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A New Approach to Analyzing Airborne Delay

Tim Myers, Michael Brennah and Mark Klopfenstein
Metron Aviation, Inc., Herndon, VA, 20170

Numerous techniques exist for measuring airborne day. These techniques vary in the ways
in which airborne delay is modeled and quantifiedand in how delay is measured. We define
a new approach for measuring airborne delay which xpands our ability to analyze
problems in airspace congestion and the differenypes of Air Traffic Control action used to
manage airborne traffic. We develop mathematical mdels to detect and record where and
when airborne delays occur in the form of vectoring directs, airspeed controls, and
amendments. Airborne delays are computed betweerbesecutive position updates using
historical Enhanced Traffic Management System flighdata and Rapid Update Cycle winds
aloft data. We present initial results of applyingthese airborne delay estimation techniques.
Finally, we introduce the application of these techiques to analyzing airborne delay
propagation and the dependence of airborne delay oweather using various visualization
techniques.

Nomenclature

displacement vector between previous and otiwaypoint crossing points
rate of acceleration for estimated groundsypeefile

rate of deceleration for estimated groundsgeetile

distance flown based on estimated groundspesiliep

net impact of airborne delay from vectoring, disgcirspeed controls, and route amendments
airborne delay due to route amendments

airborne delay due to airspeed controls

airborne delay due to directs

airborne delay due to vectoring

length of filed flight plan

displacement vector between previous and currighttfpositions

equivalent length of the current route betweamsecutive waypoint bisector crossings
displacement vector between previous and neypwaints in the current route
inferred actual airspeed

intended airspeed from filed flight plan

runway groundspeed for estimated groundspesfie

cruise groundspeed for estimated groundspesidepr

duration of acceleration phase for estimatedigdspeed profile

duration of cruise phase for estimated groueddpprofile

duration of deceleration phase for estimatedigdspeed profile

estimated duration of flight from filed fligptan

change in time between previous and currggttfpositions

distance between current position and preweangoint, 4|

distance between current position and cumaute segment

a-S

distance reduction threshold
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[. Introduction

long-standing impediment to understanding trafibevi problems in airspace congestion, and the tfetess
Aand results of traffic management initiatives hasrba lack of knowledge about where and when 8iginé
delayed while airborne. The objective of our reskas to design and implement a methodology for mating
and recording when and where flights take airbaieglay by comparing the intended flight progress)xsessed in
the currently-active flight plan against the actpabgress as measured by the positions, altituaied, speeds
reported in the Enhanced Traffic Management Sy¢EERMS) position report (TZ) messages.

Airborne delays are a necessary element of Tré&fioov Management (TFM). To maintain safe separation
merge traffic, and avoid conflicts requires Air fiil@Control (ATC) actions that may result in airbe delay. ATC
uses a number of tools to manage airborne demarading vectoring, airspeed controls, and route radmeents.

These and other ATC control actions can resultiiboane delays. Understanding how these delaysiroadll

provide valuable information regarding system pami@ance that among other benefits will enable us to:

« ldentify consistent patterns of delay for specéieas at specific times to aid in improved routlegisions and to
illuminate TFM and ATC problems

* Investigate methods for improving flight time pretibility by estimating anticipated airborne delays

» Examine the role of airborne delays in Ground D&aygram (GDP) and Airspace Flow Program (AFP)veeji
problems by determining when delivery was reduasseltd airborne delays

» Evaluate the feasibility of estimating airborneajsl in real time, to provide updated delay infoioratfor all

flights and geographically identify areas whereagislare being incurred

Previous work has established the difficulty inntiying where and when en route delays occur [Relay
estimates have been made using expected flight(8ME) data in an attempt to identify flights tlvegre airborne
longer than expected [3]. These attempts areduhiih that they do not provide insight into wheremnen delays
occur during flight. Approaches have also incluttezlevaluation of excess distance flown withirtipatar regions
of airspace [4][5], including Air Route Traffic Conl Centers (ARTCC or Center) and sectors. Anothethod of
en route delay estimation explores the use ofdtaijg prediction (TP) model data as a basis fontifigng where
and when airborne delays occur [6]. In this TPelbaapproach, a baseline estimated time of arriZd@lA] is

computed when a flight first becomes airborne. HT&A is then updated based on the actual flighigpass.



Deviations in the updated ETA from the baseline Ear& regarded as en route delay. Finally, otheragehes
have examined specific airborne delay events ssdlghts being placed in circular holding patteffs

This paper describes an alternative technique feasuring airborne delay, which overcomes many ef th
limitations found in previous work. Our approacicdmposes airborne delay into that due to vectpdirgcts,
airspeed controls, and airborne amendments. Tloeseomponents correspond to the primary methbdsATC
employs in managing airborne traffic, which givesinsight into their actions.

In the remainder of this paper we describe our pulogy for measuring these delay components aad th

results of our current work to examine patternaifborne delay and delay propagation.

Il. Measuring Airborne Delays

We have developed promising techniques for meaguairborne delays from vectoring, airspeed contrdisects
(also known as “direct to” routes), and amendmefitse advantage of this approach is that it enahleslistinction
between various types of ATC intervention as welttee identification of where and when airborneaglgloccurred.
This section discusses the four forms of airborelayd and the mathematics used to detect and measute

guantity.

Vectoring Delays
Vectoring delays occur when flights deviate awayrfrtheir active route. ETMS track (TZ) data wesdi to
define the actual flight path and the filed and adesl routes defined the intended flight path. ey can take

on the form of path-stretching, S-turns or circilalding as shown ifigure 1.
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Figure 1. Vectoring delays are measured by compargthe actual flight progress to the progress maddang

the active route.

Starting from the left in Figure 1, the path rusallel the flight plan, so no delay is measuré&tien the flight
is vectored to slow its advance, and only 80% ®faittual progress is projected along its intendatti, 5o this
would be recorded as taking 0.2 minutes of delayefach one-minute position report. After a few iaddal
heading changes, the flight enters a circular Imglghattern at which point the actual path is pedpziar to the
flight plan. No progress is made towards the meagpoint when flying perpendicular to the flightplresulting in
one minute of delay per minute of flight. Eventyahe flight is back-tracking on its intended cseiin such a way
that each minute of flight is not merely counteoguctive but adds another minute to the requinee tio recover.
This produces the maximum vectoring delay of twautgs delay per minute of flight.

In short, vectoring delays are measured by evalgdtie portion of the actual flight progress ttsatlirected

along the active route towards the next waypoirttictv can be determined simply by calculating thgler{t)

between the actual and intended flight paths at tiwhereAt is inter-TZ time, usually one minute.

ec(t) = At(1-cosAt)) (1)

This method of measuring vectoring delays can bksavritten in vector form wherp is the displacement
vector between the previous and current TZs at tiereds is the displacement vector along the current wapgpo

segment of the active route.

duec(t) = At(1-projsp/|p) )



Identifying the Current Waypoint Segment

Flight plans typically consists of multiple wayptin We refer to the gap between consecutive waypas a
waypoint segment. Each waypoint segment may halifeaent heading. To measure vectoring delagsyell as
directs and route amendments described in theviolp sections, we must first identify the waypasegment along
which the flight is currently traveling. The cuntewaypoint segment defines the intended headinghglieach

portion of flight. Figure 2 illustrates the bisector method used to identify ¢urrent waypoint segment.

Current segment,§(1) Current segment, §(2)
P

I:|Waypoint 2 I:|Waypoint 3

S(2)

bisector

Direction of flight R

| 4

Figure 2. A waypoint is considered passed once tflght is beyond the line that bisects consecutiveaypoint

segments.

The bisector method simply evaluates whether &tfligas passed the bisector between consecutiveoivayp
segments. The flight in the figure has just pagbedbisector at waypoint 2, makirs(2) the current waypoint
segment. In this example, vectoring delay will noevmeasured relative §2) using Eq. (2). Additional logic was
incorporated to augment the bisector methodrigjure 3 for example, a flight has passed waypoint W2 analoiw
heading towards W3. The bisector method alone, kewevould also indicate that the flight is past®el bisector
at W5. As an added constraint in determining whegheew waypoint has been passed, we compute stendeq,
from the previous waypoint as well as the latergpldcementp, from the current and candidate waypoint segments

as depicted in the figure. In particular, a canid@aypoint is deemed passed if and only if

a'f<ap &)



where o’ and 3’ are the distance and lateral displacement parasné&e the candidate waypoint (W5 in this
example). Based on this additional level of logie flight in the figure would be mapped to the paiynt segment

connecting W2 and W3.

w3 w4
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BL p
|:| [of
W1 W2 VIV:|6 ws

Figure 3. Additional logic is applied for determining whether a new waypoint has been passed

Directs

ATC actions can result in reduced airborne del@pe such action is the issuing of a direct, whithwas a flight to
short-circuit part of its route. Directs are a@pkform of vectoring, which are dealt with segahla The approach
to measuring vectoring delays described in the ipusvsection is applicable only for evaluating thpact of
vectoring intended to slow a flight's advance alaisgoute. In particular, vectoring delays measufirom Eq. (2)
will always be between 0 and\2 A different approach was developed for evaluptire special case of vectoring
intended to reduce airborne delay.

The occurrence of a direct is checked for each inmaypoint is passed by comparing the plannedaahdhl
flown distance between consecutive waypoint bigectossingsFigure 4 shows a flight on a direct to waypoint
n+2 with the locations of consecutive waypoint bieecrossing denoted with an “X”. A direct has beabstected
given that the actual distance flown between cantser waypoint crossings, depicted as the lergjthiq less than
the equivalent planned distance along that pontibthe route represented by the len&th Directs can also be
detected between nonconsecutive waypoints. For ghearif the flight in the figure were to cross thisector at

waypointn+2 prior to waypoinh+1 thenSwould include the lengths of multiple waypoint semnts.
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Figure 4. Directs are detected by comparing the agal and planned distances flown between consecutive

waypoints.

The delay reduction associated with a direct issuesd using the following steps.
Step 1:Upon crossing each new waypoint bisector, evaltealifference between the planned and actualrdista

flown:

0=la-S 4)
Step 2:If & <-¢, whereg is a threshold amount, then a direct has occurfedalue ofe = 1 nmi was found to be

acceptable.

Step 3:For all TZs between the waypoint crossing poirits,ienefit of the direct is computed to be:

@ (t) = At(d/[al)(1-progp/|p)). ®)

Equation (5) simply distributes the delay reductimer all the TZs involved in the direct. Notidet for flights on
a direct, the value a¥ will be negative. As a resultgdt) will most often be negative indicating a delagluetion
due to a direct. The projection in Eq. (5) shohat the maximum delay reduction will occur only whée flight
follows the direct patta between waypoints. Angular deviations betwpeanda diminish the delay reduction

measured in Eq. (5).

Example Referring to Figure 4, assume that the actual migtdlown 4| is 20 nmi and the planned distar®is 30
nmi. Thend =-10 nmi from Eq. (4). Assuming the actual fligttip parallelsa andAt = 1 minute, then the delay

reduction during each minute of flight along theedt is computed from Eq. (5) as,

dgir (t) ==1/2 minute.



A delay reduction of half a minute is logged focleaninute along the direct. So if for example, flight takes 3.0
minutes to traversa, then the net delay contribution from the direcid be -1.5 minutes. Had this flight instead
followed s while maintaining the same groundspeed, it carst@vn that the travel time would have been 4.5
minutes to cover the longer distance. Therefdre,difference between the planned and actual flighes of 4.5

and 3.0 minutes, respectively, is accounted fatheymethods illustrated in this example.

Airspeed Controls

Airspeed controls occur when pilots are instrudbgdATC to adjust their airspeed. This method ofitoalling
airborne traffic may be used independently or imbmation with vectoring to maintain safe separat®equencing
arrivals, or managing en route demand. Airspeedrols were detected by comparing the actual agdpgto the

intended airspeed as expressed in the filed flight plan. Delays frainspeed controls were then defined as,
Uagp(t) = At(1-v,(t)/v;). (6)

For example, a flight intending to cruise at 45@tsnthat actually flew at 405 knots would experi&fcl minutes
(6 seconds) of delay per minute of flight using ).

Airspeed is not included as a field in the ETMS mMg&ssages. Thus, airspeed was estimated usingpbded
groundspeed, and the observed winds aloft datdahl@iin the Rapid Update Cycle (RUC) weather matigh.
RUC data provides hourly winds aloft informatiorr 883D grid over the contiguous United States. EBuknown
issues with the ETMS altitude data from the TZ ragss [9], we developed a filtering-smoothing altoni to
produce a more accurate altitude profile as dermatest inFigure 5. The improved altitude profile was then used to
map 4D flight positions to winds aloft at a parteoutime, position, and altitude. A smoothing aljom was also

applied to the TZ groundspeed data before computing
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Figure 5. A filtering-smoothing algorithm was devebped and implemented to produce a more realistic tifude
profile for matching flight positions to winds aloft data

The filed airspeed; was considered to represent the desired airspetteiabsence of ATC intervention for
flights at cruising altitude. Cruising altitudegcarding to our subject matter experts, refers hbutp flight levels
240 and above. Therefore, we contained our sdarchirspeed controls to flights at cruising alieuwhere the
filed airspeed was a reasonable approximation lot pitent. Limitations of this current approaah measuring
airspeed controls include cases where pilots slownddue to turbulence or during the portion of asemd descent
profiles that occur at or above flight level 240n these scenarios, deviations between the actndpéanned

airspeeds would not be a result of ATC delay, hther the intent of the pilot.

Amendments

The final component of airborne delay included iar onathematical model comes in the form of airborne
amendments. Airborne amendments occur when ATigressa revised route to an airborne flight. Abloalf of all
flights have their routes amended while airborA@endments contribute to airborne delay in thatdiséance and
time required to reach the destination may charering periods of heavy congestion for exampleCAmay off-
load demand to other regions of airspace by issamgndments to flights bound for the congestedoregiThe
distance added or subtracted as a result of amragbamendment affects the flight time requireddach the

destination. This change in required flight tirmerieasured here as amendment delay.



It is a relatively simple calculation to determitie change in remaining distance along the routenwdm
airborne amendment is issued. The change in rengaitight time, however, cannot be defined at themmant the
amendment is issued because this depends on thee fgtoundspeed along the new route. Thereforaysel
associated with amendments were estimated bas#geochange in remaining distance and an estimafetofe
groundspeeds. An estimated groundspeed profilecaastructed for each flight based on assumed paeasnguch
as runway groundspeedas well as constant rates of acceleratipand deceleratioay. Constraints from the filed
flight plan, including the route lengthand estimated flight timi,, were incorporated as shownkigure 6 where

t, is the time spent acceleratirigis the time in cruise, artgis the deceleration time.

Chose v, such that:

a Area = Filed route length, L
t,+ +i, = Filed ETE, ¢

) tele
Ve T /

Estimated | /
groundspeed /

t, t L,

Figure 6. Estimated groundspeed profile used to dstate the impact on flight time of changes in remaiing

distance due to airborne amendments.

The final step in establishing an estimated gropadd profile for each flight was to define a readude
estimate for the groundspeed during cruigelor simplicity, winds aloft were assumed to bastant with respect
to the planned route, which allowed for them talbgpped from the equations. For all of its appaséanplicity, this

model appears to be relatively accurate and isdeated further in [1].

The value ofv, is then identified so that the area under theregd groundspeed profile equiland the duration
of flight equalstg, thus satisfying the constraints of the filed flightan. This computation was completed by
defining the distance flowb based on the area under the groundspeed profilduasction of one variablg, which

can be shown to be,
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D(t,) =[-(a, /2)(0+ 2, /a)k.” +[atlts +Vitee: ™
The quadratic equation was then used to solvé, faw thatD, which has units of distance, equals the lengtthef

filed route,

D(t,)-L =0- ®)
After solving fort, the cruising groundspeésidefined by,

v, =V, +apt,. 9
All remaining parameters in the estimated grounddpofile can now be solved for in relation to tadue oft,.

These parameters were then used in combinationthétlone-dimensional motion equations to creatbket
of estimated remaining flight timg., as a function of remaining distan&g,, as inTable 1L The estimated

remaining flight time was computed for each nalticée remaining along the route.

Table 1. Example of estimated remaining flight timeas a function of remaining distance used in compintg

delay associated with airborne amendments

Remaining Est. Remaining
Distance (nmi) [ Flight Time (min)
Drem trem

0 0
1 0.32
2 0.62
3 0.88

L-2 185.3

L-1 185.6

L tete

The delay attributed to an airborne amendment vedmetl by the change in estimated remaining fligiitte

associated with the change in remaining distantedsan the previous and current routgg andr; respectively,

o () = tren (Dren (1 (6))) = by (D (s (1)) - (10)

11



This is to say that the remaining flight time wasireated at time along the amended routeand again along the
previous route;;. Amendment delay was then defined by the changssiimated remaining flight time between

these two routes.

Combining Components of Airborne Delay

This approach to measuring airborne delay deteutsnaeasures four distinct types of delay; vectqritigects,
airspeed controls, and amendments. Each of thelag domponents may be analyzed individually or loiowed to
measure the net airborne delay imposed on a ffightach TZ message. Equation (11) defines theaimebrne

delay for a flight at timé whered(t) is the amount of delay incurred since titn,

d(t): Oyt (t)+ddir (t)+dasp(t)+damd (t) (11)

Algorithm Development
An algorithm was developed to implement the mettaetscribed above for computing airborne delayse durrent
algorithm computes airborne delays at a rate ofiratol20,000 TZ messages per minute and has bediecapp

two year’s worth of ETMS flight data, which equatesoughly 4 billion TZs to date.

I1l. Results

A number of methodologies for evaluating and visiiad) the airborne delay data have been developrethis

section we present preliminary results of our onga@nalysis of airborne delay patterns.

Types of Airborne Delay

Table 2 shows the distribution of net airborne delay othex four types of delay being measured. Thesdtsesu
comprise the approximately 1.8 million ETMS fligtitaving both filed flight plans and TZ data durihg month of
July 2005. Airborne delay statistics were compuietivo categories: 1) at all altitudes and 2) ab&2,000 ft. The
reason for this partitioning is based on our obetion that flights often undergo substantial veamwhile inside
the departure and arrival terminal areas as theylimected along established departure and apiealedures. The

details of these procedures are not included irflidjiet plans available through ETMS. In ordersiparate delays

12



within the terminal airspace from those en route,apply a filter of 12,000 ft which loosely corresgs to the tops

of many Terminal Radar Approach Control (TRACON)ilities.

Over all altitudes, vectoring delays averaged 58utes per flight. When looking above 12,000 ft lewer, the per
flight average is 1.8 minutes. This is an indicattbat the majority of vectoring delays (4.1 out50® minutes)
occur below 12,000 ft. Much of this vectoring wédorserved near the departure and arrival airportgeviiee ETMS
route messages do not contain the standard depamdrarrival procedures as described above. Biteste less of
an impact on flight progress averaging less tham mmute of delay reduction per flight. Statistfos airspeed
controls are consistent between both altitude caiteg) because, as previously described, airspestdot® are only

measured above FL240.

Table 2. Airborne delay by type and altitude durhg July 2005

All altitudes Above 12,000 ft ("en route")

Type of airborne delay| Minutes per Standard| Minutes per Standard
flight deviation flight deviation

Vectoring 5.9 10.8 1.8 7.3

Directs -0.6 7.6 -0.3 7.4

Airspeed controls 0.2 2.1 0.2 2.1
Amendments -0.7 60.0 -0.6 43.6

Total 4.8 61.4 1.1 44.9

The average delay from amendments is also relgties¥ in magnitude. However, the relatively largarslard
deviation (60.0 minutes at all altitudes, 43.6 nh@suabove 12,000 ft) indicates that amendments aaignificant
impact on airborne delay. Upon further analysisfovand many flights underwent large route amendmprst after
departure. For example, the ORD-bound flighFigure 7 had a filed route of length 1,013 nmi shown inchkla
Once airborne, an amendment was issued placindlighe on a more direct path and reducing the rerimg
distance to the destination by 363 nmi. Equatidd) (fas used to estimate a 57-minute delay reduetssociated
with this amendment. About half of the flights ialy) 2005 experienced at least one route amendn@dnthose

flights, 73% had a net delay reduction from amenuas)ewhile the remaining 27% had delay increaselsendas

13



vectoring delays are always positive, the distidrutof amendment delay between negative and pesitalues

contributes to its relatively large standard dewrat

Change in remaining distance =-363 nmi >
Estimated Amendment Delay = -57 minutes

¥4 y

Figure 7. Route amendments can have a significanhpact on airborne delay

Validating Measurement of Vectoring Delays
Figure 8 shows actual ETMS data of the flown path and actoute of a flight undergoing circular holdingits
approaches the destination. The entry and exittpaif circular holding patterns are typically lose proximity to

one another, enabling a basic validation of the@gugh to measuring vectoring delays.

Flight enters

circular holding Active route

—— Flight exits

circular holding Destination

Figure 8. Flight undergoing circular holding depided from ETMS data

As the name suggests, circular holding involvesviietoring of a flight through a complete circutace-track

type motion. As a result, the flight makes no foetvard progress along the route, meaning the eetitite spent in

14



the holding pattern is incurred as vectoring deldyectoring delay estimates were validated by cainpathe

measured vectoring delay accumulation to the tipensin holding. Figure 9 shows the cumulative vectoring

delay for the flight mentioned ifigure 8. This flight spent approximately 8.5 minutes e tcircular holding

pattern, during which time our algorithm detectedl @inutes of vectoring delay.

10 Flight enters
9 - circular holding ——
for 8.5 minutes

Cumulative vectoring delay (minutes)
o
|

1:00 1:05 1:10

1:15

Time

8.5 minutes of
. +—— Vvectoring delay
N measured
N
7
1.20 125

Figure 9. Vectoring delay accumulation during circdar holding should equal the time spent in holdingsince
no net forward progress is made along the active tde. Algorithm results for the flight track shownin
Figure 8 were validated by a match between vectorgndelay and time in holding for this flight.

Analyzing Multiple Components of Airborne Delay

This new approach to measuring airborne delay esahl unique look into delay causality in terms GfCA

vectoring, airspeed controls, directs and amendsndror example, the ORD-bound flightRigure 10 experienced

21 minutes of airborne delay. How much of thisagetan be attributed to vectoring as opposed tondments,

directs versus speed controls? To answer thess typquestions, we explored the four componentsirbbrne

delay through the history of this flight.

15



e ——

Direction of flight

LS

Flightplan ~ =-=-----
Amendment1  ------
Amendment 2
Amendment 3

Actual track o

Vectoring delay S
Amendment delays (O <> (+.-)

Figure 10. Airborne delay for an ORD-bound flight

Label 1: 1825Z. Shortly after departing out of ROA, the mpécle marks where the active route was changed f
the filed flight plan to Amendment 1. The areal® open circle represents the additional delayriied from this
amendment. The increase in remaining distanceciaed with this amendment was detected and mehas®

minutes of airborne delay based on Eg. (10).

Label 2: 1853Z. After flying parallel Amendment 1, which eges to no vectoring delay, the flight was vectored
west and assigned to Amendment 2. The diamonabet P indicates a delay reduction of 7 minutesthas Eq.
(10), which follows from the observed reductiorrémaining distance to the destination. Vectorimgrioximity to
label 2 is indicated by closed dots with the artaaxh dot representing the amount of vectoringyleteasured

between consecutive TZ messages using Eq. (2).

Label 3: 1858Z. The final amendment added about 1 minutdetdy to the flight, reflected in the relativelnall
open circle. Between 1900Z and 1930Z, the airspeedreduced from the filed airspeed of 439 knotEt average

of 420 knots. This speed control contributed mstr one minute of delay based on Eq. (6).

16



Label 4: 1921Z. While on Amendment 3, the flight was vectored tlgiowa circular hold. As in the previous
section, vectoring delay measurements were validayecomparing the measured delay to the time spesitcular
holding. The flight spent 8 minutes in circularddiog at label 4 during which time 8 minutes of tegting delay
were measured using Eqg. (2). Immediately aftetirexithe holding pattern, the flight takes a refaly direct path

towards ORD, resulting in a 2-minute delay reductio

Label 5: 1954Z. The flight is vectored to line up for firgbproach into ORD. This vectoring delay is shogaim

using the closed dots.

Figure 11 shows the cumulative airborne delay for the fligitalyzed inFigure 10 where airborne delay

includes the combined effect from vectoring, diseairspeed controls, and amendments.

e
4]
|

20

15

10 -
& min. delay measured

Cumulative airborne delay (minutes)

5 -

8 min. holding
0 : ; e . . . ;
1815 18:30 18:45 18:00 18:15 18:30 18:45 20:00
54 Time

Figure 11. Cumulative airborne delay for the flightshown in Figure 10

Time labels 1 through 5 iRigure 11 correspond to the position labelskigure 10. For example, Label 1
indicates the place and time of the first airbcaneendment, adding 6 minutes of airborne delay. rétaively flat
slope between Labels 1 and 2Hkigure 11 indicates the absence of airborne delay as thatflravels parallel
Amendment 1 irfFigure 10. The circular holding at Label 4 is followed bgmall direct towards Label 5. The 21

minutes of airborne delay incurred by this flighene attributed to:

* Vectoring: 22 min

17



» Direct: -2 min
» Airspeed Controls: 1 min

* Amendments: no net delay from the 3 amendments

Patterns of Airborne Delay

The previous section examined the composition twoahe delay for a single flight. In this sectioowever, delays
from many flights are analyzed to help identify tiqlapatterns of airborne delay. Two scenarios@esented in
this section: 1) a day having nominal airborne ylelad 2) a day when significant airborne delaysuowzl. The

dates and time ranges for the two scenarios di@laws:
Scenario 1: ORD arrivals on Tuesday August 16, Z6@d 12:00 Z-15:59Z
Scenario 2: ORD arrivals on Thursday August 4, 2068 12:00 Z-15:59Z

Note that both scenarios cover the same time aof 8&ure 12 shows the actual paths flown for the 194 ORD
arrivals in Scenario 1 during which time airborreags were relatively minimal. The majority offfia is seen

funneling inbound along nearly-radial paths strtgtout from the four arrival fixes.

18
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Figure 12. Flown paths for ORD arrivals in Scenariol: August 16, 2005 1200Z-15:59Z.

The dot technique of representing airborne delag omap, introduced iRigure 10, is limited when it comes
to displaying delays from large numbers of flightsthe dots tended to overlap on top of one anothepreferable
technique in such cases is to aggregate airboflagsiever a NAS-wide grid and then shade the gelts dased on

the amount of delay they containeBligure 13 applies this technique in showing airborne defagm vectoring,

directs, and airspeed controls for the Scenarlmgfts.
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Figure 13. Airborne delay in ¥4 deg grid cells for 8enario 1 flights. Shades darker than the backgrauwd

indicate a positive net delay. Lighter shades shodelay reduction, mainly due to directs.

The darkest cells iRigure 13indicate locations where the total airborne detageeded 40 minutes during the
four-hour period starting at 12:00Z on August 1802 A region of significant airborne delay is bisi around
ORD, which was found to typically correspond witlctoring applied while lining up flights for finapproach.
Delays are also common near the departure endcbffeéght track where flights are vectored relatteetheir active
route. As previously discussed, ETMS route messalpes not contain information on the specific depar
procedure a flight intends to use; only a stringmafypoints is provided. This means that the aqpilat intent,
which could include a standard departure procedpeific to the departure airport runway configiomat is not
always represented completely in the ETMS waypsirihg. Care must be taken in interpreting aireodelays
within close proximity to the origin and destinatio Airborne delays are also detected just eadtlichigan,
propagating east towards Boston. Referring badkdare 12 this area of airborne delay corresponds to a mumb

of flights experiencing significant path-stretchinectoring delay as flows from Canada, Boston, ldad York are

merged together.
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Delay reductions appear in lighter shades. Oné swea appears just southeast of ORD. This regon,
which the total airborne delay was measured to dss than zero, corresponds with a commonly-ocayrrin
observation of flights arriving over BEARZ. Asdthts approach BEARZ from the south and southeastattive
route typically takes a slight left hand turn te thorthwest for approach into ORD. Flights aremfobserved

taking a shortcut across this bend in the routées& shortcuts result in a reduction of distaneerf| which is
equated to a time savings based on Eq. (5).

Scenario 2 was selected to highlight the drastitrest in flight paths and airborne delays that cecur on
different dates.Figure 14 shows actual flight paths for ORD arrivals on day August 4, 2005 during the same
time of day as in the previous scenario; 12:00593: The flow of traffic differs significantly fro the “baseline”
scenario. Notice the large number of east cogsartieres, from Maryland to Georgia, that are bemayed from

the southeast arrival corridor to the southwest GRival fix, PLANO. This movement of flights rd&iin large

amounts of airborne delay, which are detected @splayed inFigure 15.
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Figure 14 Flown paths for ORD arrivals in Scenaria2: August 4, 2005 1200Z-15:59Z.
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Figure 15 Airborne delay in ¥4 deg grid cells for Senario 2 flights. Large regions of airborne delayare

measured as flights are off loaded from the southsato the southwest of ORD.

Analyzing airborne delays in this way allows foetstudy of where and when these delays are ocgurliris
also possible to compare the composition of thetayd for scenarios 1 and 2 as showmable 3. The number of
ORD arrivals increased 48% from 194 to 287 fligtsborne delay per flight increased from 4.1 taRiinutes
and the number of amendments rose from an avefa@® t 2.4 per flight. Airborne delays were fugthdissected
into their four types. Minimal change was deteciedhe airspeed controls. The other three typedebdfy each
showed an increase in magnitude. For example, iegtdelays increased from about 4.9 to 8.0 minptsflight.
In Scenario 1 there were only 176 airborne amendsrigaving a net delay reduction of 110 minutese mmber

of amendments in Scenario 2 rose to 692 addindynéd00 minutes of airborne delay for the 287 O&fivals;

nearly 14 minutes per flight. Many of these additl amendments were issued for what appears tbebéx-

balancing of flights from ORD’s southeast arrivixl, BEARZ, to the southwest fix, PLANO, evidenttime flight

tracks shown irfrigure 14,

22



Table 3 Comparison of airborne delay summary for senarios 1 and 2 — ORD arrivals 12:00Z-15:59Z on

August 16, 2005 and August 4, 2005, respectively.

Scenario 1 Scenario 2
Total Per flight |Total Per flight
Arrivals 194 287 flights
Airborne Delay 802 4.1 6,059 21.1 min
Vectoring 954 4.9 2,310 8.0 min
Directs -101 -0.5 -307 -1.1 min
Airspeed Controls 60 0.3 65 0.2 min
Amendments -110 -0.6 3,992 13.9 min
Amendment Count 176 0.9 692 2.4

Airborne Delay Propagation and Weather

Under normal operating conditions, ATC is effectatemaintaining throughput to the airport terminatas [7].
Factors such as weather, however, can increaseathelexity of the controlled airspace, resultingircreased
controller workload, which may lead to further dalaupstream to manage incoming traffic. Accordiagthe
Aviation Capacity Enhancement Plan [8], weathex Isading cause of airborne delays greater thamitGtes [3].
Previous research [2] has established the impatahstudying patterns and causes of airborne dalagagation

as a key component in the improvement of TFM pracesl

Airborne delay propagation was investigated usiispledys of delay as a function of distance and tamen
Figure 16. The figure shows ORD-bound flights within 500 mitéshe airport approaching over BEARZ during a
14-hour period. The figure is divided into gridlsgeach 5 nautical miles in height and 2 minutewidth. These

cells are shaded to reflect the amount of airbdeday incurred in each cell.
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Figure 16. Airborne delay propagation for ORD BEARZ arrivals.

A prominent white band is visible at a distanceapproximately 75 to 125 nautical miles from ORDheT
white band, which persists for almost the entimgetidomain, indicates flights experiencing a dekduction. Upon
further investigation, it was discovered that thisite band was caused by flights taking directd B&ARZ as in
the discussion ofigure 13. Terminal area vectoring contributes to the pattef darker cells along the horizontal
axis. At 20Z, delays begin to appear where flightsss BEARZ, indicated by the small patch of deeks 50
nautical miles out from ORD at the lower edge & #ilipse inFigure 16. These delays quickly propagate to a

distance of about 300 nautical miles in a spambf 80 minutes — an implied propagation speed &f kitots.

The impact of weather on the propagation of airbataelay was analyzed Figure 17. The figure includes a
simple weather index (WX index) which correspondstiie amount of National Convective Weather Debecti

(NCWD) weather within 50 nautical miles of the deation airport; in this case ORD.
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Figure 17. Airborne delay propagation for ORD BEARZ arrivals including a weather index. WX index

represents the amount of NCWD weather within 50 natical miles of ORD.

The presence of weather increases the complexityechirspace. Airborne delays appear near BEARMZtly
after the weather comes within 50 nautical mile©O&D. Figure 17 shows that the application of these airborne
delay measurement techniques provides new insigihtsa range of important analyses including thke rof

weather on airborne delay propagation.

IV. Sources of Error and Special Cases

In developing algorithms for implementing this nepproach to measuring airborne delays, we encadter
various sources of error and special cases. Fangea in Section Il we described the use of artualé filter-
smoothing algorithm for improving the quality of Tatitude data. In this section we describe thedhag of

additional errors and special cases.

Backtracking Routes
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Our algorithm makes use of the ETMS WAYPOINTS fiétdt defining the intended path of flight. This ltle
provides latitude/longitude values associated wdbh waypoint in a particular route message. Inesoases, the
chain of waypoints defined in this field repeatdacktracks. For example, a sequence such as ABaB&pDoccur

(i.e. segment BC is repeated). In other cases, asigtiFigure 18, the route may backtrack on itself with a reldtve

Backiracking segment Backtracking segment replaced

L:i_J 06> 101.5 deg. D L»D D
=

(0 (0
Figure 18. Repeating and backtracking waypoints aréiltered out to improve the quality of vectoring delay
estimates
large change in heading. Repeating or backtrackiagpoint segments, which can have a negative impadhe
accuracy of vectoring delay estimates, occurrechbout 20% of the routes we investigated. As a tesut
developed a preprocessing algorithm for filterihg tvaypoints prior to identifying the current waygosegment

and computing airborne delays. The filtering predesas follows:
1. Compute the absolute change in heading betweerecatige waypoint segment®,
2. If 8> 101.5 degrees or acos(-0.2), then the next seigsbacktracking
3. Replace the endpoints of the backtracking segméhttieir average (see Figure 18)

4. Process the next waypoint

ETMS TZ Positions

As airborne flights cross from one facility intoadher, there are often periods where a flight'sitpos is reported
by two or more facilities simultaneously. TZ posits reported from multiple facilities sometimes agjise,
resulting in inaccurate representations of fligljectories as in the notional example showtrigure 19. These
inconsistencies in position reports could negaivelpact vectoring delay estimates. In an atteropnitigate the

effects of inaccurate position data, we recenthettgped a TZ position filter with the following atiutes:
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. Periods where flight position is being reported

7

by more than one facility are identified as
“overlaps” ép 7

- These overlaps are processed to systematically 5| Facility A ]
interpolate and then weight reports from Y 4 | Facility B 1
multiple facilities to define a more realistic 3 / ]
trajectory 2p / .

Facility boundary Direction of flight

+ The original number of TZ messages and 1 5 . . . . d
message times are preserved X

- Afiltered 2D trajectory is computed Figure 19. TZ messages originating from different

facilities may produce erroneous tracks

Figure 20 shows results from applying the position filteraoLAX-bound flight in which position reports
originating from different facilities appear as d¢ieor white circles. Clearly visible are the incistsncies between
reports from the two facilities. After applying tipmsition filter, the filtered track appears to negent a more

realistic trajectory through the airspace. Nexpst®r this research include further validationmes! as utilizing the

34 /
TZ track / sor
33.9f Facility A /
@ FacilityB /
. 33.55
Filtered
33.8|
track
335
33.7
33.61 33.45
10 nmi
3851 334
33.4
33.35
333 \\\—x,;
T I I I I I I
-118.04 -118.02 -118 -117.98 -117.96 -117.94
33.2L1 I I I I I I I
-118.6 -118.5 -118.4 -118.3 -118.2 -118.1 -118 -117.9

Figure 20. TZ position filter results for a LAX-bound flight on arrival

27



filtered track data when computing vectoring delays

Vectoring Delays along the Final Waypoint Segment

One of the special cases handled by the airbortesy ddgorithm deals with vectoring near the dedtoma After
passing the second-to-last waypoint in its routiight is then on the final waypoint segment apidied inFigure
21 In this special case, flying parallel to the waiyph segment is no longer indicative of zero deRgther a direct
path to the destination is optimal. We therefoi@ssigns to be the displacement vector between the previmlg
position and the destination when using Eq. (2g$timate vectoring delays along the final waypaegment.
Based on this approach, any displacement not dilectwards the destination while on the final wagpsegment

will result in vectoring delay being recorded.

dvect(t) = At(l—projspllpl) p
SN
U
J m w3
W1 W2

Destination

Figure 21. Vectoring delays along the final waypoinsegment are measured relative to a direct path tthe
destination.

V. Conclusion and Future Research

We presented a methodology for measuring airboelaydin which delays are decomposed into those tdue
vectoring, directs, airspeed controls, and amentknaithen considering all four components, airbodetays
averaged 4.8 minutes per flight during July 2005erage delays as high as 21 minutes per flight wasured
during a case study of Chicago O’Hare arrivals ryiiinclement weather. Preliminary results also daté that
vectoring is the most significant contributor tabarne delays; averaging 5.9 minutes per flighte Hititude
processing algorithm presented in this paper walieapto study airborne delays by stratum. It wasnd that 69%
(4.1 out of 5.9 minutes) of vectoring delays ocatior below 12,000 feet. Analysis of airborne dgtagpagation

yielded initial results suggesting delays propaggtipstream at 750 knots.
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Additional validation of the airborne delay methtmlyy is required. In particular, it would be vallalbo compare
airspeed estimates inferred using winds aloft dgtinst those that might be obtained directly ftbmairlines. The
position filtering algorithm we developed should imeorporated into the airborne delay processingetuce
potential errors in vectoring delay estimates stémgnfrom inconsistent position reports. We will entl this
methodology to analyze the impact of airborne delay arrival rates during Ground Delay Programs Aingpbace

Flow Programs, for defining new performance metrégxl for improving flight time predictability.
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