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EXECUTIVE SUMMARY

The Federal Aviation Administration's Integrated Noise Model (1INM)
1s a series of computer programs designed to assess the noise impact
of aircraft operations in the vicinity of an airport. The user of
the (i3 supplies data concerning the airport and runway layout, the
number and types of alrcraft, and description of the flight tracks
they use. The INM computes and reveals the noise environment in
terms of preselected noise metrics of the user's choice. As part of
MITRE's overall effort to check the validity of the results of TNM
computations for the FAA, a comparison was made between the arrival
and departure profiles contained in the INM data base and those
observed in actual operations at the Seattle-Tacoma International
Alrport. A flight profile describes aircraft altitude and velocity
as a function of distance from the runway during a takeoff or an
approach to landing. The extensive data base in which the INM
profiles are stored also contains noise and other performance data
for varlous types of afrcraft.

In the spring and summer of 1979, MITRE conducted a similar flight
profile study which {8 presented in MTR-80W00119, "Comparison of FAA
INM Flight Profiles with Observed Altitudes and Velocities at Dulles
Alrport,” Reference 1. The main conclusion of that study was that,
for departure operations, most airlines were using procedures which
differed significantly from those assumed by the then-~current

Number 7 INM data base. Due to the sparsity of data sampling
locations and limitations in the data collection mechanisms,
however, the exact nature of ohserved departure profiles could not
be determined. Since the time of the Dulles study, the FAA has
prepared a new data base (Number 8) which includes revisions based
on a relatively recent FPAA Advisory Circular (AC91-53, Reference 2)
outlining recommended standard noise abatement departure

procedures. The comparisons in the present study are made with
respect to the Number 8 INM data base.

Methodology

The basic approach taken {n this study is an extension and a

ref {inement of that taken in Reference 1. ARTS-III radar data

\ provided the raw information upon which statistical f{nferences could
be made about actual flight operations. Using the target reports
provided by the ARTS~III system, and a special smoothing technique
called cubic spline function smoothing, the altitude and velocity of
each aircraft on arrival or departure was determined over several
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.




points within 10 nuutical miles of the alrport. The altitudes and
velocities of nearly 3000 arriving or deoparting aircraft were
datermined in thin manner from data collected {n the perind hetwann
May and July, 1981,

Thin large sample was agrregated Into smaller samples according ton
the type of operat{on conducted (namely, arrival or departure) and
the type of alrcraft {nvolved. 1In this study, sample sizea were
large enough to permit investigation of the following aix afrcraft
types: DC-9, B-737, B-727, DC-10, L-1011, and B-747. Profiles for
each type of alrcraft were characterized statistically and compared
directly with appropriate profiles taken from the Number 8 INM data
base.

Regults for Arrivals

The TNM approach profile for standard ailr carrier arrivals depicts a
cont {nuous vertical decent along a 3° glide slope to the point of
touchdown approximately 1000 feet beyond the runway threshold. The
speed of the afrcraft within 10 nautical miles of the runway is
assuned to be constant at the INM supplied final approach epeed.
When compared to this profile, the following trends were noted:

o Ohgerved altitude profiles suggested that all eix types of
alrcraft closely follow the 3° glide slope. The usual
sources of demcent guidance for an air carrier pilot on an
approach to landing are the Instrument Landing System (ILS)
glide slope, or an optical aid called the Visual Approach )
Slope Indicator (VASI), both of which provide an
approximately 3° glide slope. Observed altitudes varied
around the glide slope as a function of distance from the
runway: as aircraft approached the runway, variations in
observed altitude became progressively smaller and more
centrally distributed about the 3° glide slope.

o Observed velocity profiles revealed that most aircraft were
performing a decelerating approach rather than one of
constant speed. Most aircraft approached the airport area
at a significantly higher speed but slowed to within a few
knots of the INM designated final appro.ch speed as they
came within 2 nautical miles of the runway. The frequent
occurrence of the decelerating approach i{s consistent with
the predominant condttlons at Seattle: VFR weather and
falrly light traffic, both of which make decelerating
approaches practical.
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Regsults for Departures

There are many other factors associated with departures which
contribute to considerably more variation in observed operations.
There are procedural differences in the way the departures are
performed by various airlines. In addition, there are
performance-1tmiting factors such as aircraft weight, pressure
altitude, temperature, and wind which introduce additional sources
of variatlon. Accordingly, a more detajled analysis of departures
was performed.

All afrlines apecify thefr own standard departure procedures in
their flight operations manuals. These procedures are usually
fashioned after the FAA suggested noise abatement departure profile,
(as outlined in FAA Advisory Circular 91-53, Reference 2), with
various levels of compliance. The profiles of most airlines
resemble each other for aircraft with high bypass ratio engines.

For low bypass ratio engines, however, the FAA procedure specifies a
greater thrust reduction after takeoff than some airlines use. This
would result in a steeper climb angle than under the FAA procedure,
with all other factors held equal.

The INM data hase, on the other hand, has a set of completely
defined profiles for each alrcraft type which were constricted under
the assumption that the FAA procedure {s being followed by all
atrcraft. In addition, the data base has up to seven slightly
different profiles for each aircraft type to reflect differences in
departure performance attributable to varying departure wefghts.
Under®the aasumption that afrcraft departure weight and stage-length
(the non-stop fight distance) are propurtional, the INM estimates
departure weight by using stage-length as an index. The profile <or
the most likely stage-length was used as the INM baseline for the
comparisons and the following results were noted:

o Observed altitude profiles for the DC-9 and B-737 were much
lower than the INM profiles for the near field segment (the
portion of the departure within 3 nautical miles of the
Brake Release Point (BRP)). There was fairly close
agreement between obgserved and INM profiles for the other
aircraft in the near field segment. For the far field
segment (the portion further than 3 n.m. from BRP) the DC-9
and B-727 were much higher than the INM profiles. A
possible readon for this observation is that the procedures
used by the pilots of these two aircraft types are not
fashioned after the FAA profile which the INM gssumes.
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Observed velocity profiles were within reasonable agreement
with INM profiles for the near field segment for all eix
types of alrcraft. For the far field segment all obaerved
velocity profiles were close to the INM profiles, with the
exception of the B-727 which was faster than the INM
profile.

An analysis of observed B-727 departures was performed to
determine if differences in departure procedures of
different airlines have observable effects on actual
departure performance. The median B-727 departures of five
ma jor airlines vere compared with each other. No real
differences were observed in altitude profiles of the five
airlines for the departure segment within 5 n.m. from BRP.
Beyond this point, however, the disparity became more
distinct. At 8.5 n.m. from BRP the highest median
departure was approximately 1000 feet higher than the
loweat. There were no tangible differences in the velocity
profilea for the entire departure. A review of available
flight operations material revealed that the airline with
the lowest median altitude at 8.5 n.m. also employs a sharp
thrust cut-back which was ultimately intended by FAA
AC91~53., The expected and observed result of this cut-back
was the shallower climb angle.

To measure the sensitivity of both ohserved and INM
profiles to differences in astage-length, an analysis was
performed on B~727 departures grouped into four different
stage~-lengtha. It was found that slight but palpable
differences exist In both INM and observed profiles due to
stage-lengths. However, variation from other sources is
several times greater than the sensitivity of the INM to
changesn in stage-length.

Based on the findings of this study, the FAA Office of
Energy and Environment proposed a few revisions to the
Version 8 INM departure profiles for the DC-9, B-737, and
B-727. The revised profiles were the result of recomputing
departure performance based on the departure procedures
which were evidently in use by pilots of these aircraft.
The agreement of observed profiles with the revised Version
8 profiles was found to be aignificantly improved.
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Conclusions and Recommendations

This profile study represents the most comprehensive comparison made
to date hetween observed operations and profiles contained in the
INM data bhase. In general, the new Number 8 profiles have
fignificantly {mproved ohserved~INM profile agreement. Because the
version of the INM which implements the Number 8 data base had not
yet heen released, the sensitivity of noise estimates to differences
in flight profiles was not investigated. This sensitivity should be
quantified in a future effort. However, it is anticipated that
i{mprovements In the flight profiles will, in most instances, result
fn more accurate nofse estimates. Major obaervations, and
recommendations to make the INM easier to use and to improve the
accuracy of results, are listed below:

o For arrivals, the agreement between obeserved operations and
likely INM profiles was generally good. Observed arrivals
for all six types of aircraft followed the 3° glide slope
and exhihited decelerating approaches

o At present, the Number 8 data base contains predefined
approach profiles which describe approaches of constant
speed for the last 10 nautical miles befdre touchdown. The
predictable patterns of obgserved arrivals at Seattle-Tacoma
suggest that inclusion of a decelerating profile in the
data base may also be of benefit to the user, especially at
locat{ons where weather and traffic conditions make
decelerating approaches popular.

o For departures, observed-INM profile agreement was good for
alrcraft with high bypass ratio engines, but the agreement
was not as good for low bypass ratio engines. The
disparity for the case of low bypass ratio engines was
attributed to differences between assumptions under which
the INM profiles were constructed and actual operating
practices used by various airlines. This hypothesis was
supported by the analysis of B-727 departures grouped
according to airline which indicated that differences in
observed profiles could be traced to procedural
differences. The reviged INM profiles for the DC-9, B-737,
and B-727 proposed by the FAA result in significantly
{mproved agreement with observed profiles, and they should
be incorporated as a permanent part of the INM data base.

ix
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The analysis of B-727 departures grouped according to
stage-length revealed that differences between INM proffles
for the shortest and longent stage-length tend to be masked
by variation from other sources. 1In addition, the
assumption that welght estimation can be hased on
stage~length may not always he true. Based on these
findings the number of stage-length categories should be
reduced from a maximum of seven to a maximum of two or
three.
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INTRODUCTION

The Pederal Aviation Administration's Integrated Noise Model 1{is
a series of computer programs designed to forecast the nofise
environment in the vicinity of an airport. The user of the INM
supplies data concerning the airport and runway layout, the
number and types of aircraft, and the flight tracks they use.
The INM computes and reveals the noise environment f{n terms of
preselected noise metrics. As part of MITRE's efforts to check
the validity of the reaults of INM computationa for the FAA,
this report deascribes a comparison made between arrival and
departure profiles contained in the INM data hase and those
obgerved in actual field operations at the Seattle-Tacoma
International Airport. A flight profile describes aircraft
altitude and velocity as a function of the distance from the
runway. MITRE is also involved in the validation of other
aspects of the INM, including noise versus distance
relationships, which will be documented in a subsequent report.

1.1 Background

In the course of calculating noise exposure in the vicinity of
an afrport, the INM performs four primary functions. It firsat
estimates the noise generated at the source (the aircraft
engine). Secondly, it eatimates the distance from the source to
the receiver (at saome point on the ground). It then computes
the losses and other adjustments to noise as {t travels from the
source to the recefver. 1In the fourth and final function f{t
compounds the effects of miltiple aircraft operations to provide
a time-based environmental noise descriptor or metric. In
performing these functions the INM uses data supplied by the
user, several theoretical noise relationships, and its own
extensive data base containing noise data and flight profile
data for various types of aircraft.

The focal point of this study was the flight profile section of
the INM data base. The specific objective was to determine the
level of agreement or disagreement between the profiles
contained in the data base and those observe:. in actual
operations within a 10 nautical mile distance from the airport.
This study was performed in conjunction with other aspects of
MITRE's INM validation efforts hased on data collected at the
Seattle-Tacoma Internatfonal Airport. Because the version of
the INM which implements the Number 8 data base had not yet heen
released, the sensitivity of noise estimates to differences in
flight profiles was not investigated.

1-1




1.2 Previous Research

In the spring iand aummer of 1979, MITRE conducted a similar
flight prof{le comparison study which {s presented in
MTR-8OWO0L19, “"Comparison of FAA INM Flight Profiles with
Observed Altlitudes and Velocities at Dulles Alrport,” (FAA
Report No. FAA-EE~80-4), Reference 1. In that report,
comparisons were made using the then-current Number 7 INM data
base profiles. The main conclusion of the study was that, for
departure operations, most of the airlines were using procedures
which differed significantly from those assumed by the INM. Due
to the sparsity of data sampling locations and limitations in
the data collecti{on and processing mechanisms, however, the
exact nature of the observed departure profiles could not be
determined. For arrival opetrations, some differences were noted
between INM profiles and observed profiles, but the magnitude of
the differences was much less than for the case of departures.

Since the time of the Dulles profile study mentioned above, the
FAA has prepared a new data base (Number 8) with updated arrival
and departure profiles for most types of aircraft. The new
profiles Include revisions based on a relatively recent FAA
Advisory Circular (AC91-53, Reference 2) outlining recommended
atandard noise abatement departure procedures. The comparisons
in the present study are made with respect to the Number 8 INM
data hase.




2. METHODOLOGY

The basic approach taken in the current atudy is an extension
and refinement of the approach described in Reference 1.
- ARTS-ITI radar data recorded at the Seattle-Tacoma Afrport
i provided the raw {nformation upon which statistical inferences
could be made about actual flight operations. Appropriate
profiles taken from the Number 8 INM data base were used as the
baselines for the comparisons. This section gives a brief
degcription of the operating environment at Seattle and the
processing of raw radar data to determine aircraft altitude and
velocity at specified distances from the runway. A more
complete description of the analytical techniques used in the
data processing is given in Appendix A.

The Seattle~Tacoma Alrport was selected for the collection of
actual operations data because of three favorable character-

1 ' fatica: firat, it had an established noise monitoring system
which was essential to other tasks in the INM validation effort;
second, it had an appropriate mix of air traffic in terms of
alrcraft types and stage-lengths (the non-stop flight
disatances); and third, the arrival and departure policies of
local afrport authorities did not interfere or conflict with the
standard operating practices of moast airlines. A diagram of
Seattle-Tacoma Airport is given in Figure 2-1.

2.1 Data Processing Overview

The raw data used {n the proffle analysisa came from Seattle- ,
Tacoma {n the form of ARTS-II1 radar extractor tapes. The data
contained on each tape included, among other things, radar target
reports and interfacility flight plan meassages. A target report
was generated for each inatance when an aircraft's position was
determined based on its regponse to a Mode A interrogation from
the ATC Radar Beacon System (ATCRBS) and 1ts altitude was
reported in response to a Mode C interrogation. The aircraft's
4 position was recorded in the target report in terms of range
from the radar antenna and the bearing to the aircraft with
regpect to Magnetic North. Updated target reports containing
revised position and altitude data were generally available for
each scan of the radar, or approximately every 4.7 seconds. A
flight plan message was recorded on tape for each IFR flight
which was about to enter the airspace under the jurisdiction of
the Seattle Terminal Radar Control Facility. These messages
contained the aircraft identification, alrcraft type, proposed
operation, and other supporting data about the flight.

2-1
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Target reports and interfaci{lity flight plan messages were
extracted from the radar tapee by means of a MITRE developed
computer program called ARTS81. Once extracted, these two
blocks of data were then submitted to another program, SMOOTH,
which was designed to process the Seattle data. In the latter
program, a unique flight plan message was assigned to each
track, or string, of target reports from an alrcraft departing
or approaching Seattle. In this way, the identity and type of
afrplane could be established for each track of target reports.

Bacause individual target data are subject to errors, a
smoothing operation was performed before estimating altitude and
velocity. A description of the method uaed in thise study, cubic
spline function smoothing, is offered in Appendix A. The end
result of the amoothing process was a set of thrae cubic
equatfons which described the position of the alrcraft as a
function of ti{me. 1In analytical terms, the three functions were
X(t), which described lateral displacement from the extended
runway centerline, Y(t), which described longitudinal
displacement from an arbitrary point on the runway, and Z(t),
which described the aircraft's height above the runway surface.
Once X(t) and Y(t) were known, it was a simple matter to
determine absolute velocity at a particular time by taking the
first derivative of those two functions to find the velocity
vector in each direction. Vector addition wae then performed to
find actual absolute velocity.

Flyovers

It was determined that an adequate repregentation of the velocity
and altitude profilea could he made by considering each aircraft
flyover at strategically located “sampling stations”. A sampling
station was simply a longitudinal position located with respect
to the runway. Eight sampling stations were used for departures
and arrivals, thereby permitting a detailed view of flight
profiles over a much greater distance than previously

available. For departures, sampling stations were positioned at
a point 1.5 nautical miles (NM) from the point where the take-off
roll commenced (the Brake Release Point (BRP)), and at 1 NM
intervals thereafter to 8.5 NM from BRP. For arrivals, sampling
stations were positioned one-half nautical mile from the
threshold of the runway, and at 1 NM intervals before that to

7.5 NM from the threshold. A diagram of sampling station
location for both arrivals and departures 1s given in Pigure 2.2.
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As an atrcraft passed over a sampling station on its departure
or {ts approach to landing, the time of the closest point of
approach (CPA) to the sampling station was determined. The CPA
was merely the point at which the airc-aft was directly over the
sanpling station. The time of CPA was determined ueing linear
{nterpolation on the raw target data. Altitude and velocity
were then determined at the time of the CPA.

Lateral boundaries, as shown in Figure 2-3, were established
around the runway centerline to eliminate from consideration the
portion of those operations which involved turns shortly after
departure or shortly before landing. Such turns affect aircraft
performance and consequently distort the resulting flight
profiles. As evident in Figure 2-3, however, which also shows
the distribution of aircraft ground tracks for a typical day at
Seattle~Tacoma, these “"turning operations” were a small
percentage of the total number of operations.

Radar data for eleven typical days of operations at
Seattle~-Tacoma were processed in the manner mentioned above.
The eleven days occurred within the period May to July, 1981.
Operations were extracted for an average period of 18 hours per
day, usually from 0600 to 2400 hours local time. The weather
for the 11 days included some brief perfods of IFR conditions
and winds were predominantly light. Table 2-1 showa the total
numher of operations extracted from tape and smoothed, and also
provides a breakdown of the operations according to aircraft
type. Because a disproportionate share of arrivals occured
during the portion of the day when radar data was being
extracted and processed, the number of departures does not equal
the number of arrivals.
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TABLE 2-1

TOTAL NUMBER OF OBSERVED ARRIVALS AND DEPARTIRES

8Y ATRCRAFT TYPE

Alrcraft Type

Number of Arrivals

Number of Departures

Boeing 727 671 567
Boeing 737 122 111
Boeing 747 47 26
McDonnel Douglas DC-9 167 130
McDonnel Douglas DC-10 156 152
Lockheed L-1011 49 42
Other 379 345

Total 1585 1373
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ANALYSIS OF ARRIVALS AND RESULTS
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Once the radar data had been extracted and processed to yield
flight profile data, the profile data were used {n a series of
statistical tests to determine the nature of actual flight
operations. The analysis of flight profiles was divided into
two operational sectors: arrivals and departures. This section
describes some supporting information on arrival procedures
employed by the airlines, asaumptions on arrivals made by the
INM profiles, and briefly reviews the statistical techniques
used to characterize the observed data.

3.1 Common Operating Practices for Arrivals

To gain a feeling of the operational issues confronting air
carrier pilots on an approach to landing, the Flight Operations
Manuals (FOM) of several airlines were reviewed. It was found
that the arrival procedures of most airlines were very similar
with respect to each other. The variables which determine the
manner in which approaches are to be flown are weight,
prevailing weather conditions, and the type of navigational
guidance used (e.g., visual approach, ILS, or other instrument
approach).

Landing approach speeds are based on weight and flap
configuration, and can be determined by the flight crew for a
specific case hy reference to a table of values in the flight
manual. Vertical profile or decent guidance is usually provided
by reference to the electronic glide slope of the ILS, or
optically by reference to a Visual Approach Slope Indictor
(VASI). Both mources of decent guidance provide an
approximately 3° glide slope.

For operations conducted in marginal weather (low ceilings and
visibility) where an ILS glide slope ia being used, pilots are
instructed to stabilize the aircraft on the approach at a point
about 3 to 4 miles from the landing threshold. An aircraft is
stabilized when it is established on the extended runway
centerline and the glide slope, at its designated approach
apeed, and when only minor ad justments are necessary to remain
within acceptable limits. Under average conditions pilots are
usually able to maintain speed within 10 knote of the
designated approach speed and maintain the glide alope to
within 100 feet.
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For approach operations conducted in visual weather conditions,
pilots are given more latitude concerning epeed management,
although a 3° glide path is still followed by reference to a
VASI or ILS glide slope. Under better weather conditions,
pilots can wait until they are about one-half mile from the
runway threashold before establishing the designated approach
spead. The tendency for air carrier pilots, given more freedom
in the management of airspeed, is to approach the afrport area
at a significantly higher speed and gradually reduce speed so as
to arrive at one-half mile from the runway at the designated
approach speed. These "decelerating” approaches enable afrcraft
to land sooner while still remaining within safe operating
limits at the point of touchdown. Even {n ideal weather
conditions, however, heavy air traffic conditions may constrain
the speed management styles of pilots. Such constraints may
come in the form of speed restrictions by ATC for the purposes
of separating and sequencing air traffic,

3.2 1INM Approach Profiles

The Number 8 INM data base includes standard approach profiles
for three general classes of aircraft: commercial turbo jet,
general aviation, and military. The standard profiles
continuously deascribe aircraft velocity, altitude, and thrust
setting for the last 19 nautical miles of each landing
approach. The only differences among the standard profiles for
the three classes of aircraft are in approach speeds and thrust
management. All the INM approach profiles used in this
comparigon come from the standard commercial jet class of
approach profile which 1s described below.

Each of the three classes of approach profiles depicts a
continuous vertical decent on a 3% glide slope from the point
where aircraft first enters the area to the runway surface.

Like the actual glide slopes provided by aids such as a VASI or
ILS, the INM approach profile glide slope usually intersects the
runway surface at a point about 1000 feet beyond the runway
threshold. This results in a threshold crossing height of 50 to
60 feet. The INM assumes each afrcraft touches down at the
glide slope-runway intersection, at which point each aircraft
continues a roll-out using standard braking techniques.

The INM velocity profile for standard commercial jet approaches
include one speed transition at a point nearly 10 nautical miles
from the threshold. All commercial jet aircraft initially

approach the area at ‘terminal speed,” which 1s maintained until
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approximately 10 nautical miles from the threshold. At that
point, speed is reduced to the unique final approach speed for
that afrcraft type. The terminal speed {8 usually the maximum
authorized indicated airspeed for operations conducted under
10,000 feet Mean Sea Level (MSL), which 18 250 knots. The final
approach speed is a computed speed for each type of aircraft
within the class, and 1s based on a nominal weight and flap
configuration. The last 10 nautical miles of the INM approach
are made in a "stabilized"” state, i.e., the aircraft is
egtablished on the glide slope and maintains a constant speed to
the point of touchdown. The roll out distance used {n braking
the afrcraft after touchdown {s based on aircraft arrival weight
and final approach speed.

The inclusion of standard approach profiles in the Number 8 INM
data base repreasents a significant improvement over older
versi{ons of the data bage. Prior versions did not have
completely predefined approach profiles and required the user to
provide his own profiles based on what he believed were common
operating practices. Even though the Number 8 data base
specifies all aspects of a standard approach, the user is still
given the flexibility of modifying a standard profile, or
completely designing one of his own.

3.3 Statistical Issues and Graphic Presentation of Statistics

Operations that were extracted and processed wetre first broken
down into two groups according to the type of operation
conducted, namely, arrival or departure. Each group was then
further aggregated into samples of alrcraft operations at each
sampling station according to aircraft type. These samples were
the subject of a series of statistical measurements from which
actual operations could be characterized. The following
discussion, which 18 equally applicable to arrivals or
departures, makes reference to Figure 3-1. This figure shows a
"box-and-whisker” plot which provides a graphic presentation of
the computed statistics for altitude and velocity at each
sampling station.

The dark shaded box in Figure 3-1 encloses the 952 confidence
interval for the mean of the population. The mean is the
arithmetic average of the population. The confidence interval
expresses the range within which the population mean is likely
to exist. The 952 confidence interval, then, speciffes an
interval constructed in such a way that the population mean is
expected to lie within it for 95 out of 100 similarly drawn
samples. The confidence interval 1s constructed on the
asaumption that the underlying distribution of the population is
a normal distribution.
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90th Percentile

75th Percentile

95% Confidence Interval
for the Mean

Median

25th Percentile

INCREASING ALTITUDE OR VELOCITY

EE—— 10th Percentile

FIGURE 3-1
BOX-AND-WHISKER PLOT FOR THE GRAPHIC REPRESENTATION
OF COMPUTED STATISTICS FOR OBSERVED ALTITUDES
AND VELOCITIES
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Another method used to characterize sampled data involves the
use of nonparametric, rank-order statistics. The use of such
statistics provides a simple view of sample distributions and
requires no assumption ahout the underlying distributfon of the
population from which the sample was taken. In the bhox-and-
whisker diagram of Figure 3-1, the 90th 75th, 25th, 10th
percentiles, and the median are given.

Rank-order statistics are based on the ordering of the sampled
values from highest to lowest. The median, or 50th percentile,
represants the value above which and below which lie one half of
the sampled values. The 90th percentile represents the value
above which {s 10 percent of the sampled values and below which
is 90 percent. Similar definitions apply to the other
percentiles given in the box-and-whisker plot. A close spacing
of these values indicates the population values are
concentrated, or closely spaced. Conversely, wider snpacing
indicates the population values are more widely spread.

3.4 Results of INM - Observed Approach Profile Comparison

Figurea 3-2 to 3~7 on the next few pages show the comparison of
observed profile data to INM profiles for aix afrcraft types.

In each case the INM profile selected for the comparison
represents the most li{kely aircraft model for each type of
alrcraft observed at Seattle. The INM profile is depicted by
the solid black lines. Statistics for the observed sltitudes
and velocities of each aircraft type are provided in the form of
a box-and-whisker plots over each sampling staticn.

Prom visual fnepection of the altitude profiles for each
aircraft type, it {s evident that all six aircraft types closely
followed the 3° glide slope (depicted by the INM) with only
minor variations around it. Variations in observed altitudes
behaved as a function of distance from the runway: as aircraft
approached the runway, variations in observed altitude became
progressively smaller (as evidenced by the compression of the
box~-and-whisker plots) and more centrally gathered around the
INM 39 glide slope.

A visual inspection of the velocity profiles reveals a somewhat
different story. As aircraft initially approached the runway,
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thetir apecdn ware much higher than the INM final approach

spead. However, mosnt of the nix alrceaft typoa slowed to within
a few knots of the INM approach aspeed as they neared the

ruaway. Under these decelerating approaches, the observed
alrcrafr were usually estahlished at near the INM speed hefore
reaching a point 2 nautical miles from the end of the runway.
The frequent occurrence of the decelerating approach in the
Seattle data is consistent with the predominant conditions at
Seattle: VFR weather conditions and fairly light traffic. Thesge
two factors enabled pilota to maintain a higher approach speed
to a point closer to the runway.

The fairly close agreement between observed data and the INM for
both altitude and velocity profiles close to the runway
substantiates the accuracy of the data and the techniques used
to process it. The presence of a VASI and/or an ILS glide slope
gives all pilote more precise decent information and one would
axpect fairly cloae groupings of observed altitudes around the
INM 3° glide path. 1In additfon, given the weather conditions
and traffic loade of the Seattle-Tacoma Alrport, one would
expect pllots to employ a decelerating approach.
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4. ANALYSIS OF DEPARTURES AND RESULTS

Unlike the fairly well-defined and standardized procedures for

:? aircraft approaches and landings, there are many other factors
c associated with departures which contribute to considerably more
variation in observed operations. Aside from procedural
differences in takeoffs and departures, certain performance-
limiting factors such as gross weight, pressure altitude,
temperature, and runway surface conditions introduce additional
sources of variation in observed departure profiles. A more
detailed breakdown of departure operations was performed in
order to assign specific causes to observed variations. Thie
gection describes an analysis of departure operations considered
as a whole, and also describes two smaller analyses performed on
subsets of the observed departures from Seattle.

o

In general, air carrier pilots are given more latitude in the

# ! execution of departures and can make tradeoffs between altitude,
i speed, and thrust. At a fixed thrust setting, for example, a

: pilot could elect to climb at a faster airspeed and sacrifice

w his rate of climb, or vice versa. In an attempt to standardize

' departure performance and enhance the safety and noise

compatability of such operations, airline flight operations

? ! manuals specify well-defined departure procedures. However,

’ pilot-to-pilot variability and the presence of extenuating

circumstances such as turbulence or mountainous terrain near the

‘ airport suggest that less than strict adherence to procedures

* ‘ may be noted in observed profiles.

4.1 Common Operating Practices for Departures

A review of several flight operations manuals revealed that most
airlines employ departure procedures which are in basic

1 ' compliance with the suggested FAA procedures contained in
AC91-53. This advisory circular has been in effect since
October 1978, and outlines a suggested noise abatement procedure
for turbine powered aircraft departures. There are differences
between the procedures of various airlines, however, which could
result in tangible differences in the resulting profiles.

The FAA departure procedure is designed to reduce the noise
generated by the turbine engine itgelf through reductions in
thrust and to increase the distance between the source (the
airplane) and the noise affected area on the ground by
increasing climb gradient. The departure is also intended to be
consistent with the objectives of safety and fuel efficiency.




A diagram of the FAA departure is given in Figure 4-1. Speed,
thrust, and flap changes are scheduled according to gains in
altitude. After lift-off, all aircraft climb at a speed of V)
plus 10 to 20 knots at takeoff thrust. The symhol V,

represents "takeoff safety speed” and it varies with aircraft
weight and flap setting for each aircraft type. It {8 the speed
at which, should one engine fail, the airplane {s still capable
of maintaining a specified minimum climb gradient. When the
airplane reaches a height of 1000 feet above the airport, flaps
are retracted according to the schedule in the flight operations
manual and an acceleration is made to V,¢, the minimum zero

flap maneuvering speed. At this point, thrust {s reduced from
takeoff power. The difference between the FAA and some airline
procedures ig the size of the thrust "cutback”.

Under the procedures of some airlines, a reduction is made to
the normal climb thrust for all aircraft types. The FAA
procedure, however, epecifies a cutback which 1s based on the
type of engines involved. Airplanes with high bypass ratio
engines reduce to normal climb thrust while those with low
bypass ratio engines reduce to a value somewhat below normal
climb thrust. The lower thrust must still be capable of
providing a prespecified minimum climb gradient in the event an
engine fails. Afrcraft with the quieter high bypass ratio
engines are predominantly two, three, and four engine
wide-bodied aircraft while most of the narrow bodied fleet are
powered by low bypass ratio engines. Regardless

of which power setting i{s used, both the FAA and the other
procedures recommend the climb be continued at or near V,¢
until reaching 3000 feet. At that altitude all alrcraft
accalerate to 250 knots and resume a normal en route climb
configuration.

Of the several airlines conducting operations at Seattle, some
have adopted the FAA departure while others have used their own
type of departure. The FAA and other departures for wide bodied
aircraft with high bypass ratio engines are essentially the same
and one would expect similar performance profiles if all other
factors are equal. On the other hand, the difference between

_ the FAA and other departures for aircraft with low bypass ratio
engines is the thrust cutback at 1000 feet altitude. Under the
FAA procedure, one would expect a shallower climb profile above
1000 feet than the one obtained using other procedures. Other
factore may obscure the differences attributable to the use of
varying procedures, however. Almost all flight operations
manuals, {n addition, include a caveat stating that the noise
abatement profiles may be abandoned, including the thrust
reduction at 1000 feet, to meet turbulence, air traffic, or
obetacle clearance requirements.

4-2




/

N

37404d 3HNLHVYHIA LININILVEY ISION VV4

v 3¥NOI4

*ISNIYI QWETD [PWIOU AOT3q
03 2onpaa saufBus ofjea sseddq moy yaIgm
33BI01FY  "ISNIYI QUWFID [PWIOU O3 IINpaI
saupB8ue ojaex sseddq Y3y YITA IJBIDATV »

» LSMNHL AD10Td

%\ 01 ALVNATEOV
SAVIA IOVALTY

3

“w

A

ISAYHL J303AVL

$10MM 0Z OL OT + °A

0001

000¢

000¢

1l3dd ‘ICNLILTV

4-3




4.2 INM Departure Profiles

The departure profiles contained In the INM data base are
completely definad profiles and have heen constructed from
theoretical relationshipe based on engineering data. 1In
constructing the profilea, all ajrcraft were assumed to follow
the FAA departure as described in AC91-53. To control the
effect of varying aircraft departure weights, the INM has up to
seven slightly different profiles to reflect departure
performance of each aircraft type at different weights. The
user of the INM supplies information on the weight of each
propogsed departure indirectly by specifying the stage-length
{the non-stop distance) of the flight. The INM bases its
estimation of weight on stage-length under the assumption that
weight and stage-length are proportional. This appears to be a
reasonable agsumption since, as the length of a flight
increases, the fuel load must also increase. There are cases,
however, where this assumption 18 not true. An afrcraft making
a series of short flights, for example, may depart on the first
leg with enough fuel for all the legs of the flight to eliminate
the need to refuel at each stop. Airlines will sometimes refuel
only at certain airports where the price of fuel i{s8 lower and
carry enough fuel to fly through other airports where prices may
be higher.

Por the purposes of comparing INM profiles with observed
profiles, the INM profile for the most likely stage-length was
chosen for each aircraft type. The determination of the most
likely stage-length was based primarily on the type of

aircraft. Some aircraft are intended for short-haul flights and
othere are designed for long range flights. For those aircraft
types which fly a wide range of stage-lengths the actual
stage-length was determined for specific flights by consulting
airline schedules, and the most frequently occurring
stage-length was selected as the representative stage-length.

4.3 Results of INM - Observed Departure Profile Comparison

Figures 4-2 to 4-7 on the next pages show the comparisons of
observed profile data to INM profiles for the same six types of
afrcraft. Like the comparfsons made for arrivals, the INM
profile for the most likely alrcraft model and stage-length is
presented in the form of a solid line for each afrcraft type.
Observed profile data are again characterized by box-and-whisker
plots. Unlike the case for arrivals, however, no uniform trends
are apparent when the comparisons are made. To facilitate the
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discussion of the level of agreemcat between INM and observed
profiles, the departure profile is divided into two segments:
the near field segmant (which includes the portion of Lhe
departure within 3 nautical miles from the BRP) and the far
field segment (which includee the portion more than 3 nautfcal
miles from the BRP).

A visual inspection of the altitude profiles for obaerved
departures and the INM for the near field shows that the two
were in fairly close agreement for the B-727, DC-10, L-1011, and
B-747. For the two twin-engine, narrow bodied aircraft,
however, the DC-9 and B-737, the observed altitudes for the near
field were much lower than specified by the INM. The difference
in altitude was approximately 500 feet for these alrcraft. The
near field velocity profiles for observed operations were within
reasonable agreement with INM velocities for all six aircraft
typea. A closer inspection of the near field INM profiles for
the DC-9 and B-737 reveals that the INM predicte an altitude
gain of 500 feet by the time the aircraft has traveled one mile
from the BRP. Although such performance is attainable under
optimum conditions, it is probably not representative for these
two types of aircraft.

Por the far field segment, the observed altitude profiles for
the DC~9 and B~727 were much higher than specified by the INM.
The altitude difference was in the range of 500 to 1500 feet.
For the four other aircraft types, observed altitudes were
fairly close to INM altitudes. The observed velocity profiles
for the far field were in close agreement with INM velocities
for all aircraft except the B-727. For this aircraft observed
velocities were 20 to 50 knots higher than INM velocities.

One reason for the differing levels of agreement is the
difference in the thrust reduction specifications of the
departure profiles. As mentioned earlier, the FAA and other
types of departures are essentially the same for aircraft with
high bypass ratio engines such as the DC-10, L-1011 or B-747.
Because the INM profiles reflect theoretical performance using
the FAA departure procedures, and because most airlines use
either the FAA or similar procedure as the stindard departure,
one would expect fairly close agreement betwe:.n the observed
operation and INM profiles for wide-bodied aircraft. This
expected close agreement is evident in Figures 4-5 through 4-7.
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The FAA and some departure procedures for low bypaes ratio
engines, on the other hand, are somewhat different. The
expected result of the difference 18 for those airlines not
using the FAA procedure to have a steeper climb gradient for the
segment between 1000 feet and 3000 feet above field elevation.
The low bypass engine aircraft in this study, the DC-9, B-727,
and B~737 were all observed to be higher for this phase of the
departure than the INM profile, as evident in Figures 4-2
through 4-4.

4.3.1 Analyeis of B-727 Departures Grouped According to Airline

An analysis was made of Boeing 727 departures to determine if
differences in departure procedures in the flight operations
manuals of different airlines have observable effects on actual
operations. B-727 operations made up, by far, the majority of
operations at Seattle. It was possible, therefore, to group
B-727 departures according to airline and still have rcasonably
large sanmple sizes. Five major airlines were considered in this
analysis.

Rather than making comparisons with INM profiles, the observed
departure profiles for each airline are compared directly with
other airlines in Figure 4-8. The dashed lines in this figure
connect median values over each sampling station for each
airline.

By referring to the altitude profiles in Figure 4-8, it is
evident that there 18 no real difference in climb performance
between the different airlines for the departure segmeat within
5 nautical miles of the BRP. Beyond this point, however, one
finds the disparity becoming more distinct. At 8.5 nautical
miles from BRP the highest median departure 18 approximately
1000 feet higher than the lowest median departure. A review of
available flight operations material indicates that this is an
expected result. The airline with the lowest median departure
uses a procedure which represents a unique approach to noise
abatement and was constructed in the manner ultimately intended
by FAA AC91-53. This airline reduces to a significantly lower
thrust value at 1000 feet altitude than specified by manuals of
other airlines. The expected result of this cutback 18 the
shallower climb angle evident in the median of these departures.
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Reference to the velocity profiles in Figure 4-8 on the other
hand, reveals no significant differences in the airspeed
schedules used by the five airlines studied. This i8 also an
expected result since the departures of most all airlines use
the same target speeds. The similarity of the velocity profiles
provide additional support to the hypothesis that differences in
thrust cutbacks provides the largest single source of variation
in the altitude profiles in Figure 4-8.

4.3.2 Analysis of B-727 Departures Grouped According to Stage-

As mentioned earlier, the INM estimated the weight of each
departing aircraft on the basis of the stage-length for the
flight. To measure the sensitivity of both observed operations
and INM profiles to differences in stage-length, a separate
analysis was conducted on B-727 departures grouped according to
stage~length. The actual stage-length of each flight was
determined by reference to the flight intinerary in airline
schedules. Each B-727 departure for which the first point of
intended landing could be determined was assigned to one of four
stage-length categories: O to 500 nautical miles, 501 to 1000
miles, 1001 to 1500 miles, and 1501 to 2500 miles. The same
statistical analyses were performed on B-727 grouped as such and
the results were compared with the INM B-727 profiles for the
corresponding stage length. The same conclusions apply to B-727
departures grouped according to stage-length as for B-727
departures considered as a whole in Figure 4-4. For all four
stage-lengths observed altitudes were close to the INM profiles
for the near field segment, but for the far field segment the
differences approached 1500 feet. Observed velocities in each
cage were slightly higher than corresponding INM profiles.

A direct comparison of the INM profiles for the four atage-
lengths 18 given in Figure 4-9. The median profiles for
observed operations are also given. The INM altitude and
velocity profiles in this figure indicate that there is little
difference between the shortest stage-~length and the longest
stage-length. The median altitude profiles for observed
operations indicate only a slightly greater sensitivity to
differences in stage-length than the corresponding INM altitude
profiles.

An important observation to make at this point conceruns the

sensitivity of INM profiles to stage~length differences in
Figure 4-9 and the fairly wide variation in observed
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operationa (an evidenced by the wide apacing of the 10th and
90th percentiles {n the box-and-whisker plots in Figures 4-2
through 4-7). The varlation in observed operations {8 several
times greater than the sensitivity of the INM to changes in
stage-length. The result of such a sftuation {8 for the slight
effects of stage-length to be obscured by variations caused by
other factors. It is not necessary, then, to maintain such
precise differences in INM profiles for the stage-length factor
1f asuch differences are small compared to real world variation
from other sources. Fewer and more broadly defined stage-length
categories may be more efficlient.

4.3.3 Comparison of Observed Departure Profiles for DC-9, B-737,

and B-727 with Revised INM Profiles

The original Number 8 INM departure profiles were counstructed
under the assumption that, for all aircraft types, airlines
employed the FAA noise abatement departure profile as outlined
in AC91-53. However, the ohserved data for the low hypass ratio
engined ajrcraft in the atudy (DC-9, B-737, B-727) suggested
that for these three types of aircraft, this may not he the
case. In an effort to improve the level of agreement between
Version 8 INM profiles and observed data, the FAA Office of
Energy and Environment proposed a few revisions to the INM
profile data hase for these three aircraft types. The revised
profiles were not merely molded to f£i1t the observed data but
rather were constructed using the same theoretical relatfonships
under different assumptions about the departure procedures

uged. As shown in Figures 4-10 through 4-~12, which show the
original and revised INM profiles and the observed profile data,
the level of agreement is considerably improved with the revised
INM profiles.
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5.

CONCLUSIONS AND RECOMMENDATIONS

This analysis of aircraft profiles represents the most
comprehensive comparison made to date hetween ohserved
operations and profiles contained {n the INM data hase. A more
complete review of airline operating practices has heen included
to reveal those operational variables which are likely to
influence the shape of observed profiles. In general, the new
Number 8 INM data base profiles have made significant
{mprovements in observed-INM profile agreement. There are,
however, a few areas where the agreement could be improved even
further and INM ease-of-use and efficiency enhanced.

For arrivals, the agreement between observed operations and
standard INM approach profiles was generally good. The standard
INM altitude profile depicts a continuous descent on a 3°

glide slope to the point of touchdown. Observed arrivals for
all eilx types of aircraft were closely grouped around this glide
slope. A difference was noted, however, in the comparison of
observed and INM velocity profilea for arrivals. Standard INM
velocity profiles depict an approach of constant speed for the
last 9 nautical miles before the threshold. Observed alrcraft,
however, approached the afrport area at a significantly higher
speed and gradually reduced speed to the final approach speed
approximately 2 nautical miles from the runway threshold. This
observation was attributed to the prevalence of weather and
traffic conditions which made decelerating approaches feasible.

Though the INM user could construct his own decelerating
approach to accommodate such a situation, the predictable
patterns of observed operations suggest that the addition of a
completely predefined decelerating approach would be more
efficient, consistent, and of greater benefit to the user. The
user would have to be informed of the weather and traffic
conditions which make either the constant speed or decelerating
approach applicable, but the benefit gained in establishing this
choice is the simplicity in which the user can specify entire
approach profiles which are based on predictable and fairly
invariant observed operations.

Another issue concerning decelerating approaches is the effect
they have on estimated and observed noise levelsa. The thrust
values contained in the INM approach profile data base are
specified for aircraft maintaining a given configuration in a




“mteady atate”. An afrcraft which 18 decelerating, however, s
not {n a ateady state and [a probably using leas thruat than an
aircraft maintaining a conatant speed in the same configuration.
The end result of the decelerating approach should he some
reduction {n noise generated at the source. However, the size
of the notse reduction may be small because thrust levels are
generally low even in constant speed approaches.

For departures, the comparisons made hetween INM profiles and
observed operations showed little difference for some alrcraft
types and greater differences for others. In general, observed-
INM profile agreement was better for wide-bodied aircraft with
high bypass ratio engines. The close agreement was attributed
to the similarity between assumptions under which the INM
profiles were constructed and actual operating practices used by
various airlines.

The observed-INM agreement was not quite as good for narrow-
bodied, low bypass ratio engined aircraft. For the near-field
segwent of the departures, INM profilea for the B-737 and the
DC-9 were much higher than observed operations. The INM
profiles for these two aircraft for this segment reflect rather
steep climbs which are probably not attainable in everyday
operations. On the far fleld, differences were noted for the
DC~9 and B-727. The observed trends suggest that the thrust
cutbacks in actual operations are not as great as those assumed
by the INM profiles. Some alirlines employ a departure which
specifies a smaller thrust reduction than the FAA departure for
low bypass ratio engines.

The analyses of B-727 departures grouped in various ways also
contributed to a greater understanding of the pertinent
variables involved in departures. An analysis of B-727
departures grouped according to airline revealed that some
differences in observed profiles could be traced to differences
in operating procedures. Another analysis performed on B-727
departures grouped according to stage-~length resulted in the
gane conclusions as when they were considered in aggregate.
Differences between INM profiles for the shortest and longest
stage-lengths are not great and tend to be masked over by
variation from other sources. 1In addition, the assumption that
weight estimation can be based on stage-length may not be true
for all {nstances. Based on these findings the number of stage-
length categories should be reduced from seven to two or three.

The revisions to the INM profiles proposed by the FAA for the

DC~9, B-737, and B-727 aircraft resulted in much improved
observed-INM profile agreement. The revised profiles were the
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result of recomputing departure performance under different
assumptions about the departure procedures being used. To
guarantee that the INM profiles maintain relevance with general
obaserved operations, the revised profiles should become a
permanent part of the INM data base.

In conclusion, the INM profiles contained in the new Number 8
data base generally agree with current observed profiles. The
level of agreement is much better than afforded by the older
Number 7 data base. However, the improvements suggested above
would lead to even closer agreement and ease the tasks presented
to the INM uaer.




APPENDIX A

ANALYTICAL TECHNIQUES USED TO PROCESS RADAR DATA

ATC Radar Beacon System (ATCRBS) target data as reported to the
ARTS-1I1 system were used to determine the altitudes and velocities
of aircraft as they passed over the sampling stations on an arrival
or departure. It was necessary to smooth the data before it could
be used to yfeld altitude, position, and velocity {nformation. This
Appendix describes the cubic spline function smoothing technique,
used to account for the above mentioned problems, and the other
analytical techniques used to determine altitude and velocity at the
closest point of approach.

An ARTS-1II target report describes an alrcraft's position i{n terms
of the Mode C altitude reported by the aircraft's transponder,
azimuth angle (relative to Magnetic North), and range from the
ATCRBS antenna. The range value is quantized to the nearest
one-gixteenth of a nautical mile and the altitude to the nearest 100
feet. The ARTS-III system automatically corrects the reported
altitude for non-standard pressure and ylelds the aircraft's
altitude relative to Mean Sea Level (MSL). The MITRE ARTS81 data
extraction program translates each pertinent target report to a
position report in terme of a 3-axis Cartesian coordinate system.

A radar track history of an aircraft arrival or departure consists

of a chronologically ordered series of position reports, [p]. The
ith position report in the series can be written parametrically as

?1 - (xli Yir» Zg» ti)

vhere

aircraft displacement from the extended runway
centerline, in feet,

X

yy = aircraft displacement along the extended runway
centerline from a fixed arbitrary point on the
runway, in feet,

zy = altitude of aircraft, in hundreds of feet above the
runway,

ty - the time at which the position report occurred,
in geconds.

The time interval between successive position reports,
(ty = t4-1), was approximately 4.7 seconds.
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An eatimate of the time of cloreat pafnt of approach, CPA, to each
sampling stati{on was based on the ruw pasition data. For sampling
station j§, with a location y , a consecutive palr of position
reporte (py, Py4]) was found such that

Yy 2 Yj* 2 Yi41

The time of the closest point of approach, tj* was then estimated
using linear interpolation.

The four reports preceeding and following the time of CPA were then
used {n a smoothing operation called cubic spline function smonthing.
The deaired product of the smoothing process was a set of 3 cubic
equations, x(t), y(t), and 2z(t), which provides a continuous
description of afrcraft position along the appropriate dimensiona
with time as the independent variable. The three equations
describing atrcraft position have the form

X(t) = Ay + Byt + Cyt2 + Dyt
y(t) = Ay + Byt + cytz + Dyt3-
2(t) = Ay + Byt + C,t2 + D,t3.

The coeff{cients A, B, C, and ), were determined using polynomial
interpolation. 1In performing the interpolation, however, the
smoothing process is introduced by having the objective that the
acceleration on any axts (e.g., X(t), ¥(t), and Z(t)) be minimized.
Thi{s objective {s applicable to the treatment of the equations of
mot {on for transport category aircraft because the accelerations
(changes in velocity or direction) in such afrcraft operations are
relatively slow. To meet this objective, the "strict” polynomial
interpolation technique, where the equations must pass exactly
through the data points, is relaxed so that candidate curves need
only come within a specified range of the data points. This
acceptable range 18 proportional to the magnitude of the error
expected 1in the raw data. The errors associated with the input data
are such that tolerable ranges through which the curvee must pass
permit considerable smoothing without oversmoothing the data to a
straight line. A full discussion of the cubic spline smoothing
technique {s presented {n Reference 3.

Once the three smoothed equations of morion were known, the altitude

and velocity of the aircraft at the time of CPA was determined. The
altitude at the time of CPA was determined by the evaluation of

$(E*) = Ag + Bgty* + Cp(e g2 + Dy(e g3
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The velocity was determined by first taking the first derivatives of
x(t) and y(t). The velocity waas then determined along each
dimension using the resulting velocity equation, x(t) and y(tr),

X(Eg*) = By + Cety* + D, (ty%)2
y(t4*) = By + Cyry* + Dy(tj*)z

The absolute velocity estimate was then determined by
vh o= x2 + 32 at ty

As an example of the desirability of cubic spline function smoothing
in the treatment of ARTS data, Figure A-1 shows the averaged
velocity profile and the smoothed velocity profile of an actual
departure from the Seattle-Tacoma airport. The averaged velocity
profile was determined from untreated ARTS-II1 position data by the
following relation on a report-to-report basis.

Ad
At

AVG =

where Ad = distance traveled
At = the time interval (usually 4.7 seconds).
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