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ABSTRACT

This report contains six papers presented by the Lincoln Laboratory Air Traffic Control
Systems Group at the American Institute of Aeronautics & Astronautics (AIAA) Guidance,
Navigation and Control (GNC) conference on 6-9 August 2001 in Montreal, Canada. The work
reported was sponsored by the NASA Advanced Air Transportation Technologies (AATT)
program and the FAA Free Flight Phase 1 (FFP1) program. The papers are based on studies
completed at Lincoln Laboratory in collaboration with staff at NASA Ames Research Center.

These papers were presented in the Air Traffic Automation Session of the conference and
fall into three major areas: Traffic Analysis & Benefits Studies, Weather/Automation Integration
and Surface Surveillance. In the first area, a paper by Andrews & Robinson presents an analysis
of the efficiency of runway operations at Dallas/Ft. Worth using a tool called PARO, and a paper
by Welch, Andrews & Robinson presents delay benefit results for the Final Approach Spacing
Tool (FAST). In ihe second area, a paper by Campbell, ez al describes a new weather
distribution system for the Center/TRACON Automation System (CTAS) that allows ingestion
of multiple weather sources, and a paper by Vandevenne, Lloyd & Hogaboom describes the use
of the NOAA Eta model as a backup wind data source for CTAS. Also in this area, a paper by
Murphy & Campbell presents initial steps towards integrating weather impacted routes into
FAST. In the third area, a paper by Welch, Bussolari and Atkins presents an initial operational
concept for using surface surveillance to reduce taxi delays.
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RADAR-BASED ANALYSIS OF THE EFFICIENCY OF RUNWAY USE*

John W. Andrews
MIT Lincoln Laboratory
244 Wood Street
Lexington, MA 02420-9108

ABSTRACT

The air transportation system faces a chalienge in
accommodating growing air traffic despite an inability
to build new runways at most major airports. One
approach to alleviating congestion is to find ways of
using each available runway to the maximum extent
possible without violating safety standards. Some
decision support tools, such as the Final Approach
Spacing Too! (FAST) that is a part of the Center
TRACON Automation System (CTAS), are specifically
targeted toward achieving. greater runway throughput
by reducing the average landing time interval (LTI)
between arrivals at a given runway. In order to
understand the potential benefits of such innovations,
techniques for detecting spacing inefficiencies and
estimating potential . throughput improvements are
needed. This paper demonstrates techniques for
analyzing radar data from actual airport operations and
using it to validate, calibrate, and extend analyzes of the
FAST benefits mechanisms. The emphasis is upon
robust statistical measures that can be produced through
automated analysis of radar data, thus enabling large
amounts of data to be analyzed.

INTRODUCTION

A number of analytic and simulation studies have
attempted to assess the potential benefits resulting from
depluyment of the Final Approach Spacing Tool
(FAST) that is a part of the Center TRACON
Automation System (CTAS). " *** One of the primary
sources of FAST benefits is the increased precision of
control, which is presumed to reduce the average
landing time intervals (LTls) at each runway. In
general, it is assumed that achieved separations contain
some amount of excess spacing (not required by
separation standards) and that by allowing more precise
control, this excess is reduced in a uniform way for all
amrivals to which FAST advisories are applied. By
saving a few seconds of runway time for each arriving
pair, this mechanism provides an increase in runway

*This work was performed for the National Aercaautics and Space
Administration under Air Force Contract No. F19628-00-C-0002.

+Copyright © 2001 by M.1.T. Published by the American Institute of
Acronadtics and Astronautics, Inc., with permission.

John E. Robinson 111
NASA Ames Research Center
Moffert Field, CA 94035-1000

capacity. The delay savings that accrue over an
extended period of operation are found by integrating
the delay reductions achieved over a variety of traffic
and weather conditions.

In this paper, data from actual airpont operations is
analyzed and applied to the problem of validating,
calibrating, and extending the model for the key FAST
benefits mechanism ~ landing time interval reduction.
The analysis of actual operations da*s is also helpful in
prioritizing research activities to focus upon areas
where the greatest opportunity lies. This work extends
the capabilities used in earlier data analysis conducted
by Boswell and Ballin and Erzberger. ** The emphasis
is upoa robust statistical measures that can be produced
through automated analysis routines, thus enabling
large amounts of data to be analyzed.

EACKAGE FOR ANALYSIS OF RUNWAY
OPERATIONS (PARO)

All major airports acquire and archive radar data on
traffic in the terminal area using the Automated Radar
Terminal System (ARTS). When combined with basic
flight plan information and knowledge of the runway
layout, this data provides insight into the flow rates into
the terminal and the manner in which particular
runways were being utilized. A software package
called Package for Analysis of Runway Operations
(PARO) was written to automnatically process such data
and produce analyses relevant to the efficiency of
operations. PARO is written in the C++ programming
language. Data analyses presented in this paper will
focus primarily upon analysis of four DFW data sets
that were available during the software development
period. These data scts were used to develop the
analysis techniques and give some preliminary insight
into AFAST benefits questions. Analysis of additional
sets of data are being analyzed currently.

PARO processing takes place in three phases
designated GO, G1 and G2. Phase GO involves the
reading of raw data files, correcting certain errors and
anomalies, and producing new radar data files. In the
original data files, tracks appear in order of the time of
the first radar report in the track. Phase G1 involves
reading the GO radar data files, correcting and
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validating the input data, estimating velocities, and
conducting certain analyses that require complete track
data. Phase G2 involves reading and processing the
summary data files produced from- Gl processing.
Among the variables that may be analyzed are the path
length flown, the time of crossing the outer marker, the
interarrival interval relative to the preceding armival, ete.
By operating only upon the summary files, G2 analyses
can run more rapidly without having to process the
more voluminous track data.

The ability to properly assign each observed operation
10 a particular runway is essential for reliable analysis
of multi-runway operations. If radar data were
complete and of sufficient accuracy, such assignment
might require a simple comparison of the surface
intercept projection of tracks with the known runway
locations. However, several imperfections in the radar
data (particularly altitude coverage limitations) lead to
the aced for a somewhat more sophisticated approach to
runway assignment.

A Bayesian approach to runway assignment has been
developed as part of PARO. Under the Bayesian
approach, the runway assignment is viewed both as a
parameter that determines the likelihood of any given
set of radar observations and as a random variable that
has its own ‘probability distribution. The Bayesian
approach allows an optimum utilization of all available
information about how runways are being used and
what was observed with radar. The result is a runway
assignment algorithm that is more accurate than any

algorithm based solely upon radar data for a single
track.

Data Completeness

The completeness of the data is of great concern when
evaluating the efficiency of airport operations. Missing
tracks create gaps in the arrival stream that can be
mistakenly attributed to system inefficiencies. As a
general rule, data should be approximately 99%
complete to perform all the PARO analyses of interest.
(That is, not more than 1 aircraft in 100 should be
missing from the set of radar tracks). The DFW data is
Jjudged to be adequate in this respect.

GENERAL INSPECTION OF AIRPORT
OPERATIONS AT DFW

In this section we will discuss some general attributes
of the traffic flow that are relevaat to the analysis of
interarrival spacing. Figure 1 shows the runway layout
at DFW. There are seven runways and thus 14 possible
landing directions. When traffic is flowing to the north,
the airport is said to be in a "north flow". When traffic
is rlowing to the south, the airport is said 1o be in a
"south flow".

Figure 2 shows a selection of tracks plotted during a
period when the zirport was in a north flow. K is
difficult to determine exactly how efficiently the
runways were being used by casual inspection of the
actual tracks. However, the plots and analyses that will
now be described are designed to provide insight into
this question.
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Figure 1. Runway layout at Dallas/Ft. Worth International Airport.
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The four DEW data sets analyzed are fisted in Table ).
These data sets contain over 3500 tracks of which abow
talf are arrivalz. The scather for afl data sets was
YMOC with reported vwibduy's exceeding 10w,
However for datia set DEW.03, 3 peeod of TMC weather
caded naly four hours befure shie data set begun.

Erpure 3 depicis the sime history of operationz for one
of the DFW data sets. In this figore, the time of cach
wddividnal arivat and depaniure @ shown in association
with the rosway of operation.  Several festres of the
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tasting for 43 .60 minutes are followed by tulls in which
oaly modest puutiees of operaitons oceur.  Such

irregularites are amitributable primarily to ailine
scheduling, but they cin also be produced by the impaci
of eanvective weathey upou traffic flow and apptaach
ohes,
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the tivae separation hutween two spcepssive handiage, It
3 1he ditference betwaen the time one sircrall Crosses
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A blavogrant of the observed laading tioe intervals for
the four combined da sets is provided in Figuee 6.
The most commot separation was ia the $0-100 second
vange. Figure 7 provides » shailar histogram for the
minbount in-vrail separations chserved for 801 arrival
pairs in which both aircraft were in the “large™ weight

class. Separations below 2 pmi appenr 1 be moatly doe
g the cecasional use of vianal procedures in which
altitude sepamfica was maintained visually., la oth
figures a line showing a theoretical it to the hislogmn
is shown (An 2xplanasion of the theory follows.)
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YANDEVENNE MODEL FOR INTERARRIVAL
SEPARATIONS

Any analysis of actual runway operations must
recognize that at some times the traffic flow will be less
than the runway capacity and that gaps will occur
between aircraft that are not due to any inefficiency in
the spacing process. A statistical model that takes this
into account helps avold confusing these gaps with
excess spacin§ inserted by the fina! spacing process.
Vandevenne ° developed such a2 model for the
distribution of observed interarrival separations. PARO
employs the Vandevenne model to provide a more
robust analysis of final spacing performance. This
section describes that model.

The Vandevenne mode! is motivated as follows: Let us
assume that controllers attempt to achieve an
interarrival time separation D that represents the closest
comfortable target spacing for specified separation
standards and operational conditions. The actual time
separation achieved, S, will differ from D for two
reasons. First, there is imprecision in spacing. Second,
there may be gaps in the arrival stream that are too
large to be closed by the level of control available. The
Vandevenne model assumes that the errors and gaps are
additive so that

S=D+e+g {1
where ¢ is the imprecision error and g is the time gap

that cannot be closed. The model assumes thate is
normally distributed according to N[0, 0%}.

Vandevenne noted that if the arrival stream is random

at a given average arrival rate A, the time gaps between
arrivals prior to application of any control actions will
have a Poisson distribution such that

fg(x) =Aexp(-Ax), xz0 (3]

It should be noted that although time separations in a
single arrival stream will not be random because of In-
trail separation standards, the merging of multiple
independent streams resuits in an initial set of
interarrival times that is approximately Poisson.
Vandevenne assumed that all interarrival spacings will
include a time gap component, and that this time gap
will have a Poisson distribution. The components of S
are summarized in Table 2.

Vandevenne showed that the resulting probability
density function for S Is

f(y) = )»pr[—},(sn D- )__:2_)] F“(s- Do" ).0') ()
where Fgy is the standard normal distribution.

In many analyses of actual data, the value of A changes
during the period of observation. This violates the
assumptions in the Vandevenne model. For that reason,
A should not be viewed as providing 2 good indicaton
of the actual arrival flow rate in the data. I is better to
view it as merely a parameter of the distribution that is
uscd 1o correct for the existence of time gaps in the
interarrival time observations.

Table 2 The Vandevenne Model
Variable Definition Distribution
D Time separation that Fixed for a given aircraft pair
controller attempts to
achieve. .
€ Error in achieving targeted | normal, zero mean
time separation £ 1 2
(x) = exp(--—)
‘ ov2n 20’
g Time gaps in arrival stream | Poisson
that cannot be closed by f(X) = }\.exp(-lx)
ocontrol in terminal area. s
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P2 targeted time spacing. O, 1S 3 key paraietsc siase
the nverse of [ is ihe inbeicat capacity of the tunear.
Note hut when sassturafes flow exists, the mgan
abserved spacing e e sipudiicantly greater thne D
A peaitive Bias rosulte i the mead spacing is assemes
1w be equal @ the rzered spacing. The Vaadevenas
radel €an praduce a agardy pediased estimate of 13
under such conditions. This tesulls in 2 more robusi
sanlysis diat is better suited w sutoraatad processing.
Experienee has showa that the Ko of itie Vandavenne
moudel provides a good it 10 actual data. 1t has tic
essenitil characteristic of a major peak reflecing the
predoninant nonaally distritated erers and a lang 1zd)
wefiecting gaps ariziag from other prcesues.

INTERARRIVAL SEPARATION AND
APACITY

R

We will avw discuss how the puramstus of the
Vandevenae distridation rekuie o sunway capacity and
&> patensial FAST beanfit.

The capacity of a rnoway {defined as the sustainabic
throughpot  when  saisoated  with wafic) is
approsimaicly VD, FAST sapesity benefits atc

assumied 1o be derived from neductions in the value of
3.

At Tt plaaee, it appears that the paramster o has no
€ftecr on eagacity sinee the sgacing ertor it produces
teruds 10 average 1o . However, it is commonly
assnmed it in actusl operation: the vaive of D is
affecied by © ecause of 8 teed 16 insent a safety hulfer
betveen each pale of niveraft. This buffer guamartess
that imprecision will rot cause fraquen: viclations of
sepaniion standaeds. The size of the tnl¥er is selected
> keep the mte of separaiion viclativns below some
fevel, o I o is decreased, the safety tinffer can be
deorzased. For the Yarsevenue madel, we can resde!
the targe sepacation ny

DDy, e a ¥ ) (4
whete Dy is the regnired minlinum tae separation,
Fao! is the invorse of the siandand nonaal disitwion
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In many cases, the major determinant of D, is the in-
trail wake vortex separation standard. This standard
depends upon the aircraft weight class combination for
a pair of successive amrivals. In translating the distance
standard to an equivalent time standard, we must also
consider the speed profiles of the aircraft on final
approach.

To provide a more relevant comparison of aircraft with
different weight classes and speeds, we will usually
subtract the computed separation standard from the
observed separation to yield the excess separation S*
definedas S* =S - D,

When the value of S* is negative it means that the
actual separation achieved was less than that indicated
by the applicable radar separation standard. This does
not necessarily mean that any standards were violated
since under visual meteorological condiiions the radar
separation standards do not have to be applied to
aircraft that have their traffic in sight.

The advantage of using S* is that it allows combining
pair separations values for all aircraft types under the
assumption that the applicable values of o and A are
independent of an aircraft’s weight class and final
approach speed. This assumption appears justified by
data analysis completed to date for Dallas/Ft. Worth,
but should be verified again when different airports are
analyzed.

MAXIMUM LIKELIHOOD ESTIMATION OF
MODEL PARAMETERS

Given a set of interarrival time separations, how do we
go about finding the model parameters for fitting the
Vandevenne model to the data? Vandevenne suggested
using a maximum likelihood estimation technique.
Suppose that we observe N arrival pairs. Let the i® pair
have separation y,. Then the log likelihood function is

N
L= Z In[f, (y,)) )

where f, is the probability density function for the
separation. The maximum likelihood set of parameters
is the set that maximizes this function. Vandevenne
found the maximum likelihood values by generating
contours of likelihood and using search techniques on
these contours. While this method is theoretically
sound, the estimation of the livelihood function for each
point on a contour involves N separate evaluations of
the density function f,. If large databases containing
tens of thousands of arrivals are to be analyzed, the

computational [oad could be 2 hindrance to the analysis.
For this reason, an alternative technique was developed
that computes an approximate likelihood value directly
from the histogram. For this technique, the N data
points are compiled into a histogram with H bins. The
likelihood factor is calculated for a separation at the
midpoint of the histogram bin. The same factor s then
assumed to apply 1o each point in the bin. For example,
let the count of separations falling into bin { be n;. Let

the mid-point of the separation interval for bin i be Yi. -
Then the approximate likelihood function can be
written

H

L= z n, In[f, (¥,)] ©)

With this approach, the number of times the fy function
must be computed is equal to the number of histogram
bins instead of the number of points within those bins.
This greatly expedites the search for the maximum
likelihood values. Inspection ¢ . several cases indicates
that as long as the histogram bin width is less than
approximately one-half o, the maximum likelihood
parameters derived in this way are almost
indistinguishable from those derived by using all N
original data points. '

What is the accuracy with which PARO is able to
estimate the three parameters of the Vandevenne
distribution? Clearly, the accuracy will depend on the
number of points that are available for forming the
estimate. [t will also depend upon the bin size used in
the histogram. Table 3 presents simulation results for a
case in which the true parameter values are D = 72.0
seconds, o= 18.0 seconds, and A = 90/HR. For each
entry, Monte Carlo simulation was used to generate 100
histograms, each with a bin size of 10 seconds. The
standard deviations of the parameter estimation error
decreases roughly as the inverse of the square root of
the number of points used to construct the histogram -
an expected result. For o, a standard deviation of error
that is less than 10 percent of the true value is achieved
with 400 data points.

Analysis of LTIs from DFW

The LTI distributions that exist in the four DFW data
sets were analyzed by first generating LTI histograms
for each set separately and then for the combined data.
The maximum likelihood fit of the Vandevenne
distribution 10 each histogram was computed. Figure 9
depicts the histogram of excess LTIs for all four data
sets combined.
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‘Table 3. Landing Time Interval (LTI} Analysis

in wmh L ng ofg IR &
_ Histogram
200 0.254 1.249 43451 2.73G 1.954 10.239
400 (.307 2.483 0.107 1.781 2.562 7.150
%00 £}1.256 1.774 0.216 1.300 0.47% 4.723
1600 -Q.078 1,009 0.008 0810 (3.536 3.303
200
Al dite sete~ 1758 paire.
150
Vandevenne irpimun tkedhoos it

De718 o=177¢ =684 AC/ Yy

Excess Landing Yime interval (sec)
{mic-pont of 10 sexbiry
Figure &, Distribution of excess wnterarvival spacings (5%) for 1758 DEW arrivals,

The resulis of the analysis are auounarized i Tabie 4.
It care be seen from (he histegrams thiat the shape of the
distabution closely resaables the Vandevenne
distthution. The maxinbm likelihood parameters are
similar for all sets. The combiaed value of p was 177
seconds.  This is only shightly fess than the 1920
second valves reported by Bollin asd Erzberges. ?

The tac that D tends 0 be shghily Jess thao zero peaas
a2 e sireratt were often achieviog inteevals smallec
than would be posddble wnder tadar separation
standands.  This raphes for this predommanty VMC
dara, it s unlikely that aa ACAST calibrated to preserve
eadar separation standards could have increased
throughpat by weduciag the “imprecision bLuffers™
incorpoiaied D Nevertheless. AFAST wmght have

10

been able to provide benefits by anticipating and
remnoving the furger interasrival gaps that ace wlated ©
the averall flow o the runwaye,  Additional Jaia
apalysis is belug pursued to confics itds and 0 address
the same guestion for IMC canditions.

This section gresents the tesalis of several types of
analysis conducied o jovestigate the reuaons for the
defferences between the LT obtained under diferent
conditions.



ALAA Guidance, Nuvigation & Controf Conference. Montrenf. Quebee, August 6.9, 200}

Corrclation Anslesis fox LTYs

Oae way of searching for faclors that affeci final
spuciay efficiency is i examine the Vinear comelation
coetficient between vacious yariables and the excess
separation.  This type of analysis cun fad 10 detect
certain types of noalineur dependencies, bur will
nevertheless idennfy a oumber of relatianships that
deserve further scratiny,

Figure 10 shows the paraneters wsess o characterize the
inel appmuch goametry. The pammeiess are dotined In
the runway coordinate system (o which the origin is
the runway theeshold  ‘The pararacter YBASE Is the v
vaige at which the base leg was eatadlished. The
parameter V1.2 i the v valos ar which the alseraid
achieved flight along the centerlise of the runway. The
eriteria For “centerbioe® status is that the aircraft has o
be within 2 wui of the centeding and bave a heading
within 15 degrees of the ruaway heading.

Table 4. Exrors in Estimation of Vandevenne Parameters

DataSet | No. of Aircraft o P
Pairs (&) (sec) (ACr

DEW.01 418 7.9 14.3 £2.8
DFW.02 3 .3 122 69.0
orve.il 242 ~3.7 1.5 83,1
DFW.04 767 -12.3 17.6 64,4
All sats 1758 ~7. ¥7.7 654
cosmbined

s o

X

B e e e R L a Tt

1 1M

Figure 10. Definition of approsch geometry using YBASE and yCL2,
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Table S defines the “W variables” that were used to
describe the pair of aircraft generating a single LTI
value,

Table 6 provides the serial correlation coefficient p, for
these variables when correlated against the full value of
the LTI. Only large/large weight class pairs were used
to avoid variations due to differing wake vortex

separation requirements. If the initial gap between
arrivals was too large to be closed by typical control
actions, the pair was excluded from this analysis. In this
table, p Is the probability that the observed correlation
cocefficlent would be as far from 2¢70 as observed if the
actual value were in fact zero.

Table 5. Descriptive “W Variables” for an Arrival Pair

Definition

absolute LTI

Absolute value of landing time interval (sec).

AP_PATTERN

Approach pattern type of follower (1000=straight-in, 2000=downwind/base)

AZ_FIRST

Azimuth at which aircraft first appeared (degrees).

LTI OM

Landing time interval at outer marker (sec)

LTlmin

Minimum LTI permitted by separation standards (sec).

Total path flown in terminal airspace by follower (meters)

pathiength
st

Excess landing time interval at runway (sec)

ton CL

Time speat “on centerline™ (CL) state before landing (sec)

V2/V1

Speed ratio (final) of follower to lead aircraft.

vel_op2

Final speed (at landing) of follower (KT).

vOM2

Velocity of follower at outer marker (KT).

WEIGHT_CL_DIF

Weight class code of lead minus that of follower,

wtclass_lead

Weight class code of lead (1=light, 2=large, 3=B757, 4=heavy)

YBASE

Y coordinate of base segment for follower (meters).

_yClL2

Centerline intercept coordinate of follower (meters)

- yCL2-yCL1

_Difference in centerline intercept coordinate of follower and lead (meters).

Table 6. Linear Correlation Analysis of Full LT1: S vs. Variable W, Large/Large Weight Class Pairs

Variable, W n | mean$S Std. mean W Std. [ P signi-
Deviation Deviation ficance
of S of W

V2/V1 1211 | 105.86 42.890 1.014 0.148 | -0.149 | 0.00000 | e
vOM2 1211 | 105.86 42.890 86.3 142 | -0.120 | 0.00003 | eee
vel op2 1211 | 105.86 42.890 67.221 6.287 | -0.082 | 0.00459 | oo
AZ FIRST2 1211 | 105.86 42.890 299.6 455.8 1| -0.045| 0.11802
yCL2-yCL1 1211 | 105.86 42.890 2458 93714 0.011 0.70289
AP PATTERN j211 | 105.86 42.890 1067.5 263.3 0.020 | 049171
WEIGHT CL DIF 1211 | 105.86 42.890 0.015 0.768 0.050 ] 0.08173 | »
wiclass1 1211 | 105.86 42.890 2.045 0.609 0.092 { 0.00143 | oo
LTImin 1211 | 105.86 42890 04 18.0 0.131 0.00001 | eoe

12 1211 | 105.86 42.890 | -17056.9 9231.8 0.136 | 0.00000 | e
_pathlength2 1211 | 105.86 42.890 | 150929.8 23251.4 0.149 | 0.00000 | oo
YBASE2 1043 | 107.42 44.733 | -17325.3 5428.3 0.157 1 0.00000 | e
S* 1211 | 105.86 42.890 29.0 43.6 0.905 | 0.00000 | o
LT] OM 1211 | 105.86 42.890 105.9 45.0 0.911 | 0.00000 | e

Significance code: e« =significant at 0.10 level, *» = at 0.05 level, *s» at 0.01 level

12
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The following observations apply to Table 6:
* Separation increases when the total path length
flown increases (p = 0.147). This may- reflect
greater constraints and traffic interactions
encountered by aircraft that fly longer paths. It
could also reflect the fact that having to maneuver
within terminal airspace introduces imprecision
into the spacing.

There is high correlation (p = 0.880) between LTI
measured at the runway and LTI measured at outer
marker. This suggests that if efficient spacing isn’t
achieved at the outer marker, then it is ualikely to
improve much due to actions taken within the
marker,

Table 7 provides a correlation analysis for W variables
correlated against the excess landing time interval, S*.
Here all weight classes can be combined. Note that

* Excess scparation is negatively correlated (p =
-0.203) with weight class difference (lead minus
follower). This indicates that when the lead
aircraft is heavier, the separation relative to wake
separation standards is less.

Excess scparation incrcases when centerline
intercept is closer to the runway (p=0.135 for
yCL2). Excess separation decreases with more time
spent on the centerline (p=-0.122 for t_on_CL).
The reason for this is not clear, but may have

something to do with the ability to tighten
separation through speed contro] es compared to
trying to achieve tight separation by a precise tum
from a short base leg.

Excess separation Increases when pathlength
increases. (See carlier comment for Table 6).

There is negative correlation (p = -0.254) with
absolute LTI allowed by separation standards.
This suggests that there is a tendency to space
closer than the standard for the larger standards,
perhaps through use of VMC procedures.

There is high correlation (p = 0.905) with excess LTI
measured at outer marker. Again, this indicates that
actions taken after the outer marker have little impact
on the final time separations.

ADDITIONAL ANALYSIS OF FACTORS
AFFECTING LTIS

Differences Between Runways

An obvious question to ask is whether LTI distributions
are the same for ali sunways. Figure 11 provides
histograms of LTIs for cach runway at DFW using the
combined data sets. The LTI distribution for each
runway appears to be similar except possibly for
runway 18L for which very few arrivals were observed.

Table 7. Linear Correlation Analysis of Excess LTI: S* vs, Variable W, all aircraft pairs

Variable, W mean S Std.

mean W

n - Std, P p | signi-
Deviation of Deviation ficance
S of W
V2/V1 787 101.36 36.349 1.017 0.154 | -0.138 ] 0.00011 | e
vel op2 787 101.36 36.349 67.672 62451 -0.123 | 0.00056 | o=
vOM2 787 101.36 36.349 86.7 13.6 | -0.035 | 0.32483
AZ FIRST2 787 101.36 36.349 284.5 4488 | -0.025 | 0.48288
L2-yCL1 787 101.36 36.349 167.1 9450.6 0.035 | 0.32807
AP PATTERN 787 101.36 36.349 1079.9 281.5 0.048 | 0.17857
LTImin 787 101.36 36.349 -02 17.6 0.116 | 0.00121 | eee
yCL2 787 101.36 36.349 -16967.) |- 9141.7 0.144 | 0.00006 | o
[ pathiength? 787 ] 10136 ]  36.349 1527262 22616.6 | 0.147 | 0.00004 | s
YBASE2 688 102.98 37.131 -17549.5 5447.4 0.179 | 0.00000 | oo
LTI OM 787 101.36 36.349 10).7 379 0.880 | 0.00000 | oo
S* 787 101.36 35.349 31.8 35.2 0.955 | 0.00000 | oo

13
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Figurs {2 examines the effect un he LT distabuiion of
the epcesd mitic betwees (e fead and fullowing airerafi,
i & iy mare dittiouit for cantroflers 1o anticipate U
effect of such speed differences, then differences might
he expreted L appear v the histograms. For the duta in
Fignre 12, the values of the trgeted time separation. D,
are guite sinilar except possibly foc Jower 13 vajge for
the case of a follawing aircraft seore thae 209 Daswe
than the Jead auverafi. [ general, it appeses that
comstoliers at DFW are quite skilled at wking the

itferiay landings speadi of giccral? into aoconnd when
spacing themn

Approash Eatterns

it seems possibie hat the praciswe af intearnival
spacing cau be affected by the peometry avaitahie far
aking the (mal spacing adiustsent. For aitcralt that
fiy n downwind segment, the controdler xi able
chouse the location of 1he base segment 1¢ achieve
proper 5pating. Buf the huro tequined doing so can b a
source of imprecision. b there a differcane ie 3pacing

14

performance that should be aldressed by tools awch a8
FAST?

An analysis of approach paitetrna wag conducted by
dividing all pairg of sucoessive aireraft Infe fovr groups
dependiag upon whether or not the approach invalyed &
dowawind-base trajeciory. Approaches withomt &
dowiveind phase were catied “straightin”, atthough it
<tingld be noted that some of these airerafi approached
e runway centerlie af a fairdy Jarge angle. The sei
tatmlod “dowpwind->ateaigin™ jociuses ali paies for
which un airsraft on straighs o approach was follosed
by an aircraft flyieg @ downwind segraeat. The fone
histogeams that result are shown is Flgsee i3 At
DEW, agoail are genesally fust dirccted 10 the
cornerpost Bives at are most coasident with the
northisoutl drestion of fiow, and bepee suuight-ia
patterns predorciamie for (inal approach. While thers
are no slatisticaily sigmbicant differences in the §°
dunnbution for thiy duwis, 3t dovs appear at areralt
fotlowing @ downwind feader tead o bave bigher
medinag valuss
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Ome widitions)l qoestion concerns the relationsuip
betweea tirae intecvals and aciual in-trail spacing. o
this repott, we have expressed separations io terms of
time, bt actual separation standards we expressed w
distance. Figure 14 shows the relationship beiween
exeess oding towe infervals and excess in-trasd
spaciags for arrival paies in data set DEW.GL. Ti cag be
sees that there Is high correlation (p = 0 843) betsveen

the hwd measntes, The dottad Hae shows the space-to-
tme conyeesion that would if te excess apaciag is
traversed by ibe trailiay aircrafl 6f 4 speed of 139 knais
This neulysis 3suggests that conclusions about
performance deduced from laspection of 1ime
segaations are Jikely o be the 3ame &5 those of an
analysis that. nsed anly spatial weparations.

soatiar, it fur DFW.01
60 Y
158 wirived paive
» o <0843
4G
E 20
s |
=
§ .20 A e 5
o -
§ <0 ‘
z =2 :
£y
&80 TS 2 2 movereymmanans
4 -3 -2 -1 g 1 2 3

Excess interarrival Distance (NMD
Figure 14. Compuarison of exvess spacing expressed by time and distance

CONCLUSIONS AND RECOMMENDATIONS

This work has devsioped rodmg, soepmtatioosily
practical daia analysis rontices ihiat caa be vaed to
provide josighis into runway operations through
analysi: of radoe data.  The questiona that can be
addrussed are elevant 1 the benelits mechacising of
AFAHT and 10 detennining the wtal beaefus that cas v
achiveed with AFAST buipleweatation.

The following ohservatcas apply W the four dma sais
aralyzed far DEW R oahould e coted that af) these
data sets invalyed VMO seeailusr and the goaeraiity of
the canclusions. drawt fom this Jimited data set has net
Leet: rOven,

* I shont rugh penads (ol 10 mintes or 593, very
high landing rawes of 60 ACHK or mote ars
obtained on single runways | i uot clear that the
high peal cates observad caa be abtawned 1 IMC,

Mo is it clear tha they can te sostinoed i pedoda
uf profonged samenation.

+  Ju general, the LY1 achieved at the ouler marker is
preserved at the sunway., Vadations appear o be
rendont with ne discarnibie eadency to change in 2
alven maaner. Thus, there Is fitle evidonce that
visual separation practices appiied within it outer
marker ate having a sigsifican impaet upon
spacings.

*  The tirgeted separation. {2, appencs fo be about 72
secoads, whish coresponds (@ a2 hroughpt of
about 50 aivemfvnour, The fact tat this rae is
alinest tever susinined i practice sugzests tha
there iy an upponaenity W increase througbygnt i the
cunsisteney of flovw 1 the flaal veetor position is
improved.

it
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* Targeled separation (D) teads to be slightly less
(by about 7 seconds or 0.3 nmi) than the value that
would be cxpected if radar separation standards
were the sole determinant of target separation. This
suggests that visual procedures near the runway
may have allowed separations to be tightened
enough to overcome the effects of any “safety
buffers” that were applied during the earier radar
separation process.

* The occasional presence of larger LTIs during
periods of saturated flow is a further indication that
irregularities in the flow may be contributing to a
loss of throughput in VMC. This phenomenon
deserves further study since the ability of AFAST
to reduce such irregularities provide capacity
benefits under VMC conditions.
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ASSESSING DELAY BENEFITS OF YHE FINAL APPROACH SPACING TOOL (FAST)*

Jerry D. Wekh and Jobn W, Aodrews
MIT Lincuin Labavatory

234 Wood Street

Laxingring, M4 02420-9748

BSTRACT

Alr malfic delags are costly. NASA s developing the
Final Approach Spacing Tan! (FAST) to help iacrease
thronghpat and réduce the approact eanpotent of
airhome delay. Anafysnis aed field trials have soggesied
that FANT can help controllers inctease arrival
throughput on busy runways by several zircrafl per
hour,

Two reajor aimulaiion studies buve predicted thal delay

reductionz from auch. theoughput ineresses would save

several hundred million dolars annually, The stixchies
aise provided usefid dam on operations & major
airports. However, teir gredictions disagres on dolay

savings for some auponts and omin other airports of

Interest.  Their pradicted deiay sacings for seme
alrports are higher dion actmal reported delayvs for those
airports.  Wecause of tesource and thne limitations
neither study considered stotrn dizruptions to avrival
toutes, and neither addressed downstrzan deley

prapagation cused by schadule disruption. Both of

these eilects shange e doilar savings from FAST.
Althopgh detay propagation can ouly multiply detay
saviogs, the effest of a storra can be positive or
pegative. Rouwte disreptions  from  storms an
tu}m»rdniv prevent FAST frorg oguaim But starng
can abse leave .argc guewss that magnily the value of
incrementu! apacity increases from FAST when #t
returns 1o operation,

In this paper we summarize «nd compate the twu
henefit models  We present a siniple denefit inodel for
judging the ancuracy of the two models and for tielping
to raoking berefits among airports. We oxaming
meatneed defay dats pablished after the conmpletion of
the afudies thint belns to validate the mode! reaults. We
wue this daty to examine delay conpling berwesu
airparis and we use it with & published muded for delny
propagition 10 estimare  downstream  delay
mulhplisaiiou for Dallas Fori Warth Awrport, Fioally,
we exnming vy storms affect defay and how they
migts madify ihe csimed FART tenefits.

*¥his work was prfommed -for ths Ngtional Acconauics and Space
Adesinizteation uader Alr Farce Conaet Ne. F13428-80.C.0602.

Topyngk & 2008 by ML Publobed by the Apwnesn Instisiwe of
Asrcassass and Astonamas, te., with perisiion
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Johin E. Roluasen 12
HASA Ames Rosearch Conter
Muoffett Feeld, 0.4 940351690

N : :

The cost of air sraflic dciny pows cach yeur i delays
and denland Increase aad ay fuel costs secrease. The
Afr Transport Assoclatiog cuiimuted that anh«rnc.
delsys sosr US air crrricrs about $BGOM in 1999.

Piguee { fhustrates airbomne deluy doring congested
peciode at DFW on Monday18 April 2060, The figure
shows fhie wrrival rate at {S-misue iatervais and the
"'nrespamiing average airbome duisy for arrivals in
cach }S-mioute pericd. The asrival rate was determined
from radar dats, and the average alrborne delay was
obiained from the FAA’S fmsn!waxed Opem(ms atd
Delay Analvsis System (C ODAS) Biz distinct arcival
rashes ate evident, and assoclated with ench xush @& &
ransicnt buitd-up of queuing sdelay,

< 5 !
uiuv! H
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Figure 1 Arrival Rate and Airbarxe Delay nt Dullas
on 10 Aperit 2000,

As part of the Center-TRACOM Autorpation Syutem
(CPAS), NASA v= devempmg the Final Appmach
Spacing Tool (PASTS to help reduce this Kind of delay.’
FAST is iniended ze increasz terminal throughput and
teduce the appeaach component of airborne delay
caused by goewing congestion st the sirport, It
accanapitshes this by providing planning advizaries for
cfficient runway balanciag and arrival sequencing, and
by helpiug 1o increase the aceneacy of fiaal approash
spacieg.

Analvses, simulations, and field als indente that
FAST could belp contreliers insraase arvival theooghpa
ct g busy runway by several nirerafl pey bour. Magor
independent twudies by Seagull Technology. Inc. and
Logistics Managenient natitute {.M1) have estivoated
the potental doilar suvmg‘. kﬂm sukh theaughput
iroprovements ar 10 major US wirpore 4 Buth
studies determined from initial analysis that FAST has
the potential to decrente actafl huter-amival times by
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about 15 seconds and ierchy increase throughput by
abont 4 arrivals per bour per runway. ‘This i
accoraplished by helping consroliers reduce the
variagnee of imer-arrival timing. The twe studics
assumed thi this more precise arrival iming alluws
controflers to ceduce inter-arrival spacing without
increasing the incidence of separation violativus. Thev
then analyzed the extent to which such a throughput
inurgase would reduse approach delay from cougestion
during arvival rushes.

The stadics employed independent demand and
cagicity astimates and vsed aeparate queuing engines to
calouinte the reduction in quening defay. The mndeling
prucess is {lustrated ie Figure 2. A queucing cogioe
convers time-vaxying aitport capucity and demang to
defay. Seagudl Technology used aa FAA-provided
disvrete event simulation to convert capacity and
demand protiles o detay. LML integrated the
Katmaogorov queuiag equations to detive delay profifes.
They used independent, but similar, models of direct
operating cost 16 aggregaie and convert airsmft arrlval
delay savings to dotlars,

Both agoummass FASY fasroswen hmn_nhnl time 4 ~ 38 se2

P
ey £ oL Detay (- 2 » (nliar
.. 7 { miset Bonetity
RAT: T damar  weatiie i ?
LR 8 surnys peotites ¢
BGY: diaZevte svant Simslation JFAR y 3

L2

LR queuning inlearatn

Figure 2. Comparison of the Scagull Techunology
{(5GT) sad Logistics Management Instituge (LMI)
Benelit Models.

The miodelds rua capacity/demand scenarios for eavh
wirpoxt with today's roaway copacity, and thes repeat
cach scenario with the jocreased capacity that would
reauly from redused inter-gerival times actiseved with
the belp of FAST. Scagull Techrinlogy maodeled onty 2
capacities for eash airport, wheress the LMI capacity
madel acounted for all mafor ranway configurations at
cach mepoit. Thae Svagnll Technolngy denand model
used ¢ single darand profite For each alrport, whercas
the LM madel nsed 6 dewand profiles per aicpout to
accourt for seasoual differences and diffcrences
botween weekday and weekead schedules. The Seagull
Technology study examined 33 aicports.  The LMI
shudy amalyzesd 19 wirports.

Both studics adapted similac Himitatinas of scope. They
did net vaiidate theie predictious with astual detay
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nwasuremeris for the atrpants studied,  Their madels
thcnsed on delays In IMC and YMC and did oot reflect
the fact that FAST cannat predict. flight trajoctories ared
st cease operating when hazardaus weather disropts
amval coutes. It foflows that they also did not acssiat
for the large cesidoal quene that must be servived when
routes re-open after storms,

The doflar savings estimafes of both wese kept
Iitentionatly conuervative by focusing only on direct
operatitiz cost savings. Duvnstream delay propaguiion
custs, which can be Jarge for days with upuually
adverse srcather or high demand. were omitted for lack
of 4 cost modal applicable o wit airpons.

The wn airporis modeled by LMIE were ail isciuded in
the Seagult Techaology stndy. The overnd) coet savings
predicted for the wen afrports by Seagull Technolugy
was $37IMryeer. LM esiimated 2 saviogs of
B29Miyeer. The dollar estimates for some airports
differ more signiticamly than do these ovirall aumbers.
Fignre 3 compates the resufts for the 10 aitports that
were studied i commaon.
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Figure 3, Comparison of Seagult Technology and
Laogistics Manugemest Lastitute Benefif Estimatey.

Jdeully, the points for ali of the airports would falf near
the line of wnit stope included in the Ggure. The
disngreement. & Jurge for Chicago, and Atlonta. 1t i3
very Jarge for LaGuadin and DatlavTort Wouth, These
differences make & difficult to determine relative
tenefit rankings for the aimports,

To help resolve theus differedces we  developes o
simple Yenefit modet bused an steady state gqueuning.
These benetit analyses reduce ultimaivly (o enleudanons
of the change in average aanual dolay that ceslis fram
2 given cupacily increase st all ranways.  Although
steady staie queneing theory does not allow cxust delay
caleulatings wher capacity and demand vary with time,
i dowi provide insight inte average aunnal delay trerids.
1§ we assume that, on average, all airpart ninways are
toaded with the 3ame satic of derandd o capacity, und if
tha cupasity of ali renvays is increased identisally, then
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to first order, seady-state quening tetls s that the delay
cedusticn ar cach airpori wiit be propomonal tc NUR,

whizxe N is the fraflic count and R i the rotal number of
iRways 4@ the airport.

This prediciion was tested aguinst 1he ccaults of bath
studies. Figure 4 shows she LMY annual savings
estiranze for cach of the 10 airports plotted 3s a function
of N . The daia label for cach airport fncludes in
narentieses the number of runways capuble of handling
commiercial flights a thar airpor,

The LMI henelic numbers foliow the NP/R trend
reasonably wall  Alo plotted is o linear least-squares
i%t 1o the savings Jor the 10 airports, which can be used
o wstinate savings for other airpocts hased on thew
opzratines end runway counts. W estimated the
savings fr the FAA Froe Flight Phase-l airports that
were ot incladed in the LML shaly (Fhiladelphia,
Charloite, Denver, Miami, '\a{mmapo{w&: Fraul, and St
Louis). If the LMI savings estimates for FAST at the
10 study airpotts ate correct, the benefits for the six

additional airports rasye from 1M pet year for
Donver to S15M per your for Miami,
RirperNG of R watys g i ¢ meny .
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Queesl, the rasults indicate that atrlines using the fbus
largest aisports (LAX, ATL DFW, and ORD) would
save the most frose FAST. If contrallers asing SAST
eguld judsed woctease wnway arebval threughpa by 4
airerall por Denr ot all 1o airpocts, aitline operatons
would tecover an ectimated $460M anunally ia direci
GRusaing SIS,

COBAS DELAY DATA
We puw oxamins the use of recentiy availabie delay
wleas citngs to validate the model results, Whes the
b Begefus studies began, there was e avaitable delay
wutrie commensurate with the goewing delay
cotsiderzd fn the siudies. For a mouber of years the
mas quancitive dofay ceparis have beeo thuse based
m FAA OPSNET datg, which COuRtS flights with
edule delays exaseeding 15 minutes.™ In 1977 the
AA hepar % ke avarlable statistics on deiays of ajt

wagnitudes us part of the Consolidated Qperativos mud
ielay Anslysis System (CODASY

CODAS delay W« gathered and srchived for more than
104 ateports rad provided on the intemer for anthorized
tisers. The CODAS databuse incledes deimys fom
several  phases of flight. lIts “arrival” delay and
“airhorne’ delay estinuates appear £ be most relevant (o
the estimation of FAST benefitc.  Both types of delay
are averuged every fifteen rainules acd reported it units
of minuges per arrival. In deriving these averages, the
CODAS provessing sbzndituxs count early arrivals as
having zetc deisy cuthey than negative d»#av Figure §
illustrates the differences between theae 3elay etrics.

Consofidated Oparations suit Dafay Azpilysie System
(CONAS)

Befinition of CODAN Aivborne and
Arrival defays.

figure §

Asthorpe delay {v nieasurad velative o the flight
duratioo prediceed at the dime of departure. 1t s the
actnal flight duration {whezls-ug to wheels-down)
minug the predioted flight duraiion.  Airbomne detay
does pat iastids departate defays. The direot aperaing
seat of aitborne defay an be readily calenialed.

ithough sorae airhorne delay can be cansed by on
roate weather and waffic Jow probicms. aormally ane
of its largest components is thy fermina} qseaing deiny
that runway capacity doprovemenits from FAST are
intended o teduce

Arrival defay is maasoced refaiive fo schedoled arrived
time. 1t is the anturi wate arrival dme minug the fina}
wieline Computer Reservations Systern scheduted gaie
wrisal timie for the flighs. 1 the [Tight duration
praedicied on tako-off s the 2ame s the scheduled Right
duration, the asrival delay o the suni of the departut
delay, the aitborne delay, and the wi-in delay. Aoieal
delay i usuaily kirger thun airthore detay.

Arival delay is nos related e eperating cost in 2 mnpie
way. §i iscludes the delay that resalts whes e teafe
flow reasagemoent process ficlds aircraft ou ke growad
to minimize sirborne daloy,  Bot redacing airborne
delay by holding sicrafl on the grenad does not change
the fact that airccaft Jand behdad schedule.  These
sciredule delays can eunl in dowastrears ripple cosis
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that are raore difficuls to accvunt for than the direat
operating costs associated with airborne deluys. An
examyipation of arrival delay can help deterraine the fuli
benefit 1o be expected from an improvement o airport

Supusity.

N

Figure 6 compares e 1937 CONAS average annuzl
sirborne defay st ten airports with the LML model
estimates for annual delay thar would bave been saved
i 1997 by FAST and IMA ai those airports.  The
fignre shows that the general trends for ihe LMI savings
estimates and the reporfed delays are similar, However,
the LMI estimates for theea of the airports would appear
to be iHogicully Jatgs in that the delay aavings estimaties
frere a small locreraental improvement in cunway
capacity cxceed the total reported airborne delay at

thase aixports.
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Figure 6, CODAS airborne deluy Jo 1997 ve. LMI
estimate of delay savings from FAST,

The Seugull Technology study showed ¢ simdat reend.
It estimated that five airports woudd sxperlence delay
reductions from FASYT that exceeded thair CODAS
airhorne delays, with savings estimates for LAY, LGA,
and ORD exceeding CODAR dalays by laige factors.

Systematic undersstinmtion of airthorne dolay by
CODAS san make deloy savings ostimates appear high
far wit aicpouts.  Airbome delays are computed reluwive
W operator estimates of flight tme a2 wakeoff When
aircralt operators prediet flight durations baserd o6 mean
hiztorical flight times rattier than the shorlest feusible
Night times, CODAS undercatimates airbome delay.

This discrepancy is mast significant fax Los Angeles.
Both the Seapati Technalogy and LM studies predicied
R savings Gf over 2.5 willion minates/vear at 1.AX,
wherens the reposted asrhorne delay at LAX was less
than | million minutes per year. This Is tikely cansed
by traffic flow manugenent procedures, When the aie
traffic managoment sysictn uaes ground bields and mxa-
out delays 1o regolate and rueter the flow of airerall to
an apon, withoree delay is lower than the detay

catmuiated by quening models assuring random
arrivals, sad ihere is  oct lncrease i amival defay.

CODAS statistics for LAX consistently show »
melatively high ratio of araval delay velative to sirborne
deiay. In 1957, the average areival defay af LAX was
3.9 timés Jarger than the average alirbome defay. The
wveryge arrivalfairborne dolay ratio for the 30 busiest
airports was 3.4, and only two of those 30 airports
Phnenix and Washington Dulles) had higher ratios
than LAX, At the other extrems, L.GA snd EWKR,
which lie farthest above the line of unit stops in Pigure
6, had lower than avetage tatios: 2.0 and 2.4
respectively,

Tt uppears that airborne delay w LAX may be less thaa
at othee major airpons ‘because the aly traffic
mamagement system IS both. motivated and able to
reguiate and meler en route flow 0 LAX with unusual
consisteaey, LAX is unique amosug major US airports
in the complexity of ifs sirspace and the uniiarmity oif
ita weather. Tis donse traffie and constrained approach
routes provide the motivation for consistent exctering o
aveid the need for sirborne holding, s freedom from
storms makes it possible to meter with consistency,
Sroonthing of the e route arrival Sow further redaces
unpradiciabilily from queuing contention at runwaysy.
Schedules for Dights to LAX un absorb repeatabie
delays caused by metering und thereby trade longer
uverage flight times for incrsesed schedule
pradictability.

The bigh schedule pradictability ar LAX is ovidem in
the CODAS statisties.  Table )} summarizes arrival
deiny stansticn 107 seven abrporta o 1977,

Tatde 1. CORAS annual arvival defay
{minutesfarrival) for seven sirports in 1997,

22

ARL BOS DEW. EWR  TAX  AGA IMI
Mean gn‘s LI DD B R T U5 L T T
Stdber | %6 niv 7Y 12t 47 12 a8

In 1997 the stundacd devintion of CODAS amrival delay
at LAX was onfy $1% of the mean. The purcentages
for BO%, DFW, EWR, asd LGA were respectively
86%, 79%, 78%, aml T2%.  increasing schedule
predictablity at LAX teduses airbius cast by decreasing
the propagation of schedule dslays 1o downstrzam
afrparts.  This eilows rmeore efficient usce of crews,
pround facilities, aad aireratt,  We disenss deduy
propagation more filly belaw

CODAS delay atatiatics provide vauable insight into
opetational difterences among aitporta,  They are also
useful for assessing changes in defay, corrclaing delay
betwesn airports, und studying ihe offccts »f weather on
delay, 23 showa in the tollowlng seotions,
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IMCDELAY

EAST is intended to help isprove airport capasify.
Tensitions from VMC io IMC canse measnable
statistical changes @ aicport capacity. Thersfore,
guantifving the relationship between focal
moteorclogival conditions and meusured delay (Le.,
asing the ransition from IMC t0 VMC as an analytical
surrogate the & capacity increase) can provide baseline
comparisons tor capacity modeling resuits,

The RPAA s CODAS delay dutabase includes incal
ceiling, visibility, and wind a3 well as a meteorological
sondition indicator that switches from IMC to VMO
when visual approaches are aliowed at each airport.
We used this database © examine the dependence of
schual delay data on lecal meteoralogical conditions at
key aieports,

COHDAY defines Visual Meteorological Conditions as
the combination of ceiling and visibility for which
visual approaches are allowed. To suppart vienal
approaches the ceiling must be 306 & above the
miximam vectoring altitude, odnch is deternined by
wepart elevation, terrain clearance, and uther focal
fastors.  Thus CODAS VMO corresponds so “high
Visual Flight Bules (VFR)™. At Boston (BOS), visoal
approaches are permitted when the oiling excesds
25008 and the visibility exceeds Smi. At Datlas Pon
Worth Airport (3PW), visual approachss ave permitied
only for geilings abave 35Q0R and visibilty greater
than Smof. Lower ceiling and vigihiilty conditiona are
consideted IMC, That is, CODAS IMC comvesponds to
“Jaw VPR™ and below, CODAS weather data come in
gither J3-mbute or bouely summarez, Any howr with
o2 o more 15-minuts jotervals of IMC is eansiderad
t© be an IMC hour. fn our analysis, any day with oge or
miers IMO honrs between SAM ant midoight i3
eonsidfered i be an IMC day.

Uing these detimtions we find that @t DFW in calendar
yeae 1997, 3596 of the days had one or ruore IMC houes
botween 6 we wod midaight. In act the top 33 delay
daye wete st IMC days and 38 of the top 40 delay days
weee IMC days, Figure 7 compares CODAS airbome
delay on PMC and VMC days a8t DFW in 1997,

Or VMU days, the mean waa 1.9 minutes of delay per
aircrafi. the standacd deviation was 0.82 mimaes per
airerafl, and the delay on the worst VMO day averaged
§.5 runwes of delay per aireraft. On IMC days, the
maaas, standacd deviations, and peak defays were 2 3
tirey farger than on VMC days. The CODAS asival
delay 3t DEW fo 1997 was 3 10 4 times Jarget thaa the
atrboroe deiay by all stutistizal mensures, aud showed 2
sinilur factor of 2-9 increase in IMC,
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Figare 7. Distribution of CODAS airborne defay on
VMC and IMC days - DFW 1997,

Figure § separates the CODAS sitborne delay daia into
IMC and VMU compenenss for 7 impontant airporis
(Atanta (ATL), DFW, LGA, BOS, Phitadelphia (PHL),
Newack (EWR), aad LAX) with varying operaticnal

characteristics,
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Fignre 8. CODAS sirborne delay for seven airports
on YMC sad IMC days - 1997,

Results simifae to DFW were found for all of these
airparts: ou IMC days the means, standard deviatings,
and peak delays were significantly larger than their
vidues 00 VMO days. The observation that BOS sad
DPW delays were egually seamtive to IMC 3¢
somewhat unexpected.  The sensinvity of arrival
ey eapacity (o meteorglogical conditions differs
significantly between these 1twe wirponts.  In some
reconfiguration sitvarions, Boston's wreival runway
capacity cun drop by nearly $0% in IMC, whereas ths
biggeat IMC acrival ranway capacity drop possible at
DFW ir 1977 was about 33%.

Altbough, or average, DFW has excess cupacity that is
ot stroagly jafluenced by reduced ceiling and
visibility, DFW expuriences hubbing peaks sach day
that teynpararily approach the aveilable YMC ronway
capacity. Duoring these rushes, a wmall decrease in
either en route or lerminal capacity can sause a large
inerease in detay. n VMC the quenes that build up s
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thiese brief periods of excess demand are quickly
cleared aftzr the demand sudsides. & tukes Jonger o
clear these gueues in IMC, In 1997 befure the new
DFW runway becanie operationaf, arrival capacity
cauld often be reduced dy loss of » disgonal cunway,
resuiting in even jurger quenes during transieni arrival
rushes and longer residual recovery periods after the
rushes subsided.
DELAY CORRELATION

The tendency for airports to expericnce lacger delay
means end variances on IMC days than on VMC days
seems 1o sapport the notion of Jooal causality. That is,
if we can increase MO arival capacity at ap airport,
we should also reduse defays at that aicport.  However,
when we sxamine the correlation between delays a
airport pairs, we find evidence of systematic offects
cotrelating delbays over the region for CODAS airbom
delays as well as arrival delays. This occues evea on
mixed days when one witport expericnces some IMC
and the other experiences sobd YMC., We alse see that
correlation desveuses as the geographical sepuration
between airponts inceeages,

Figure 9 stiows e convelation detween CODAS arrival
delays at EWR rad LGA for all days in 1997 for all
foar canbinations of metesrological sonditions. The
carrelation between CODAS arrival defays on the days
in which IMC prevailed at both airports was 0.835.
Correlation was equally strong on thoge few “mixed”
days when it was IMC at one awport and VMO at the
other, The weakest correlution was for the majority of
days whien the weather was clear «t both airports. Even
on thess davs the correlation was significant and

pasitive ai 0.49.
80 . ,:
L4 g
7%
§ i Se
ok
i ] . :
fo0: - i ,
5l .. Sl
“ ¢ PO :3 . x :
- R ™ o
P 3 i
T » o 24, Laansinen v 3 ;
é s by A SUVER W%, SAIA VNG, ZReainien ¢ K ‘
Bl S BN LAA 20, Cemae v 038
il ¢ » B0 YIS, Sonainior v D4R ;
4% ; S
o 0 L &0 &0

LGA Dalay imimdes pee aiorahy

Figore 9. EWR and LGA - daidly CODAS arrival
delay corvelation - 1997 all days.

Strong vorrelation between EWR and LGA delays
might be expactad becanse their traffic is managed hy a
commcn TRACON, the airports ate close o each athet
gragraphically, and they share common arrival and

24

departure Bxes.'’. Bacanse of ihis physieal proximity,
weather conditions are also correlated between the two
xirports: in 1997 there were unly 34 days ~ split 15719
io which ong aitport expericnced some IMC and the
uther experienced sofid VMC; there were 121 days
when bath experienced IMC; and there were 208 days
when bah experienced solid YMC.

Strong correlation alse occnrs between CODAS arvival
delays w other rirport puics since delays relative to
schedule are inflocnced by the connestivity of the air
transport seiwork.  What is sucprising i3 that strong
positive correlation also cocurs batween airbome delays
ol SIS alrport pairs,

Figure (0 shows e correlstion betwees EWR and
PHL for CODAS airborne delay. There was significant
comelation even though these were not schedhde-refuted
delays, the distence between the airports s greater, and
the grmiml air waffic is managed by different tacilities.
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Figure 10, EWR and PHL - dafly CODAS sirboroe
delay correlntion - 1997 sif days.

Pigure 1] summurizes the correlation cosfficients
between selecied airport pairs for CODAS aithinme and
arrival deiays for «ll duys in 1997, The sorrefation
generally decreased as the distance between the sivport
paire snvteased.
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Figuye 11, Correlation coelficients for CODAS deiny

for gine airport pairs - 1997 al] days.
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The nurmal airbome defays were not correlated for
widely separated airports, However, the sonval arrival
delays showed amall positive correlution between all of
these airport pairs becuuse of downstream schedufe
inpacts on high delay daya. Por example, schedule-
tased acrival delays at DFW and ORD were positively
cotrelated, protubly because both airports ave major
tiabs for American Airfines.

DOWNSIREAM DELAY

Downstream delay sansed by schedule connectivity can
muitiply the cost of Intge delay events. Late amivals
propagate through zirline schedules und result in
additional downstream deiys. This effect mudtiplies
the doliar benefits from reductions in initia} delay. We
estimated the magnitude of the dowustream arrivel
delay at DFW in 1997 based on a 1998 analysis by
Beatty ¢t al of downstrears schedule delay resulting
from 500 delayed departures from DFW.* That stdy
showed that the swnber of minutes of downstream
defay resulting from each initial delayed departure is
refated to the reagritnde and the departure time of the
initial delayed flight. The reltionship was moieled in
the form DM=1+8§*DD, where DM is the delay
oaluiplier, 5D is the magnitude of the inivial departire
delay, and the deparwre-time factor, 8, wus abiained by
4 Hoear least-squares £t to the delay data, S is greaiest
whet the initally defayed fiighs takes off early in the
day. The fitted data io Beatty's final defay multiplier
tabie shows that, to (st order, 8 decresses finearly as
the departure tone of the initial delaged fight increases
from 6 o 22 howrs, and thay § is independeut of the
maguitude of the initis] deparnee defay. Figwre 12
plots § versus the dopartire time of the inifial delayed
flight for three values of iniiad detay.
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Figure 12. Departure-time facior $ as ¢ function of
the time of the inifinl departnre delay,

One can use the delay mehiphior rocidel 1o oblain a
rough estimate of dowsstreawn delay tor DFW iy 1997
based on CODAS data. Besause the CODAS database
focuses on delay for tlights o eack airpont and does not
provide statistics an departure delay from an atport,
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Gne miust wie the average datly CODAS arrival defay
into DEW to approximate the average daily deparmre
delay cut of DFW. This approximation ignotes the first
level of delay branching that occurs at DFW itself. It
thus undecestimates dowostream delays resulting from
tacge arrival delays and provides a lower bound on
dewnstream dejay.

We eatimated the defay maltiplier for each day by
further assuming uniform delay between 6 and 22 hours
equal to the daily average for all arrivals. The Baearity
of § then alfows us 1o use the mean valve of § aver that
perivd (which s 0.7%hour} 16 caladaie downatream
delay

At DFW in 1997 the daily CODAS arrival delay
averages ranged from @ Jow of abour 2 minules per
flight to 2 high of about 58 minotes per fight. The
uniform delay approxination is ebviously well justified
for days with very low aversge delay. The uniforn
delay approximation alse appears to be a reasonadle
assumption for days with high average delay, although
it van underestimate the downstrean: multipfier when &
short period of veey high delay oceurs early in  day.
Howrly awrival delay’s of 3 or 4 bours ovcurred
accasionally at DFW in 1997, However, the hourly rate
anily exceeded 60 mimdes abmd ove persent of the
time. Most days with average dadly defays exceeding
30 minutes jnvolve episodes of relitively constant high
bowely delay distribuied throughour the day.

The eniform delay approximstion is ressonably well
justified when calenlating the annusl downstrean deluy
constribution of more noemal delay duys, At DEW in
1997 the sonval CODAS arrival delay avemge was
sbot 1O minutes per Hight and the anoual standard
devition was about § nitnutes pec flight.  Although
one-aigma duys can experience buef periods of high
delay, the oecurranee times of thoae delays tend to be
uniformly distribuied when considering the large
mumber of auch dayy ina yeac.

These approximations appled to CODAS arrival delay
pravide a lower bound o6 the antual downatream delay
maltipBer of about 1.2 a1 DFW jn 1997, The stacked
cohaxar chart of Figure 13 ahows the initial defay and
e Jower bound on the downstream delay estimates
accomulated for all days in 1997

The chart Ruther breaks down delays for the 94 days 1
1997 shat experienced thuaderstorms withw $G naotica)
miles of DFW. The total cunudaiive CODAS arrival
delay for flights inte DFW in 1977 was 1.43 million
minuies on those thunderstorm deys and 2.29 mitlion
rinutes on the remainng nou-thuuderstorm days.
Becuuse storm days had larget initial delay, they alse
had larger dewnsirsam deday. Thos, the effoctive defay
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piultiplier was abont 1.3 for storm days compared
1.12 for non-storn days.
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Figare 13, Initial and downsteam arrivat delay for
days with and withont storms ai DFW in 1397,

HAZARDOUS WEATHER

FAST is currently nnable to predict flight frajectories
when  storms  disrspt arrival routes.  Thus,
thuaderstorms reduce the amount of time that FAST
cant be used. However, such rouie disruptions st
infrequent, and the beaefir of exira runway sapacity
increases disproportionately when the storm has pussed
and contrablers mnst cleae out residual storm Quenes.

To determine the net effect of thunderstonas on FAST
benefits R i3 necessary to gquantify the relationship
betweeen hazardous wenther and delay. We exantined
hazardous weathes delays at DFW in 1997 and at EWR
in 1999."" Weekly report logs from the integraed
Tenminal Weather System ({TWS) at DEW indicate that
there were 94 days that bad twoderstorms within 50
nautical miifes of DFW." The DFW TRACON logs
show that ou abowt 50 of these days the Storma lnvolved
enough disrapiipe to air waffic to cause delays. At
EWR fhere were 36 days with thunderstorms within
100 NM of the airport that caused major defays. These
nwubers are highr than the number of days in which
thunderstorms were officially reported st DFW and
EWR. Tower personoel report thandersiorms at an
atrport when they detect Jightning or thunder. On
average Mt ooeurs 43 days 3 year ot DFW and 26 days
a year at EWR.

Pigure 14 s a plot of the CODAS uirborne delay w

CDFW an the SO worst delay days in 1997 sorted by
delay maguitude. The 14 worst days ali had
thoaderstorrg activity. Thirty-four of the 40 worst
aitboine delay days were thundersionmn days. Large
airhborpe defags are strongly associated with
thunderstorms,  Yet, because {here were many more
storp-free duays in the year, the total annual deiay on
sierm- free days was about 42% Jarger.

Figoee 15 shows the coroulative 1997 CODAS sirhorne
deday separaely for thunderstorm days and ali other

26

duys at DFW sorted in order of descending airhorne
deluy. We maltiplied the average deday on cach day by
that day's amival count to oblain the curmulative aireraft
delay minutes. The cumaolative ansual CODAS
airbaroe defay on thunderstorm daya was about 415,000
minures. The cumulative delay on non-storm days was
591,000 minutes.
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Figure 14, CODAS airhorne delay on S8 worst days
~DFW 1997,

The direct operating cost o airlines at DFW in 1997
can be estimated by rultiplying the airbarne Delays by
the $19%4ninute esimate obizined from the Scaguli and
LME benefit analyses. The resnits total $11.2M for
nonestorm days and $7.9M for thunderstorra days.
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Figure 15, Cwndative CODAS airborne delay on
days with acd without storms—~ RFW {997,

The larger cost for non-storm duys uecarred parily
because there were more days and, to o Jesser oxtent,
hecause there were more arivals oo those days. The
curmdative minutes and dollars for sthunderstorm days
would be larger F the salcolation included nominal
delay and doliac equivaients the ¢ach cancelled fight.
As shown sbhove, a complete cost accounting for
downstream delay would also increase stormeteiated
costs refative 10 costs an non~storm days because larges
defays cause larger downstream ripple effccis

Thunderstorms and IMC wete the main centribtors to
large CODIAS airbarne delays at DFW. But high winds
alone were found 1o cause sigaificant delay at EWR."
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Ajthough the predoniinantly North-South orieptation of
the DFW runways makes it polentially vulnerable to
crosswinds, DFW had only one day in 1997 that was
frev of IMC and thunderstorm activity but that had
CODAS amchome delays greater than the average for an
IMC day.  Om December 8, the defay built up during
five hanes of 20- 1o 25-kt crosswinds after 1PM, nd a
long peniod of delay in the morning when the winds
were telow 10 kt aleo contribuied to the high daily
delay. Unlike EWR in 1998, where winds alone cansed
nurastous farge delay events, DFW in 1997 did not
experiense significant delay contributions from high
winds.

Delays can also be suused by inefficient handling of
arrival traffic or by contention for alr space and
runways in peak arrival periods. B, we found that
days with bigh average delay at DFW have statisticaily
Jower dadly amival counts. (This was seen at EWK also,
where the avetage numbar of caocellations per
thunderstor o IMC event was mose than 26 flights.)
Asn airlioe does aot cancel a flight because the domand
it will generate might cuuse delays. Alrlines cancel
flights becauas they anticipate-—or are alrcady
experiencing-costly disruptions from other causes.
Afioogh high peak derand esually invreasss peak
dutay, high daily demand is negatively sorvedated with
high average daily deisy st DFW,

Figure 16 sumixaozes the effect of weather oo aitbome
delay mi DFW in 1997, For this figare we initially
divided the days into four categories: with and without
thwaderstorma and with and without periods of TMC.
We funad that solid VMC days with thonderstorns had
mean delays atmost a3 small a3 VMC days without
tadersiorms, Hkely because the stonas wers far fom
the aigport and pood Visibility at the airport helpad clear
any aneues that occwrred from flew disrpptions.
Consequently it is not necescary o distinguish between
the twy {ypes of VM days. and Figure 16 summarizes
CODAS aitborne deiay for only three weather
cunbinations,

As shown it part a), VMC days had the smallest
averape CODAS awborne deiny (1.9 minstes per
meeival). Days with IMC aed go thosderstorms
aveiaged 2.9 minutes of deley per arrival. Days with
thunderstorms plus IMC averaged 6.1 minutes of delay
by per arrival, more than doable that of storme-free IMC
days.

Part &) shows ihe nuraber of days & DFW i 1997 that
experienced savh weather category, 237 daya wete
soiid VMO, 79 days had one or more hoars of IMC but
6o thunderstors activity within 50 NMT of the airpost.
Aret 45 days had ene ot more hours of IMC plus
thunderstormaz within 50 NM{ of the girpen.

Figure 18, CODAS airhorne deluy statistics for three
wenther ennditions - DFW 1997,

Part ¢} gives the resulting camulative annual delay for
each of the three weather conditions. Because the many
siopil VMC delays ocourred segularly doring daily
avrival rushes, they conmibuted 46% of the annual totad,
The 79 IMC days withoui thuaderstoras contributed
24% of the annuel total. The 49 days that had both
thowderstorms and periods of IMC contributed the
remaidog  38%, which was the sscond largest
cumulative sonval deday. These 49 days also included
$ of the 6 ground hold days for flighis ine DFW in
1997,

The predominance of songestion-gemerated VMO delay
would imply that the FAST design does indesd Rioug
on the principal queuing problem, Haowever, saalysis
of redar data at DFW has shown that a sigoifivant
feaction of aircralt currently fand i VMO with fess than
minimure radar separasion.””  PAST cannot reduce
agparations below radar separation standards. Thos, in
VMO periods, FAST nmst fosus principally os
planning, sequencing, and ranway balancing to
redocing targe gaps in the arrival flow.

FAST will be most effective in calmx DM pericds when
it ean {oous on achieving munlwam  SeParating
standards while also reducing arrival gaps.

Storms can temmporatily disrupd the opsration ot FAST
because ity algorithimz currently depend an the use of
standard aemval routes.  FAST Is thus not able to
uchieve any of its goals during periods when stonms
foree aireall o depart from standard routes. From
analysic of the ITWS data Jogs we estirvaie that siomis
waay have blocked arrival routes for as much as 50% of
the day on the 4% thundscstorm days in 1997
Eliminating these disrupied periods froro the modeted
venetits for DEW would reduce the dollar savings from
EAST by abeut 7 pereent.
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On the other hand, after a thunderstorm has passed, it
often leaves a residual queue of approaching aircraft
capable of landing at a rate close to the maximum IMC
capacity of the airport. These are the conditions for
which small incremental increases in capacity from
FAST can produce very large reductions in delay.
Consider for example, a situation in which the storm
has left scattered aircraft that now approach from many
directions at random intervals, but with an average rate
that is 95% of the armrival capacity of the airport. Steady
state queuing theory indicates that delay accumulates at
a rate of 18 hours of delay per hour. But increasing the
capacity of the airport by 5% will reduce the rate of
delay accumulation by more than a factor of 2. The
effectiveness of FAST is magnified significantly. Asa
result, the small incremental delay caused by its
absence during the storm may often be offset by the
delay saved with its aid after the storm.

SONCLUSIONS

Two prior FAST benefit models differ in their details
and their dollar benefits for some individual airports,
but predict comparable overall dollar savings. LMI
modeled demand, capacity, and queuing delay more
accurately, but generated FAST benefit estimates for
only 10 airports. A simple steady-state model validates
the LMI ranking results and makes it possible to extend
the LMI dollar savings estimates to other airports.
FAST benefits will accrue in all weather conditions.
However, because en route and terminal airspace
congestion causes queuing delay every day during
arrival rushes, VMC days will contribute most of the
annual delay benefit.

Benefit analyses based on the use of tighter inter-arrival
spacing to reduce queuing delay tend to overestimate
FAST delay benefits in VMC when FAST can only cut
delay cost by reducing large gaps. Benefit analyses
also tend to overestimate FAST delay benefits during
those periods when normal arrival routes are totally
disrupted by storms.

On the other side of the benefit ledger, the models
underestimate delay benefits by ignoring reductions in
downstream delay and ignoring periods following
storms when large queues must be cleared. We
conclude that these errors roughly balance each other so
that the LMI annual savings estimates are reasonable,
provided FAST can indeed reduce inter-arrival time by
15 seconds at all runways. This spacing reduction,
which is equivalent to a capacity increase of 3 to 4
sircraft per hour, remains to be validated by analysis of
radar data from operational tests.

28
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.. Potential Benefits Analysis,”
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THE DESIGN AND IMPLEMENTATION OF THE NEW CENTERTRACON AUTOMATION SYSTEM
(CTAS) WEATHER DISTRIBUTION SYSTEM™'

Steven D, Campbell, Richard A. Hogaboom, Richard T. Lloyd, James R. Murphy® and Herman F. Vandevenne

M.LT. Lincoln Laboratory
244 Wood Street

Lexington, MA 02420-9108

ABSTRACT

The National Aeronautics and Space Administration
(NASA), working with the Federal Aviation
Administration (FAA), is developing a suite of decision
support tools, called the Center/TRACON Automation
System (CTAS). CTAS tools such as the Traffic
Management Advisor (TMA) and Final Approach
Spacing Tool (FAST) are designed to increase the
efficiency of the air traffic flow into and through
Terminal airspace. A core capability of CTAS is the
Trajectory Synthesis (TS) software for accurately
predicting an aircraft’s trajectory. In order to compute
these trajectories, TS needs an efficient access
mechanism for obtaining the¢ most up-to-date and
accurate winds.

The current CTAS weather access mechanism suffers
from several major drawbacks.! First, the mechanism
can only handle a winds at a single resolution (presently
40-80 km). This prevents CTAS from taking advantage
of high resolution wind from sources such as the
Integrated Terminal Weather System (ITWS). Second,
the present weather access mechanism is  memory
intensive and does not extend well to higher grid
resolutions. This potentially limits CTAS in taking
advantage of improvements in wind resolution from
sourcrs such as the Rapid Update Cycle (RUC). Third,
the present method is processing intensive and limits
the ability of CTAS to handle higher traffic loads. This
potentiaily could impact the ability of new tools such as
Direct-To and Multi-Center TMA (McTMA) to deal
with increased traffic loads associated with adjacent
Centers.

In response to these challenges, M.LT. Lincoln
Laboratory has developed a new CTAS weather
distribution (WxDist) system. There are two key
elements to the new approach. First, the single wind
grid is replaced with a set of nested grids for the
TRACON, Center and Adjacent Center airspaces. Each

and the grids are updated independently of each other.
The second key element is replacement of the present
interpolation scheme with a nearest-neighbor value
approach. Previous studies have shown that this
nearest-neighbor method does not degrade trajectory
accuracy for the grid sizes under consideration.**

The new software design replaces the current
implementation, known &5 the Westher Data Processing
Daemon (WDPD), with a new approach. The Weather
Server (WxServer) sends the weather grids to a
Weather Client (WxClient) residing on each CTAS
workstation running TS or PGUI (Planview Grcphical
User Interface) processes. The present point-to-point
weather file distribution is replaced in the new scheme
with a reliable multi-cast mechanism. This new
distribution mechanism combined with data
compression techniques greatly reduces aetwork traffic
compared to the present method. Other new processes
combine RUC and ITWS data in a fail-soft manner to
generate the multiple grids. The nearest-neighbor
access method also substantially speeds up weather
access. In combination with other improvements, the
winds access speed is more than doubled over the
original implementation

DESIGN CONSIDERATIONS
Approash

The new weather distribution design relies on replacing
the current single wind grid with a set of nested wind
grids and on replacing the current interpolation method
with a nearest-neighbor retrieval method. These
concepts will now be discussed further.

Nested Wind Grids

The nested grid approach is presented conceptually in
Figure 1. The nested grids are defined for the
TRACON, ARTCC and Multi-Center airspace. The

* Copyright © 2001 by M.L.T. Published by the American Iastitute of Aeronautics and Astronautics, Inc., with permission.

' This work was performed for the National Aeronautics snd Space Administration under Air Forco Contract No, F19628-00-C-0002. Opinions,
interpretations, conclusions, and recommendaticns are those of the suthor and are not necessarily endotsed by NASA.

% James Murphy is now with NASA Ames Research Center, MS-210-6, Moffett Field, CA.



ALAA Guidance, Navigation & Control Confurence, Montresl, Qnebec, 6.9 Avgust 200}

nominal spatial resolution of the grids w 1 ara (2 km)
fur the TRACON pod, § ain (~40 kmj fot the ARTCC
grid ang 20 nur 40 kir) for the Multi-Center grid. 1t
ghould be unted that the grids are all aligned. That is,
the grid poinss for wit Gree grids can be thought of a
buing placed on a usifons 3 oo grid,

Each geid i3 recrangular in shape aad shzed jn such a
way t¢ encompass the regicn of interest. That is, the
TRACON gnd is sized w be creompass the TRACON
region plas « bulfer region around it.  Likewise, the
ARTCC grid ¢ncompasses the ARTCC plus 2 buffer
and itie Mutri-Ceoter grid extends out Info adjacent
Centers a sufficient diztanse to allow boundary
erossings 1o be ackeduled,

These nested grids are nsed in. the following way. Par
every wind retricval, the position of the aircrafy is

ATAA-2001-4361

ehuscked 1w deterrane <. 2:lch of the nested grids should
be used.  As an example, imagine an aircraf
appreactiing the ARTCC from an adiacent Conter. The
MutCenter grid is sized to include the funthest aircraft
ui un adjucent Centar for which a trajectory nesds to be
geeetaied (e.g. to sempute the Center baundary
croasing time). The cesolution of this geid is the sunie
ag the presen: singlerzsolotion winds grig.  As the
alrcraft comes closer to the ARTCC, the aircrafts
position {5 chacked for each refricval to determine the
appeopriate pusted geid {(pate. sines the grids ae
rectangubar s chape, this check is inexpencive
computativunlly). When the airera® crosses frow the
Malti-Cenier grid 10 the ARTCC grid, the wind
ratrievals awe then made from the ARTCC grid.
Stmilarly, when the sireraR sniers the TRACON grid,
the wind retriovals ane then be magde from that grid,

Multl-Center Grid
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Figure L. Nested wind grids for new weather distribbtion scheme.
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Figure 2 ahows fhie data sources for the thres weather Neargst:-Neighbor Retrievnf Method
prids: Rapid Updms Cycie (RUC) 40 km winds and
Integeated Torminal Weather System (ITWS) 10 km Yo the previcus section, i was shown fiow the pested
and 2 km winds. As shown ja the figure, the Malii-  grid apgroash aflows the use of moitiple wind grids
Center grid is geovanted from RUC winds alove. the  updated foom various weather sources with differant
ARTCC grid is generaied from RUC and TTWS 10 ks spatini resvlutions and update rates. However, a
winds, and the TRACON grid is genernved froni sl complicarion arises due to ihe geealfy increased mumder
thige sonfces.  Moreaver, sl thrze grids can be  of grid poats that need i be ansmined. In the ofd
geveraied Fom KUC winds aloce it g ITWS winds  inethod, an interpolation scheme wis used to aflow the
are nof available. Finally, there can be alierpate sources  relamively course wind grids 1o be accetsed rapidiy.
for the RUC data (nat shown), inclading rmultiple RUC  However, the memory requiremsnis for the ofd method
feeds and Eia model daia. were vety high on a per geid paiwnt basis. Previous
studies deteornined that the menxry cequitements for
It should be noted thar the domaing of the wenther  the interpolation method made it Infsaible for
sourees and the oested grids are independeni.  extension to the nested grid approach.™® Accordiugly 2
Likewdae, ite update rates of the weather sources st¢  new winds retrisval roethod was proposed 28 shown in
fadependear of each other. Whiew an update for s given  Fignce 3
weather saurce is received, the appropriate portions of
the affected nested goids are updated.

Sources Grids

'Mggig.-cmlﬂ:
Resolution: 26 x 20 am x 1900
Covarage: 1600 x 1000 nm x 403,660°

Reentution: 3 x § nm x 1008
Coverage: 800 x 500 nm x 40,000°

Resofution: 1 x 1 nm x S60°
Coverage: 100 x 10G nm x 18,000

Figure 2. Data sonrves fur weather grids.
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Figore 3. Hiustration of replacing toterpolution with neacest-ueighbor reiviceal methad,

In the new rocthod, the interpolation step s bypaussed in
faver of a nearest-neighbor retrieved schewe. The
privpary maotivation for the neaesst-aeighbor apgrouch is
to make the mamary cequirsments of the oosted gride
feasible, but it also hias the advantage of speeding vp
ace2ss tiree 2od reduning processing reguirevients, As
reported previously, the weather data avcess speed more
thas doubiod with the new method (note: inchedes the
effect of eliminuting geomeric altitude, which s being
inccrporated wto the presemt systes).)  Figure 4
tlnstrates  these weather dJdata  @evess  spred
rapovemerds.

in order to employ the neatest-neighbor seshnique, it
was necgsmary to cerify fhat trajetory accuracy would
ot Ye dmupacted.  As repoded o, tesis were run
comgciag tgjeciories computed using the jnterpolntion
and yeeest-neighbor methods.” The compatison was
un 10 two cases” a; Meter fix to theeshodd usioy ITWS
Z kon winds and b) Coordination fix o weiet fix usivy
RUC wterpointed 16 10 ko & TTWS 10 ko winds,

It e found that the use of the nearest-neighbor
wetiod produced & on? second RME differsnse
trajestacies Ror the {irst case and a four socond RMS
differencs for the second ease. These differences are

negligitle for the rajestorics examived. An wxample of

these tesults for ITWS 2 kin data Is shown in Figoee 3.
Note the ¢ffect of nsing the nearest-neightior meitod
tor the MuitnClenter grid was noel examinad, howeyer,

e effest is assumed o be insigaificant given the age
distances involved aad low updaie rate of the adjacent
Conter traffic Jaw {e.g, 3 muinutes via ETMS), A
tecent stody stowed ihe ooy of asing nearest-
neighbor access for 40 am winds for trajeciories @ the
LCenter waus 3 ten secomd RMS  differsace vs.
interpotasion.*

SOFTWARE DESION
Lyersien
& block diagrawm of the Weather Distoineioa (WxDist)

goltware i shown w Figors 6. Yhe bay ravduivs are the
Waather Server (WxServer) aad Waather Client

~(WxClisni) medules. The WaSorver modude provides

34

e woather data to rouitipie WChent modoles, Thare
won WiaServer modale for @ given CTAS instaliation,
and there & one WXClient modate for cach workstation
enploying one or more TS ox PO proceases, The
external woathor sonrees wre converted into GRIB
(Gmdded Bivary) filey and divided pp iuto mioor grids
#s desceibed in the previens seation. The misor grids
are transmined to the Wxlllient processes via the
retiable mokicast protocal gver the local area network
(LAN). The WxOlisal grocesses provide the weather
data 0 the applisation processes via 2 shiared ruemory
intecthce., The Weather Library (WX Litwiry) acovsses
the shated memory and provides the incrface fo the
waather users.
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Comparing ETA plots for flight AAL704
using FTWS2 and I'TWS2Reunded

Fignre & Comparison of trajectories for interpofaied vs. nearest-neighbor methods,
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Exteraal Wx Sovrces: RUC, (TWS, ..

CIas

LAR

Shaved memary
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nemory { Shared wew

Proatassars with
TS or PG

Figere & Weather distribation system black diagram.

Figure 7 shows a more detaifsd view of the CTAS
weather dlatribution modules. A shown in the Hgure,
the TFWE ditt 18 proceased by the ITWS Counestion
Madole woto GRIB fifes and passed o the WxServer.
The WxServee modinde aise recsives RUC files in GHIR
formed from the existing WDAD (Weather Data
Acquisition Dasmon) process. Note tha fhi pracesses
for acquiring the ITWS and RUL data reside owshie
the firewall to isclate the weather souress from the
CTAS gysiem. The CTAS Weather Compnunication
ruadule buplements the reliabie roulti-cast profucol for
tuosfeariag the misor grids over the LAN. Finally, the
Wildbrary oodsle provides the interface benwses the
weather disribution systera and rhe appications.

Tahde | lists the niajor moduies in ihe pew weather
twembreiva system. The functionelity of 2ach moduie
is summarized in the tble. These madules will now be
briefly deseribed,

TWS C 0 A ¥

The ITWS Commamcation Module tibva_ndc) obtaine
the Termnal Wiads dan feed Gowm the FIWS tosthed
vid stream connections and couvers the daw from
Carteaan (CAR) tormat o GRIB (Qridded Birary: -
fortnat. It establiches socket conneetionn to trasomit the
caveried FEWS Terminal Winds data o nwitiple locat
and’or raraote Weather Servers,

Weather Serxer

The Weather Server {WxServer) module seis up the
stigaadaptable wind grids frem s WaSsever
sonfigovaiion e, The file delines the reaolation,
apatial exicot and data scueces for sach grid, It aise
dafides the backup airatepy for geaenanng these grids
from alternate scures,

The WxSeever accepia Torming Winds dute from the
ITWS Comprancations minchde via socket connections
and RUC data from the existing Weuther Data
Acquisition Dacinon (WDAD) process via file transfer.
The WxServer antomationliy seiecis beween the
alierpute weather sources o determive the best
avaiinble dain. R then teansiates the input data to the
NAS coordivats sesters and compresses the data for
tranginissios usiog the GROZ compressinu slgonthm, L
then transmits the data to each Weather Clieut using the
reiible multicas protocol,

The detnils of the avtomatic souree selection logiv is
showa in Figuce 8. Jo this example, the FTWS 2 kin
winds dute feed is faterrupted ot me T ARler a
imaaut period (nominally 6 minntes), this weather
enirie 1 declaced vuavailabic, Howseer, the fazt data
reseivesd continges o de used until the noming! (TWS
16 Kin update 1.



If the ITWS' 10 Jan update is received, the ITWS 2 km  the RUC update is received, then the ITWS 2 km and
grids are now geaerated from the 10 km winds data. If 10 km grids are now generated from the RUC data. If
the 10 km data is not available, then this source is  the ITWS data later becomes available, then the system
declared unavailable and the most recent data continues  rewumns to using that data to generate the 2 km and 10
to be used until the nominal RUC update time. When  km wind grids.

Wx ITWS wmepp| ITWS Connection Module

Source
inputs
‘ CTAS Firewall
_ ' GRIB formatted Wx files
NAS/CTAS Adaptation semu)- Wx Server Module
Wx Grid Definition fils  ssmeslp> 'y
Control ' i Wx data measages
CTAS Wx
Communication Module
Gontrol ? * WX data messages
CTAS & -
Processors Wx Client Module
— : Wx Library
Shared Memory l_l Module
* Placed behind frewall by WDAD Grid | —— |l

Figure 7. CTAS weather distribution modules.

Table 1. Major Software Modules

NAME FUNCTIONALITY

ITWS Connection Module * 'Connection to ITWS for winds data
Data conversion to GRIB format
Connection to multiple WxServers

‘WxServer Module Site adaptable weather grids

File connection for ITWS data
Conversion to NAS coordinates
Automatic weather source selection
Weather data compression

o|le o o) o] o ¢ ¢ O]l o

Communications Protocol Automatic connection/reconnection

Reliable multicast to transmit compressed weather data
WxClient Module Read multicast weather data

Update shared memory buffers

Switch buffers on command
WxLibrary Module When user asks for weather products:

1. Determine appropriate grid
2. Select nearest-neighbor value
3. Read weather product

¢ Switch memory page on command

¢ Identify current weather sources

Note: grid structures transparent to users.
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Figure 8. Timeliness check Jogiv dlucdvution,

WxServer/WaClicnt Commnnicatiogs Pretoce)

Figure O sununarizes the WxServer/WxClizm
vommusications profacol. The WxServer process
delivers the nesied grid date 10 ous or maore Wallent
precesaes uziog a reliable multicast protocol.  This
protoscei makes wse of & TCPAP based socket
copaeciion between the WxServer and cach WxClient
as & control ehiaunel. Kt usgs 1P Multicast as the daia
channel fram the WxServer f¢ all WxChients.

The usi of TCPAPR for the control chanael provides
rebability and ensures that nn coutrol roessage will be
st or defivered ous of segnencs. This guarunteus the
stability of the shared date view within the
WxServer/WaClients gronp. The use of ¥ Multicast
for the daia chiaanel allows us W transtis she data ones
for il WxChents egardluss of hew many are 1o pse on
the CTAS systern.  This minimizes the network load
sssociated with weather data and allows the
tranniszsien of highet spatial and temperal cesolution
ata et

WiClient

The Weather Client { WaClienty reada the weatfier geids
viz the relistie multicast protocol and upidaies the

apprapuate arca of shaed semory.  The detaibs of the
shired merncry Jotecface with the weather ssess is
discussed bekay,

Shaxest Memeory Inserfice

Shared memory i3 used by the WiaClisnd (o nake the
weather data avatisble foo the Wx User, Two boffers
are used for esch data grid, ote contains the surrent
data aod s available for reading, the other W being
writton 10 with new dari.  The form of sach buffer is
fixed with a standurd beadee folipwed by a three
dimensional array of proaduct stesisturss.

The double buftered approack used for shared memory
i5 instrated ine Fgure 10, As shown in the figure, now
data i3 writiee into the wate puge while the users acecss
the read page. When the updute is complete, the pages
are swapped.  Thers iz a signul handling scheme
employed to ensun: tha: al} the osers bave the current
ntormatios belore the swap s ciuned out. Another
inplementation detinl 6 that the sentents of the new
trad puge oerd to be copicd back 1o the oid read page
prior to aliowing further updates ¢ occur 1o the pew
write page.
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Server Client

Join Regoest

Croid Letinition

Ack/Nax
Grid List ‘ Legend
Ack/Nak <4 : Tnhialization sequence
Run facp
r LrHESEtion sequence
Cirid
- Ack/Nak:
:
{loop) . COTIREO] Chainnied
Use updated grid{switch) {TCP/IP Pointeast)
Ack/Nak | Data Channal
{IP Muiticast)

Leave Requess

Fignre ¥, WxServer/WxCliont Communications Protocol

Shared Memory

Page 1

Grid )l

Write

Weather
Client

Figure 10, Shared memory dosble buffered scheme.
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Support for Multiplc Weather Users

Each WxClient is capable of supporting multiple
weather users. Recall that there is one WxClient for
each workstation that supports all the weather users
residing on that physical piece of hardware. As
described in the previous section, a double buffer
scheme is used to allow the weather users to read the
current weather data from one buffer while the other
buffer is being filled with the next weather data to be
used. An important consideration is to ensure that all
weather users switch from one buffer to the other buffer
in concert. This synchronization is carried out using a
semaphore mechanism.

Walibrary

The Weather Library API provides the necessary
interface to the weather server for all weather using
applications. The intent is to allow the weather using
- application to request one or more weather products at
one or more locations in a single request. Units used
for both the locations and the weather products are felt
to be those most suitable to the using application.

ALGORITHMIC ISSUES

There are three issues which have been identified as
potentially requiring changes to TS in order to
accommodate the new weather distribution system.
These issues include: :

gradient computation,
temperature interpolation and
*  capture condition completion.

These issues will now be discussed.

Gnadient Compytation

The first TS weather use issue is the calculation of the
ventical wind gradient. This gradient was originally
calculated by accessing wind data at two slightly
different altitudes h and h+Ah, taking the difference and
dividing by Ah to obtain a discrete approximation of the
vertical wind gradient.

In the original system, a value of 50" was used for Ah,
which works properly when interpolation is used.
However, when nearest-neighbor retrieval is used with
this small value, the coordinates h and h+Ah usually
round off to the same grid point and produce the same
wind values. The resulting gradient is then zero.

In an exceptional case, the sccond value would round to
the next altitude level and the resuhing gradient would

be very large. The TS software copes with large
gredients by limiting the vertical wind gradient to 10
knots. The zero gradient simply means that the effect of
wind is ignored. In neither case does TS fail in its
trajectory calculations. :

One specific instance where the vertical gradient is used
is in the en route portion of the trajectory: specifically
the Constant CAS and Constant Mach segments. As
part of the TS slgorithm, a system of differential
equations is solved using a discrete step method called
Runge-Kutta. This applies in particular calculations of
True Airspeed, vertical speed and ground speed.

The principal equation in TS in solving for ¥; is (Eq 1):

dv T-D w d
il R Sl AR “w
a et (V,c086,) (1

where Y, is the asrodynamic flight path angle, T is
thrust, D is drag force, m is aircraft mass and w its
weight, V,, is the wind speed and Oy, is the relative
wind angle.

For constant Mach or constant CAS, the above
differential equation reduces to an algebraic-expression.
This is apparent if one considers the fundamental
relationship (Eq. 2):

V; = )MV ) @

where a(k) is the speed of sound (as a function of
altitude) and M{,.) is the Mach number (as a function
of Vo, and altitude). It is clear that when Mach or CAS
is constant, that the true airspeed is a simple function of
altitude.

One can then write (Eq. 3):

@, dh &V, e
dt ar dh
where (Eq. 4)

Making the approximation that the wind velocity over
short x or y distances is constant (i.c. only depsndent on
h) then (Eq. 5):



%(V,cosﬂ,,)cl’,.y,.%(l’,.cosa,.) )

This then leads to the expression for the acrodynamic
glide slope (Eq. 6):

(I_D)g

CANCE
wh - {#.-c056,.})]

Ya ©

Note that the wind gradient shows up in the
denominator. Thus, the reason for limiting the gradient
value to a maximum value is to avoid a singularity
condition for the aerodynamic glide slope and
eventually a sign reversal. This would certainly make
TS fail, since in a descent phase it then could not satisfy
the required boundary conditions. It can also be seen
that if the wind gradient comes out to be zero, the only
effect is that the glide slope used in the trajectory
prediction is a slightly small.

But the same formula uses weather in other ways: the
altitude derivative of the True Airspeed uses
temperature readings at two different altitudes. This
would lead to problems also if the chosen altitude
difference is a small value.

The solution for both the wind gradient and the True
Airspeed gradient is to force the altitude increment to
be equal to the weather grid vertical spacing. In the
case of nested weather grids that increment could be
different for the different nested grids. This introduces
some complications in the event that the gradient
computation crosses the nested grid boundaries. For
this reason, it would be preferable to. introduce an
explicit call for the gradient at a particular point. This
would allow these complications to be isolated from the
weather user.

Jemperatyre Interpolation

The second TS weather use issue involves temperature
interpolation. One important TS function is to meet
capture conditions, such as matching cruise and descent
segments to identify the top of descent (TOD). In
certain cases involving iteration to meet capture
conditions, the TS was found to fail when nearest-
neighbor retrieval was used. This is because TS uses
small changes in temperature with altitude to drive the
solution in the correct direction. When the nearest-
neighbor value is used, the TS could possibly to
converge because the same temperature value is always
retrieved.

This problem was observed for the ARTCC grid whena
grid spacing in altitude of 2000° was used. However, it
was found when the altitude grid spacing was reduced
to 1000°, no TS failures were observed. As previously
noted, the grid spacing in altitude can be traded against
the horizontal grid spacing without increasing the
memory required if even greater vertical resolution {s
needed (e.g., the vertical grid spacing could be
decreased from 1000° to 250" if the horizontal spacing
was increased from 10 nm to 20 nom).

Another considered was a fix to always linearly
interpolate the temperature values between the nearest-
neighbor values above and below the current altitude.
This approach incurs a minor performance penalty due
to the need to retrieve two temperature values (instead
of one) and to perform a simple interpolation.
However, this approach has the virtue of keeping the
API unchanged. 1t also improves the accuracy of the
temperature values, which feature a strong dependence
on altitude. However, in practice it has been found that
the decrease in vertical grid spacing proved sufficient
and this fix was not implemented.

Capture Condition Completion

A problem was found in the way that TS completes the
capture condition itcration. . When TS iterates to point

_ where the altitude is within the capture limits, it stops

4]

and returns the capture altitude. For example, the
desired capture altitude might be 25,000' and the actual
capture altitude might be 25,010". Originally, TS did
not recompute the derived variables (CAS, ground
speed, etc) for the desired capture altitude but retumed
the derived variables for the actual capture altitude
instead. -

This behavior caused problems In the TS computations
due to the nearest-neighbor retrieval for temperature.
Fore example, if the gridded winds layers had 2000’
vertical spacing, then the temperature might be 433 °R
at 24,000° and 426 °R at 26,000°. The nearest-neighbor
temperature value would therefore be 433 °R at 25,000°
and 426 °R at 25,010°. This would create a
discontinuity in the temperature values between flight
segments that might cause TS to fail.

A fix was implemented is to force TS to recompute the
derived values at the end of the iteration for the desired
(instead of actual) capture altitude. This fix has been
accepted for incorporation into the CTAS baseline
software. It should be noted that the proposed
temperature interpolation fix would also address this
particular problem.



TESTING PROCEDURES

Tests were carried out on the prototype implementation
to validated functionsality and measure performance.
Note: the results presented here should be considered
preliminary in nature and subject to further refineinent.

Eunctiopality Testing

The functionslity tests were carried out in scveral steps.
The first step was to perform & regression test using
RUC data only. The second step was to add ITWS
winds and validate correct insertion into the wind grids.
The third step was to validate that the wind grids
continue to be properly generated when the ITWS
winds are transiently added and removed. The fourth
step was to verify proper TS operztion in the presence
of wind ficld discontinuities. The fifth step was to
quantify the difference in ETA (Estimated Time of
Arrival) values with the addition of [TWS winds.

For testing purposes, .a version of the new system was
created which retuns the linearly interpolated weather
value instead of the nearest-neighbor value. This
version (WxDist Interpolated) is not intended for
operational use (since it runs more slowly than the
nearest-neighbor version) but allows direct comparison
between the weather values retumed by the new vs. old
systems from the getWeatherValue function.

The CTAS software was also instrumented to generate
ETA logs, ETA log summaries, track logs and
getWeatherValue logs. The standard output is to
produce the ETA log, ETA log summary and track log
(if radar track data is used). If verbose output is
selected, then the getWeatherValue log is also produced
(generally limited to short runs due to the large volume
of output generated). :

A capability to generate synthetic RUC data sets was
also implemented to assist in regression testing. A
utility program was written which allows synthetic
RUC data to be generated for various test conditions.
For example, one file was created with uniform wind
values and temperature values that increased linearly
with pressure level, and a second file was crested with
uniform temperature at all levels and U &V wvalues that
increased linearly with RUC X & Y coordinates,
respectively. These files were used to validate the
RUC-t0-CTAS coordinate transformation in the vertical
and horizontal dimensions, respectively.

Additional utility programs & Unix scripts were written
for examining the input RUC data and processing the
output test data. Unix scripts were also written to
simplify making test runs and to automatically save the
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output logs. Processing and examination of the test
data was primarily done using IDL and Excel.

Regression Testing

Regression testing was carried out to ensure that the
new weather distribution system preserves the CTAS
functionality. In particular, it is necessary to ensure
that trajectories are correctly generated with the new vs.
old systems. In order to do this, it is.necessary to use
RUC data only, since the old system cannot ingest
ITWS winds data.

RUC winds ingestion

The first regression test was to verify that the RUC data
is properly ingested into the new system. In order to do
this, actual and synthetic RUC files were input to the
WDPD, WxDist Gridded (nearest-neighbor) and
WxDist Interpolated versions of CTAS. The outputs of
the three versions were then compared and any
inconsistencies diagnosed. In the process of carrying
out the regression testing, several problems were found
in the WDPD processing which were diagnosed and
fixed. These changes are being evaluated for
incorporation into the current CTAS baseline software
but will not be further discussed here.

Examples of this comparison are shown in Figures 11

and 12. For these examples, the getWeatherValue calls
were logged using the verbose option for a single
aircraft trajectory. Figure 11 shows the retrieved
temperature vs. altitude and Figure 12 shows the
retrieved U wind vs. altitude. As seen in the figures, the
WxDist gridded (nearest-neighbor) retrievals exhibit
the expected staircase behavior whereas the WDPD and’
WxDist interpolated values vary smoothly. (Note: there
is a small anomaly in the WDPD results below 5000’

which is currently being investigated.)

EXA comparjson

The second regression test was to compare trajectories
generated using the WDPD and WxDist Gridded
weather distribution schemes. For this test, 489 flight
plan trajectories were compared for 158 aircraft using
DFWF RUC weather data from November 22, 2000 at
1400Z. Figure 13 plots the ETA difference between the
new and old systems for meter fix to threshold
trajectories. The worst case differences range from -7 s
to + 15 8. The mean ETA difference was 0.9 s (0.12%)
and the RMS ETA difference was 3.3 s (0.44%). Also
shown is the comparison for the WxDist Interpolated
version which produced identical results to the WxDist
Gridded version.
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Figure 13, Flight Plan ETA Gifference beiwees WDPD and WiaDist for meter fix to threshold trajectories,

Figure 14 shows the ETA diffecease foc the same ser of
aireraft for trajeciorias from the coordination fix ta the
muer 6 T woest.case BT4 ditferences range from
4% & o +3 & The mean BTA differsme was (J.0 s
{0.06%) wad the RMS differencs was 5.6 5 (0.38%).
Guaerally, the valses ratehed very closely with the
exseption of a fow lurge differenves which are carrently
uigder invesugation, Also showa is the computison for
the Wxidist Towrpolated version which were essentialiy
the same u3 the Wiabisr Gridded resilts except that
thieee was oo fewet large exsursion,

These error differences ere gightly lacger than
pradicied ty reference (6. That study predicted ETA
diiferences of 1 3 EMS for the meter {ix to thresdiold
case and 4 3 RMS for the coordinntion 61 10 meier fix
cage based on the use of nearest-neighbor s,
interpelated weather value retricval.  However, the
ETA ditferences between the Walist Gridded and
Wxbsist Interpolated versions are in fact much smaller
that predacted by the study. The ohserved variction is
thwrefore likely 10 be dus to a5 yet undwgnosed
differencas betweea WOPD sus Waikisi  However, the
test rosults show that these differences huve been
rechiced to very smail values,

A compaiizon detwesn the new and old sysiems wug
aign made for aireralt tenieciories trom radar tiacks.
Figure 15 shows the Tine To Fly (TIF) from 426 eadar

frack trajeciorins Ffor ae airenalt landiog on ronway 71,
For this case, it chould be roted Hhat the WxDit ETA
values were jdentica! for e gridded and intarpolated
versions.  The worsi-ase differences in TTF (ETA-
surrent timas) werg 7 s to +8 seconds. The mean
difference was L1 g (0.23%) and the RMS difference
was £.3 s (0389 Asdtional cegrassion iesning is i
prageess, ke these results suggest that the new aod Gid
systems are working renely identivally for cadie acks,

LS Winds Yal

The wexi recniog step was 0 validwe that ITWS {6 ki
and & K winde are inserted cortectly juto the wiad
grids, For this test, the wind grids were defined wa
shown ia Pigure 16, Por these tests, separale major
grids were nsed for the ITTWS 10 km ot 2 done dats,
These major grids wers sci to srrespond to the
reaxiaunt exteot of the JTWS wind ficlds.

in order <@ readily verity proper insertion of the ITWS
winds, a synthetic GRIB data tool was uced to generate
dummy (WS wind files. Two files were created, one
for TEWS 10 ko witk uniforns winds doe Cast 3ud the
other for TTWS 2 kin with uniform winds dus Nowth,
Thase ITWS wiand Hles were then proczised by the
Weather Server with the RUC wind file for 25 Avgust
2000 af i800Z for S200° {356 mb) to peducs he
muitipie wind grids.
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Figure 16. Major grid definitions for ITWS winds integration test.

The wind field values were retrieved on a grid
approximating the 40 km RUC grid. These results are
as shown in Figure 17. As seen in the figure, the
insertion of the dummy ITWS wind data is clearly
demonstrated.

Zransient ITWS Winds Availability Testing

The third functionality test was to verify proper
operation with transiex. ITWS winds availability. This
test was carried out by interrupting the ITWS winds
availability during a normal run and verifying that all
the major grids continued to be generated from the
RUC winds only.

Wind Field Discontinuity Testing

The fourth functionality test was to verify proper TS
operation in the face of wind field discontinuities
between the RUC and ITWS data. In order to rule out
this possibility, CTAS was run with the dummy ITWS
files shown in Figure 17. The results were examined
and showed no evidence of TS failures in the face of
worst-case discontinuities.

Effcst og ETAs of Including ITWS Winds
The fifth functionality test was to quantify the effect on

ETAs of including ITWS winds, as shown in Figure 18.
To carmry out this test, CTAS was run with RUC-only
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winds vs. RUC plus ITWS winds. Earlier studies
showed considerable variation in meter fix to threshold
ETAs as a function of time should be observed with the
inclusion of ITWS 2 km winds updated every five
minutes.>’

Figure 18 summarizes the resuit of computing 489
pFAST (Passive Final Approach Spacing Tool)
trajectories from 158 arrival flight plans under two
conditions: 1) RUC winds only with interpolated winds
(old system) and 2) RUC + ITWS winds with gridded
winds (new system). These results were computed for
DFW on 11/22/00 from 1500Z to 1700Z with RUC
winds updated hourly, ITWS 10 km winds updated
every 30 minutes and ITWS 2 km updated every 5
minutes.

As seen in the figure, the ETA values for the RUC only
winds increase by 3 seconds over the two hour period.
By contrast, the ETAs for the RUC + ITWS winds
change by 16 seconds over this time period. These
results are consistent with the carlier studies.

Rerformance Testing

Performance testing was carried out to assess the
processing speed and memory requirements for the new
vs. old systems, Table 2 shows examples of
preliminary results for various grid sizes.
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Table 2. Example performance measurement results (preliminary).

Process Total Data | CPU Use, | Memory | Network Load, Mbyte
5&!;1’(:'2 seconds &s:.yte Atthe }Atthe | AtS
Hour | Half Minutes
Hour
WDPD* 30x16x55 11.73 24 30+*
15x8x55 4.86 18 Toe
9x5x55 3.37 18 2%+
‘WxServer* 30x30x50 | 10.98%+* | 84%»* ] 0.7%** | 0.5%** | 0.2%*
24x24x50
70x70 x70

*270 MHz Ultra 5 - 128 MB RAM

** Assumes 5 TS, 1 PFS, 2 PGUIs == Eight Using Applications

*** Total for all grids

»#**60 MHz SparcStation 20 - 64 MB RAM

SUMMARY

This paper described the design and implementation of
the new CTAS weather distribution system. The
approach relies on two key concepts. The first concept
is the use of multiple nested wind grids for the
TRACON, ARTCC and Adjacent Center airspaces to
replace the single low-resolution weather grid currently
used. This new method allows the use of higher sputial
and temporal resolution products such as IWS Terminal
Winds and improved RUC winds. The spatial
resolution and update rate for each grid is tailored to the
weather sources and user requirements.

The second concept is the use of nearest-neighbor data
retricval to replace the interpolation method currently
used. Previous analysis showed that the memory
requirements of the present method prevent its
extension to higher resolution weather grids. The
nearest-neighbor method was introduced in’ order to
reduce the memory requirements to feasible levels. As
an added bonus, the nearest-neighbor method also
yields a substantial improvement in weather data access
speed. Previous work showing that use of the ncarest-
neighbor method should not substantially degrade
trajectory accuracy for the grid resolutions under
consideration was confirmed in the present study.

The software design employs the concept of a single
Weather Server process thet provides weather data to
multiple Weather Client processes. There is one
Weather Server for a given CTAS site installation and
one Weather Client for each workstation running one or
more TS or PGUI processes. A reliable multi-cast
protocol is used for transmitting the weather data from
the Weather Server to the Weather Clients. The
weather grids are divided up into subunits (called minor
grids) and compressed for transmission using the GRIB
format data compression technique. Each minor grid
has a primary weather data source and optional
secondary weather data sources. In the event that the
primary weather data source is not available, the minor
grid can continue to be generated using the secondery
weather data sources.

The software is divided into 1TWS Connection,
Weather Server, Communications Protocol, Weather
Client, Weather Library and Weather User modules.
The ITWS Connection module inputs ITWS Terminal
Winds and converts it to GRIB format. The Weather
Server merges the RUC data (from the existing WDAD
process) and the ITWS data to generate the nested grids
information. The Communications Protocol module
performs the relisble multi-cast of the nested grid data
to the Weather Ciient processes. The Weather Client
module receives the nested grid data and makes it



available to user processes via shared memory. The
Weather Library provides the application program
interface (API) for the user processes which selects the
appropriate nested grid for data retrieval in a
transparent manner. The Weather User module
represents changes to the application processes where
needed to accommodate the new method.

The testing procedures were also described. Results
were provided including regression testing,
performance measurement and software metrics.
Finally, future work was described.

REFERENCES
. 1. Jardin, M.R,, and H. Erzberger, “Atmospheric Data
Acquisition and Interpolation for Enhanced
Trajectory-Prediction Accuracy in the Center-
TRACON Automation System™, AIAA 96-0271,
34th Acrospace Sciences Meeting & Exhibit, Reno,
NV, January 15-18, 1996.

. Snyder, J.P.,, “Map Projections — A Working
Manual”, U.S. Geological Survey Professional
Paper 1395, United Stated Government Printing
Office, Washington, DC, 1987.

Dey, C.H., "The WMO Format for the Storage of
Weather Product Information and the Exchange of
Weather Product Messages in Gridded Binary
Format", Office Note 388, U.S. Department of
Commerce, NOAA, NWS, NCEP, 1996.

Lioyd, R.T., “CTAS Weather Processing — Data
Acquisition, Conversion and Use”, M.I.T. Lincoln
Laboratory Project Memorandum 92PM-AATT-
0004, Lexington, MA, 29 September 1999.

Kim, S. and R.E. Cole, “A Study of Time-To-Fly
Estimates for RUC and ITWS Winds”, M.LT.
Lincoln Laboratory Project Memorandum 95PM-
Wx-0062, Lexington, MA, 21 January 2000.

Vandevenne, H.F. and J.R. Murphy, “Effect of
Differeat Weather Formats on the Performance of
Trajectory Synthesis in CTAS - A Case Study™,
M.LT. Lincoln Laboratory Project Memorandum
92PM-AATT-0003, Lexington, MA, 14 March
2000.

Vandevenne, H.F. and J.R. Murphy, “Study of
Trajectory Synthesis Efficiency with Respect to
Weather Inputs, M.L.T. Lincoln Laboratory Project
Memorandum 92PM-AATT-0005, Lexington, MA,
9 February 2000.

49

8. Vandevenne, H.F, "Grid Size of Weather Files vs.
TS Performance”, Annotated briefing, M.LT.
Lincoln Laboratory, 18 July 2000.



AIAA Guidance, Navigation & Control Conference, Montreal, Quebec, August 6-9, 2001

AlAA-2001-4362

EVALUATION OF ETA MODEL FORECASTS AS A BACKUP WEATHER SOURCE FOR CTAS*

Herman F. Vandevenne, Richard T. Lloyd and Richard A. Hogaboom

Lexington, MA 024209108

ABSTRACT

Knowledge of present and future winds and
temperature is important for air traffic operations in
general, but is crucial for Decision Support Tools
(DSTs) that rely heavily on accurately predicting
trajectories of aircraft. One such tool is the Center-
TRACON Automation System (CTAS) developed by
NASA Ames Rescarch Center.

The Rapid Update Cycle (RUC) system is presently the
principal source of weather information for CTAS.!?
RUC provides weather updates on an hourly basis on a
nationwide grid with horizontal resolution of 40 km and
vertical resolution of 25 mb in pressure? However, a
recent study of RUC data availability showed that the
NWS and NOAA servers are subject to frequent service
interruptions. Over a 210 day period (4/19/00-
11/11/00), the availability of two NOAA and one NWS
RUC server was monitored automatically. It was found
that 60 days (29%) had periods of one hour or more
where at least one server was out, with the longest
outage lasting 13 hours on 9/21/00. In addition, there
were 9 days (4%) for which all three servers were
simultancously unavailable, with the longest outage
lasting 6 hours on 5/7/00. Morcover, even longer
outages have been experienced with the RUC servers
over the past several years.

RUC forecasts are provided for up to 12 hours, but
these are not currently used in CTAS as back up
sources (except that the 1 or 2 hour forecasts are used
for the current winds to compensate for transmission
delays in obiaining the RUC data). Since RUC outages
have been experienced for longer than 12 hours, it is
therefore necessary to back RUC up with another
weather source providing long-range forecasts.

This paper examines the use of the Eta model forecasts
as a back-up weather source for CTAS. A specific

*This work was performed for the Federa) Aviation Administration

under Ait Ferce Contract No. F19628-00-C-0002.

tCopyright © 2001 by M.LT. Published by the American Institute of
Acronaixics snd Astronautics, Inc., with permission.
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output of the Eta 32 km model, namely Grid 104, was
selected for evaluation because its horizontal and
vertical resolution, spatial extent and output

match most closely those of RUC.* While RUC
forecasts for a maximum of 12 hours Into the future,
Eta does so for up to 60 hours. In the event that a RUC
outage would occur, Eta data could be substituted. If
Ewa data also became nnavailable, the last issued
forecasts could allow CTAS to continue to function
properly for up to 60 hours.

The approach used for evaluating the suitability of the
Eta model and RUC forecasts was to compare them
with the RUC analysis output or 0 hour forecast file, at
the forecast time. Not surprisingly, it was found that
the RUC model forecasts had lower wind magnitude
errors out to 12 hours (the limit of the RUC forecasts)
than the Eta model had. However, the wind magnitude
error for the Eta model grew only from 9 fus at 12
hours (comparable with RUC) to 11 f/s at 48 hours.
We therefore conclude that RUC forecasts should be
used for outages up to 12 hours and Eta model forecasts
should be used for outages up to 60 hours.

METHODOLOGY

The comparison of RUC and Eta data was done for a
typical ARTCC (Air Route Traffic Control Center), in
this case the DFW Center (ZFW) airspace. In the
vertical dimension, three altitude layers were examined:
7,500°, 18,400° and 39,000’. The time period over
which the comparison was made was a period of ten
days, starting 9 June 2000.

Since the RUC and Eta model data is provided on
different projection systems (Lambert Conformal vs.
Polar Stereographic) and on different grids, the Eta data
was first transformed onto the RUC grid using the
following procedure.® Each RUC grid point was
transformed into the Eta grid system and the
surrounding Eta grid points determined. A linear
interpolation was then done using the Eta weather
products at the eight comers of the cube sumounding
the RUC grid point. The resulting interpolated Eta
mode] value was then used for the corresponding RUC
grid point.
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The vector difference {shown bty the dushed line in
Figure 13 s offen used us w wind error metric.
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The comparisons that were made are Dest between the
RUC and Eta anadysis Gles, depoted 1000, for bl sois
output at e things cortesponding o the B eyeles {i.e.
every 6 hours) for & period of 10 davs. The 40
compatisens thus smade were statisticaily analyzed
separaiety pad then combined for a globat rendt fu the
end. Simiarly, comparisens hetwees RUC iorecasts
and @ reference weather file, and ¥ia ferecass and the
same yetereane [the were made {0y 1he same 3O ovele
tmes segararely fixst and then the r2suits wace
combiasd for o gobal sexalt. The retecane Bles wete
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RESULIS

Fignie 3 presenis the resmudts for the 10/20, so-called
"direct” data companison. The x-axis is the index to the
40 Eta cycle npdates aod thecefore the number of
independent compacisons. The windows represent the
resulis for comparison of touperatuee, wiad strength
und wind direction, averaged over the ZFW srea and
aver the thae selected altitudes.
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In order to better visnalize what these cesults
summarize we show in Figure 4 an overluy of the RUC
snd Ela wind ficlds at the altude of 30,0000
(300mbar). Que cbserves immediately that both
syatens preseot the aaroe weather pattem, and that the
wiad strengths match well, but that there is a very
discernible difference in wind direction. This seems. 1o
hold true for all comparisons made, whether among
analysis files or forecasts. Wind sirength varied from 3
/s In smae parts 10 45 ft/s i other parts, yet the
average differeaces, retuening o Figure 3, hover around
zero, with & St (standand deviation) of around §£Us for
wind strength differeoce and 2 StD of about 1.23
degrees P in temapersture difference. This seems to
indicute that the differences betwoen the RUC or B
analysis flles sre small and that we are justified in
taking cither one (we choouse RUC) as our reference
when evaluating the RUC aad Eta forecasts.
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The next comparisons are between RUC fogcasts and
the RIC analysis dats, generated 4t the tdme 10 which ia
foreeasted; and shnilarly between € forecasts and
RUC analysis weather that raterintized later at the
Appropiste e,

Figure § shows the tesults for the 12hounr forecaats of
the temperature: one curye for /el and another for
/el2, with as x-axis the 40 Eta update tiroes. In the
first window we show the mean difference and in the
second the 5tD of the wmporutoee difference. n
Figwres 6 und 7 we show shailar results for the wind
strength and wind direcuon differences. A close ook
revials that peaks and valleys in both curyes mateh
guite closely. This means that thete were weather
slisngzes not precheted by either system, aod ikat they
eored i the sivailar waye.
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Figure 8 shows means and St for the comparisox  Figures 9,10 and 11 swomarize @l these remdis

/48, for the 48hour B forecast (no curve for RUC  averaged over ull 40 npdates. These upw figures contain

can be shown since RUC only forecas:s for up to 12 the miean snd St of dilferences x(¥xi for 1,2,3,6 aud 12
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parameters femperatwre, wind strength and wind
direction,
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Figure §: Comparison of 12-heur temperature predictions for RUC aod Eta forecasts
vy, RUC analysis data for 40 analysis cyeles.
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We observe that, based on the StD, one could state that
RUC forecasts are marginally better than the
comparable Eta forecasts for the same duration into the
future up to 12 hours, at which point they are the same,
But one can also see that 6 hour Eta forecasts are as
good or better than 12hour RUC forecasts. The Eta
forecasts maintain almost the same relative quality up
to the maximum duration of 48hours tested (and by
extension to the 6C-hour duration available from Eta).
Observe that the StD of temperature differences stays
below 2 degree Fahrenheit for forecasts up to 48 bhours,
and StD of wind strength differences stay below 11fVs
(6.5knots) for even the maximum duration forecasts.
The wind direction difference, although with  mean
about zero, has a StD of a steady SO degrees. These and
some more detailed observations form the basis for the
proposed ‘switching protoco! when either RUC alone or
both RUC and Eta data become unavailable

CONCLUSIONS

The purpose of this study was to verify the quality of
the Eta forecasts and to propose a decision algorithm
for switching from RUC to Eta in case of outages. First
let us state that Eta forecast quality is not in doubt in
view of the results presented in the previous paragraph.
Next, the protocol for switching will be based on the
presumed quality of the forecasts. For example, if
access to both RUC and Eta is denied simultaneously,
one should continue running CTAS with RUC forecasts
as long as possible (from 9 to 12 hours, depending
when in the RUC cycle the outage occurred). If RUC is
interrupted, but not Eta, then one should switch at the
next Eta update that would be at most 6 hours after the
interrupt. There are some additional considerations:
CTAS expects 2 new RUC weather file to be meade
available every hour. When interrupts occur it may be
necessary to create hourly files by interpolating from
two adjacent forecast files. This would be true for RUC
after the third hour and is always true for Eta forecasts
as is clear from Figure 2 showing the RUC and Eta
output products. The complete algorithm depends on
the exact time of start of the outage compared to the
underlying RUC and E:a cycle time, but it is based on
the presumed quality of RUC and Eta forecasts at any
given time.
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ABSTRACT

This paper addresses the issue of developing weather-
impacted routes for the Final Approach Spacing Tool
(FAST). FAST relies on adaptation data that includes
nominal terminal area routes and degrees of freedom to
generate optimum landing sequences and runway
assignments. However, during adverse weather some
adapted routes may become unavailable due to the
presence of hazardous weather. If FAST continues to
generate trajectories using these routes, its schedule will
not be accurate during the adverse weather. The
objective of the study was to determine methods for
incorporating severe weather products and- weather-
impacted route data into FAST.

INTRODUCTION

Increasing air traffic demand in the face of limited
runways and airspace has made improving the
efficiency of the nation's air wraffic system one of the
Federal Aviation Administration’s (FAA) top priorities
[1]. New decision support tools are being developed to
assist Air Traffic Controllers and Traffic Managers in
achieving these efficiency gains while maintaining
safety.

One such tool is the Final Approach Spacing Tool
(FAST), which is an element of the Center/TRACON
Automation System (CTAS) being developed by NASA
Ames Research Center. There are two versions of
FAST: Passive FAST (pFAST) and Active FAST
(aFAST). Passive FAST provides controllers with
runway assignments for delay balancing and landing
sequence numbers to optimize the landing order.
Active FAST additionally provides controllers with
heading, speed and altitude advisories to achieve these
optimal sequences [2). Passive FAST has been
operationally <ested at the Dallas’Ft. Worth

*This work was performed for the National Acronsutics and Spece
Administration under Air Foree Contract No. F19628-C0-C-0002
+Copyright € 2001 by M.LT. Published by the American Institte
of Acronautics and Astronautics, Inc., with permission.
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Intemational Airport (DFW) and has demonstrated up
to a 13% airport throughput increase [3].

Active FAST, which is currently under development, is
expected to offer edditional increases in airport
capacity. For the remainder of this paper, “FAST” will
be used generically to refer to both systems.

FAST relies on adaptation data that includes nominal
TRACON routes and degrees of freedom to generate
optimum landing sequences and runway assignments.

However, during adverse weather, some adapted routes
may become unavailable due to the presence of
hazardous weather. If FAST continues to generate
trajectories using these routes, its schedule will not be
accurate during the bad weather. The objective of the
study was to determine methods for incorporating
severe weather products and weather-impacted route
data into FAST.

Air Traffic Control (ATC) decision support tools have
many sources of weather data. Table 1 outlines some
of these data sources and the information supplied.

Since FAST operates in the terminal area, the key
source for weather information for this study was the
Integrated Terminal Weather System (ITWS). ITWS
was developed under FAA support by MIT Lincoln
Laboratory (MIT/LL) and is currently being
implemented for deployment at 35 locations across the
continental United States. ITWS integrates weather
data from a variety of sources, including Terminal
Doppler Weather Radar (TDWR), Next Generation
Weather Radar (NEXRAD), Airpont Surveillance Radar
(ASR-9), Rapid Update Cycle (RUC) model and
surface sensor information. It gencrates a variety of
weather display products for Traffic Management
Coordinators (TMCs), controllers, airlines and other
users. These products have been operationally tested at
several sites including Dallas/Ft. Worth, Atlanta,
Denver, Los Angeles and Miami, and have
demonstrated significant operational benefits by
allowing FAA personncl to improve their ability to
manage traffic during bad weather (4).
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An experimental version of the Airport Configuration
Manager (ACM) was developed to facilitate TMC use
of the weather-impacted routes information. ACM
shows the impact upon the schedule of weather-
impacted routes by predicting future airport
configuration changes for each adapted airport. This
capability alents the TMC to weather changes in the
terminal area that could affect the operation of the
airport up 10 one hour in advance. It also suggests an
appropriate future airport configuration based on
predicted weather data.

Figure | demonstrates possible uses of [TWS weather
products in FAST, from acquisition and parsing of the
datatopredxctmgunpactonmmaﬁandwmumlm
operations. ITWS created precipitation maps can be
converted into PODEV maps, which then can be used
to identify routes and aircraft that are impacted. Delays
caused by the hazardous weather can then be
considered for ATC decisions such as airspace closures
and re-routes. In addition, scvere weather forecasts can
be used to predict impacted aircraft and routes up to an
hour in the future, as well as help determine appropriate
future airport configurations. Schedule changes based
on the weather forccasts can be utilized by TMCs to
facilitate further ATC decisions.

BESULTS
QFE-LINE TRAFFIC AND WEATHER DISFLAY

The identificution and display of weather-impacted
routes has been developed and demonstrated both on
OTWD and on the FAST Planview Display GUI
(PGUI), see Figure 2 [3). Initial evaluation was
completed using feedback from MIT/LL in-house
controllers resulting in the current GUI design. The
development of OTWD promotes the operational
concept evaluation by allowing for the rapid
prototyping of display modifications. However, the
current functionality has only been implemented as a
playback system. Additional work is needed to
implement these functions into a real-time tool and to
evaluate the initial operational concept.

OTWD displays aircraft and FAST terminal area
routing, as well-as the various weather . The
tool reads FAST generated playback fi la and
synchronizes its internal clock to the data file time. As
the weather products are read into the system at the
appropriate time, OTWD analyzes the routing structure
and weather data to determine the time, duration and
severity of impaction on each route segment. These
route segments make up the nominal paths aircraft use
to fly from the meter fix to each runway threshold.

Probability of Current
Deviation Impacted
(PODEY) Map Routes
. Storm Route.
Precip. Ll Flight |———] Weather | Compute |
Map Dev. Impact Delay I
T T Air Traffic Decisions:
Current Current Change configuration
Routes Schedules Close gate
Close nmways
Identify Altenuate Routes
Storm Route __—_—I
Forecast | Flight [————pn Weather j——jp{ Compute |
Dev. lmpact Delay
Storm Motion Probability of Forecast Forecas:
Growih & Decay Deviation Impacted ETA Delays
(PODEV) Map Routes
Predicted Predicted

Routes Schedules

< >4 —pd - —

ITWs P1 CTAS WxPGUI FAST CTAS FUTURE

Figure 1, Weather Impacted Routes Processing
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As an extension o ACM, the identification and
notification of impacted meter fixes to FAST could be
added. This would allow the Traffic Managers to close
meter fixes up to an hour in advance, giving aircraft in
the En Route airspace the opportunity to re-route.

OTWD could also be expanded from the terminal area
to the en route arca. With the incorporation of other
weather data sources such as turbulence maps and en
route weather forecasts, the same tools could be applied
© help predict airspace closure and aircraft intent
outside the terminal airspace. This could improve
predictions necessary for conflict detection and airspace
overloading.

Once the prediction of weather-impacted airspace and
aircraft routes is complete, a logical next step would be
to identify specific aircraft with impacted trajectories.
This activity would tie together the predicted
configurations and  weather-impacted  routes
development as it pertains to the runway assignment of
aircraft in the terminal area. Aircraft could be color
coded by weather-impact to alert the controllers to the
. need to utilize alternate routes.

. An initial implememation could allow TMCs to
graphically modify weather-impacted routes to create
alternate nominal route segments for FAST w0 use for
determining the path of flight in the terminal area. This
would side step the procedural complexity of managing
arrival and departure airspace.

Based on route-building algoritims and heuristics
investigated by Krozel et. al.[7}, the indirect effects of
severe weather on the closure of airspace due to
thunderstorm downstream turbulence and severe
weather in missed approach areas could be researched
[8]. From these analyses, FAST could ultimately
develop the alternate routes automatically.

CONCLUSIONS

A method for connecting current and forecasted
hazardous weather with FAST has been developed.
The method utilizes previous work for creating
probabilistic maps of pilot behaviv.- "1 penetrating or
deviating around hazardous weat® x:  This work has
been exiended by applying a new method for
forecasting up to one hour in advance the probability of
significant weather in a given region. These two
methods are combined to produce forecast maps of
probability of deviation for up to one hour in advance.
These probability maps are applied to FAST adaptation
data to detertnine current and forccasted weather-
impacted routce. These weather-impacted routes are
used in an interactive display that could be used to
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provide guidance to Traffic Managers in chcosing
airport configwations in the presence of hazardous
weather.
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Jerry . Wedeh and Steven R, Bussolari
MIT Lincobs Laboratery

244 Waod Street

faxington, MA G2429-91U8

ABSTRACT

Taxi delay is the largest of all aviation movemunt
deiays. However, tuxi-nut defays kave not recuived
attenting equal 10 that focused on airborae delavs
tiecanse taxi-out defays often result froma dowaatream
yrotems. Alsa, untif reseatly, there was no practinal
ocans of tracking suxfiace movemeats, New sneface
aurveiilanee techuology wifl revobainnize swrface
ropuagement by providing data for plasing, tmiag,
nd reomtoring sarfane opeodions. This papec proposes
2 singite ad o help marvage deparnee axi guenes and
elp expioi existing departure capasity. whils avoiding
the delays that result from saturated guenes and
untalanced ruawaye, The proposed decigion alde will
ase archived swrveillance data to quantify quening
betavior and mode! departure capacity, and i wilf ase
reabtime swveiflance o tuck capacity changes and
@onitar Sie giate of the i guenss,

Taxi delpy resntis o the Iagest dire opemadog cost i
US wit canders of all delavs. ¥ig. | shows that the
average laxi-opt delay I miswtes per flight is
dpprodimately fwice the abrbomie defay,’  Although
adiserait bom fued xoughly 5 timee Uanier when aithome,
crew and equipment cosis meke the spend.aafe for
xilng abrerafl aboat 23 that for dirborne wircrudl
Consequently, the cust of axi-out delay exceeds thay
for aivhome delay by abowt 173, towling more than one
ndiion doflars anmality.

O average, mx-oul detay i 3 umes iacger than taxi-in
delay. This sitvation suggess B surizse aids wili
Biely focas fira on depariures, Mast mx-out delays are
assecinted with sustace gaening grocesses that atc
vigible (o the endace sneveilfunce sysiem. 1a contra,
niasiagenient of the @gi-ia process would rayaire acoess
to airborpe sarveitiance data. Thereiore suitacs
platining aids for arivaly would need 1o be integrated
i foeus o6 with ARTS terniual speveilance dita or
thie Cenier- TRACON Automaiiog Sysiem (CTAS M
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Nurface aids departures could vely solely on surface
sarveillance and fight plan data. and coudd operate
independerdly of ARTS and CTAS.
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depaniares i the sae alrport wsanily take more time o
get off e gronad.  Consequesntly, there has been a
sense that Jitle eas be doae on the surface to reduce
AR UL S08L,

The airport surface has been e oaly domestie aviation
domain withont an automaiic means of digialty
tracking aod ideatifying airemaft. There has bicen un
practical means of tracking mwiave mosemenix o
utidersiatd or cuntri the taxd procass, Giker than wieg
reporied pash back and whsels off e

Hiziy peiformance conperative surface ancveillance with
anrcraft identification hus nuwy been demonstrated ™
This new technology wili provids an oppurtunity o
revolutionize ar treffic management on the airport
autface. There has been considershie rescareh in the
agpiivution of secface surveiliagee for enhancing
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surface safety.® '* There has been some research in
analyzing and understanding taxi delays.’”’ An avempt
was made to mitigate taxi delays by predicting queue
lengths from schedule data.’* However, no work has
been reported on the use of surface surveillance to help
enhance surface efficiency and reduce taxi delay.
Surface surveillance will help improve the
understanding of taxi delay mechanisms and will
provide data for characterizing operational constraints,
planning taxi operations, timing taxi clearances, and
monitoring aircraft compliance.

The airport surface has characteristics that make it
attractive for implementing automatic surveillance-
based decision support tools. The surface is the only
aviation domain in which most aircraft follow a
relatively small number of rigidly constrained paths.
This may make it feasible to use surveillance
information alone to evolve a database -that fully
characterizes the geometry of the taxi paths. Generic
adaptation algorithms could be designed to use this taxi
path data to automatically adapt surface decision
support tools to each new airport site. Automatic
adaptation would significantly reduce the cost of
implementing surface decision support tools relative to
terminal and en route tools.

It appears feasible to develop operational software that
uses surface surveillance information alone to track
runway configuration changes in real time. By adding
flight plan data to the surveillance data, automatic
algorithms should be able to determine the current
surface queuing delay status for each runway and
aircraft. Other databases could relate taxi delay to
demand and relate demand to the day of the week and
the time of day. Operational algorithms could use these
delay and demand databases in conjunction with
measurements of departure queuing status to
automatically predict the near-term departure
throughput for each runway. With the addition of
surveillance data for arriving aircraft, operational
algorithms could also predict near-term arrival
throughput.

A well-designed surface surveillance system can
provide complete coverage of the important delay-
controlling queues on the airport surface. Surveillance
coverage of airport surface queues can provide the
visibility into surface traffic flow that is essential to
close the loop on suggested control actions. Surface
surveillance provides a means of determining departure
throughput performance. It allows unambiguous
determination of the departure runway of ¢ach aircraft.
By contrast, the ARTS surveillance system cannot
reliably associate departures with runways because of
its low-clevation coverage cut-off. This is panicularly

true when the departures turn immediately after
takeoff.?

A simple taxi-out aid-could use this surveillance
information to predict the queue length for the next few
minutes and advise optimum near-term target pushback
rates. Such advisorics would have the advantage that
they would not require any manually gencrated
information from controllers or aircraft operators.
There would be no need for controllers to provide the
current runway configuration and no need for pushback
predictions from aircraft operators.

ASIMPLE TAXY-QUT AID

The most elementary taxi aid would display surface
traffic with aircraft identities to all parties interested in
surface traffic management. Distributing surveillance
information with aircraft tags would likely benefit
aircraft operators and controllers and would require
little research other than finding means to manage the
tags to avoid display clutter. The fuactionality
envisioned in this paper goes further and provides
decision support aids based on surface surveillance that
would attempt to directly help controllers and air
carriers work together to improve surface movement
efficiency. This is done by providing a simple
visualizatlon of the queuing situation along with
pusbback advisories to optimize the taxi-out process
and balance runways.

At airports with multiple runways, surveillance data
alone presents a good tactical view of the airport, but
sometimes paints a confusing picture of the strategic
situation. Early in the taxi-out process, it is not always
clear which runway each aircraft is heading for.
Although the total number of taxiing aircraft may be
apparent, it is difficult to see the queue lengths for
individual runways. The surveillance display also does
not provide information on predicted taxi times.

Experience with the Surface Movement Advisor (SMA)
program at Atlanta's airport conclusions from current
NASA-sponsored research on causes of departure delay
and inputs from aircraft operators who routinely
experience departure delays all suggest that an
automation aid to help visualize and control taxi queue
lengths for departing aircraft would benefit both
controllers and aircraft operators, 3116121412398

This paper proposes such a simple taxi-out aid to belp
with queue management. Figure 2 shows a notional
operator interface for the aid when used at an airpont
with dual departure runways. The interface is presented
merely as a concrete illustration of the proposed
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Equalizing the taxi times for the last aircraft in the
queues balances the runways despite differences in their
overall taxi path lengths or differences in their
departure capacities. Ruuway capacity differences can
be caused by departure airspace constraints or by
differences in mode of operation. For example, a
runway dedicated to departures has greater departure
capacity than one shared by arrivals. Balancing the taxi
times assures that the flow to one runway does not dry
up earlier than the flow to the other at the end of a
departure rush. The simple taxi-out aid does not
attempt to balance taxi delays. Balancing taxi delays
(where delay for each runway is reckoned relative to its
minimum taxi-out time) could assign too many aircraft
to the runway with the longer taxi path.

USING THE TAXI AID

Large hubbing airports with multiple departure runways
often allow airline gate/ramp control personne} to
control the pushback and ramp taxi process for their
own aircraft. They interact with the FAA Clearance
Control, Ground Control, and Local Control positions.

After FAA Clearance Control has issued 2 flight plan
clearance and handed off the flight strip to FAA
Ground Control, the next step in the departure process
occurs when the pilot notifies the carrier's Gate/Ramp
Control that he is ready to push back. Gate/Ramp
Control issues the pushback ciearance and clears the
aircraft to the desired taxiway entrance spot. Upon
reaching the spot, the pilot monitors the Ground
Control frequency in anticipation of a taxi clearance.

Ground Contro! positively identifies each aircraft that is
ready to enter the surface movement area and, when
ready, clears it to enter the taxiway. Ground Control
handles the aircraft until it first approaches an active
runway. Transfer 1o FAA Local Control may take place
before crossing an active runway or before entering the
departure runway, whichever occurs first. Ground
Control hands off the flight strip to Local Control and
authorizes the pilot to switch to the Local Contro)
frequency. Local Control then issues all remaining
clearances including the takeoff clearance.

If two or more carriers simultaneously push back
aircraft for departure, FAA Ground Control establishes
the overall waxi-out order to sequence the aircraft on the
runways in a fair and equitable manner subject to
departure flow control and wake vortex spacing
testrictions. Ground Control also exercises short-term
control over the runway balance and the queue lengths
for the individua! runways by managing taxi out from
the ramp area.
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Surface surveillance displays will be used in the tower,
the Traffic Management Units in the TRACON, the en
route Center (where it could help predict near-term
departure dsmand), and the airline operational centers
and gate and ramp control positions. The simple
taxi-out aid will be used at all the same locations.

In departure pushes FAA tower controllers estimate the
size of departure queues by monitaring the occupancy
of the flight strip bays and by visually observing the
aircraft on the runways and taxiways. The taxi-out aid-
provides Ground Control with a direct estimate of the
current runway balance and suggests the optimum
apportionment of aircraft to multiple departure
runways. By comparing the queue size to the visual
scene or to the tower flight strip bays its users can
assure that it accounts for all the aircraft, assigns each
aircraft to its proper departure runway, and accurately
shows the distribution of the aircraft along the paths to
the runways. Users can click on aircraft boxes to
display data tags confirming aircraft identity and status.

Gate/Ramp controllers often have difficulty directly
observing the details of the other carriers' departure
operations or the overall departure demand and
capacity. The taxi-out aid provides the needed
visibility and suggests near-term limits to the pushback
rate for all of the carriers. Individual carriers can then
infer their own pushback rate limits by comparing the
pushback advisories with their recent departure flow
performance.

The simple taxi-out aid facilitates collaborative decision
making among the carriers and ATC by providing all
participants with common situational awareness. They
collaboratively determine the throughput performance
objectives for the airport and enter the desired departure
rate into the simple taxi-out aid. They can change the
control performance goals at any time, resulting in
immediate changes to the displayed pushback rate
advisories. When a single carrier dominates the
departure push the pushback advisories more directly
apply to the dominant carrier, simplifying the
cooperative management of gate or ramp holds between
the hubbing carrier and FAA Ground Contro).

JHE PUSHBACK ADVISORY ALGORITHM

The taxi-out aid automatically determines the
relationship between depanure throughput, taxi-out
time, and effective queue length for each
taxiway/runway path. The effective queve for a runway
includes all aircraft on their way to the runway as well
as the aircraft in the physical queue that the runway
cntrance. The relationship bétween these performance
measures is obtained by continually measuring,
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tracking, and archiving each of these quantities. The
taxi aid analyzes the archived data under all operating
conditions to determine and model the needed
relationships.

Figure 3 illustrates the relationships used to develop the
departure performance database. It relates the overall
mean departure throughput to the effective queue length
for BOS in August 1991, which includes all aircraft that
have pushed back but not yet taken off.

-h
o

»n & -] (-]

Takeofls in 10-minute period

(=]

0 § 10 15 20 25

Estimated taxi queue length at start of period

Figure 3. Mean departure rate vs. taxi occupancy
for BOS, Aug 1991 - from (Shumsky 1997).'
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Taxi-out delays exhibit classical queuing behavior. In
departure rushes, aircraft fill the taxiways, queues grow
at runways, the ambient runway/airspace departure
capacity limits the takeoff rate, and delay increases
faster than the queue length. The service rate of a
queue is always the minimum of the demand and the
capacity. Figure 3 shows that when there are less than
15 departure aircraft on the taxiways, there are gaps in
the flow to the runway, and the takeoff rate is
determined mainly by the departure demand. When
there are many more aircraft on the taxiways than ‘15,
there is usually a queue of aircraft at the runway
entrances. The takeoff rate is then determined by the
departure capacity of the airport. The variability in
mean takeoff rate for large queue lengths reflects the
variation in airport capacity that occurred during the 1-
month data-gathering period. If the operator desires a
total throughput of seven aircraft in 10 minutes, this
curve tells him that the queue length should be about
fifteen. Increasing the queue length above 15 will have
litle operational effect other than to increase taxi-out
delays.

The taxi aid bases the pushback limit calculation on the
principle that the rate of growth of the departure queue
is determined by the difference between the pushback
rate and the runway take-off rate. The taxi aid
determines the pushback limit from the queuing
conservation relationship:
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P=Nr-No+D,

where P is the number of pushbacks during the next T
minutes; Ny is the desired queue length T minutes in the
future; N, Is the present queue length, and D is the
number of takeoffs expected during the next T minutes.

The desired future queue length, Ny is obtained from
the performance database after a throughput goal has
been established by the users. The present queue
length, N is obtained from surface surveillance. The
number of takeoffs during the next T minutes is
obtained by predicting the departure rate over the next
T minutes.

To predict the departure rate the simple departure aid
uses historical data relating queue length to departure
rate. The departure rate is determined by the departure
capacicy of the airport when the departure queue is
large. In a departure push the departure capacity varies
slowly and can be reliably tracked and predicted in real
time with no knowledge of the weather, the runway
configuration, or the arrival/departure mix.'* Shumsky
was able to forecast the takeoff rate 30 minutes into the
future with a RMS error of about two departures per
hour. He achieved his best capacity estimates by fitting
an analytical approximation to data of the type shown
in Fig. 3. He used an exponential curve fit to provide a
static model of the relationship between queue length
and departure rate. He then added a dynamic term to
adjust the curve up or down at 10-minute intervals. The
dynamic adjustment linearly tracked the observed
takeoff rate by smoothing over the residuals of the
takeoff estimate at each update interval,

Shumsky did not have surface surveillance data to help
refine his estimate. Knowing the runway configuration,
the distribution of aircraft on the surface, and the
balance between arrivals and departures for each
runway makes it possibic to improve the static
estimates by modeling families of curves for different
operating conditions. Tracking repeatable daily or
hourly variations can further improve the estimation
process.

The taxi aid also estimates the total waxi-out time for the
next pushback to help balance the queues. The
relationship between effective queue length and taxi
time is also obtained from the performance database.
This is illustrated in Figure 4, which relates the mean
taxi-out ime to the queue length for the entire departure
taxiway system at Boston (BOS) from January to
March 1997. This curve indicates that & queue length
of 15 aircraft produces an expected taxi-out time of 36
minutes. The mean taxi-out delay relative to the
unimpeded delay can also be obtained from this figure:
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the taxi delay is approximately 36 - 12 = 24 minutes for
a queue length of 15 aircraft. -

4 8 12
Departure taxiway occupancy (aircraft)
Figure 4. Dependence of mean taxi ot time on the

aircraft count in the BOS departure taxiway system
at the time of pushback - from (Idris et al, 1999)."2
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To estimate the departure queue length in real time for a
multi-runway airport, the taxi aid associates each
aircraft with a departure runway and automatically
detects changes in departure runway assignment. At
pushback the taxi aid estimates the departure runway
for each aircraft from the filed flight plan for the
aircraft and the current runway configuration. The taxi
aid checks the position of the aircraft at each
subsequent update against a site-adapted list of
departure taxi routes for that configuration to confirm
that the aircraft is still taxiing towards the same runway.

OTHER DATA SOURCES

Although the simple taxi-out aid needs only flight plan
data and surface surveillance data to function,
additional data types would be valuable for surface
movement predictions. Pre-departure pushback status
information and automatic pushback notices from all
aircraft operators at the airport, final approach
surveillance data from ARTS, CTAS data, and data on
operational constraints in departure airspace would all
improve the performance of taxi aids.

These data sources would help extend departure
demand predictions farther into the future to better
support strategic planning. Pre-departure status
information from aircraft operators would be very
useful if it were reliably available for all departures.
Taxi aids will require timely automatic pushback data at
an airport whose surface surveillance does not provide
reliable coverage in the ramp area. It is essential to
measuring the gate and ramp performance of the
surface surveillance system as the first step in
implementing a taxi aid a1 an airpont.
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CTAS dawa includes arrival planning information as
well as ARTS approach survejllance data. These would
both be necessary for more advanced taxi aids that
manage arrivals as well as departures,

Other information would be useful in the future to
refine the departure capacity estimates. Aircraft-type
information (which is included in the flight plan) would
help determine wake vortex spacing requirements on
take-off.” Although it is possible to automatically
detect runway configuration changes in near real time
from either ARTS surveillance data or surface
surveillance data knowledge of planned configuration
changes would obviously improve the predictability of
departure capacity.? Finally, information on current and -
planned departure airspace restrictions would help
improve both the capacity estimates and the archived
data used for modeling constraints on departure
sequencing and timing.

BENEFTT MECHANISMS

The principal benefit expected from the simple taxi aid
is a reduction in direct operating costs for aircraft
operators from reduced taxi-out delay. The aid will
also reduce environmental pollution and controller
workload. It will achieve these benefits by helping
controllers and aircraft operators determine when to use
gate and ramp holds to avoid overloading departure
queues at individual runways. At airports with two or
more departure runways, it will help reduce departure
delays by balancing the queues to prevent under-
utilization of one runway while overloading another.
Predicting such unbalances early will help reduce
expensive delays for aircraft that are not yet committed
to depart on a particular runway.’> However, when
runways become unbalanced because of procedures that
rigidly map departure fixes to runways, the solution
will likely involve procedural changes to allow an
aircraft to depart from a runway not normally
associated with its planned depanure fix.

In addition to avoiding runway saturation and runway
imbalances, it also helps ground controllers plan taxi
clearances and assign departure runways in order to
provide continuous streams of traffic for all departure
runways. The magnitude of these benefits can be
determined initially by analysis and then by using
controller-in-the-loop simulations and re-enacting
demanding departure taxi scenarios. Baseline tests can
be run on the scenarios to quantify the resulting
departure delays with and without the help of pushback
advisories.

Although the initial functionality will be limited to
pushback advisories and departure queue length
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predictions, its use of surface surveillance and digital
flight plan data to predict surface movements will be a
necessary first step in enabling more efficient
management of surface movements and in supponing
future functionality. Future efficiency-enhancing
functionality based on the simple departure aid could:

*  help coordinate arrival and departure planning by
accurately predicting departure times,

estimate taxi-in as well as taxi-out delays for
individual aircraft,

help provide runway assignment and sequencing
advisories for amrivals as well as departures,

help support procedures that permit an aircraft to
depart from a runway not normally associated with
the departure fix designated in its flight plan,

help reduce runway crossing delay by reducing taxi
time variances and excess buffers,

help improve reconfiguration planning,

help increase landing throughput by monitoring
runway occupancy times, and

help reduce de-icing delays by monitoring de-icing
queues and time violations.

All of these efficiency enhancements will require the
runway adaptation, surveillance and flight plan
processing, surveillance data analysis, capacity
prediction, and display generation capabilities that are
required in a the simple taxi-out aid. These capabilities
will also provide the basis for important surface safety
functionality.

RISKS

The fundamental risk inherent in any activity to develop
decision support tools is the failure to identify the main
operational problems and the consequential failure to
deliver dollar, workload, or eavironmental benefits at
the selected site. Data is needed to verify assumptions
about delay and cost mechanisms at candidate sites.
The surface surveillance system and FAA delay
reporting systcms must be used along with operational
logs and consultation with controllers and aircraft
operators to determine the principal causes of taxi-out
delay.

Failure to achieve user acceptance is a fundamental
risk. The controller interface design and development
process involves significant research risk.
Familianization, training, and display modifications will
be required, and simulations will be needed with and
without the pushback advisories and queue distribution
graphics to determine if they are useful and reduce
workload fot the users.

71

It wiil also be necessary to find space for a new display
in the tower. Experiments with trial interface designs
must begin as soon as possible In a tower environment.
The NASA tower cab simulator is ideal for this
purpose. Adapting the NASA simulator to the chosen
airport should begin as soon as the test site has been
chosen. This adaptation is expensive, so there are
budgetary risks involved in this site decision. However,
evaluation of generic displays could begin immediately
with a tower cab simulation of any airport.

Major research risks were noted above in discussing
functionality and data interfaces. An important risk is
the performance and accuracy of the key capacity
tracking and prediction algorithms used to estimate the
future departure queue length. These estimates will
rely on processing and tracking routines that
continuously monitor, record, and anzlyze operational
surface surveillance at each airport. Although data
tracking is performed routinely in Air Traffic control
surveillance systems, it is not commonly done to
automatically obtain and update operational
information needed for decision support automation.>'°
If it Is not possible to predict departure capacity with
sufficient accuracy solely from recent cbservations of
depanture queues and takeoff rates, it may be necessary
to obtain additional sources of data.

Important programmatic and technical risks involve
access to, continued availability of, and coverage of the
surface surveillance data. Surveillance data is key to
automatically determining the current queuing status for
each departure runway and automatically predicting
near-term departure demand. The FAA is developing a
commercial surface multilateration system intended to
provide reliable surveillance and ideatification of all
aircraft with operating transponders on airport
movement areas. The data is fused with data from
surface surveillance radars, with data from the ARTS
terminal airborne surveillance system, and with flight
plan data.

The FAA has initiated development of an operationally
deployable digital surface surveillance system known as
ASDE-X. This program is intended to lead to an
operational capability that includes multilateration in
conjunction with a low-cost primary radar operating at
X-band.

A minor regulatory change is needed to obtain reliable
surveillance and identification coverage for all aircraft
in the ramp and movement a ‘as. Transponder
multilateration, which is the key to low-cost, clutter-
free surveillance opn the surface, depends on
transmissions from aircraft transponders. Official FAA
procedures must change at airports with multilateration
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systems to mandate that aircraft on the airport ramp and
movement arcas leave their transponders operating at
all times rather than turn them off as currently required.
Because there appears to be no technical or interference
problem from continuous operation of transponders on
the surface of major airports there is no technical or
operational impediment preventing this regulatory

change. ®

There is a small technical risk that surface surveillance
may not provide reliable coverage in ramp and gate
areas because of blockage of transponder transmissions
by airport structures or by the airframes of other
aircraft. Recent tests at DFW addressed the coverage
issue. The gate coverage appeared good based on
limited operation within the ramp and gate areas.
Muitilateration coverage can always be improved by
the addition of additional ground sensors. In addition, a
few aircraft will not be visible because they have been
intentionally wired to reduce controller workload by
automatically switching off their transponders when
they are on the ground. One of the early research
activities in any program to develop surveillance-based
taxi aids must be a complete characterization of the
coverage issue.
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LIST OF ACRONYMS

ACM - Airport Configuration Manager
ARTCC Air Route Traffic Control Center
ASR-9 Airport Surveillance Radar

ATC Air Traffic Control

CONUS Continental United States

CTAS Centet/TRACON Automation System
DFW Dallas/Ft. Worth International Airport
ETA Estimated Time of Arrival

FAA Federal Aviation Administration
FAST Final Approach Spacing Tool
FPODEV Forecasted Probability of Deviation
GUI Graphical User Interface

ITWS Integrated Terminal Weather System

MIT/LL Massachusetts Institute of Technology Lincoln Laboratory
NEXRAD  Next Generation Weather Radar

OTWD Offline Traffic and Weather Display

P31 Pre-Planned Product Improvement

PGUI Planview Display Graphical User Interface
PODEV Probability of Deviation

RUC Rapid Update Cycle

TCWF Terminal Convective Weather Forecast
TDWR Terminal Doppler Weather Radar

T™C Traffic Management Coordinator

TRACON  Terminal Radar Approach Control

VIP Video Integrator and Processor

75



TECHNICAL REPORT STANDARD TITLE PAGE

1. Repon: No. 2. Govermment Accession No.
NASA/A-S

3. Recipient's Catalog No.

4. Title and Subtitle
Contributions to the ALAA Guidance, Navigation & Control Confercnce

5. Report Date
23 January 2002

6. Pererming Crganization Code

7. Author(s)
Steven D. Campbell. Editor

8. Perforr.ing Orgarization Report Mo.
NASA/A-3

9. Pertorming Organization Mame and Address

MIT Lincoln Laboratory
244 Woced Street
Lexington. MA 02420-9108

10. Work Unit No. (TRAIS)

11. Contract or Graat No.
NASA Ames

12. Sponsonng Agency Name and Adcress

NASA Ames Research Center
Moffett Field. CA 94035

Federal Aviation Administration
Washington. DC 20591

13. Type of Report ang Period Covered
Project Report

14. Sponsoring Agency Code

15. Suppiementary Notes

This report is based on studies performed at Lincoln Laboratory. a center for research operated by Massachusetts Institute of
Technology, under Air Force Contract F 19628-00-C-0002. '

16. Abstract

This report contains six papers presented by the Lincoln Laboratory Air Traffic Cantrol Systems Group at the American
Institute of Aeronautics & Astronautics (AJAA) Guidance, Navigation and Control (GNC) conference on 6-9 August 2001 in
Montreal. Canada. The work reported was sponsored by the NASA Advanced Air Transportation Technologies (AATT) program
and the FAA Free Flight Phase 1 (FFP1) program. The papers are based on studies completed at Lincoln Laboratory in collaboration
with staff at NASA Ames Research Center.

These papers were presented in the Air Traffic Automation Session of the conference and fall into three major areas: Traffic
Analysis & Benefits Studies. Weather/Automation Integration, and Surface Surveillance. In the first area, a paper by Andrews &
Robinson presents an analysis of the efficiency of runway operations at Dallas/Ft. Worth using a tool called PARO, and a paper by
Welch. Andrews, & Robinson presents delay benefit results for the Final Approach Spacing Tool (FAST). In the second area, a paper
by Campbell, et al. describes a new weather distribution system for the Center/TRACON Automation System (CTAS) that allows
ingzstion of multiple weather sources, and a paper by Vandevenne, Lloyd, & Hogaboom describes the use of the NOAA Eta model
as a backup wind data source for CTAS. Also in this area, a paper by Murphy & Campbell presents initial steps towards integrating
weather-impacted routes into FAST. In the third area. a paper by Welch, Bussolari. and Atkins presents an initial operational

" concept for using surface surveillance to reduce taxi delays.

17. Key Words 18. Distribution Statement

This document is available to the public through the
National Technical Information Service.
Springfield. VA 22161.

19.  Security Classit. (of this report) 20. Security Classit. (of this page) 21. No. of Pages 22. Price

Unclassified Unclassified 80

FORM DOT F 1700.7 (8-72) Reproduction of completed page authorized




This document is disseminated under the sponsorship of the NASA
Ames Research Center and the Federal Aviation Administration in the
interest of information exchange. The United States Governm-~-t
assumes no liability for its contents or use thereof.

cproducad from
‘ ba‘:l avalilable cOPY.

PROTECTED UND RVED

CHNI
?Jg‘gggkl;"l'EMENT OF COMMERCE

REPRODUCED BY: N

U.$ Oepertment of Commescs
wm’ﬁml:.‘wwm me



***** General Data *****

039h (1):

20020524

039j (1): STI

040a ( 1):

NASA

090f ( 1): 2002078359
***** Evaluation Data *****

017c (1):

No Copyright

037j (1): Y

541d (1):

NASA Scope and Coverage

04

Aircraft Communications and Navigation
N

1

Unclassified

Unclassified

NTIS

Unrestricted - Publicly Available

NTIS

: Conference Proceedings
: Regular

20020524

*+xx* Cataloging Data *****

041a (1):
088a ( 1):
245a (1):

English
PB2002-104359
Contributions to the AIAA Guidance, Navigation &

Control Conference

260c (1):
260d ( 1):
300a ( 1):

20020123
Jan. 23, 2002
88

541F (1): 0215

710a ( 2):

NTIS

Microfiche

Campbell, S. D.

Author

Massachusetts Inst. of Tech., Lexington. Lincoln Lab
Massachusetts Inst. of Tech., Lexington. Lincoln Lab.

*National Aeronautics and Space Ad

710e (1):
710e ( 2):
937a (1):
937a ( 2):
937b (1):
937b ( 2):
937d (1):
937d ( 2):

hur (1) 1

Organizational Source
Financial Sponsor
CASI

CASI

Hardcopy

Microfiche

A05

AO01

mur (1) 1
nur (1) 0



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78

