 1975, handled
690,419 aircraft operations, of which 577,283 involved air carriers. To
support this level of operations, the Federal Aviation Administration (FAR)
maintains 113 distinct types of airway facilities. FAA maintenance was
performed in 1975 by a 10,000-man force assigned to 140 maintenance sectors,
at a total cost of $390 million.

The FAA's Airway Facilities (AF) Services, in an effort to reduce this
heavy expenditure of funds, commissioned the Transportation Systems Center
(TSC) to investigate means of reducing these costs without simultaneously
imposing excessive delays on the user community. A constraint on this
investigation was that regardless of other considerations, the level of
safety must not be reduced.

In June 1975, TSC and ARINC Research Corporation together prepared an
approach to the problem that was incorporated in the ARINC Research proposal
to assist TSC in its investigation. This approach recognizes that the FAA
can vary certain facility-maintenance policy decisions, preventive mainte-
nance (PM) practices, and many other activities. Such variation will affect
(1) the cost of facility maintenance and (2) facility availability. The
variation in facility availability will affect the user community by causing
changes in the delays induced by normal conditions of weather and schedule.
TSC retained ARINC Research to develop two models to focus on the varying
costs of maintaining the airways facilities with changes in maintenance
procedures and the concomitant delay costs experienced by the users.

1.1 STUDY PURPOSE

The purpose of this study is to provide the FAA with two analytical
tools to be used in support of its objective of reducing maintenance costs.
This purpose has been achieved by developing, demonstrating, and documenting
two cost models for TSC.



The first of the two models presented in this report is the User Delay
Cost Model (UDCM), designed to estimate delays to the user community due to
facility outage and other factors. The user community is divided into four
classes: air carriers, air taxis, general aviation, and military aircraft.
Originally, it was intended that the output of the UDCM would be dollar
costs to the user classes caused by delays. Subsequently, it was decided
with TSC that a more appropriate output form would be a set of delay mea-
sures expressed in numerical and physical terms rather than in terms of
dollars. This makes the model independent of cost factors, which may be
expected to fluctuate with changing economic conditions. Costs to each
group can be calculated by using delay measures generated by the model and
cost factors appropriate to the user class. The model is a Monte Carlo
computer simulation of essential aspects of air traffic movement in the
Boston Traffic Control Area that are affected by facility outage.

The second model, the Facility Maintenance Cost Model (FMCM), is
designed to evaluate the expected staffing requirements and annual labor
cost of maintaining FAA facilities within a maintenance sector. It is
constructed to allow expansion to include nonlabor cost elements and to
encompass multi-year (or life cycle) costs. The model has been developed
for time-share computer application. It will evaluate both the preventive
maintenance and corrective maintenance required by any single facility
(e.g., all VORe) within the specified maintenance sector, and then evaluate
all other types of facilities (e.g., ASRs, Outer Markers) within the sector.

Ultimately it is expected that the UDCM and the FMCM will be used
jointly and in conjunction with a yet to be developed Facilities Availa-
bility Model, as shown in Figure 1-1.

The UDCM accepts schedule and weather data inputs as well as predicted
failure and repair parameters from the Facilities Availability Model (FAM).
Mean Time Between Outages (MTBO) and Mean Downtime (MDT) will be the prin-
cipal parameters for predicting user delay cost as a function of availa-
bility. The FMCM inputs, principally Mean Time to Corrective Maintenance
Action (MTCMA) and maintenance scenario options, will be combined in the
model to predict facility maintenance cost as a function of availability.
When these two functional relationships have been developed, as suggested
by the graph in Figure 1-1, an optimal level of facility availability can
be calculated. The concept of availability embodied in this figure is a
generalized one. It can be thought of as either the availability of a
single facility or a weighted combination of facility availabilities to
represent, for example, a sector availability.

1.2 ORGANIZATION OF REPORT

This report is presented in seven chapters and two appendixes. Follow-
ing this introduction, Chapter Two presents the overall technical approach,
including a description of and justification for the assumptions made in the
construction of the models, and the limitations to model usage. This chapter
also contains a narrative description of project activities.
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Figure 1-1. MODEL REQUIREMENTS FOR ANALYZING COSTS TO THE FAA AND THE
USER COMMUNITY AS A FUNCTION OF FACILITY AVAILABILITY

Chapters Three and Four report on the User Delay Cost Model. The
development methodology, the subject of Chapter Three, includes an overview
of model capabilities, the technical approach to model formulation, model
limitations, data required to exercise the model, and a description of model
outputs.

Chapter Four describes the UDCM demonstration and provides an analysis
of the demonstration results.

Chapters Five and Six report on the Facilities Maintenance Cost Model.
Chapter Five includes an overview of model capabilities, technical approach
to formulation, model inputs and outputs, model applications, and limita-
tions. Chapter Six describes and analyzes the FMCM demonstration.

Chapter Seven presents the conclusions and recommendations resulting
from this study, and suggests areas of effort for further development of the
potential of these models.

A detailed description of the data required by the UDCM is provided in

Appendix A; reference documents are listed in Appendix B.
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CHAPTER TWO

OVERALL PROJECT TECHNICAL APPROACH

A model is an abstract representation of reality. It may be a set of
mathematical expressions, as is the FMCM, or a computer simulation, as is
the UDCM, or a "black box" with the contents unspecified. The most impor-
tant property is that the outputs, or responses, are related to the inputs
in a manner consistent with their real world counterparts. In order to
achieve the desired degree of realism in the UDCM and FMCM, it was necessary
first to identify those features of air operations and maintenance practice
which were to be modeled and determine how they were related to delay and
cost.

2.1 MODEL DEVELOPMENT

The formulation of the models was based on interviews with personnel at
the Boston Logan tower and maintenance personnel in the New England Region,
and on observations of operations in the Logan tower, to identify those
elements of maintenance and operations to which the models would be most
responsive. TInitial visits were followed by research into standard oper -
ating procedures. A number of manuals and studies were consulted, both
those governing the entire FAA and those peculiar to Boston. These are
identified in the Reference section of this report.

The field observations, supplemented by detailed telephone interviews,
were combined with the research to produce an outline for the structure of
the models. As thecse structures were developed, it became apparent that
certain limits on the scope and complexity of the models would be necessary
if the cost and time constraints were to be met. Most of the key model
limitations were reviewed by TSC or Boston tower personnel.

The models were then programmed and tested incrementally, especially
the UDCM, as modules were completed. As the models were being assembled,
data were collected jointly by TSC and ARINC Research. This concurrent
model construction and data collection assured that data required by the
model were or could be made available. It should be noted, however, that
data collection was not a contractual responsibility of ARINC Research and
that while every effort was made to provide accurate data, some of the
inputs to the models were estimated for demonstration purposes. These
instances are noted throughout this report as appropriate.



The models were tested by using facilities at both TSC and ARINC
Research for the UDCM, and at ARINC Research (CDC Kronos time-sharing
system) for the FMCM.

2.2 STUDY GUIDELINES AND ASSUMPTIONS

After Terminal Radar Control (TRACON) facilities and tower operations
were observed, maintenance personnel interviewed, and the required addi-
tional research performed, two important model guidelines were identified:

The models were to have the capability to describe any TCA or
maintenance sector rarametrically.
Only first-order-of-magnitude inputs were to he considered.
The first of these guidelines assures model flexibility. Thus by
changing the input data set, the models can be made to represent any TCA

or sector. Adheren:e to the second guideline prevented unnecessary pro-
liferation of modeling detail.

The specific model assumptions Aescribed in the following paragraphs
were made to -—onform with these guidelines.

2.2.1 UDCM Assumptions

The most important assumptions adopted for the UDCM are the following
(others, less fundamental, are described and discussed in this report as
they are encountered):

Facility outage interacts with weather conditions and aircraft
schedule (level of aircraft ormerations) to impose delays on the using
communities.

Separation of aircraft in the TCA will be maintained by arrival
and departure contrellers and by aircraft rilots.

Aircraft malfunctions are not considered.
In the first assumption it is implicit that delay is jointly determined

by these three factors; it is meaningless to attribute some level of delay
to one factor without at the same time considering the other two.

The second assumption makes it unnecessary for the logic of the model
to regulate speed, altitude, and heading of aircraft in the model to assure

lateral and vertical ser.aration.

2.2.2 FMCM Assumptions

The principal assumption of the FMCM concerns labor costs. Since
labor costs constitute 80 percent of total maintenance cost, this is the
first-order-of-magnitude input and is the only cost factor affecting the
FMCM.



CHAPTER THREE

USER DELAY COST MODEL

3.1 DESCRIPTION OF BOSTON TCA

The Boston Terminal Control Area is a typical high-volume TCA, and
for this reason was chosen by the FAA as the guide for development of
the UDCM. A broad overview of the Boston TCA is presented here in prepara-
tion for the discussion of the UDCM particulars.

The Boston TCA is a positively controlled airspace, centered approxi-
mately on Logan Airport, about 40 miles in diameter. Figure 3-1 depicts
the Boston TCA. The ceiling of the TCA is 7000 feet above mean sea level
(MSL), while the floor varies from the surface, near Logan, to 4000 feet
MSL elsewhere.

Within the TCA, since it is a positively controlled airspace, all
aircraft are subject to the operating requirements specified in Part 91
of the Federal Aviation Regulations (FARs). Aircraft desiring to pass
through the TCA must request permission, which may be denied on the basis
of traffic load within the TCA. Air traffic control service extends
outside the TCA to accommodate the aircraft crossing TCA boundaries.
Although an aircraft may request entry at any point on the TCA boundary,
most will be flying the airways and will appear at standard boundary
entry points. These points have associated with them holding fixes, or
patterns, at which inbound traffic may be held, or stacked, until they
can be accepted and handled by one of the three arrival radar (AR)
controllers who operate in the Boston Terminal Radar Control (TRACON)
Facility. There are five such fixes associated with the Boston TCA:
Manjo, Millis, Bridgewater, Skipper, and Lawrence. They lie about 20 to
25 nautical miles from Logan and are depicted in Figure 3-1 in their
approximate locations as race-track patterns, with the arrows showing the
holding direction.

When an aircraft approaches the Boston TCA on an IFR flight plan, it
will normally be under the control of the Boston Air Route Traffic Control
Center (ARTCC). It will be handed off to the Boston TRACON at some point
outside the TCA but inbound to one of the holding fixes. If there is a
light traffic load, and if traffic is moving well, the aircraft will be
vectored without delay to a point where it can commence an approach to
the runway in use. 1If, on the other hand, the aircraft cannot be accepted --
because the controller already has his hands full, there is inadequate

3-1
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separation between the aircraft currently entering and those ahead, or the
weather is below minima and no one is landing -- the aircraft will be advised
to hold. At Boston, aircraft holding will normally be under TRACON control
at altitudes up to some agreed upon level, about 9000 feet, and under ARTCC
control above that. If a long delay is anticipated, a pilot will make

a decision to wait for a certain period of time or possibly divert to his
alternate airport.

Departing aircraft are similarly controlled and handed off to ARTCC
if on an IFR flight plan or cleared to exit the TCA if ~n a VFR flight plan.

There are three ARs in the Boston TRACON. Two of them handle traffic
inbound to Logan and to secondary airports south of Boston. The third
handles inbound traffic to secondary airports, generally north of Logan,
in what is known as the Bedford Sector. Similarly, there are departure
radar (DR) controllers who handle outbound traffic. In oxrder to assess
the relative importance of traffic to Logan and the secondary airports, it
is pointed out that in 1975, 83 percent of the instrument apcroaches made
in the TCA were made into Logan.

Control is exercised primarily by radar vectors given to the aircraft
by direct voice command from the AR or DR. The principal radar in use in
the Boston TCA is the Airport Surveillance Rodar (ASR-7), located at Logan
airport. Since all aircraft operating in a TCA are required to be equipped
with a transponder beacon, the beacon radar, sometimes called the Secondary
Radar (SECRA), can also provide position information from which vectors
can be generated.

Both of these radars interface with the ARTS-III computer, which re-
ceives the basic radar data via cocaxial cables from the two radars. The
data are digitized and displayed to the controller. The controller sees
an enhanced image of the target, target identity, altitude (from digital
altimeter response from the aircraft), aircraft speed (generated by the
ARTS-III), and a number of other useful visual data. In the event the ASR
goes out of service, the SECRA can provide most of the data to the control-
ler except target information on nonbeacon-equipped aircraft that may be
above or below the TCA. If both the ASR and SECRA are inoperative, a
somewhat reduced radar capability is available from the Winthrop Air Route
Surveillance Radar (ARSR), which services the Boston ARTCC and is located
at nearby Winthrop. No computer processing is available with this facility;
all that is seen is raw video at a somewhat slower information rate than
that provided by the ASR and SECRA.

If no radar service is available, all separation must be maintained by
pilots and controllers, using only navigation aids such as radio beacons
and distance measuring equipments. This is a seriously degraded mode of
operation for a busy airport. Fortunately, circumstances leading to such
a degraded mode of operation are rare.



This, in broad outline, is the "real world" situation in the Boston
TCA. The remainder of this chapter is devoted to an explanation of how
the UDCM simulates this air traffic control environment.

3.2 OVERVIEW OF MODEL AND ITS CAPABILITIES

The UDCM is a Monte Carlo simulation model* that combines the three
primary stochastic processes that induce user delays:

Facility outage
Traffic intensity

Weather .

The underlying premise of the model is that these three factors are
intrinsically interrelated in the creation of delay and that the only way
delay can be attributed to any one is to hold two constant and measure

the differential delay caused by variations of the third. It is easily
seen, therefore, that the differential delay associated with a facility
outage depends not only on the change of facility status but also on the
existing weather conditions and traffic intensity. The weather and levels
of aircraft activity can be set in any manner, but a large quantity of
recent historical weather data for Logan is already incorporated in the
model. After delays are thus initially measured, several options are
available for assessing the impact of facility outage. One or more
facilities can be taken out of the system -- e.g., the Airport Surveil-
lance Radaxr (ASR) -- to determine the conseguences of total nonavailability.
An alternative method would be to assign values of Mean Time Between
Outages (MTBO) and Mean Time to Restore (MTTR) to all facilities simulated
in the model and let the model treat the outage and restoration times as
random variables.

*A Monte Carlo simulation model is a computer-based tool used to analyze
complex systems which in real life have outcomes, products, or outputs
that are subject to chance. For example, the number of aircraft diverted
from Logan on any particular day is a random quantity that is dependent
on the complex interaction of a large number of other indeperdent random,
or chance, events. If the probabilities of all the determining events
are known, as well as the manner of their interaction, then the proba-
bility of the dependent event can be estimated, even when it cannot be
calculated mathematically. The essential act that the computer performs
is to sequence through the network of events or decision points to simu-
late and evaluate the outcomes. It does this by randomly selecting at
each decision point a number from a set of 1000 equally likely numbers
from 1 to 1000. This corresponds to selecting a uniform random number
from the interval 0 to 1.0. Repeated reference will be made to this
process in this chapter.



3.3 TECHNICAL APPROACH TO MODEL FORMULATION

The model logic duplicates the complex rules and procedures that
govern the movement of aircraft as a function of the aircraft traffic
intensity, the status of FAA facilities, and the prevailing weathexr. An
aircraft bound for Logan is generated at the boundary of the Boston TCA
(at one of the five holding fixes), and its movement from there to Logan
is simulated. Aircraft going to secondary alrports appear in the model
as i1f they were at the destination airport. For aircraft landing at
Logan, a randomized turnaround time is used to schedule a subsequent
departure. Aircraft departing from secondary airports are not simulated.

The basic questions that the model is concerned with in moving an
aircraft are:

1. Will this additional aircraft exceed the instantaneous traffic-
handling capability of a controller (controller capacity)?

2. Will aircraft separation be in conformance with FAA standards?
The standards are dependent on the status of FAA facilities, the
weather, and aircraft weight.

3. Can the aircraft land? This is dependent upon the status of FAA
approach facilities and the weather.

As will be shown in the ensuing discussions of the model, there are a
large number of detailed conditions or factors that must be considered

in resolving these three key questions. For example, the aircraft weight
and approach category are needed to establish separation criteria, as

are minimum weather conditions for landing. There are also many runways
and combinations of facility availabilities to be considered. The model
has been developed to consider these issues in some detail. To expedite
the model development and its execution time, however, it was decided not
to simulate every step-by-step command (e.g., heading vectors) that a
controller issues to an aircraft but rather the overall set of rules that
are being obeyed in generating these commands.

Figure 3-2 is a generalized flow diagram for the UDCM. It illustrates
the logical relationships among the main decision processes and files that
constitute the model. The weather assumes a major role in the model, as it
does in nature. The state of the weather determines directly the level of
air activity, especially among general aviation users s:ince the level of
general aviation activity usually declines during actual instrument condi-
tions. It also determines in large part the runway in use, which has an
impact on the kinds of approaches, which, interacting with the weather,
determine the landing minima. For these reasons, Figure 3-2 shows weather
generation as the first, or driving, model element.

The second program element is aircraft generation. This consists of
determining, by random processes, as a function of weather conditions (IFR
or VFR) and time of day, the time of next arriving aircraft, type of
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FOR THE UDCM

aircraft (air carrier, air taxi, general aviation, or military), weight
(small, large, or heavy), landing approach category (a,B,C, or D)*,
destination, speed, and original position when first considered by the
model,

The third program element, aircraft control, is more complex than
the first two and is the heart of the model. It addresses, as a logical

*See Section 3.3.2.5 for an explanation of landing approach categories.
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unit, the five guestions that must be answered by tower and air control
personnel in real life and by the model:

What is the preferred landing or takeoff runway, taking into
account wind speed and direction and other priorities, such as noise
abatement?

If there are one or more instrument approaches for the preferred
runway, is there at least one instrument approach for which all facilities
required for landing are "up"?

Is the weather such that, for the preferred runway, it is above
minima for at least one of the available approaches for the preferred
runway?

Having a runway and usable instrument approach, how should the
aircraft be moved to the runway and proper separation established in the
final approach?

For aircraft taking off from Logan, how should proper separation
be established between landing aircraft and other aircraft taking off?

There are, of course, many variations and details related to how
these questions are dealt with and to other necessary program tasks. These
are discussed in Section 3.3.3. The remaining model elements shown in
Figure 3-2 correspond to input data files required to exercise the model
and record the accumulation of delay statistics.

Although the model was developed to assess the impact of changing
facility availabilities on user delays, it was recoghized during model
development that it would provide the ability to evaluate a number of
additional issues as well. Therefore, the capabilities discussed in
the following paragraphs should be kept in mind when the features of the
model are being assessed.

The UDCM can be used to analyze the differential delays induced not
only by facility outage but also by the effect of aircraft schedule and
weather variations, as well as by a host of other related factors. For
example, at Logan there is no ILS on runway 27. A typical question might
be "What would be the delay impact of equipping runway 27 with an ILS?"
All that is required to answer this gquestion, using the present model, is
to insert a set of ILS minima for a straight-in approach on 27 in the
minima table. It is easy to extend this argument to "What would be the
effect of replacing the ILS on runway 4R with a Category III ILS or the
Microwave Landing System?" Here, too, all that is required is a simple
change in the minima table.

Many other questions and issues may be addressed. In fact, anything
that affects spacing in final approach, number of aircraft a controller
can handle simultaneously, or minima can be examined by simple input-data
changes. It is emphasized, however, that the model cannot determine what
these data changes will be; this must be done by analysis external to the



model. This being the case, the model could answer the question "What
would be the benefit (as measured by aircraft delay reductions) of
increasing the number of aircraft per controller from 10 to 20?", without
regard for how it was to be done. If the savings were appreciable, this
could be taken as justification to examine the feasibility of attempting
to achieve this increased controller capacity.

The model can also serve as an aid in airport design and layout, such
as runway orientation. In this use, in particular, accurate weather data
are required for the weather module; but with such data, it would be
possible to decide whether a runway array of (4,22), (15,33), (9,27), for
example, is better than (5,23), (17,35), (11,22), where the numbers in
parentheses are runway directions in tens of degrees, magnetic.

The model is not all-encompassing, but enlarging the basic logic makes
many new options possible at little cost in terms of incremental analysis

and additional modeling.

3.3.1 Weather Generation

Figure 3-3 is a flow diagram of the weather module, in which it is
seen that separate weather data tables are used in the model for night and
day. The model checks the time and then by random processes determines,
in order, the wind direction, wind speed, ceiling, and visibility. The
following assumptions were used in formulating this module:

Weather phenomena are associated with the presence and movement of
pressure systems. Wind direction and velocity are a direct consequence of
these movements and are correlated with one another.

Cloud cover and height are, through the movement of pressure
systems, correlated with wind direction and velocity.

Visibility is correlated with wind direction and ceiling height.

There is a tendency to persistence in weather conditions.

These assumptions, while certainly not an exhaustive set, are deemed
essential to a realistic model, or simulation, of weather phenomena (wind
direction, velocity, ceiling, and visibility) in any locale. Fortunately,
a good data base is available from Boston upon which a simulation of
these phenomena can be based.*

*A statistical summary prepared by the National Climatic Center, Asheville,
North Carolina, "Special Ceiling-Visibility Wind Tabulation", was used
for Boston. The period of observation was from January 1970 through
December 1974. Observations were made for daytime hours at 1000, 1300,
1600, and 1900 Local Standard Time (LST), and for nighttime hours at
2200, 0100, 0400, and 0700 LST. The data are published in two separate
sets of tables (night and day), each with 7304 observations.
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The available data, samples of which are presented in Appendix A,
consist of the frequencies of occurrence of wind direction, on a 16-point
compass with associated frequencies of wind velocity, grouped as follows:
1l to 4, 5 to 9, 10 to 14, 15 to 29, and 30+ knots, as well as conditions
of calm. For each wind direction-velocity combination, frequencies of
occurrence of ceilings are provided. Ceilings are grouped as follows:
1000+, 600 to 900, 500, 400, 300, 200, and 100 feet. Visibilities are
grouped as follows: O to 1/4, 5/16 to 1/2, 5/8 to 7/8, 1, 1-1/4 to 1-1/2,
and 3+ nautical miles.

These frequencies are presented as conditional probabilities; thus they
allow the calculation, by randomizing on the unit interval, of a particular
wind direction; and, given the wind direction, a wind speed; and, given the
wind direction and speed, a ceiling; and, given the wind direction and
ceiling, a visibility. The data are presented to the computer through input
matrices.

A related issue is when and how to simulate changes in the prevailing
weather. Two studies, also performed by the National Climatic Center,
suggested a basis for such simulation*. Under the assumption that wind
direction and speed determine, in part at least, ceiling and visibility,
the data provide a basis for answering the question of when to vary the
weather. The wind persistence data fit an expunential decay curve fairly
well with a Mean Time Between Changes (MTBC) of about 3 hours. The
weather module, therefore, defines an exponentially distributed random
variable .called Time to Change the Weather. Its density function is

1 -t/MTBC
f(t) = T e / .

(3-1)
A nominal value of 3 hours for MTBC has been selected on the basis of
these studies.

The question of how much to allow the weather to vary, once the time
has been decided, is not so obvious and bears some discussion. In general,
except when thunderstorms or strong fronts pass a station, the variation
in wind and weather is gradual and highly correlated with past history.

For example, an abrupt change from VFR to zero-zero would be rare. 2
completely realistic model would capture this historicity; however, the
creation of such a model is not necessary. What is needed instead is

a model that in the long run produces statistical similarity to the
phenomena of interest. This has been done by merely allowing the weather
to change randomly at the time selected, i.e., randomizing on the exponen-
tial Time to Change variable. As an added refinement, the model allows for

*The studies are "Seasonal and Annual Persistence of Surface Wind Direction
by Wind Speed" at Binghamton, New York, for the period January 1960 to
December 1964, with 24 observations per day; and "Duration of High Surface
Wind Speeds" at Oscoda, Michigan AFB, for the period November 1950 to
December 1970.



small short-term variations. The model assumes that ceiling and visibility
will vary uniformly about the basic "long term" values determined above.
These "short term" variations are induced at times that are also exponen-
tially distributed but with a nominal mean of 15 minutes. This is in
conformance with observed short-term weather fluctuations and allows the
model to simulate the conditions underlying a pilot's decision to wait for
a short-term weather change if conditions are marginally below minima.

3.3.2 Aircraft Generation Module

The objective of the aircraft generation module is to create aircraft
to be routed through the Boston TCA in the exercise of the model. Figure
3-4 displays the module logic.

Each aircraft will be defined in terms of the following set of
descriptors:
1. Time of creation
2. Destination
3. Type
Air carrier
Air taxi
General aviation
Military
4. Origin
5. Aircraft characteristics
Weight
Landing approach category
Landing speed.

Sections 3.3.2.1 through 3.3.2.5 are discussions of how the model
generates these aircraft descriptors.

3.3.2.1 Time of Next Aircraft Generation

Aircraft are assumed to appear in the model as a Poisson process.
Within any given hour, e.g., from 00l to 0100, 0101 to 0200... 2301-2400,
the arrival rate is considered constant, although the arrival rate for
one hourly period will generally be different from that of another.

Arrival rates can also be expected to vary as a function of weather
conditions. For example, since most general aviation activity decreases
in IFR conditions, the arrival rate during any particular hour should be
lower than for the same time of day under VFR conditions.
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The model, therefore, determines the time of generation of the next
aircraft in the following way. First, the weather condition, whether
IFR or VFR, is noted. This directs the program to the appropriate table
containing arrival rates as a function of time of day. Entering this
table with the time of day yields the number of aircraft expected to be
generated during the current hour.

If kjk is the arrival rate during the jth hour, where j=1 corresponds
time 0001-0100, j=2 corresponds to 0101-0200 on up to j=24, and k=0 implies
IFR and k=1 implies VFR, then the elapsed time to the appearance of the
next aircraft is given by the expression,

t = )\'—1 n(U), (3-2)
ik

where U is a random number uniformly distributed on the unit interval (0,1).

It was not the responsibility of ARINC Research to accumulate data to
exercise the model. Even so, in order to demonstrate the model, arrival-
rate data in some form had to be available to the program. Chapter Four
of this report contains a discussion of the importance of aircraft arrival
rates on model performance and accuracy. Appendix A contains a descrip-
tion of how the arrival rate data used in the model demonstration were
actually obtained. These references will make clear how important accurate
arrival rate data are, and how hard they are to obtain. It is thus
important that, before the model is exercised for analysis, a good arrival-
rate data base be developed. It is suggested that arrival-rate data be
gathered for each destination airport in the area to be modeled, the Boston
TCA in this case, and that the rates be observed and recorded as a function
of time of day and by weather condition. Ideally, two matrices should be
developed, one for IFR condition and one for VFR condition. Each matrix
would have n rows, where n is the number of destination airports; and 24
columns, one for each hour of the day. Thus xijk would be the arrival rate
into the ith airport during the jth hour, under weather condition k (IFR or
VFR). With these rates at hand, the overall arrival rate, referred to above
as Ajk' could be found by summing Aijk over i, thus

Mr o= 2, Mk, (3-3)

3.3.2.2 Aircraft Destination

After an aircraft has been generated, it is necessary to determine
the destination to which the aircraft will be assigned. The probability,
Py, that the aircraft will go to airport i is given by

Ai oz
ijk
p. = 53— (3-4)
i Ajk '

where A4k is defined by Equation (3-3).



As each aircraft is generated, a simulated random process using the proba-
bilities Pi is employed to assign a destination to each aircraft. This
method assures that aircraft will not be created with destination alrports
that are shut down because of time of day, since, for times of day when an
airport is closed, Xjk=0. As in Section 3.3.2.1, all the data for this
calculation were not available. Appendix A provides details on how destina-
tion data for model demonstration were provided.

3.3.2.3 Aircraft Type

A destination having been assigned, the next requirement is to identify
the aircraft by type, i.e., air carrier, air taxi, general aviation, or
military. The levels of operations at the primary and secondary airports
in the Boston TCA can be determined and used in assigning aircraft types.
Some of the requisite information has been published. Tt appears in FAA
Air Traffic Activity, Calendar Year 1975. This document, dated March 1976,
was published by the FAA Office of Management Systems. Table 14 of this
analysis, for example, identifies the number of instrument approaches
handled by FAA-operated approach control facilities, RAPCONs, and RATCCs --
specifically by the Boston, Otis AFB, and Worcester primary airports and
their associated secondary airports. In order to illustrate the method,
this table is reproduced here, in part, as Table 3-1.

Table 3-1. NUMBER OF INSTRUMENT APPROACHES RBY DESTINATION AND
USER CLASS FOR 1975
. Airport Air Air General =
&
Alrpor Totals Carrier Taxi Aviation Sy

Primary Airport

(Boston Logan) 26142 20450 3012 2587 93
Secondary Airports

Bedford 2902 87 235 2425 155

Beverly Municipal 548 0 1 446 101

Fitchburg 38 0 0 38 0

Fort Devens 26 0 0 1 25

Lawrence 200 0 38 162 0

Mansfield 12 0 0 12 0

Marshfield 19 0 0 19 0

Newburyport 1 0 0 1 0]

Norwood 1275 2 12 1094 167

Plymouth 15 0 0 15 0

South Weymouth 69 0 0 12 57

Taunton 19 0 0 19 0

Tewkesbury 17 0 4 13 0
Area Totals 31283 20530 3302 6844 598




If it is assumed that an aircraft's destination is Logan and that IFR
conditions prevail, the probability that an aircraft is an air carrier is
obtained by dividing the number of air carriers going to Logan by the total
number of aircraft going to Logan. From the data in the table, it can be
seen that

20450
26142

p(ac|L] = = 0.78227, (3-5)

where

P[ACILJ = probability that aircraft is an air carrier, given that it
is going to Logan.

This procedure is repeated for all airports to obtain the probabilities
associated with each aircraft type. These probabilities are accumulated,
and a decision is made to assign the type of aircraft on the basis of a
random number.

3.3.2.4 Aircraft Origin

Aircraft proceeding to secondary airports are assumed to appeay at the
airport ready to land. The only question is whether or not they can, de-
pending on facility status and weather conditions. On the other hand, air-
craft destined for Logan appear at one of the five holding fixes that serve
Logan -- Manjo, Millis, Bridgewater, Skipper, or Lawrence. For purposes of
the model configuration, these holding fixes are the origin of aircraft
bound for Logan. These assignments are based on a frequency distribution
characteristic of origins of flights feeding through these points ~- 30
percent to Millis and Manjo, 25 percent to Bridgewater, 5 percent to Skipper,
and 10 percent to Lawrence.

3.3.2.5 Aircraft Weight, Category, and Speed

With knowledge of the type of aircraft, three other pieces of informa-
tion are required: the weight class, the aircraft approach category, and
speed. The weight class is required to determine separation criteria in
the final approach. The approach category is required to determine landing
minima.

A small aircraft, designated S, is an aircraft whose maximum certified
takeoff weight is 12,500 pounds or less. A large aircraft, L, weighs more
than 12,500 pounds and no more than 300,000 pounds. A heavy aircraft, H,
weighs more than 300,000 pounds.*

*Aircraft weight classes are defined in Chapter 1 of the manual Air Traffic
Control, 7110.65, 1 January 1976, DOT, FAA, Air Traffic Service.



Approach category definitions* are tabulated as follows:

A. Landing approach speed less than 91 knots, landing weight less
than 30,001 pounds

B. Landing approach speed 91 knots or more but less than 132 knots;
landing weight 30,001 pounds or more but less than 60,001 pounds

C. Landing approach speed 121 knots or more but less than 141 knots;
landing weight 60,001 pounds or more but less than 150,001 pounds

D. Landing approach speed 141 knots or more but less than 166 knots;
landing weight 150,001 pounds or more.

Category E aircraft, those aircraft with landing approach speeds
greater than 166 knots, are not considered.

Both weight class and approach category are treated as a function of
aircraft type. The model assigns aircraft weight class and approach cate-
gory through two separate random processes. Although there could theoret-
ically be a high correlation between these two factors, the actual mix of
aircraft is such that there is little need to correlate the weight class
and approach category selection. For example, all general aviation aircraft
in the available Logan data base were both small and approach category A.
The only problem concerned commercial aircraft, wherein some heavy aircraft
could be erroneously assigned to approach category C. However, a model
refinement in this one area did not seem to be warranted.

With weight and approach category decided, an approach speed is all
that remains to be assigned. The speed is selected on the basis of a
uniform speed distribution applicable to the various approach categories:

Distribution
Category Speed (knots) Range (Knots)
A 71-90 20
B 91-120 30
c 121-140 20
D 141-165 25

The model also simulates aircraft departures, but only those from
Logan. It is assumed that the same numbers of aircraft, by type, weight,
and approach category, land and take off, although not necessarily on the
same schedule. Determination of departure time is accomplished by
assigning each aircraft landing at Logan a takeoff time equal to its landing
time plus a nominal layover time plus or minus a uniform random variable.
Departing aircraft appear at the head of a departing runway, queueing on
a first-in/first-out basis.

*Landing approach categories are defined in Instrument Approach Procedures
(charts), published by the National Ocean Survey.



3.3.3 Aircraft Control Module

3.3.3.1 Air Traffic Control

Figure 3-5 depicts the air traffic control module.

As described previously, when an aircraft bound for Logan is generated,
it is assigned to one of the five inbound holding fixes, where it is held
until it can be accepted by a controller for vectors to an approach. A
central assumption of this model is that three factors primarily affect
delays:

The number of aircraft a controller can handle at one time
The longitudinal, or trail, separation of aircraft in final approach

Whether or not an approach can be made,
The number of aircraft per controller is determined by:

A controller's innate capability and training

Accuracy and information rate of the radar.

Interviews with personnel in Boston TRACON showed that while the
capabilities of controllers varied considerably, an average controller,
working with the ASR, ARTS-III, and SECRA all operable, could handle ten
aircraft between the holding fixes and the point where the aircraft are
handed over to the tower control, These same interviews revealed that as
the several radars became inoperable (the Winthrop ARSR is included because
its raw video can be displayed in the TRACON), the number of aircraft per
controller diminished. The last column in Table 3-2 displays nominal numbers
of aircraft per controller, as a function of the radar facility environment.
To illustrate, suppose the ASR is down, the SECRA is up, the ARTS-III is down,
and the Winthrop ARSR is down. The SECRA (beacon radar) is the only radar
information available, and the number of aircraft per controller is reduced
from a nominal, or average, value of ten to eight.

The manner in which the maximum number of aircraft per controller
(MAPC) affects delay is readily seen. Assume that a controller is moving
aircraft from a holding fix to a runway and that the runway acceptance
rate is unlimited. If the distance from the fix to the runway is D and
the aircraft speeds are S, define MAPC as the maximum number of aircraft
per controller and NAPH as the number of aircraft moved per hour. If the
aircraft the controller handles are assumed equally distant from one
another, then this distance is D/MAPC. If the aircraft speed is divided
by this quantity, the number of aircraft per hour that the controller can
move to the runway, NAPH, is given; that is,

_ S _ (MAPC) (S) N
NAPH = D/MABC 5 ; (3-6)
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For given values of S and D, the rate of removing aircraft from the
holding fixes is a linear function of MAPC. If a controller is receiving
aircraft from more than one holding fix, then the rate at which he can
remove aircraft from any one of these (assuming they are equidistant from
the runway) is NAPH/N, where N is the number of holding fixes. If this
rate is less than the rate at which aircraft are arriving at these fixes,
then queues or stacks will develop. The longer the queues, the greater will
be the delay. 1If the runway acceptance rate if finite and if NAPH is
greater than the runway acceptance rate, then, of course, the runway
acceptance rate becomes the limiting factor.

The runway acceptance rate is controlled primarily by:

Trail separation in final approach

Runway clearance rate.

Trail separation in final approach, the only one of these two factors
allowed to vary in the model, is controlled by several factors, among which
are:

Accuracy of navigation
Precision and information rate of the radar
Separation required for wake-vortex avoidance

Runway clearance time.

Table 3-2 is also used by the model to determine separation. A nominal
separation is given in column I as a function of radar status. If all
radars are up, a nominal separation of 3 nautical miles is provided. Other
radar outage combinations give different nominal separations up to a maximum
of 5 nautical miles. In the event that all radars are down, radar vectors
cannot be provided and the model acts as if any approach to Logan must be
made on the Boston VORTAC. 1In this event, a nominal separation of 12 miles
is called for. This is an approximation; it is understood that the actual
separation in this case would be achieved by not clearing a following air-
craft from a holding fix until the one ahead reports at some prescribed
fix. The distance between the two aircraft would therefore be a variable
dependent on the holding fix involved and the particular runway in use.

The l2-nautical-mile separation is thought, however, to be an adequate
approximation.

Columns II through VI of Table 3-2 are incremental separations that
are added to the nominal separation determined by column I to provide wake-
turbulence avoidance. For example, in the top row, with all radar equip-
ment up, column IV represents a small aircraft following a heavy, and an
additional 3-nautical-mile separation is provided, giving a total separa-
tion of 6 nautical miles.



The model utilizes the separation-table data to establish the landing
sequence. How this sequencing is established is a key aspect of the model,
as will be shown in Section 3.3.3.2. As mentioned earlier, in the descrip-
tion of the aircraft generation module, aircraft bound for Logan are placed
at one of the five peripheral holding fixes for the purpose of determining
the distance from the fix to Logan. It is not necessary, however, to
establish five different queues in the model in order to simulate their
handling. A single, first-in/first-out (FIFO) queue suffices. This reflects
the fact that the two approach controllers are in communication with one
another and coordinate their activity so that all aircraft handed off to
them are allowed to proceed in approximately their order of appearance.

3.3.3.2 Runway Selection and Landing Sequencing

Before a simulated aircraft is released from the queue that represents
the holding fixes, the following steps are taken:

A runway is assigned, taking into account wind speed and direction,
types of approach available, weather conditions, and facilities status.

When a runway is found, the distance to that runway from the as-
signed holding point is found in the distance table and, by use of the
aircraft speed, a time of flight is calculated.

By summing the time of flight and present time, an ETA is found.
This ETA is used to determine where the aircraft is placed in the landing
sequence.

Runway selection is based on the current wind direction and speed
coupled with a priority system. It also takes into account the status
of facilities that define the several approaches available, the ceiling
and visibility conditions, and landing minima. At Logan, the following
landing runway priority system is used:

Priority Day Night
1 4R/L 33L
2 27-22L 4R
3 33R/L 22L
4 15R/L

The model first makes a tentative runway selection by taking into
account this priority system and wind constraints. It then determines
whether or not a landing can actually be made on this runway under
prevailing weather conditions and approach availability.



If the wind is 5 knots or less, it is assumed that the wind is calm,
as is done at Logan. In this case the highest-priority runway is noted and
a check is made, approach by approach, to determine if the facilities neces-
sary for that approach are in an up status. As available approaches are
found for the runway under consideration, the minima corresponding to each
approach are examined. If the minima are lower than the prevailing ceiling
and visibility conditions for that particular runway-approach combination,
a viable approach exists and it is assumed that a landing can be made. If
the first approach is not viable, the second is checked, and this cycle is
continued until a viable approach is found or all approaches for that runway
are exhausted. 1In this case, the next-lower-priority runway 1is examined.
If no viable approach on any runway can be found, the aircraft is delayed
at the holding fix until either a viable approach becomes available or 30
minutes have elapsed, at which time the aircraft is presumed to divert to
its alternate.

If the wind is greater than 5 knots and is 15 knots or less, the
highest-priority runway having the wind direction within *80 of its direction
is selected and tested for the availability of a viable approach. If no
viable approach exists on this runway, the next-highest-priority runway is
examined, etc., until either a viable approach is found or the aircraft is
forced to wait for a weather or facility status change to take place, as
above.

When the wind is greater than 15 knots, the runway priority is not
considered. The model cycles through each runway, searching for a viable
approach, if one or more runways are found having a viable approach, the
runway closest to the wind is chosen, regardless of wind direction and
speed. Of course, if no viable approaches are available, the aircraft, as
before, stays at the holding fix.

All of these checks are made before the aircraft is released from the
holding fix. When a runway and approach have been found, a distance table
is entered. This table contains the distances in nautical miles from all
five holding fixes to all the runways at Logan. The data were taken by
direct measurement from the Boston (Logan International), Mass., ASR-7
60-nautical-mile video map prepared by the National Ocean Survey, revised
4 February 1976. The routes were laid out in conformity with the Boston
Tower Standard Operating Procedures, dated 15 March 1976, BOS TWR 7110.35.
It is understood that these routes vary in length from approach to approach,
but the tabulated distances are believed to be representative.

When the distance is found, a time of flight is calculated. In calcu-
lating the time of flight, the model increases the landing speed by some
factor greater than 1; e.g., in the delivered version of the UDCM, time of
flight is set equal to the distance divided by the landing speed doubled.
This time of flight is added to the present time to obtain an ETA.

Assuming that there are aircraft ahead of the one being considered,
there is a landing schedule that contains the landing time, speed, and
weight class of the aircraft already en route to land. The ETA of the



present aircraft is compared with those of the aircraft on the landing
schedule. When the aircraft just ahead (the lead aircraft, with a landing
time just less than this ETA) is found, the required separation between
the two aircraft is looked up (see Table 3-2) and a calculation is made,
using the two aircraft's speeds, to determine if the ETA will allow proper
separation. If it does, then a similar calculation is made for the next,
or trail, aircraft on the landing schedule. If separation is assured, the
ETA is assigned as the landing time and the aircraft is released from the
holding fix. Once an aircraft is released, it will be assumed to land
regardless of any subsequent changes in weather or facilities. If it does
not clear the lead aircraft, a delay is calculated to assure separation,
and a check is made on the trailing aircraft, using the ETA plus the cal-
culated delay. If separation is assured, the landing time is the ETA plus
this delay. If separation for the trail aircraft is not assured, it is
then treated as the lead aircraft and the cycle is continued until a landing
time is found. The difference between the landing time and the ETA is the
delay time due to spacing. When a delay is necessary, the aircraft is not
automatically released from the holding fix at the termination of the delay,
but the whole cycle is repeated to ensure that no weather or facility
changes have taken place and that the landing schedule has not changed.

If the originally determined conditions continue to prevail, the aircraft
is released at the end of its delay time and is assumed to land.

If a viable landing runway cannot be found, aircraft are held for up
to 30 minutes, during which time the weather may change or facilities may
be restored to service, which will allow landings to be made. If no landing
is possible within 30 minutes, the aircraft is scrubbed, as if it were going
to an alternate airport. Aircraft bound for secondary airports that cannot
land are either scrubbed, as if they are going to another secondary airport,
or they are diverted to Logan. An aribtrary proportion, one-half in the
present model, are assigned to Logan. For those which are diverted to Logan,
a distance table is entered to enable calculation of a time of flight.
They are put on the:landing schedule in the usual way, with one exception:
they are assigned a higher priority than other inbound aircraft. This has
the effect of putting them ahead of aircraft waiting to be released from
the holding fixes.

At Logan, several different situations are encountered in the assign-
ment of runways for takeoff and landing. These assignments are based on
wind conditions and states of the weather. For example, if the wind is
less than 15 knots and the weather is VFR, landings are permitted on certain
runways intersecting the primary, or preferred, runway. Under these
conditions the model sets up another landing schedule to which it assigns
small aircraft, and the assumption is made that they land on schedule, with
separation at the intersection being maintained by the tower. It is also
assumed that when the wind is less than 15 knots, landings and takeoffs
are scheduled on different runways and collision is avoided on the landing
and takeoff runway intersections by tower action. On the other hand, when
the wind is greater than 15 knots, landing and takeoffs will be taking place
only on the primary runway, and all landings occur on the primary runway.



If the landing and takeoff runways are different, departing aircraft
will be allowed to depart as soon as the first landing aircraft lands,
unless the first landing aircraft is two miles or more out in final approach.
In this case, the departing aircraft will be allowed to take off ahead of it,
given proper separation from any aircraft taking off. 1In a nonradar
(VORTAC only) environment, three-minute separation will be simulated.

If landings and takeoffs are occurring on the same runway, when the wind
speed is greater than fifteen knots, the model will simulate a one-minute
roll-out and runway clearance time for landing aircraft; i.e., departures
will be permitted one minute after prior landing if the next landing aircraft
is two or more miles out at runway clearance time. Aircraft taking off
are assumed to be handed off to ARTCC immediately. Takeoff is not permitted
if the ceiling is less than 375 feet and visibility is less than 1 mile.

When three or more aircraft are in the takeoff queue, aircraft coming
off the holding fix will go to five-miles separation or more in final.

3.4 DATA REQUIRED TO EXERCISE THE MODEL

A Key element in any simulation model is the input data base. The
input data must be complete enough to reflect the elements being simulated,
and they must be accurate if the model is to have predictive value. This
section will identify the nature of the data necessary to exercise the UDCM.
Appendix A discusses and explains the data in greater detail, as well as
the methods used to collect it and prepare it for program input. The program
documentation, published separately, displays all of the input data matrices
with specific numerical values used during model demonstration. The input
data required by the model fall into the following categories:

Weather data

Arrival rate as function of:
Weather, VFR or IFR
Destination airport
Time of day

Distribution of aircraft types (air carrier, air taxi, general
aviation, military) as a function of weather (VFR, IFR) and destination

Distribution of weight class as a function of type
Distribution of approach category as a function of type
Turnaround time as a function of type

Distribution of holding-fix assignment, e.g., percentage of Logan-
bound aircraft coming in over each of the five holding fixes

Distances from holding fixes to the primary airport under radar and
nonradar (VORTAC) environment, by runway



Distances from secondary airports to the primary airport by primary
airport runway

Minima for each approach serving each runway, by approach category

Identity of all facilities necessary for each approach at each
runway

MTBF and MTTR of each facility for the Facility Status File

Trail separations required in landing as a function of radar/VORTAC
outage and leading/following aircraft weight classes, and maximum number of
aircraft per controller as a function of radar outage

Airport description data.

3.5 MODEL OUTPUTS
The program produces and prints out three kinds of data:

Output data of the run, i.e., delay data of various kinds
Program administrative data

Current values of program parameters.

The program administrative data and current values of program parameters
are technical in nature and their discussion is presented in the program
documentation, published separately. The run delay data are defined in this
section and are discussed at greater length in Chapter Four, the description
of the model demonstration.

Run delay output are presented in the form of a computer-printed matrix,
an annotated example of which is shown in Figure 3-6. This matrix gives
an overall synopsis of the model's operation. The four columns in this
matrix signify aircraft type. Column 1 represents air carriers, Column 2
alr taxis, Column 3 general aviation, and Column 4 military aircraft. The
delay statistics are presented in the matrix by row:

Row 1 - Number of aircraft created at holding fixes and secondary
airports

Row 2 = Number of aircraft originally scheduled to the primary
airport through the holding fixes

Row 3 = Number of aircraft diverted from secondary airport to primary
airport

Row 4 - Time of flight accumulated by secondary-airport aircraft
diverted to the primary airport

Row 5 = Number of aircraft landing at primary airport that experience
delay

Row 6 - Total delay of landing aircraft [delay = landing time -
(creation time + time of flight)]
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Aircraft Type

Number of aircraft created at holding fixes and secondary airports
Number of aircraft originally scheduled to the primary airport through
the holding fixes

Number of aircraft diverted from secondary airport to primary airport
Time of flight accumulated by secondary-airport aircraft diverted to the
primary airport

Number of aircraft landing at primary airport that experienced delay
Total delay of landing aircraft

Total delay accumulated, for both landing and diverting aircraft, due
to separation criteria

Number of aircraft not able to land at primary airport and diverted
Number of aircraft that landed at primary airport

Number of aircraft that experienced takeoff delay at primary airport
Total takeoff delay time

Total takeoff delay time experienced by aircraft at head of takeoff
queue waiting to achieve separation on aircraft taking off ahead
Number of aircraft entering the takeoff queue

Figure 3-6. OUTPUT DELAY MATRIX



Row 7 -~ Total delay accumulated, for both landing and diverting aircraft,
due to separation criteria

Row 8 ~ Number of aircraft not able to land at primary airport and
diverted

Row 9 - Number of aircraft that landed at primary airport

Row 10 - Number of aircraft that experienced takeoff delay at primary
airport

Row 11 - Total takeoff delay time (the sum of takeoff delay time for
aircraft in row 10)

Row 12 - Total takeoff delay time experienced by aircraft at head of
takeoff queue waiting to achieve separation on aircraft taking
off ahead

Row 13 - Number of aircraft entering the takeoff queue.

These outputs may be called for whenever a user requires them (i,e.,
every time an aircraft lands, every time 100 aircraft land, every hour,
every minute, etc.). When the outputs are printed periodically, they will
be cumulative from the time of run commencement. |

3.6 MODEL LIMITATIONS

The model has several limitations, some minor, some larger in scope.
The development effort was subject to constraints on time and money. The
model development began with an identification of the possible features
that could be included in the model. Then the time and budget constraints
were used in formulating the required model limitations and basic assump-
tions. To illustrate the sort of questions considered, the issue of
incorporating collision~avoidance logic in the route network was examined.
Conversations with TSC personnel and persons in the academic community
indicated that this would be a very extensive and unnecessary undertaking;
it was therefore abandoned in favor of a simpler concept, namely, that "the
aircraft will be assumed to be separated by the controller".

Another question was whether or not to simulate traffic through the
TCA, understood to be a very large burden on the air controller. It was
decided, however, that the first order of priority was what happened at
Logan and, more particularly, what happened to aircraft landing at Logan.
This priority also dictated the decision to assume that aircraft taking
off from Logan are simply handed off to the Boston Center, thus disappearing
from the model.

Secondary airport operations are dealt with in very simple fashion.
The major simplifications are:

Airoraft appear at the airport at time of creation, rather than at
the TCA boundary.



Takeoffs are not simulated at all.

The effect of secondary traffic in the Boston Sector on controller
capacity is neglected.

The reasons are as explained above. Events at Logan were considered
paramount, and time and money for model development were limited. All of
these elements can be added to the model incrementally.

The placement of aircraft in the landing schedule does not take into
account a system of priorities based on aircraft speed and weight. It is
recognized that in practice the controllers do take these factors into
account, but in a way that reflects the extreme complexity of the human
decision process. Refinement is possible in this area.

There is no provision in the model for the effect of deterioration
in the quality of voice radio communications. Quantification of this
phenomenon is the subject of a more sopristicated and extensive forxrm of
analysis, which has not been undertaker.

An important meteorological phenomenon is the cloud deck between 1000
and 3000 feet. A descent through such a deck must be IFR, and an IFR
approach must be made to landing. The model does not recognize this,
simply because data relating to the distribution of this condition were
not known. The impact of this limitation is that IFR approaches are made
less frequently by the model than in reality. Acquiring data for the weather
module was a major source of delay in model development. Given more complete
weather data, this limitation can be easily overcome.

The model is programmed in General Purpose Simulation System (GPSS)
language. The basic cycling interval for the UDCM is one minute. This
means that every clock GPSS pulse is interpreted as one minute of simulated
real time. The use of a one-minute clock implies an analytical error in
calculation because all calculations involving time are integer quantities.
For example, any calculation, such as a distance divided by a speed, will
truncate downward to the next lower integer so that, say, all times between
4.0 and 4.999 minutes will be interpreted as 4 minutes. Thus the same time
of flight would be obtained over a range of distances and/or velocities.
Obviously, then, some error is built into the model. This could be reduced
by allowing one clock pulse to stand for 0.1 or 0.0l minute, or any other
fraction of a minute. Such reduction would, however, increase the model's
core constraints, already very tight, since in order to obtain runs of any
reasonable simulated duration, the halfword savevalues and matrices would
have to be increased to fullword values.

In summary, it is believed that the limitations noted are important but
that the model does handle the first-order effects and that, given the
modular construction and central logic, second-order effects can easily be
incorporated later.



CHAPTER FOUR

UDCM DEMONSTRATION

The purpose of demonstrating the UDCM was to assure that it functions
correctly and that it is sensitive to facility outage as well as to air-
craft schedule and weather.

The demonstration consisted of ten runs of the model, five conducted
at the Transportation Systems Center by ARINC Research personnel during
the period 20 through 22 September 1976, and five conducted at ARINC
Research from 27 September through 22 October 1976. The runs at ARINC
Research were made by using a version of the model with the weather module
removed and the weather conditions preset in the program logic. Removal
of the weather module conserved computer core, expedited the runs, and
made it possible to select a particular weather condition.

The demonstration of the model showed the following:

Strong model sensitivity to aircraft arrival rate

Strong sensitivity to facility outage, when the arrival rate is
low enough not to mask the effect

Sensitivity to weather conditions.

In the following sections all model runs will be explained and analyzed.

4.1 RUN DESCRIPTIONS

Tables 4-1 and 4-2 describe the run scenarios. The primary difference
between the two sets of runs was the overall aircraft arrival rate. The
arrival rate, 1887 per day in set 1, was reduced in later demonstration
runs to investigate the effect of varying this factor.

In both sets a baseline run was made with all radar facilities "up"
These are runs 1 and 6. Variations of facility outages in the first five
runs were made on the basis of suggestions by TSC personnel. In the
second set of five runs, it was decided to investigate the effects not
only of facility outage but of the other factors as well, i.e., schedule
and weather.



Talle 4-1. UDCM DEMONSTRATION RUN DESCRIPTIONS,
21-22 SEPTEMBER 1976
Run Number of
Facility Status Weather Aircraft
Number
Generated
1 ASR, ARTS, ARSR, SECRA up; Random, VFR 1887
other random probably
2 ARTS and SECRA down 24 Same 1887
hours; others random
3 ASR, ARTS, ARSR, SECRA Same 1887
down from 5-7 P.M.; others
random
4 ARTS, SECRA down from 5-7 Same 1887
P.M.; others random
5 ASR, ARTS, ARSR, SECRA Same 1887
down 24 hours; others
random
Table $-2, UDCM DEMONSTRATION RUN DESCRIPTIONS,
27 SEPTEMBER - 22 OCTOBER 1976
. Aircraft Speed
Wi P - T .
Run Facility . W “@ Ceiling | Visibility Nuﬁbor 2 from Holding
Direction/ X Aircraft
Number Status . (Fect) (Miles) Fix to
Velocity Generated -
Final Approach
6 All up N/10 1060+ 3+ 1007 Landing Speed
7 ASR, ARTS, N/10 1000+ 3+ 1007 Landing Speed
SECRA, ARSR
down 24 hours;
others up
8 All up N/10 1000+ 3+ 1007 2X Landing
Speed
9 All up N/10 1000+ 3+ 662 2X Landing
Speed
10 A5K down 24 N/18 600 1.5 751 2X Landing
hours; others Speed
up




As a conseguence of this additional variation, a more complete analysis
is possible. For example, runs 1l and 6 are identical, all radars up, except
that they differ in arrival rate. Similarly, runs 5 and 7 are identical,
all radars down for 24 hours, except that they too differ in arrival rate.
Hence comparison of these four runs should provide evidence of model
sensitivity to arrival rate.

Run 9 is the same as run 8 except that the arrival rate is even lower.
The purpose of this run was to observe the effect of a very low arrival
rate.

Finally, run 10 was designed to test the runway-selection procedure in
the model. The wind was set at 18 knots from the north, and the ASR was
placed in a "down" condition. When the wind is greater than 15 knots, the
runway closest to the wind should be selected, provided a viable instrument
approach exists. 1If a viable instrument approach cannot be found, the
runway next closest to the wind with an instrument approach available
should be the one chosen. Runway 33 is closest to north. It has an ASR
approach with a 480-foot ceiling minimum. No other approach on runway 33
has a minimum less than the prevailing ceiling of 600 feet and 1.5-mile
visibility. The model should therefore select a runway next closest to
the wind with an approach available and with minima below prevailing
weather. The model did this, with runway 4 (ILS approach) being selected
on all landings of the run.

4.2 MEASURES OF DELAY AND MEASURES OF EFFECTIVENESS

The delay measures were described in Section 3.5. For the convenience
of the reader, they are repeated in Table 4-3 with amplifying comments.
From these basic model outputs, several additional measures of effectiveness
can be defined that will be useful in run analysis.

Define:

Ml = line 8 + line 2 = percent diverted from Logan. This measure
identifies the grossest form of interruption of service to the
using community.

M2 = line 8 X 30 = number of minutes lost by diverting aircraft.

M3 = M2 + line 6 = total delay to aircraft that land and to those
which divert.

M4 = M3 + line 2 = minutes delay per aircraft originally scheduled to
land at primary airport

M5 = line 7 # (line 8 + line 5) = delay due to spacing per aircraft for
aircraft which landed and those diverted. This measure is not
precise, since it does not divide total spacing delay by the
actual number of aircraft thus delayed (which is not recorded) .

Tt does, however, show the average spacing delay of those air-
craft which were subject to it.



Tablc 4-3.

EXPLANATION OF DELAY MEASURES

Delay Measure

Comment

10.

11.

12.

Number of aircraft created at holding fixes and
secondary airports.

Number of aircraft originally schioduled to the
primary airport through the holding fixes.

Number of aircraft diverted from secondary air-
ports to primary airport.

Time of flight accumulated by secondary-airport
aircraft diverted to the primary airport.

Number of alrcraft landing at primary airport
that experienced delay.

Total delay of landing aircraft

Total delay accumulated, for both landing and
diverting aircraft, due to separation
criteria

Number of alrcraft not able to land at primary
airport and diverted

Number of aircraft that landed at primary
airport

Number of aircraft that experienced takeoff
delay at primary airport

Total takeoff delay time

Total takeoff delay time czperienced by aircraft
at head of takcoff gueue waiting to achicve
separation on aircraft taking off ahead

Hambur ol aiveralt ontervor, the Lareol U quenads:

This is simply the sum of all aircraft-creation events
in the program.

Thig number is contained in the total shown in line 1.

When weather is below minimum at secondary airports, 5C%
divert to Logan. They are assigned a higher priority
for alr controller pick-up than aircraft at the holding
fixes.

A distance table in the program contains the distance
from each secondary airport to the primary airport.
When a diversion to Logan takes place, the time of
flight is calculated. Line 4 is the sum of these
times.

Delay 1s defined as the difference between time of
creation plus time of flight and landing time. This
line shows the number of aircraft for which this
difference was not zero.

This {s the sum of delay times experienced by alrcraft
delayed (reported in line 5).

The ETA is the sum of the time of acceptance by a
controller and the time of flight, If the ETA will not

fit the landing schedule, a later scheduled landing tira

is found. The difference is delay due to spacing. &an
alrcraft may not be able to leave the holding fix at the
end of its separation delay; a facility may have gone

down in the interim. If 1t cannot leave the fix within

30 minutes, it diverts. Thus it 1s possible for both
landing and diverting aircraft to accumulate spacing delays.

If an aircraft 1s not released from a holding fix within 30
minutes of its creation time, it is assumed to divert. It
is possible for an aircraft previously diverted to Logan
from a secondary airport to subsequently be diverted from
the primary airport.

This 1s the total number of aircraft landing at the primary
airport. It includes aircraft previously diverted from
secondary airports.

Since takeoffs from secondary alrports are not simulated in
the model, this measure is applicable only to the primary
airport. Delay here is defined as the difference betwecen
the time the aircraft enters the takeoff queue and its
actual time of departure.

This is the sum of the delay times for all aircraft delayed
taking off.

If an aircraft otherwise ready for takeoff is delayed because
the aircraft taking off ahead has rot achieved proper time
separation (1 minute in radar environment, 3 minutes in non-
radar environment), it is delayed until this separation is
annreed,

croan aircrall b ar ble primary airport, it is
igned a random turnacound time, At this time it enters
the takeoff{ queue. This measure is the total number of
aircraft entering this guese.  This line was not available
fur runs 1 thirough 5.

4-4




M6 = line 9 + 24 = average landing rate per hour, over the 24-hour
run period.

M7 = line 11 + line 10 = minutes delay per delayed takeoff aircraft.

M8 = M3 + line 11 = total delay to landing, diverting, and taking off
alrcraft.

M9 = minutes total delay per aircraft scheduled for primary airport,
M8 + line 2.

4.3 MODEL DEMONSTRATION OUTPUTS

Tables 4-4 and 4-5 summarize the delay outputs and derived measures
of effectiveness for all 10 runs. These two tables provide a concise
reference to accompany Sections 4.3.1 through 4.3.10. 1In these sections
the complete run delay outputs and measures of effectiveness are displayed
in Tables 4-6 through 4-25. Sections 4.3.1 through 4.3.10 are brief
descriptions of run results and provide some basis for comparing results
among the runs. An analysis leading to more general conclusions is
presented in Section 4.4.

4.3.1 Run 1 (Tables 4-6 and 4-7)

In the discussion of run 1, attention will be given to explaining not
only the run itself but the significance of the tables of delay data and
the derived measures of effectiveness. This will serve as an introduction
to the tables and their use. Subsequent runs will not be addressed to
this level of detail.

Table 4-6 shows the 13 delay measures printed out by the model. They
are displayed in the same matrix format as they appear in the computer
printout, with one exception: a fifth column has been added that contains,
for each measure, the totals for all aircraft types (user classes).

The total number of arrivals, i.e., alrcraft generated, during the
24-hour simulated run is 1887, or about 67.5 per hour, with peak hourly
rates somewhat higher. Of the 1887 created, line 2 shows that 1620 were
scheduled for Logan, the rest for secondary airports. This leads to
system saturation, with the result that many aircraft cannot land. Line 8,
the number diverted from Logan, shows 629 air carriers, 89 air taxis,

65 general aviation, and 2 military, for a total of 788 in this category.

Lines 3 and 4 provide information about aircraft that were scheduled
for secondary airports but were unable to land. As mentioned earlier,
50 percent of these are assumed to proceed to Logan. In runs 1 through 5
the weather module was cperating; and while no record was kept of the
weather conditions that were simulated, it may be surmised that at some
time the weather was below minima for one of the secondary airports.
It can be seen in line 3 that one general aviation aircraft was sent to
Logan from a secondary airport. Line 4 shows the time of flight to Logan
for these diverted aircraft that actually land. Since no time of flight is
shown, that single diverted general aviation aircraft did not land at Logan,
and it can be assumed that it was diverted.

4-5



Table 4-4.

DELAY OUTPUTS - RUN TOTALS

Delay Measure

Run Number

§

6

Number of Aircraft Created
at Holding Fixes and
Secondary Airports

1887

1887

1887

1887

1887

1007

1007

Yol 2

Number of Aircraft Originally
Scheduled to the Primary
Airport Through the Holding
Fixes

1620

1620

1620

1620

1620

864

264

508

659

Number of Aircraft Diverted
from Secondary Airport to
Primary Airport

Time of Flight Accumulated
by Secondary-Airport Aircraft
Diverted to the Primary
Airport

v
S
Gl

Number of Aircraft Landing at
Primary Airport That
Experienced Delay

682

636

559

248

568

251

153

Total Delay of Landing
Aircraft

24293

16151

21061

22036

10847

13274

10587

13748

9729

Total Delay Accumulated, for
Both Landing and Divexting
Aircraft, Due to Separation
Criteria

8415

3659

7893

7786

5207

5686

4904

8039

Number of Aircraft Not Able
to Land at Primary Airport
and Diverted

788

1040

873

832

1334

99

595

95

Number of Aircraft That
Landed at Primary Airport

828

743

781

272

762

266

768

6140

1)

10.

Number of Aircraft That
Experienced Takeoff Delay
at Primary Airport

485

129

413

401

266

262

463

11.

Total Takeoff Delay Time

940

162

1210

686

781

741

773

1487

12,

Total Takeoff Delay Time
Experienced by Aircraft at
Head of Takeoff Queue Waiting
to Achieve Separation on
Aircraft Taking C{f Ah:ad

13.

Number of Aircraft Enterlné

the Takeoff Queue

NA

NA

NA

"N

754

T 262

iy

45




11702

ST°2

0T 0T

LL"EE

L9761

88°1¢

£€p°6C

T6°6c

€£°6C

LT70¢

T SUuTl : 8W
:uebOT I0F PaTNPOYDS ITRIADITY
zad AeTea Te3ol se3nuTH

‘6w

9SZET

TLELT

8L16C

S669T

8%9TS

Z89LY

T9v8Y%

ETSLY

£.88%

TT aurt

+ €W :3FeI0ATY 3JO0 buryeg
pue ‘buriisaI@ ‘burpuet
I03 AeTag TB3IOL S9INUTK

“8W

Ev°E

420"

£€8°¢

86°T

¥6°2

IL°1

£6°¢C

97T

0T 2utT
+ IT SUTT :33IRIDATY JJOo9Xe]
pokerag xod AeTag sejnuiy

£8°9C

[4° A ¥4

80°TT

SLTTE

£E°TT

vstze

96 0¢€

[4 38 ¥4

$Z + 6 SUTT :anoH zad 3IeaD
-ITY ‘®3ey4 burpueT sbeioay

L1721

[A AN

Z8°S

79°8

8Z°¢

0tE"g

v9°s

9€°¢

ZL°S

(5 PUTT +
8 BUTT) : £ SUTT :3JRADITY

aad Aetraq butoeds sajnuty

“SH

98°LT

S9°T1

TIZ 61

I6°C¢E

08°81

oy " TE

10762

L1762

€C°62

6576

C PUull : €W
:ueboT 10 poTNpPLyss
33exdaty Iad AeTaq sa3jnuty

W

69LTT

865971

LEVBT

1244

L9809

26697

TS2Ly

1S€LY

€EOLY

9 SUTT + ZW :3gFexd
-ITY po3I=2aTd pue butpue]
padeTag Jo AeTeaq Te20lL

“EN

ovoz

0g8¢

0S8LT

0L62

0zZ00¥

096¥c

06192

[elora R

ovotec

0f x § SUIT :3JPIDATY
but3xsatrg Aq 30T sajnUTH

W

Ze 0T

66707

98789

9711

veszs

9¢ TS

68°€9

6T %9

v9 8%

00T x (g ®uTT : 8 SUTIT)
:uebOT WOIF PIIIDATQ IUDDIDF

T

01

9

S

asquny umy

SSOUSATIDSIIT JO 2INSEdY

STVLOL NNY Y04

SSANAAILDAILT

Jd0 STANSYAW

“S-v 819EL




YN

N YN

YN

UN

anand Fzoayel ayl
Butisaug 33eI0aTV JO Iaqumn

ET

PESUY 330 buTyERL 3JRIDITY

uo uotieiedas SAdTYSY 03
futitem ansnd 13joayel jO pESH
3% 33eIdITY AQ pasusTiadxa
SWTL deTsa IFOaEL TPIOL

z1

0v6

T 60T

6LL

SwYL ABTaQg JJoodEL TERIOL

‘11

58V

Bz

SOy

Jiodatry Azewtad e
ABT3Q FJOINBL pasudraadxz
IBYL IJBIDATY IO I3qumn

‘o1

8¢9

£L

@]

Jaodity KIyewiid 3B papued
IPYL IIRIDITY 30 I9QUMN

LT70E

[s14

S8 v

eL70E

T duTl  BW
:URBOT 103 PATNPayYds 13BIDITY
zod ABTag [P3IOL S2INUTW

TEH

88¢

68

629

pPa1IdATq pue
1z0daTy Azewtig ae pueq o3
2TAQY ION 3FEPIDITY JO Iaqunn

£L88Y

| 9817

£LB6E

T1 autt

+ €W :33IPIDITY I30 butyel
pue ‘butizaatg ‘Butpuer
a03 APTag TPIOL S33INUTK

“EW

S1p8

®TI3313D

uoTiexedns o1 ong ‘1JRIDITY
but3izoarg pue Butpurt yjog
103 ‘pa3irInunony ABTag [P30L

v6° T

[4-30¢

01 aury
TT SUTT 33BIDITY 3JOdyel
padeTag 1a2d ipTag S23INUTK

LW

£6LZv

6S /181

33BI21TY
BurpueT 30 Ael2g TEIOL

6L°€

BSLT

bz : 6 2uUTT :ano zod 33010
-2TY ‘23eY BuTpuel sbeIAAY

TOW

Z 39

LS

LSS

Aetag podusatindxyl
Jeyl 3redity Arewtzd
P butpuel 3JeISITY JO 10qUnN

LS

820

170

ce°s

(g 2utl +
8 SUTIT) ; L SUTT :3IRIDITY
1ad Aeraq butoeds sa3anuTy

1

J1odity

Axewtig ay3 o3 pallaarqg
3JBIDITY 33odity-Asepucdas Aq
Pa3BTNWND2Y IYBTTI 3O awrl

65767

98°6¢

ST vz

T0"0¢

6T°0€

Z SUTTl ; EW
1upboT 103 palnpayds
33eioaty 1ad Aerag $23NUTH

€E6LY

602

89.L¢t

z98t

606t

9 BUTT + ZW 733810
—ITY P331IBATJ PUP BUTPUET
pakerag 3o Aerag [E3CL

“EW

Ir0daty Azewtig
03 330daTy AIPpUODaS WoOIj
P23I3ATQ IJRISITY JO IIUDN

Qz9otr

791

5621

SOXT4

BUuTprOH 243 ybnoiyl 3Izodaty
AzewTig oYl ©3 PaTnpIYss
ATTRUTETIU 3IBPIDITY JO IdQUMN

[21x4

0s1

0s6T

0192

0,881

0f x 8 BUTIT :3IIBADITY
butyzsatg Aq 3ISOT Sa3nuUTK

4]

LB8T

9E SLE

6621

s310d1TY AIEpPUOIDG
pue saxty Buiploy 3e
PP3IEDID IIPIDITY JO Iaqumy

v9°"8F

EV TL

L3971y

v6 " vS

[A14

00T x (g SUIT : B dUTT)
jueBOT WOIF EIIADATQ IUIDIdd

ST

sTe30L

UCTIBTAY

A
HEITTIN Tez1auan

xEL
1Ty

I3Taae]
ity

[GETN

{s)

AIEITTTH

(%)

uoTIeTAY
Texausn
(€)

STXeL
Ity
(2}

siatazed
1Ty
(n)

adAL 33eIDITY

SS9USATIOBIJIT JO 2ANSEAW

adA1 33eI21TY

ainsedn Aerag

AarrIqrsTa
Butttan

UOT3ISIITA PUTM —=— umiouu:oum wopuey

paads putm

T NN - $SINIAILOFIIT IO STHNSYIW

“L-=y STqrL

dn - ¥S¥Y ‘SI¥Y 'Y¥D3S ‘uSY

snaels AarIToeg T

XM

"ON uny

T NOd

- XIMIVW A¥13a

"9-p s1qPL




Line 5 shows that a total of 682 aircraft landing at IL.ogan experienced
delay from some cause, while line 6 gives the sum of all these delays, in
minutes. As mentioned earlier, line 7 shows the total delay minutes
attributable to placing aircraft on the landing schedule, as opposed, for
example, to delay resulting from controller saturation, facility outage,
or weather.

A total of 828 aircraft landed at Logan. Since 1620 were scheduled to
Logan, and 828 landed and 788 diverted, there is a deficit of 1620 - 828 -
788 = 4 aircraft unaccounted for. It can be concluded that these aircraft
were on the landing schedule when the model run ended.

Of the aircraft which, after landing, took off from Logan, 485 experi-
enced some kind of delay, as shown in line 10. Just as line 6 shows the
total delay to aircraft that landed, line 11 displays the total delay in
minutes to those taking off. Line 12 shows no delays to lead aircraft in
the takeoff queue awaiting separation on aircraft taking off ahead.

As noted earlier, the feature of the model that produces line 13, the
number of aircraft entering the takeoff queue, was not in the version of the
model exercised in runs 1 through 5. The entry NA means that this datum
is not applicable.

The data in Table 4-6 are informative in themselves, and similar data
are provided for all ten runs. Even so, the measures of effectiveness
defined previously, and othersthat analysis may call for, are more easily
interpreted., Accordingly, Table 4-7 is provided in order to give better
insight into model operation.

The first measure, M1, the percentage of aircraft diverted from Logan,
is perhaps most revealing. A total of 48.64 percent of the aircraft
scheduled for Logan could not land within 30 minutes and were assumed to
divert. This effect is due simply to saturation. The principal causes
were acceptance rate on the runway, due to trail separation requirements,
and limitations of controller capacity. The diverted aircraft, 788, each
waited 30 minutes before diverting, for a total of 23,640 minutes. This
is shown in M2, column 5.

M3 is the measure of total delay to landing aircraft, plus M2, another
measure of delay, and is seen to be 47,933 minutes. If this is divided by
the total number of aircraft scheduled for Logan, an average delay of
almost 30 minutes is recorded as M4.

M5 is a measure of density of the landing schedule because when there
are many ailrcraft in the landing schedule, there are fewer vacancies close
to the runway threshold. It will be noted that for general aviation and
military aircraft, this measure tends to be smaller than for the other user
classes. The reason is that when the weather is VFR and the wind is less
than 15 knots, small aircraft land on a secondary runway. Thus the landing
schedule tends to be less crowded. Since the arrival rates for these two
user classes are much lower than for the larger aircraft, there tend to be
fewer aircraft on the landing schedule, hence less individual delay in
entering.



The average landing rate, M6, of 34.5 per hour is indicative of how
close the model is to saturation. At 34.5 per hour, this is equivalent to
one aircraft every minute and 45 seconds. It has already been noted that
in VFR weather with a wind less than 15 knots, landings are taking place
simultaneously on the primary and secondary runways. Thus, consider that
all users other than general aviation land on the primary runway; then
the arrival rate on the primary runway is 30.7 per hour, or cne every 1.95
minutes. If an average approach speed of 140 knots is assumed, the average
trail separation is 4.56 miles. Considering the wake-vortex incremental
additions to the nominal 3-mile separation, the 4.56-mile figure should be
close to the theoretical minimum. It is noted that the model does not take
into account the fact that in visual conditions, actual separations may be
less than nominal and that under these conditions certain actions are
available to the pilot and tower controller to reduce wake-vortex Separa-
tions. Neither does the model account for runway clearance by an aircraft
landing ahead of a landing aircraft. 1In the event that this were desired
in the model, one minute would be the minimum runway clearance time (see
limitation on GPSS clerk in Section 3.6). A one-minute runway clearance
time would not impose a limit on the runway acceptance rate, assuming a
140-knot average landing speed, unless trail separation in final were
2.33 nautical miles or less.

The number of minutes delay per aircraft taking off, M7, is 1.94
minutes.

M8 is another measure of delay. The fact that it is only slightly
higher than M3 indicates that takeoff delay is not as serious a problem
in high traffic density as that encountered by aircraft attempting to land.
M9 also reflects this fact when compared with M4. In other runs with lower
traffic density (see runs 9 and 10), takeoff delay is a larger percentage
of total delay.

4.3.2 Run 2 {(Tables 4-8 and 4-9)

Run 2, with the ARTS and SECRA down for 24 hours, shows an increase in
the number of diversions. This is due to the decrease in the numbers of
aircraft per controller from 10 to 6. As a consequence, fewer aircraft
per hour are accepted; hence fewer land. Table 4-9 shows the overall
landing rate reduced from 34.5 in run 1 to 23.92 aircraft per hour. This
is alsc reflected in M5, the average minutes delay due to separation. This
is down from 5.72 minutes on run 1 to 2.36 minutes on this run, indicating
that because fewer aircraft are landing, once the aircraft is accepted by
the controller, the landing queue is less dense and the aircraft can be
sequenced into it more quickly. The drop in M7, minutes delay per delayed
takeoff aircraft, relative to run 1, reflects the fact that since fewer
aircraft are landing, fewer are taking off, and less delay is encountered
waiting for separation on landing aircraft.
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The fact that fewer aircraft were delayed relative to run 1, line 5
in Table 4-8, can be misleading since this figure reflects only delays to
aircraft that actually landed; M4, minutes delay per aircraft scheduled to
Logan, includes both landing delays and diversions and would be a better
measure. Its decrease from 29.59 to 29.23 is not statistically significant.
It should also be noted that the assignment of a 30-minute delay to a
diverted aircraft is not an adequate measure of the ultimate delay and
cost of diverting. The sharp increase in the number of diverted aircraft,
from 788 to 1040, should be considered the primary measure in the comparison
of runs 1 and 2.

4.3.3 Run 3 (Tables 4-10 and 4-11)

Run 3 was made with the principal TRACON facilities out from 5 to 7
P.M., which were hours of heavy traffic. The results of this run do not
look significantly different from those of run 2. It can be seen that the
number of diversions did increase from 507 in run 2 to 597, reflecting the
use of the VORTAC approach during the busy hours.

4.3.4 Run 4 (Tables 4-12 and 4-13)

In run 4 the ARTS and SECRA are down from 5 to 7 P.M. The effect was
to leave nominal trail separation at 3 miles and decrease controller
capacity from 10 to 8. Considering that these restrictions were in effect
only for 2 hours, the results would not be expected to differ from those
of run 1. No significant differences are noted.

4.3.5 Run 5 (Tables 4-14 and 4-15)

Run 5 is the "worst case" for this series of runs. The number delayed
in landing is sharply down, but the number diverted is up to 1334, out of
1620 scheduled into Logan. M6, the landing rate, is down to 11.33 aircraft
per hour. For aircraft landing on the primary runway, 201 air carriers plus
26 air taxis and 2 military, this works out to 12.75 miles, on the average,
in trail separation, a figure compatible with the 12-mile separation required
for VORTAC approaches.

4.3.6 Run 6 (Tables 4-16 and 4-17)

Run 6 is the first of the second series of runs. This is the "baseline"
run with all facilities operating. The only essential difference between
this run and run 1 is in the lower rate of aircraft generation. An average
of 36 per hour are scheduled to Logan. The peak generation rate used in
the rate input data was 60 per hour from 4:00 P.M. to 5:00 P.M. The most
marked result is the sharp drop in the number diverted, from 788 in run 1
to 99 in this run. The minutes spacing delay per aircraft, M5, is up,
indicating a dense landing schedule. M4, delay per delayed aircraft, is
down by about 11 minutes from the first 5 runs, while M9, total delay per
aircraft scheduled for Logan, is down from about 30 minutes for the earlier
runs to 19.67 minutes. This run shows a definite model responsiveness to
the level of scheduled activity.
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4.3.7 Run 7 (Tables 4-18 and 4-19)

Run 7 is the "worst case" for the second set of runs, with all TRACON
facilities down all day. Here the average landing rate per hour is 11.08,
about the same as in run 5, indicating the nonradar approach environment.
The number diverting is correspondingly high. Similarly M9, total delay
pex aircraft, is up to 33.77 minutes. This run, coupled with run 5,
clearly shows the importance of TRACON radar facilities.

4.3.8 Run 8 (Tables 4-20 and 4-21)

Run 8 is identical to run 6 in all respects but one. Previously, the
model had calculated the time of flight (TOF) from the holding fixes to
Logan, using the aircraft's landing speed. 1In this run TOF is halved,
equivalent to a transit speed twice the landing speed. This procedure,
suggested by Boston TRACON personnel as being more representative of actual
practice, has been retained in the model.

In order to examine the effects of this change, it will be necessary
to establish a new measure of effectiveness, one not used before. Line 6
of the delay matrix is the total delay from all causes, i.e., time of
landing, minus the time of flight, minus the time of aircraft generation.
Line 7 is the delay due to spacing, i.e., placing the aircraft in the
landing schedule. If line 7 is subtracted from line 6, the delay time
due to factors other than spacing is obtained. If this time is divided
by line 5, the number of delayed landing aircraft, an average delay per
alrcraft due to all factors other than placement on the landing schedule
is obtained. For run 6 this measure, called M10, is 13.57 minutes, while
for this run it is down to 10.05 minutes. The implication is that by
moving the aircraft over the same distance from holding fix to airport
at a higher speed, the controller frees himself more quickly to accept the
next aircraft. However, MS, the minutes spacing delay, has increased from
8.64 minutes to 12.12 minutes per aircraft. This indicates that the delay
burden has merely been shifted from the holding fixes to the landing
schedule. This interpretation is given further support by noting that M4
and M9 (measures of total delay per aircraft) have both increased slightly.
M1, the percentage of diversions, is down slightly. The results appear to
be inconclusive; actually they are not. The results simply indicate that
total delay is not materially changed merely by bringing aircraft in from
the fixes faster, unless the runway acceptance rate is increased. This is
a well known fact. That the model correctly conforms to reality in this
case lends further credibility to the model's structure.

4.3.9 Run 9 (Tables 4-22 and 4-23)

This run is the same as run 8, except that the number scheduled to
Logan was reduced to 568, about 24 per hour. The main purpose of this
run was to further invéstigate model sensitivity to schedule intensity.
The most apparent result is that no aircraft were diverted from Logan,
and all delay measures were substantially reduced. The data also suggest
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an interaction between schedule and time of flight. Since in this run the
arrival rate is below the runway acceptance rate, estimated at about 32
aircraft per hour for runs 1 and 6, total delay per aircraft should be
reduced by bringing the aircraft in faster from the holding fixes. One
way of verifying this hypothesis would be to make another run with this
low arrival rate and with the transit speed reduced to the landing speed,
as in run 6.

4.3.10 Run 10 (Tables 4-24 and 4-25)

Run 10 was designed to test the runway selection module, as explained
in Section 4.1. The delay measures for this run are all compatible with
the higher aircraft arrival rate, as compared with run 9. It should be
noted that the ASR being down had no effect on model operation except for
forcing landings on runway 4 instead of 33.

One notable exception displayed by this run is in M7, the minutes of
delay per delayed-takeoff aircraft. The figure of 3.43 minutes is the
highest of all the runs. The reason for this is that when the wind exceeds
15 knots, 18 knots in this case, and the weather is IFR, all landings and
takeoffs take place on the same runway; thus aircraft taking off are more
likely to be delayed.

A final item of interest in this run is the diversion to Logan of
aircraft scheduled to secondary airports because of the low ceiling and
visibility, assumed to prevail throughout the TCA. This happened only
once in the first five runs, and not at all in runs 6 through 9. The
interpretation of this result is that the weather module was in place during
the first five runs and set in the random mode. For some brief period
during the 24-hour simulated day, it must have been below minima for one
of the secondary airports. During runs 6 through 9 the weather was forced
to VFR, and under this condition the model lands all aircraft scheduled for
secondary airports. If runs 9 and 10 were to be conducted with identical
aircraft generation rates and wind conditions, the crowding effect of
aircraft diverted from secondary airports on Logan traffic could be
ascertained.

4.4 ANALYSIS OF DEMONSTRATION RUNS
The principal findings contained in the data presented are displayed
graphically in Figures 4-1 through 4-5, and discussed in Section 4.4.1

through 4.4.5.

4.4.1 M-1, Percentage of Aircraft Diverted from Logan

Figure 4-1 shows clearly the combined effects of schedule intensity
and TRACON facility outage. Runs 1 through 4 are strongly affected by
the high arrival rate, while run 5 has this effect compounded by TRACON
facilities outage. Run 7, also with TRACON facilities out, shows the same
pronounced effect -~ uncoupled as it is from the schedule effect.
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Runs 6, 8, 9 and 10 show, primarily, the decreased number of diver-
sions due to the less intense arrival rate. As previously discussed,
run 9, with the lowest arrival rate, shows no diversions. This result
can be attributed solely to the low arrival rate.

4.4.2 M-4, Minutes Delay per Aircraft Scheduled for Logan

Figure 4-2 displays several points of interest. First, for runs 1
through 5 this measure totally confounds the schedule and facilities
outage effect, with no appreciable difference attributable to facility
outage. Runs 6, 7, 8 and 10 appear to be responsive mostly to facility
outage, while run 9 is totally dominated by the much lower arrival rate.
Comparing runs 9 and 10 reveals that this measure is critically dependent
on arrival rate in the range from 662 to 751 aircraft per day. Similarly,
comparing runs 8 and 10, for which the arrival rates are, respectively,
1007 and 751 per day, shows little variation in delay per aircraft.
Whether or not these numbers are accurate, they do show that there is a
point at which the system becomes saturated and delays mount rapidly.

4.4.3 M-6, Average Handling Rate per Aircraft

Figure 4-3 combines several features. The cross-hatched lower portions
of the bar graphs show the landing rate, in aircraft per hour, by run number.
The total length of the bars shows the aircraft creation rate. Here it can
be seen that the landing rate is essentially schedule-independent and is
most strongly dependent on TRACON facilities status, as seen in runs 2, 5,
and 7. Run 9 merely reflects the fact that the creation rate was low.

The percentage figures are the proportion of created aircraft that are
landed.

This figure strengthens the concept of the system filling and then
turning away the excess.

4.4.4 Percent of Aircraft Landing as a Function of Arrival Rate per Hour

This paragraph represents an alternative interpretation of arrival-
rate effects. If the ratios shown in Figure 4-3, the percentage of
created aircraft that land, are plotted against the arrival rates for runs
where all TRACON facilities were up, then an almost linear relationship
appears, as shown in Figure 4-4. The runs chosen were 1, 6, 8, 9, and 10.
Run 10 is included because even though the ASR was down, an approach was
available on runway 4 and controller capacity and trail separation were
not affected. The fact that this measure is slightly lower for run 10
can be indicative of the effect of landings and takeoffs occurring on
the same runway. An increase in arrival rate of 52 aircraft per hour
decreases the percentage that actually land by about 45 percent, giving
a negative slope in the data range of approximately 1.15 percent per
aircraft arriving per hour.



4.4.5 M-7, Minutes Delay per Delayed-Takeoff Aircraft

Figure 4-5 shows that takeoff delays too are responsive to several
factors. The first and most obvious is wind speed, seen in run 10.

Runs 3, 5, and 7 show the effect of three-minute separation between
aircraft taking off when the TRACON facilities are down. It would seem,
at first, that the results of runs 1, 2, and 4 are contradictory, since
runs 2 and 4 have the ARTS and SECRA down all day and from 5 to 7 P.M.,
respectively. The effect here, however, is not that takeoff separation
is increased, because with the ASR up, it is not. The dominant cause
is seen in Figure 4-3, which shows that fewer aircraft are landing.
Because of the turnaround feature in the model, the fewer aircraft
arriving, the fewer appear at the takeoff queue, and the less they are
affected by separation on landing aircraft.

4.5 SUMMARY

While other delay measures are possible, those chosen were thought
to be useful and adequate and have in fact been shown to be highly
descriptive of delay behavior and strongly sensitive to the three delay-
inducing factors: facility outage, schedule intensity, and weather.

It is not possible without verifying the model against actual system
performance to know if the absolute values are correct, or whether their
degree of response to factor change is accurate. Even so, the model is
responsive in the right sense; i.e., the measure responses increase and
decrease in the expected directions.
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CHAPTER FIVE

FACILITY MAINTENANCE COST MODEL

5.1 DESCRIPTION OF THE COST DETERMINATION PROCESS

The Facility Maintenance Cost Model was formulated to evaluate labor
costs associated with maintaining FAA facilities within a maintenance sector.,
The model determines these costs by computing the number of maintenance and
supervisory personnel required to perform all corrective maintenance (CM)
and preventive maintenance (PM), with proper allowance for personnel pro-
ductivity. The basic cost-determination process that is modeled is depicted
in Figure 5-1. For corrective maintenance, mean time between corrective
maintenance actions (MTBCMA) and mean time to restore (MTTR) are used to
determine the expected number of corrective maintenance actions and expected
repair times per action. For each action, man-hour demands, by skill level,
are incurred for direct maintenance action, as well as travel time on level
C facilities.* Man-hour demands are similarly determined for preventive
maintenance. Total man-hour requirements are summed over all facility types
for the sector. These are then converted to numbers of personnel required
for each skill level, and the numbers are then used to determine support
personnel. These total manpower requirements are then combined with wage
rates and salaries to determine the annual sector labor costs.

5.2 OVERVIEW OF THE MODEL AND ITS CAPABILITIES

It is recognized that personnel costs represent 80 percent of the FAA
maintenance costs. Consequently, TSC encouraged the development of a model
that would focus on this single key maintenance-cost factor. Therefore,
the FMCM has been designed to predict required maintenance staff levels and
associated costs on the basis of the expected annual requirements for cor-
rective and preventive maintenance, the desired facility-restoration levels,
and personnel productivity factors. The FMCM evaluates the expected direct
labor and salary costs for a one-year interval. The model has been formu-
lated to evaluate both the preventive maintenance and corrective maintenance

*There are three facility-restoration levels. Level A facilities are not
repaired outside normal working hours. Level B facilities that fail out-
side normal working hours are repaired, if possible, by calling maintenance
personnel back. Facilities subject to level C restoration are attended by
three shifts of maintenance personnel on a 24-hour basis.

5-1
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required by any single facility type, accumulate staffing and cost data
for the facility type within the specified maintenance sector, evaluate
all other designated types of facilities within the sector, and accumulate
total sector maintenance costs.

The principal model outputs include the expected annual cost of main-
taining a specific facility type within a sector, the required number of
personnel by skill level for that facility type, the cost of preventive
maintenance and corrective maintenance, and the cost of call-backs. The
model also provides similar cost and labor data on the total of all facili-
ties within the sector, including management/support personnel requirements
and costs.

5.3 TECHNICAL APPROACH TO MODEL FFORMULATION

The FMCM is an analytic model, comprising a set of equations designed
to calculate the expected annual labor costs of maintenance within a given
maintenance sector. The model is programmed in FORTRAN IV and has been
demonstrated on the CDC Kronos time-sharing system. By running the model
from a time-sharing terminal, maximum advantage can be taken of its ability
to evaluate selected sectors and facilities, print the results, then run
again, all in a man-machine interactive mode. A program listing is pro-
vided in separately published documentation. Construction of the model
required recognition of the predominant effect of labor on maintenance costs
ard the way in which this labor effect manifests itself on cost. Interviews
with maintenance personnel of the New England Region and the Boston Sector
were conducted so that maintenance practices common to the FAA and peculiar
to the Region could be reflected in the model.

It is significant that, as currently configured, the model does not
include costs of spares provisioning or other logistics support costs.
These additional costs can be added to the model incrementally without
requiring a restructuring of the model as it currently exists.

As shown 1in Figures 5-2 and 5-3, the model begins by accepting, as a
terminal input, the sector file name and then reading in data from the
sector file (called SECFIL) describing the overall maintenance charac-
teristics of the sector to be evaluated and data peculiar to each of the
facility types within the sector. (These data are shown in Section 5.4.)
Then the analyst specifies whether or not he wants every facility type in
the sector evaluated. If only selected facility types are desired, he
must then input how many of the facility types within the sector will be
considered in the analysis, together with their identifiers. The analysis
begins by considering each facility type separately. To evaluate each
facility type, an additional file (called FACFIL) containing facility data
common to all facilities of that type throughout the FAA system 1s required.
On the basis of the sector and facility file data, the corrective mainte-
nance (CM), preventive maintenance (PM), and their sum, direct maintenance
(DM) , are computed and presented as intermediate output data. After these
manpower requirements have been computed separately for each facility type,
they are combined to determine the total personnel requirements for the
maintenance sector.
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The combined man-hour reguirements are translated into specific
staffing levels for each of the maintenance skill levels defined in the
input data. Through this procedure realistic staffing levels are developed
wherein personnel of the same skill category may work on several facility
types. Having determined the number of maintenance personnel, the model
uses a table lookup (see Table 5-1) to determine the number of manacement/
support personnel. Total personnel costs are calculated in the model by
summing the product of personnel requirements,; in man-hours, end the wage
rate over the labor classes regquired.

Table 5-1. RELATIONSHIP BLTWEEN
MATNTENANCE PERSOINEL AND
MANAGEMENT/SUPPORT PERSONNEL

:-‘Iainte::i::rP:fF:onnel Mana:c-;ur:;n-tr/souiport
Personnel
0-4 4]
5 3
6 4
7 5
3 )
9 9
10 10
11 11
12 12
13 13
14 - 23 15
24 - 33 17
34 - 43 19
44 - 53 21
54 - 63 23
64 - 73 . 25
74 - 83 ' 27
84 - 93 29
94 - 103 3l

5-7



At the end of the analysis, total sector maintenance requirements and
costs and facility cost allocations are printed. At the option of the
analyst, the program can then either terminate or return to the beginning
for another program execution. The key cost categories that the model
considers are defined in the following subsections.

5.3.1 Preventive Maintenance

Preventive maintenance (PM) cost is determined by the maintenance
man-hour expenditures required in accordance with preventive maintenance
schedules published in DOT orders applicable to the facilities under
evaluation and travel time. Daily preventive maintenance actions are
assumed to require travel times different from those for the longer PM
actions, which are all assumed to be the same as for a CM action. This is
done to reflect facility-to-facility travel for daily PM rather than
travel from the central maintenance location to the facility assumed for
the other actions.

Preventive maintenance is assumed to be performed during normal work
hours only. It does, however, affect the overall staffing requirements

for the facility type and maintenance sector.

5.3.2 Corrective Maintenance

Corrective maintenance (CM) actions are those initiated by failure
within a facility. The failure may be catastrophic, caused by a component
failure; or it may be one caused by performance degradation below the
tolerances specified in DOT orders for facility operations. Either type
of failure will normally require replacement of components, modules, or
entire systems, depending on the severity of the failure.

The model assumes that all failures are scheduled for immediate repair
during normal duty hours and that they preempt preventive maintenance re-
quirements. Corrective action considers the manpower required to restore
a facility and includes the transportation time from normal duty station
to the failed facility, test and diagnostic setup time, fault-isolation
time, time to repair, operational test time, and transportation time to
return to normal duty station.

Failures occurring during off-duty hours are scheduled for repair
during normal duty hours if the failed system has a restoration level A,
or scheduled for repair by call-back personnel if the system has a restora-
tion level B. Call-back repairs are subject to premium overtime rates for
labor and include the additional time authorized for transportation between
the technician's home and his normal duty station. Level B system failures
are repaired the next normal working day if contact with call-back personnel
is not established.

Facilities categorized as restoration level C are normally manned 24
hours per day. Therefore, failures of systems in these facilities are
treated the same as normal duty system failures except that the labor rates
are increased to reflect a shift differential.



5.3.3 Direct Maintenance

The direct maintenance (DM) is the sum of the preventive maintenance
and the corrective maintenance. This quantity represents the total mainte-
nance labor demand for the facility and/or maintenance sector.

5.3.4 Personnel Requirements

The model computes the minimum number of personnel of a given skill
category required to perform all expected preventive and corrective mainte-
nance for each facility type. Personnel requirements are determined through
the application of productivity factors, which include corrective mainte-
nance and preventive maintenance times (both of which include transporta-
tion time) as the baseline (direct labor) and all other labor categories
such as training, watch-standing, leave, vacation, etc., as nonproductive
activities. The model includes as an output the actual productivity of
each labor class, which takes into account the foregoing factors plus any
minimum manning constraints (e.g., level C manning requires at least 3
maintenance personnel per day) .

The model will permit consideration of an alternative scenario in
which some failed items are repaired at an intermediate repair facility,
with the site repair activity then becoming simply a remove and replace
action. The extent of this option is established within the sector file
by the variable RTS (fraction of failures repaired directly at the site).
The model automatically determines the number of required intermediate-
level personnel and their associated costs based on the input values of
RTS for each facility type (0 € RTS < 1). The model also Jdetermines the
number of management/support perscnnel required for the established mainte-
nance personnel based on FAA standards; it determines their costs and
includes these costs in the total costs (direct labor and salary) for the
sector.

5.4 DATA REQUIRED TO EXERCISE THE MODEL

The descriptions of the contents of the sector data file and the
facilities data file are shown in Tables 5-2 and 5-3, respectively. The
numerical data used in the model demonstration are given in Chapter Six,

5.5 DESCRIPTION OF MODEL OUTPUTS

Figures 5-4 through 5-6 are reproductions of outputs of model runs
performed during the demonstration of the model (discussed in Chapter Six).
Figure 5-4 shows a run in which all facility types in the Logan Sector are
evaluated. The figure is truncated to show only the outputs associated
with the first five facility types, out of a total of fourteen.



Table 5-2, SECTOR DATA FILE (SECFIL)

Mnemonic Description

NFT Number of facilities in the sector data file

NSL Number of skill levels available within the sector

MLR Average management support labor rate (dollars per hour}

BLR Intermediate maintenance shop labor rate (dollars per hour)

PRODB Intermediate mainterance shop labor productivity ratio

[ %xx Mnemonic for maintenance skill level

SLR Labor rate (dollars per hour, defined for each skill level)

(:)d PSLR Overtime labor rate (dollars per hour, defined for each skill level)

SDIF Shift differential (a factor defined for each skill level)

{MPER Management support reguirements as a function of maintenance staff size

{XXX Mnemonic for a facility type within the sector

ACH Average annual facility cperating hours (hours per vear)

DOH Average daily facility operating hours (hours per day)

PCONB Probability of contacting a maintenance man for a restoration level B
facility

RTS Fraction of failures repaired directly at the site

PROD Average maintenance man gproductivity

(:)d NSCAT Maintcnance skill level identifier (see Hote 1)

NRLA/NRLB/NRLC ! Number of facilities having restoraticn levels A, B, or C

NDSA/NDSB/NDSC | Hlumber of daily shifts for facilities having restoration levels A, B, or C

NWSA/NWSB/IIWSC | Number of weekend shifts for facilities having restoration levels A, B, or C

TRTP Average authorized travel time to one of these facilities for a call-back
(hours)

TRT Average travel time to one of these facilities from the central lczation
(hours)

| TRTD Average travel time to onc of these facilities for daily PM (hours)

Notes: 1. These parameters are repeated for each skill level available within the
sector.
2. These parameters are repeated for cach facility type within the sector.

Table 5-3, FMCM FAZILITIES DATA FILE FOR EACH FACILITY TYPE (FACFIL)

Mnemonic Code* Description

Alphanumeric Alphanumeric identifier for facility type (e.g., GS, ASR, LOM)
MTBCMA Mean time between corrective maintenance actions (cperating hours per failure)

SUF Personnel sufficiency factor (nondimensional factor to provide safety margin in
determining personnel requiremrcnts)

FITT Average fault-isolation and test time (maintenance man-hours per action)
MTTR Mean time to repair (maintenance man-hours per action)

MTPR Mean time to remove and replace (maintenance man-hours per action)

BLlaH Average intermediate-level repair time (maintenance man-hours per action)
Pl Preventive maintenance time (maintenance man-hours per action)**

*These paramcters are repeated for each facility type within tne sector.

**This param:zter is an array of preventive maintenance times, by facility type, for each of
the following scheduled PM frequencies: daily, weekly, monthly, quarterly, semi~annually,
annually, three times daily, every other day, twice a week, every other week.
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Figure 5-4. FMCM OUTPUT (PART A)
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Figure 5-6. FMCM OUTPUT (PART C)

The first output block of Figure 5-4, for the ASR, shows corrective,
preventive, and direct maintenance costs per year. It can be seen that
direct maintenance cost is the sum of the costs of corrective and preventive
maintenance. Since the ASR is subject to level C maintenance, there are no
call-back costs. Two men in labor cateqgory RAD were considered in the cal-
culation, at combined annual salaries of $49,920. Since only on-site repair
is conducted at Logan, the base (intermediate) labor category is null;
therefore, the cost is zero. Base repair is in the model as a logisitic-
support scenario option. After the ASR cost data are printed, the next
facility to be evaluated, "ARSR", is identified. This cycle continues
until all facilities in the sector file have been examined.
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Figure 5-5 shows the summary output for the entire sector. It gives
the total corrective, preventive, and direct maintenance costs for 14
facility types and, for those facilities which are restoration level B,
the total cost of call-backs. The total basic salaries of the four labor
classes are displayed, as well as their expected actual productivities.
Productivity is defined as the ratio of actual maintenance time to total
on-duty time.

The item denoted "total sector annual direct cost" is the sum of the
direct maintenance cost and management/support cost. The item denoted
"total sector annual labor base cost" is the sum of the annual base
(salary) costs of four labor classes and management/support cost. It is
assumed that management/support personnel productivity is unity.

The table in the lower portion of Figure 5-5 is a summary of allocated
labor costs for the entire set of facilities. The basis for the allocation
in this case is that the 30 facilities have equal weight. It is possible,
of course, to allocate these costs by another weighting system.

Figure 5-6 displays the same kinds of data as Figures 5-4 and 5-5.
The only difference is that in this run only two facilities have been
selected (a program cption): the ASR and TACAN, which must be identified
by terminal inputs before each is evaluated.

5.6 APPLICATION OF THE FMCM

The model, as noted earlier, is structured to have a common file
(FACFIL) containing data on all types of facilities maintained by the
Airways and Facilities Division of the FAA that are common to all sectors,
and a series of files each containing data peculiar to a specific mainte-
nance sector (SECFIL). The principal uses of the model, therefore, are:

To evaluate specific sectors or selected facility types within
specific sectors for their attendant expected annual maintenance labor
(and management/support) personnel requirements, direct labor costs, and
salary costs.

To determine the impact on the maintenance sector or on the
facility-type baseline evaluations due to specific changes in reliabil-
ity, maintainability, technical or support parameters, maintenance
scenario, etc.

To conduct sensitivity analysis to determine the driving parameters
and their associated ranges of impact.

Specific sector maintenance evaluations are handled through normal
exercise of the program, with specific sectors and facility types to be
evaluated being designated by terminal inputs. The model is structured
to permit evaluation of successive sectors/facility types without the need
to recompile each time.



Alternative maintenance scenario evaluations can be handled in two
ways: through a permanent change to file data (or establishment of addi-
tional permanent files) or through the insertion of temporary program
statements to modify the main program. Selecting between these approaches
for a specific application will depend on the nature and extent of the
changes. If they tend to be simple, then the temporary change to the main
program approach is preferred; otherwise, the changes are better made as
permanent changes to the affected files. (In this latter case, additional
permanent file changes would again be required to restore them to their
original condition once the evaluations were completed.)

The best means of accomplishing sensitivity analyses is to insert
temporary changes to the main program and take advantage of the looping
feature of the program. To illustrate, assume that the sensitivity to
some parameter (PARM) is desired and that PARM is read from either the
common or sector files. Following the read statement for PARM, we could
then insert the following temporary statements:

PRINT, * VARIATION FACTORS*,
READ, VARF
PARM = VARF * PARM,

Thus, each time PARM is read from the file, its value is modified by a
terminal input for the modification factor, which, if repeated over the
range of interest for the parameter, would then provide the resultant out-
put sensitivity curves for PARM (e.g., VARF could go from 0.1 to 10).

The demonstration exercises, which will be described in Chapter Six,
considered all three usages of the program, with the latter two types of
usage being accomplished via temporary changes to the main program.

Table 5-4 summarizes the specific terminal responses required for
normal exercise of the program. The responses for usages with temporary
changes to the program will depend on the nature of the changes introduced
and their formats. These will be illustrated in Chapter Six for the
specific cases considered during the demonstration exercises. As shown in
the table, program usage is extremely simple, with terminal inputs being
needed only to specify what is to be evaluated (sector/facility) during a
given terminal session. The set-up of the files whose specific contents
and structure are described and presented in the program documentation for
the Logan maintenance sector represents the only complex aspect of program
preparation.



Table 5-4.

FOR NORMAL PROGRAM EXECUTION

SUMMARY OF TERMINAL RESPONSE REQUIREMENTS

Question Terminal FORTRAN CoiiteRE
Response Variable =
1. Input sector file Permanent file SECFIL None
name? name of sector
to be evalua-
ted, e.,qg.,
LOGAN
2. Do you want to YES or NO AR None
consider all
facility types?
3. How many types? Integer number NET Only if AA = YES.
4. Facility? Facility name NAMF Only if AA = YES.
(e.g., ASR)
5. Do you want to YES or NO AB If AB = NO, pro-

run another case?

grams stops;
otherwise, it
recycles to
question 1 for a
new case.
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CHAPTER SIX

FMCM DEMONSTRATION

6.1 PURPOSE OF FMCM DEMONSTRATION

To show that the Facilities Maintenance Cost Model (FMCM) achieved the
objectives for which it was developed and to illustrate how it could be
utilized by TSC/FAA, an FMCM demonstration was performed. Using input
file data provided by TSC, this demonstration showed the basic evaluation
capability of the model and illustrated how the model could be applied in
several representative parameter-variation cases defined by TSC.

Correspondingly, the model was exercised for a base case comprising
14 facility types within the Logan Maintenance Sector and a series of
15 parameter variations involving selected facility types within the sector.
The specific demonstration exercises are summarized in Table 6-1. The
methodology employed in obtaining these demonstration exercises is
described in Section 6.2, and the results obtained from these exercises
are presented in Section 6.3. The chapter concludes in Section 6.4 with
comments concerning the specific results obtained and further types of
applications that could be considered for the FMCM.

6.2 FMCM DEMONSTRATION METHODOLOGY

In order to demonstrate the utility of the FMCM, a representative
set of data was generated for the Boston Airway Facility Maintenance
Sector.

The Facilities Data File (FACFIL) presented in Figure 6-1 contains
estimates of corrective and preventive maintenance parameters for a group
of facilities assigned to the Boston Sector whose availability has an
impact on aircraft delays. The mnemonic codes for the PACFIL are defined
in Table 5-3. Corrective maintenance parameters such as MTBCMA, FITT,
and MTTR, and preventive maintenance man-hours (PMMH) were obtained for
each facility type from estimates made by Boston Sector personnel
responsible for maintaining them. Other parameters, such as personnel
sufficiency factor (SUF), MTTR, and BMMH, were set equal to zero to
reflect current airway facilities maintenance practices.



Table 6-1. SUMMARY OF FMCM DEMONSTRATION EXERCISES

Run Facllity Types Facilities with . Parameters
Number Exercised Parameter Variations NECUEDISE Enn Varied New Parameter Values
1 ASR, ARSR, SECRA, NA Baseline case NA NA
CD, RMLT, ARTS-3, evaluations
ALS, GS, LOC,
LOM, M, H, VOR,
TACAN
2 ASR, TACAN NA Demonstrate NA NA
selective facllity
evaluation feature
3 Same as Run 1 ASR Change PM achedule PMMH* o, 0, 15, 8, 15, 26, 0, 0, 2, 6
(A1)
4 All ASR Change PM schedule PMMH¥ o, 0, 21, 8, 15, 26, 0, 0, 2, O
5 All ASR Change reliability MTBCMA 225
6 All ASR Change reliability MTBCMA 1100
7 All ASR Change to restoration NRL 0,1, 0
level B NDS 0,1, 0
NWS 0,1, 0
PCOMB 0.95
TRTP 2
8 All ARTS=3 Change PM schedule PMMH* o, 0, 18, 25, 7, 1, 0, 8, 0, 7
9 All ARTS-3 _Change PM schedule PHMH? 0, 0, 25, 25, 7, 1, 0, 0, 8, O
10 All ARTS-3 Change reliability MTBCMA 4300
11 All ARTS-3 Change reliability MTBCHMA 2190
12 All ARTS-3 Change maintainability FITT 4
13 All ARTS~-3 Change maintainability FITT 2
14 All ARTS5-3 Change to restoration NRL 0,1, 0
level B NDS 0, 1, 0
NWS 0,1, 0
PCONB 0.5
TRTP 2
15 All Loc Change reliability MTBCMA 340
16 All Loc Change reliability MTBCMA 680
17 All roc Change to restoration NRL 0, 5,0
level B NDS 0, 1, 0
NWS 0, 1, 0
PCONB 0.95
TRTP 2

M G, a vector, Set Sate 2o Tonde -




Line 20 in Figure 6-1 identifies the first set of data as that
associated with the Glide Slope facility (GS). Lines 30 and 40 contain
the data for the maintenance parameters defined in Table 5-3, as applicable
to each Glide Slope facility in the Boston Sector. In the remaining lines
of the file, the maintenance parameters are further abbreviated to single
letters. For example, in line 60, "M 170" represents an MTBCMA of 170 hours
for the Localizer (LOC) facility type. The other facility types contained
in the file are:

LOM -~ Compass Locator/ILS Outer Marker

MM - ILS .Middle Marker

H - Nondirectional Radio Beacon

VOR - VHF Omnidirectional Range

TACAN - Tactical Air Navigation

ASR - Alrport Surveillance Radar

ARSR - Air Route Surveillance Radar

SECRA - Secondary Radar Beacon

CD - Common Digitizer

ARTS-3 - Automated Radar Terminal System

ALS - Approach Light System

RMLT - Radar Microwave Link Terminal.

The Sector Data File (SECFIL), presented in Figure 6-2 for the Boston
(Logan) Sector, contains sector-peculiar data defined in Table 5-1. Lines
30, 40, 50, and 60 contain labor rates for maintenance technicians assigned
to radar computer, navigation/linking aid, and environmental facility types,
respectively. Refacility types identified in lines 80, 120, 160, etc., are

identical to those contained in the FACFIL. The data used were once again
obtained from Boston Sector personnel responsible for maintenance operations.

6.3 PRESENTATION OF DEMONSTRATION RESULTS

As noted in Table 6-1 parameter variations were made for the ASR,
ARTS-3, and LOC facility types. Tables 6-2 through 6-4 present the results
obtained from these exercises, along with the corresponding baseline-case
evaluations. Intermediate-level repair personnel levels and costs are not
included in these tables since this option was not considered for the demon-
stration exercises and hence these values would be zero in every case. The
terminal output originals from these demonstration exercises were trans-
mitted directly to the project Contract Officer's Technical Representative
(COTR) at TSC immediately following completion of the exercises.
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Table 6-4.

SUMMARY OF LOC VARIATION RESULTS

Results

Cutput Cost Factor

Run 1%* Run 15 Run 16 Run 17
LOC CM Cost*# 7,941.59 3,970.79 1,985.40 14,062,711
LOC PM Cost** 39,033.30 39,033.30 39,033.30 33,942.00
LOC DM Cost** 46,974.89 43,004.09 41,018.70 48,004.71
LOC Call-Back Cost*» 5,172.02 2,586.01 1,293.00 12,930.04
LOC Type Labor NAV NAV NAV NAV
Number of LOC Site 3 3 3 3
Personnel
LOC Type Labor 74,880.00 74,800.00 74,800.00 74,800,00
Salary
Sector CM Cost*¥ 20,424.41 16,453.62 14,468.22 26,545.53
Sector PM Cost** 337,597.05 337,597.05 337,597.05 332,505,775
Sector DM Cost** 358,021.46 354,050.67 352,065.27 359,051.28
Hlumber of NAV 14 14 14 14
Technicians Within
Sector
Sector Type Labor 349,440.00 349,440.00 349,440.00 349,440,00
Salary
Sector Type Labor 0.4179 0.4146 0.4130 0.4146
Productivity
Number of Management 17 17 17 17
Personnel Within
Sector
Sector Management 424,320,00 424,320.00 424,320.00 424,320,00
Support Salary
Sector Total Labor 782,341.46 778,370.67 776,385,27 783,371.28
Cost**
Sector Total Salary 1,102,400.00 1,102,400.00 1,102,400.00 1,102,400,00

*4s defined by Table 6-1.

**Dollars per year.




6.4 DISCUSSION OF DEMONSTRATION RESULTS

The objectives of the demonstration exercises, as discussed previ-
ously, were (1) to demonstrate the operation of the FMCM in its baseline
and parameter-variation modes, and (2) to obtain actual evaluations of
cases of interest. Both of the objectives were achieved by these exercises.

As shown in the top line of Figure 5-5, the baseline case evaluation
of the Logan Sector showed a direct maintenance cost per year of $358,021.46
(5.7 percent CM, 94.3 percent PM), of which $5,422.94 (1.5 percent) was due
to restoration level B call-back costs. This direct labor demand
translated into a sector maintenance-force requirement of 23, spread over
four labor skills (RAD, ART, NAV, ENV) and with an associated annual salary
of $678,080. It was determined by table look-up that a total of 17
management /support personnel would be necessary for this size labor force,
with an associated salary cost of $424,320.00. Thus the total annual salary
for the Logan sector was determined to be $1,102,400.00, with a corresponding
average productivity (assuming management/support 100 percent productive)
of 71 percent. Average productivity is defined as total annual labor
direct cost ($782,341.40) divided by total annual sector base cost
($1,102,400.00). It should be noted that when the effects of the management/
support personnel anZi call-backs are removed, the productivity (of mainte-
nance personnel) drops to 52 percent.

Three facility types were evaluated during the parameter variation
exercises (ASR, ARTS-3, and LOC). The parameters varied are shown in
Table 6-5. Table 6-6 summarizes the resultant "best choice" among the
options considered for each facility type in terms of its net impact (from
the baseline values) on the sector costs. The last column in the table
represents the cumulative potential savings across all three facility
types. "Best choice" in this case represents the option that results in
the minimum total salary for the sector or the minimum direct labor costs
for the sector. These results show a potential labor cost saving of
$30,961.02, with a possible force reduction of 2 and a corresponding
potential salary savings of $49,920.00. It is also interesting to note
that the specific "best choice" option was different in each case; i.e.,
for the ASR, it was a PM frequency change; for ARTS-3, it was a restoration
level change; and for LOC, it was a change in the maintainability (FITT).

As demonstrated, the FMCM provides a potentially useful tool to the
FAA/TSC that can be easily applied to evaluate a large number of potential
approaches toward reducing the cost of maintenance within the Airways and
Facilities System. When used in conjunction with the User Delay Cost
Model, it provides a readily accessible means of linking the potential
cost savings through changes in the maintenance system to the corresponding
impacts on the using community. It thus enables determination of the
overall best options to the FAA and the user community in terms of possible
changes to the Airways and Facilities Maintenance System.



Table 6-5. SUMMARY AND VARIATION EXERCISES: TERMINAL INPUTS

. R FORTRAN
Question Terminal Response Variable Comments
Sector file name? LOGAN SECF1L None
Facility? Facility type affected | NVARF None
(e.g., ARTS-3)
Consider all types? | YES AA None
Parameter? 1,2,3, or 4 NPAR 1 = PMMH Variation
2 = MTBCMA Variation
3 = Restoration Level
Variation
4 = FITT Variation
Factor? Positive real variable | XFAC When NPAR = 2 or 4
PMMH? 10 positive real PMMH (IJ) | When NPAR = 1
variables
NRL? 3 integer variables NRL (IJ) When NPAR = 3
NDS? 3 integer variables NDS (IJ) When NPAR = 3
(1,2, or 3)
NWS? 3 integer variables NWS (IJ) When NPAR = 3
(0,1,2, or 3)
Another case? YES or NO AB None
Table 6-6. SUMMARY OF BEST-CHOICE RESULTS FROM
DEMONSTRATION EXERCISES
Results
Facility Type
ASR ARTS-3 LOC Composite
Best~Choice Run 4 14 16
A-Sector CM Cost* 0.00 (14.17) | 5,956.19 5,942,02
A-Sector PM Cost* 14,208.00 | 10,821.00 0.00 | 25,019.00
A-Sector DM Cost* 14,208.00 | 10,806.83 6,956.19 31,971.02
A-Sector Call-Back Cost* 0.00 (84.04) | 3,879.01 3,794.97
A-Sector Maintenance Personnel 1(RAD) 1 (ART) 0 (NAV) 2
A-Sector Maintenance Salary 24,960.00 | 24,960.00 0.00 | 49,920.00
A-Sector Management/Support 0 o] 0 0
Personnel
A-Sector Management/Support 0.00 0.00 0.00 0.00
Salary
A-Sector Total Labor Cost* 14,208.00 | 10,806.83 5,956.83 | 30,971.66
A-Sector Total Salary 24,960.00 | 24,960.00 0.00 | 49,920.00

*Dollars per year.




CHAPTER SEVEN

CONCLUSIONS AND RECOMMENDATIONS

The principal conclusions and recommendations derived from this study
are presented in this chapter.

7.1 CONCLUSIONS

on the basis of the analysis of the model demonstration results, as
reported in Chapters Four and Six of this report, the following conclusions
are made:

The UDCM is an effective tool for evaluating the effects of several
factors on user delays.

While the UDCM was designed to evaluate delays induced by facility
outages, it has been shown to demonstrate the effects of a number of fac-
tors other than facility outage -- e.g., aircraft schedule intensity,
weather -- and is therefore a powerful analytic tool having potential
utility in a wide range of FAA/TSC planning and management decisions.

The FMCM was demonstrated to be responsive to variation in main-
tenance strategies and can easily be applied to evaluate a large number
of potential approaches to maintenance-cost reduction within the Airways
and Facilities System.

7.2 RECOMMENDATIONS

The conclusions support the following ARINC Research Corporation
recommendations for future development:

Expand, refine, and validate the UDCM. Areas of expansion include
enlarging the model to remove some of the limitations -- e.g., enabling
the model to simulate movement of aircraft to and from secondary airports,
Considerable emphasis has been given to the lack of an authoritative in-
put base, particularly of data related to aircraft generation. A thorough
data collection effort should be made before the model is validated and
exercised. Once a good data base has been obtained, the model should be
validated. This would require exercising the model with good input data
and comparing model outputs with similar delay measures observed at Logan
under comparable conditions.



Expand, refine, and validate the FMCM. Included in this recommen-
dation are the following requirements: expand the model capability to
cover combinations of sectors and enlarge it to include maintenance costs
other than labor. Model validation would involve comparing model outputs
with actual maintenance costs encountered when scenarios similar to those
modeled are used.

Develop and implement the Facility Availability Model as a joint
analysis tool with the UDCM and FMCM. When this is done, it will be pos-
sible to identify levels of availability that are optimal, or near optimal,
with respect to the criterion of costs to the FAA and the using community.

Develop a Maintenance Management Information system. The implemen-
tation of this recommendation would not only support the maintenance man-
agement function but would also provide an ongoing source of valid data for
the analysis and selection of optimal logistics scenarios through the exer-
cise of the three models.

Acquire cost factors for the conversion of delay measures to cur-
rent dollar figures.

7.3 SUMMARY

The objectives of the study have been successfully met. The two
models have been demonstrated, and they perform as desired and expected.
ARINC Research Corporation believes that a methodology has been identified
and proven feasible that can and should be further exploited.



APPENDIX A

REQUIRED UDCM INPUT DATA

This appendix describes and discusses the nature of the data required
by the UDCM. The numerical quantities presented herein are those used in
the model as it was configured for demonstration. Annotated sample input
matrices are included. A complete listing of the input data matrices is
included in the program print-out in the model documentation.

1. WEATHER DATA

Figure A-1 provides a sample of how weather data was received from the
National Climatic Survey. This figure shows weather conditions during day-
light hours with the wind from the north. The study used 32 such tables
corresponding to all 16 peoints of the compass for day and night.

Table A-1 is derived from Figure A-1. The derivation was performed
manually and displays ceiling frequencies as a function of wind direction
and velocity. For example, summing over the columns of Figure A-1 for a
wind speed of 10 to 14 knots, under ceiling category 1000+, gives a fre-
quency of 103 obserxvations. This figure is displayed in the first row,
third column of Table A-1l. The same procedure is repeated for all entries
in Table A-1.

Table A-2 is also derived from Figure A-1. Given the ceiling of
approximately 1000 feet, a total of 314 observations occur, as can be seen
in row 6 labeled "TOT", and the last column labeled "TOT OPS". Of these,
309 occurred when the visibility was 3+, 1 when the ceiling was 1-3/4 to
2-1/2 nautical miles, and so on. These data were converted to cumulative
percentages, expressed as numbers 000 to 999, for computer utilization.
Figure A-2 shows an example of such a table, expressed as a matrix, as
printed out in a program run.

The top matrix in this figure is first used to find the wind direction,
or whether it is calm. Column 1 displays 17 entries, row 1 representing a
calm condition, and each of the others one of the 16 points of the compass.
Columns 2 and 3 contain cumulative percentages of occurrences for each of
these conditions -- column 3 for daylight hours, column 2 for night. A
uniform random variable, U, is drawn from the unit interval and compared
with the numbers in column 2 or 3. For example, assume daylic¢ht hours,
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Figure A-1. SAMPLE OF NATIONAL CLIMATIC SURVEY WEATHER DATA



Table A-1. FREQUENCY OF OCCURRENCE OF CEILING,
GIVEN WIND DIRECTION (NORTH), SPEED,
AND DAYLIGHT HOURS
Ceildig Velocity (Knots)
(Rreet) 1-4 | 5-9 | 10-14 | 15-29 | 30+
1000+ 22 132 103 57 0
600-900 2 11 18 16 3
500 1 5 3 8 0
400 1 2 7 3 1
300 1 4 s | 4 0
200 2 0 1 0 0
0-100 1 3 0 1 0
Total 30 157 137 89 4

Table A-2. FREQUENCY OF OCCURRENCE OF VISIBILITY, GIVEN
CEILING, WIND DIRECTION (NGRTH), AND DAYLIGHT

HOURS
visibility Ceiling (Feet)
(Nautical Miles) | 446, | 600-900 | 506 | 400 | 300 | 200 | 0-100
0 to 1/4 0 0 ol 1| ol o 2
5/16 to 1/2 0 3 1| 1| ol 1 1
5/8 to 7/8 0 1 17 0] 1] o 1
1 2 3 1| of 3| o 1
1-1/4 to 1-1/2 2 3 2| 1| 3| 1 0
1-3/4 to 2-1/2 1 4 2| 3| o 1 0
3 309 36 w!| s 71| o 0
Total 3114 50 17 | 14 | 14| 3 5




MATRIX HALFWORD SAVEVALUECIRVL
NT DY

Ceiling Matrix

NT DY NT DY NT DY NT DY Viutbrlity Matrix
COL. 1 2 3 4 5 6 7 8 9 10 11 12 13
Wind Direction in Dugrecs
calm 1 360 7 1 1000 1000 1000 1000 1000 1000 1000 1000 2 3
N 2 0 96 58 61 7 576 448 839 777 1000 990 4 5
NNE 3 22 128 85 152 76 104 510 891 753 996 995 6 7
NE 4 45 163 118 113 29 510 324 755 639 981 9179 8 9
ENE S 67 198 169 a2 441 494 0 724 170 981 992 10 11
E 6 90 232 263 167 49 642 437 176 820 976 996 12 13
ESE 7 112 254 348 207 47 671 0 866 804 994 1000 14 15
SE 8 135 272 398 237 66 77 680 935 962 993 995 16 17
SSE 9 157 296 425 153 101 736 641 939 924 1000 995 18 19
s 10 180 365 489 109 53 157 456 349 803 1000 985 20 21
sswll 202 424 550 58 20 569 211 845 602 1000 998 22 23
sw 12 225 496 591 48 17 479 195 179 510 998 1000 24 25
WSW 13 247 6lé 663 19 15 439 302 827 645 999 992 26 27
W 14 270 776 7 69 14 312 211 651 498 990 966 28 29
WNW 15 292 836 874 33 101 295 184 649 439 974 977 30 31
NW 16 315 937 958 26 20 396 225 734 554 996 993 32 33
NNW 17 337 1000 1000 30 13 413 835 835 658 1000 1000 34 35
18 0 0 0 Y] 0 0 0 0 [¢] 0 0 0 0
——— N a——— e A’ e’ o, N
Wind Number of 3 7 12 22
direction cumulative Knots Knets Knots Knots DEEaulEn=aEORKiOES
in degrees occurrences,
out of 1000, Wind Velocity
of wind
direction
in Day/Night
MATRIX HALFWORD SAVEVALUE 4
NT DY NT DY NT DY NT DY NT DY
Ceiling COL. 1 2 3 4 5 6 7 8 9 10
1000' 1 825 733 798 841 762 752 714 640 1000 0
750" 2 850 800 857 911 878 883 876 820 1000 750
500' 3 850 833 881 943 901 905 933 910 1000 750
400" 4 850 866 914 956 9486 956 962 944 1000 1000
300' 5 875 900 950 981 977 992 991 989 1000 1000
200" 6 950 967 977 981 994 1000 1000 989 1000 1000
| — S g’ N v’ . o’ P —
Default = 50
Wind 3 T 12 22 30
Velocity Knots Knots Knots Knots Knots
Ceiling matrix for wind N
MATRIX HALFWORD SAVEVALUE 5
. . NT by NT DY NT DY NT DY NT DYy NT DY NT DY
VISIBILIE ey g 2 3 4 5 6 7 8 9 10 11 12 13 14
in Miles
.25 1 0 0 [¢] 0 0 o} 0 71 0 0 63 0 455 400
.50 2 2 Q 0 60 0 59 o] 143 [¢] o] 313 333 728 600
.80 3 2 o} 17 80 56 118 91 143 48 71 501 333 819 800
1.00 4 6 6 51 120 111 176 136 143 238 286 564 333 910 1000
1.50 5 [} 12 85 200 222 294 2217 214 38l 500 814 667 910 1000
2.00 6 12 16 171 260 389 412 485 429 810 500 877 1000 1000 1000
Default = 3.00 S— — et e’ Nt —— .’ s A ey
Ceiling 1000' 750" 500" 400" 300’ 200" 50"

Figure A-2.

Visibility matrix for wind N

SAMPLE OF WEATHER MATRIX INPUTS



and let the number drawn be .045, or equivalently 045 and, thus, since

045 £ 058 (row 2, column 3), the wind is from the north. To determine wind
speed, another U is drawn and compared with the odd-numbered column elements
in row 2. If U = 720, and 448 < 720 £ 777 (where 448 is in row 2,

column 7 and 777 is in row 2, column 9) the wind speed is 12 knots.

To determine ceiling, columns 12 and 13 identify the ceiling and visi-
bility matrices for each wind direction and matrix 4 (the middle table of
the figure) is used for ceiling determination with a north wind. Column 6
corresponding to a speed of 12 knots, daylight, is entered with another
value of U, for example 921. Since 905 < 921 £ 956, the ceiling is 400
feet.

When the ceiling is determined, matrix 5 (the last table in the figure)
is used to find the visibility. A new U is obtained and compared with the
entries in column 8, which corresponds to a 400-foot ceiling, north wind,
daylight hours. If U = 415, and 214 < 415 < 429, the visibility is 2 miles.

There is no row in the wind direction, ceiling, and visibility matrices
corresponding toc 30 knots, 50 feet, and 3 miles, respectively. These are
defaults which, if U is greater than any number in the column, the value
associated with these guantities is assigned. The tabulated values of wind
direction and speed, ceiling and visibility are thus found and treated by
the computer as nominal values to which, within their respective ranges of
values, a random uniform increment is added or subtracted. As mentioned
in Section 3.3.1 of Chapter Three, between wind changes, ceiling and visi-
bility are allowed to fluctuate randomly within their ranges by an exponen-
tial process with a mean time to change of 15 minutes.

2. ARRIVAL RATES

The arrival rate data were not collected in the form discussed; that
is, arrival rates for both weather conditions at all destination airports
by time of day are not known. Were these available, the overall arrival
rate for any hour, both VFR and IFR, could be found by summing Aijk over i
— the destination airports. An approximation was used in the model demon-
stration. The source for this approximation was data from the Performance
Measurement System (PMS) for Airports, dated November 1975. Figure A-3
was taken from this report and shows arrivals of scheduled aircraft as a
function of time. This graph was converted, by manual measurement, into a
table of approximate numbers. The table was extended quite arbitrarily to
cover a 24-hour day. It was assumed that these rates could be made applica-
ble to IFR or VFR conditions by multiplying them by a constant. This, in
fact, was done in the demonstration runs. In other words, at present, these
data are not authoritative. The last column in Figure A-4 shows the rate of
arrival, by time of day, for VFR conditions. These figures are the same as
those used in the demonstration at TSC on September 20-22, 1976. Other
uses of the matrix in Figure A-4 are discussed in the following section.

It is suggested that before the mcdel is exercised for analysis that these
data be collected in the form called for in the previous discussions.
Assuming the total arrival rates for weather conditions and time of day for
each destination airport were available, the model could be expected to
simulate accurately the phenomenon of arrival time creation.

A-5
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3. DESTINATION ASSIGNMENT

Although it was desired to have the percentage of aircraft, by type,
time of day, and weather condition, landing at each airport, this informa-
tion was not available.

Table 3-1 of Chapter Three gives some of the requisite data for instru-
ment approaches. No corresponding data was available for VFR approaches.
Thus, while it can be surmised that, for example, the relative number of
general aviation aircraft would materially increase under VFR conditions,
more so relatively than air carriers, the factor is unknown. For lack of
better information, the data in Table 3-1 was used for both weather
conditions.

These data are incorporated in Figure A-4 in the following way. Of
the 31283 aircraft arriving in the Boston TCA, 26142 or 83.6 percent, are
destined for Logan. It is assumed that this condition prevails when all
airports are open. When some of the secondary airports are closed, the
percentage will be higher. The first five columns of Figure A-4 correspond
to holding fixes serving iogan. Between the hours of 0800 and 1800 all
airports are open, and in column five the figure 836, corresponding to
83.6 percent, tells the model to assign that percentage of all aircraft to
Logan. These aircraft are assigned to each holding fix on the basis of
information supplied by Logan approach control personnel. For those air-
craft destined for Logan, the percentages assigned to the five holding
fixes are as presented in Table A-3.

Table A-3. PERCENTAGE OF AIRCRAFT BOUND FOR LOGAN
ENTERING OVER HOLDING FIXES

Fix Fix Number Percentage
Manjo & 30
Millis 2 30
Bridgewater 3 25
Skipper 4 5
Lawrence 5 10

The figures are then reflected in the cumulative percentages in the
first five columns of Figure A-4. For example, Manjo, holding fix number 1
in Figure A-4, gets 30 percent of Logan traffic, thus .3 X .836 = .251, and
this number 251 1is seen in the first column between the hours of 0800 and
1800. For times of day when some of the secondary airports are closed, the
traffic totals were distributed over the airports which were open.

To find a destination, a uniform random number is drawn and is compared
for the time of day with the cumulative distributions shown in Figure A-4.



For example, at 0915 the number 943 is drawn. Entering row 10 it can be
seen that 928 < 943 £ 946, hence the destination is airport number 7 —
Beverly.

Columns 1 through 5 correspond, respectively, to Manjo, Millis,
Bridgewater, Skipper, and Lawrence. Columns 6 through 17 correspond to
Bedford, Beverly, Fitchburg, Fort Devens, Lawrence, Mansfield, Marshfield,
Newburyport (Plum Island), Norwood, Plymouth, South Weymouth, and Taunton,
respectively. The last column, treated by the program as a default, is
Tew-Mac, and shows the hourly rate of total arrivals.

4. ASSIGNMENT OF USER TYPES

Having the destination, the user type can be assigned on the basis
of the data in Table 3-1 of Chapter Three. Figure A-5 shows the selection
matrix. Its relationship to Table 3-1 can be seen in the following example,

Suppose the destination is Bedford, where 2902 is the total. Of these,
87 or 2.99 percent are air carriers, 235 or 8.09 percent are air taxis,
2425 or 83.56 percent are general aviation, and 155 or 5.34 percent are
military. If these percentages are changed to numbers between 0 and 1000,
the cumulative distribution is 30, 111, 947, and 1000. Row 6 of Figure A-5
shows, for columns 1, 2, and 3, corresponding to air carrier, air taxi.
and general aviation, respectively, the first three of these numbers.
Military aircraft are treated as defaults.

Since no VFR data, corresponding to Table 3-1 exists, the matrix
corresponding to IFR conditions is identical to Figure A-4.

MATRIX HALFWORD SAVEVALUEVFRPT

CoL. 1 2 3
ROW| 1 782 897 996
2 782 897 996

3 782 897 996

4 782 897 996

5 782 897 996

5 |6 30 111 947
g 17 0 2 816
La |8 0 0 1000
E-Eﬁ 9 0 0 38
2 110 0 190 looo
2 | 0 0 1000
12 0 0 1000

13 0 0 1000

14 2 11 869

15 0 0 1000

16 0 0 174

17 0 0 1000

18 0 235 1000
_—

A/C Type (Default = type 4)

Matrix is used to determine aircraft type once
destination is known in VFR conditions.

Figure A-5. USER TYPE BY DESTINATION

A-9



5. DISTRIBUTION OF WEIGHT CLASS AS A FUNCTION OF TYPE

Table A-4 presents aircraft distribution data derived from information
supplied by TSC, and based in part on FAA equipment forecast for air carrier
operations at Logan. The weight classes were assigned to the forecast air-
craft types in accordance with Appendix 3 to Reference 5.
approximations; therefore, before the model is used for analysis, they

should be verified.

Table A-4. FREQUENCY DISTRIBUTION OF
ATRCRAFT WEIGHT CLASSES
Weight Class
Type
Small Large Heavy

Air Carrier 0 .9 .1
Alr Taxi el «9 0
General Aviation «9 .1 0
Military .02 39 .08

6. DISTRIBUTION OF APPROACH CATEGORY AS A FUNCTION OF TYPE

Table A-5 presents approach category data which was also based on

The figures are approximations; therefore,
before the model is used for analysis, they should be verified.

information supplied by TSC.

Table A-5. FREQUENCY DISTRIBUTION OF AIRCRAFT
APPROACH CATEGORIES
Approach Category
Type

A B (C D
Air Carrier 0 .05 .1 .85
Alr Taxi 29 .1 0 0
General Aviation 39 .07 .03 0
Military .1 .3 .3 3

Table A-4 is combined with Table A-5 as a single input matrix, and is
The data are shown as cumulative probability

displayed in Figure A-6.
distributions.

The figures are




MATRIX HALFWORD SAVEVALUECATWT

COoL. 1 2 3 4 5 6 7
ROW | 1 0 0 787 1000 0 787 1000 Air Carrier
2 0 1000 1000 1000 0 1000 1000 Air Taxi
A/C 3 1000 100C 1000 1000 1000 1000 1000 General Aviation
Type 4 300 500 1000 1000 500 1000 1000 mMilitary
A 2\ J
i Y
Approach Weight Class
Category

Matrix is used to define aircraft category and weight,
once type has been determined.

Figure A-6. CUMULATIVE FREQUENCY DISTRIBUTION OF AIRCRAFT
APPROACH CATEGORIES AND WEIGHT CLASSES

7. ROUTE DISTANCES FROM HOLDING FIXES TO LOGAN UNDER RADAR AND NONRADAR
(VORTAC) ENVIRONMENTS

The distance tables are shown in Figures A-7 and A-8 as program input
matrices. The numbers in row 6 (Figure A-8) define the matrices that
carry airport data.

8. DISTANCES FROM SECONDARY AIRPORTS TO LOGAN

The distances from the secondary airports to Logan are also shown in
Figures A-7 and A-8.

9. MINIMA FOR EACH APPROACH SERVING EACH RUNWAY BY APPROACH CATEGORY

Ceiling-visibility and landing approach data are tabulated for each
runway at each airport. Table A-6 shows these minima for Logan, and Figure
A-9 shows the same data displayed as they are presented to the computer
except that the order of the runways is different. 1In Table A-6, different
minima are shown for the same type of approach on different runways. This
is because the minima depend on whether a straight-in or circling approach
is used.

10. IDENTITY OF ALI, FACILITIES NECESSARY FOR EACH APPROACH AT EACH RUNWAY

Table A-7 was compiled by examination of the Instrument Approach Pro-
cedure Charts, and defines those facilities which are necessary for a
particular approach. The numbers are either zero or non-zero. A zero
indicates that the facility is not necessary. A non-zero entry is the
number of the facility as carried in the Facility Status File.
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Table A-6. RUNWAY APPROACH MINIMA
Runway
Approach 295r02Ch
27 22L 33L 4R 15R Bl
460 - 1 680 - 1 680 - 01 680 - 01 680 - 1 A
VOR 460 - 1 680 - 1 680 - 01 680 - 01 680 - 1 B
460 - 1 820 - 1-1/2| 820 - 1-1/2 | 820 - 1-1/2 | 820 - 1-1/2 C
460 - 1 820 - 2 820 - 2 820 - 2 820 - 2 D
680 - 1 560 - 1 560 - 1 560 - 1 780 - 1 A
VOR 680 - 1 560 - 1 560 - 1 560 ~ 1 780 - 1-1/4 B
DME 820 - 1-1/2 1560 - 1 560 - 1 560 - 1 780 - 1-1/2 C
820 - 2 560 - 1-1/4 | 560 - 1-1/2 | 560 - 1-1/2 | 780 - 1-3/4 D
689 - 1 680 - 1 680 - 1 216 - 1/2 268 - 3/4 A
S 680 - 1 680 - 1 680 - 1 216 - 1/2 268 - 3/4 B
820 - 1-1/2 | 820 - 1-1/2| 820 - 1-1/2 | 216 - 1/2 268 - 3/4 C
820 - 2 820 - 2 820 - 2 216 - 1/2 268 - 3/4 D
680 - 1 680 - 1 820 - 2 466 - 3/4 580 - 1 A
LOC 680 - 1 680 - 1 820 - 2 466 - 3/4 580 - 1 B
820 - 1-1/2 | 820 - 1-1/2| 820 - 2 466 - 3/4 580 - 1 C
820 - 2 820 - 2 820 - 2 466 - 3/4 580 ~ 1-1/4 D
680 - 1 680 - 1 680 - 1 680 - 1 680 - 1 A
. 680 - 1 680 - 1 680 - 1 680 - 1 680 - 1 B
820 - 1-1/2 | 820 - 1-1/2 | 820 - 1-1/2 | 820 - 1-1/2 | 820 - 1-1/2 C
820 - 2 820 - 2 820 - 2 820 - 2 B20 - 2 D
680 - 1 420 - 1 420 - 1 420 - 1 420 - 1 A
LoC 680 - 1 420 - 1 420 - 1 420 - 1 420 - 1 B
BC 820 - 1-1/2 | 420 - 1 420 - 1 420 - 1 420 - 1 C
820 - 2 420 - 1 420 - 1 420 - 1 420 - 1 D
460 - 1 540 - 1 480 - 1/2 620 - 1/2 800 - 1 A
ASR 460 -~ 1 540 - 1 480 - 1/2 620 - 1/2 800 - 1-3/4 B
460 - 1 540 - 1 480 - 1/2 620 - 1/2 800 - 1-1/2 C
460 - 1 540 - 1-1/4| 480 - 1 620 - 1 800 - 1~-3/4 D

Figure A-10 displays the same data in the form of the program input
matrix. The first four columns show those facilities essential to the
approach. The last four columns are facilities which, if down, have only
the effect of raising the minima for the approach, as prescribed by FAA
regulations.

It is possible that a different set of facilities may define the same
approach on the same runway. For example, when lacking a DME, the necessary
fixes can be established either with another DME or from bearing information
solely. For this reason, the mcdel contains more than one matrix of the
form of Figure A-10. The separate entries are a requirement to maintain
unique program look-up logic.
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11.

MTBF AND MTTR FOR FACILITY STATUS FILE

These two failure and repair parameters are required for each of the
Table A-8* shows the facilities car-

following facilities or functions.

ried in the Facility Status File.

Figure A-11 shows the program matrix.

Table A-8. FACILITY FILE
F:E;iiiy Type Location IDb Frequency Fzziiizy Type Location ID | Frequency

1 VOR Lawrence LWM 112.0 33 SDF Beverly BVY 108.7
2 VOR Whitman HTM 109.0 34 SDF Norwood OWD 108.3
3 VOR Manchester MHT 114.2 35 NDB Boston SEW 382
4 VOR Boston BOS 112.7 36 TACAN S. Weymouth IAF Ch.67
5 DME Whitman Ch.27 I 37 ASR Boston
6 DME Manchester Ch.89 | 38 ARSR Boston
7 DME Boston Ch.74 39 SECRA Boston
8 GS Bedford 40 ARTS-3 | Boston
9 GS Boston 15R 41 HIRL Lawrence 5

10 GS Boston 4R 42 HIRL Lawrence 23

11 GS Boston 33L 43 HIRL Boston 4R

12 LoC Bedford I-BED 109.5 44 HIRL Boston 22L

13 LOC Lawrence I-LWM 111.7 45 HIRL Boston 15R

14 Loc Boston 15R I-MDC 110.7 46 HIRL Boston 33L

15 LoC Boston 4R I-BOS 110.3 47 HIRL Boston 9

16 LoC Boston 33L I-LIP 110.7 48 HIRL Boston 27

17 LOM Bedford BE 332 49 FDEA Boston

18 LOM Boston 15R MD 375 50 DEDS Boston

19 LOM Boston 4R BO 221 51 ™M™ Beverly

20 LOM Boston 33L LI 346 52 M Norwood

21 MM Bedford 53 NDB Bedford SKR 251

22 MM Boston 15R 54 HIRL Lawrence 5

23 MM Boston 4R 55 HIRL Lawrence 23

24 MM Boston 22L 56 ALS Boston 4R

25 NDB Beverly TOF 269 57 ALS Boston 33L

26 NDB Devens DKO 352 58 HIRL S. Weymouth 8

27 NDB S. Weymouth | IAF 236 59 HIRL S. Weymouth 26

28 NDB Tew-Mac HRX 402 60 HIRL S. Weymouth 17

29 NDB Taunton TAN 227 61 HIRL S. Weymouth 35

30 NDB Plymouth PYM 257 62 ALS S. Weymouth 26

31 NDB Norwood S0OG 201 63 HIRL Bedford 22

32 NDB Fitchburg FIT 206

*The data source is "Air Navigation and Air Traffic Control Facility Per-

formance and Availability"

(RIS:SM 6040-20), Report for Calendar Year

1975, prepared by the Airways Facilities Service, FAA, Washington, D.C.
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MATRIX FULLWORD SAVEVALUE FACIL

ROW

Facility Number
Ki—
W oW
N—C

B

Cre U T R L S

COLUMN

1-facility up: O-facility down

Facility Status:

1

N
-

OOOQDDOOOOOODDDOQOOODOOODOOODOQOOOOODODOODOOOOOODOHD—#——.—-HHI—H

4

2

60300
60300
60300
60300
12300
24600
24600
28500
28500
28500
28500
23400
23400
23400
23400
23400
111900
111900
111900
111900
130500
130500
130500
130500
2100000
2100000
2100000
2100000
2100000
2100000
2100000
2100000
2100000
2100000
2100000
24600
36300
5160
29100
20100
25200
25200
25200
25200
25200
25200
25200
25200
2100000
2100000
2100000
2100000
2100000
25200
25200
25200
25200
25200
25200
25200
25200
25200
25200

Figure A-11.

MTBF in minutes

FACILITY STATUS FILE

3 MTTR in minutes

318
318
318
3ls
402
534
534
1260
1260
1260
1260
900
500
900
900
200
1920
1920
1920
1920
2580
2580
2580
2580
660
&£60
660
660
660
660
660
660
660
660
660
534
96
180
120
114
780
780
T80
780
TEO
T80
780
780
6lé
616
660
660
660
T80
780
780
780
T80
780
780
780
780
T80

Facility Status Matrix



12. TABLE OF TRAIL SEPARATION AND NUMBERS OF AIRCRAFT PER CONTROLLER

Table 3-2 in Chapter Three lists the data used in this model. Figure
A-12 shows the same data as an input matrix.

MATRIX HALFWORD SAVEVALUEARSEP

COL. 1 2 3 4 S 6 7 8 9 10 11
Row [ 1 37 39 40 38 3 1 2 3 0 1 20
2 37 39 40 0 3 1 2 3 0 1 20
3 37 39 [¢ 38 3 1 2 3 o} 1 16
4 37 39 Q 0 3 1 2 3 0 1 16
@ 5 a7 0 40 38 4 0 1 2 0 (¢} 10
u @ & 37 0 40 [¢] 4 o} 1 2 0 0 10
R 37 0 0 38 4 0 1 2 0 0 12
221 8 37 ' o 0 0 4 0 1 2 0 0 12
8 9 [+} 39 40 38 3 1 2 3 Q 1 20
10 0 39 40 0 3 1 2 3 0 1 20
11 0 39 0 38 5 0 0 1 o] 0 16
12 0 39 (4] 0 5 0 0 1 4] 4] 16
y 13 0 0 40 kl:} 5 Q0 0 1 0 0 10
56 14 0 0 0 38 5 o 0 1 o 0 a8
a3 { 15 0 0 40 o 12 0 0 1 0 o 10
L e 16 0 0 0 0 12 0 0 1 0 [¢] 8
g8 - ¥ = ! v I
o Equipment required Required Additional separation Number of aircraft
up to determine separation in miles for variocus air control can
which separation in miles weights of aircraft handle at one time

criteria to use
(row number)

Figure A-12. SEPARATION MATRIX

13. ATIRPORT DEFINITION DATA

Figure A~13 displays the matrix used by the model to define the air-
port layout. Two different matrix formats are used, one for a principal
airport such as Logan, and another for the secondary airports. The
matrices are self-explanatory. One note of importance is that the field
elevation number is used in conjunction with the minima tables to deter-
mine ceiling heights above the ground.
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10.

APPENDIX B

REFERENCES

"Special Ceiling-Visibility Wind Tabulation" for Boston, for the
period January 1970 to December 1974, National Climatic Center,
Asheville, North Carolina.

"Seasonal and Annual Persistence of Surface Wind Direction by Wind
Speed" at Binghamton, New York, for the period January 1960 to
December 1964, National Climatic Center, Asheville, North Carolina.

"Duration of High Surface Wind Speeds" at Oscoda, Michigan AFB, for
the period November 1950 to December 1970, National Climatic Center,
Asheville, North Carolina.

"FAA Air Traffic Activity, Calendar Year 1975", March 1976, U.S.
Department of Transportation, FAA, Office of Management Systems,
Information and Statistics Division, Washington, D.C. 20591.

Air Traffic Control, 7110.65, 1 January 1976, U.S. Department of
Transportation, FAA, Air Traffic Service, Washington, D.C. 20591.

"Instrument Approach Procedures", National Ocean Survey.

"Standard Operating Procedures", March 15, 1976, (BOS TWR 7110.35),
Boston Tower, Logan International Airport, East Boston, Massachusetts.

"60~Nautical-Mile Video Map", ASR-7, National Ocean Survey, revised
4 February 1976, Boston (Logan International), Massachusetts.

"Performance Measurement System for Major Airports", November 1975,
U.S. Department of Transportation, FAA, Air Traffic Service, Operation
Research Branch, Washington, D.C. 20591.

"Air Navigation and Air Traffic Control Facility Performance and
Availability" (RIS: SM 6040-20), Calendar Year 1975, FAA, Airway
Facilities Service, Washington, D.C. 2059l.
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APPENDIX C

REPORT OF NEW TECHNOLOGY

No patents of inventions were generated under this contract. However,
the effort did advance the state of the art in aviation system modeling.
The major development was the integration into one model of the numerous
elements that affect aircraft delays; namely: FAA facility availabilities,
aircraft traffic levels, air traffic control procedures, aircraft per form-
ance, and weather. A related development involved the formulation of a
cost model for estimating the manpower costs associated with maintaining
FAA facilities.
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