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A new technique, Point Merge, for merging aircraftwithout vectoring in terminal areas
(TMA), is modelled, and used in fast-time simulatios. Four arrival traffic streams are
merged for landing on a single runway. A method fordesigning fast-time models of
vectoring and Point Merge is proposed and validatedsing real-time simulation trajectories.
Relative performances of fast-time simulations oftte corresponding models are compared.
Interactions with departure traffic are also assessd. Results show the Point Merge model
reduces: mean controller task load (20£1%), the nutmer of instructions to pilots (~30%),
and fuel consumption (170+14 kg), compared with véaring.

Nomenclature
ATM Air Traffic Management P-RNAV Precision Area Navigation
CDA Continuous Descent Approach SESAR Single European Sky ATM Research
FAF Final Approach Fix SID Standard Instrument Departure
FMS Flight Management System STAR  Standard Arrival Route
IAF Initial Approach Fix TMA Terminal Control Area
[. Introduction

OINT Merge was developed as an innovative technigjoeed at improving and standardising terminal area
(TMA) operation$? with a pan-European perspective (systematic ugeegfision area navigatidgP-RNAV)
and Continuous Descent ApproA¢BDA) in high traffic conditions). As it relies cexisting technology, it has the

potential for implementation in the short term. éftial candidate implementation centres includeodg011),
Dublin (2011) and Rome. It is also considered asund foundation to support further developmenigatds the
Single European Sky Air Traffic Management (ATM)sRarch (SESAR) target conceptich as trajectory based
operations.

Today in most TMAs, the merging of arrival flowslies on the use of open loop radar vectors (heading
instructions). This technique is efficient and fldg, however, under high traffic load conditions,is highly
demanding for air and ground sides as it imposgisl decisions for the controller and time-critiealecution by the
flight crew. Consequences are peaks of task logtl, fadio frequency occupancy, lack of anticipatidifficulty to
optimise vertical profiles and to contain the disjen of trajectories.

When considering merging of arrival flows, one toé key difficulties is to maintain some form ofxiility in
expediting or delaying aircraft (through path shoihg or stretching) so as to maintain capacityotAar difficulty,
which may appear as contradictory, is to providghfl path predictability so as to support CDA.

This study is the result of an iterative developmmessed on the RAMS PRigast-time ATM simulator. The
objective was to support the Point Merge concefilation activities and complement the real-timmglations
performed at the EEC by quantifying performanceefienhwith statistical significance. Recordingsrfrgeal-time
simulations of vectoring and Point Metgé*°were analysed for common path stretching pattéfhese design
patterns for vectoring and Point Merge were prgetyin RAMS Plus and refined iteratively after citative
comparisons with results from real-time simulati@ral feedback from operational staff with experené the
corresponding real-time simulations. Based on previstudi€®’, the first method tried was to model the tracks of
both vectoring and Point Merge as a discrete seftefnative predefined arrival routes. There wascern for the
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error introduced by discretisation and whetherwbetoring and Point Merge models were comparalte. ffacks
of Point Merge were evenly spread with the samdeaand distance between each, whereas with vegtdriwas

difficult to ensure the same incremental distanetwben each alternate track because of the complekithe

tracks. The solution presented here is to replinatee closely how an air traffic controller perfaihe technique.
Changes in track angle and track length are allawegry smoothly within an envelope. The only gt to this

is in the case of changes of angle in vectoringrevleach is restricted to a multiple of 5° to reflihe operational
practise of rounding heading instructions befoa@$mission by voice over the radio.

The following chapter presents the theory behinthtPilerge and the hypotheses for this study. Chalpke
describes the models of air traffic control, the twerging techniques vectoring and Point Merge ait@aft model
and how the models are implemented in fast-timeukition. The validation of the method, scenarioimum
separation values, traffic and metrics are presantehapter 1V, followed by results and conclusion

II. Theory

A. Point Merge

Point Merge is a structured technique for mergimiyal flows derived from an earlier study on airbe spacing
sequencing and mergitiglt is based on a specific route structure (deh&teint Merge System) that is made of a
point (the merge point) with pre-defined legs (tbequencing legs) equidistant from this point fothpa
stretching/shortening (Figure 1). The operatinghomdtcomprises two main steps:

« Create the spacing by a “direct-to” instructiorthe merge point issued for each aircraft at thegpiate

time while on a leg.

e Maintain the spacing by speed control after leawrigg.

The descent may be given when leaving a leg (agar af traffic on the other leg). It should be atowuous
descent as the distance to go is then known bifkh®. The equidistance property is key for the cultdr to easily
and intuitively assess the spacing between anadtron the leg and the preceding one (on courstdomerge
point), with no need for new support tools and lsalelying on graphical markers (‘range rings’).

It should be noted that path stretching is perfarméthout controller intervention by letting ther@iaft fly
along the leg to the extent required (the publishestedure coded in the FMS includes the full langt the
sequencing leg). An example of dimensiongrisrge point at 6,000 ft, sequencing legs at FL1002B and 20NM
from the merge point. An example of staffing ispagach controller in charge of creating spacingrétt-to”), and
final director responsible for maintaining spac{sgeed control) and giving the descent instruction.

Integrated sequence

Merge point —————»

: \ € - Envelope of
' possible paths

’
Arrival flow /////@\* / W

Arrival flow

Sequencing legs (at iso-distance from the
merge point)

Figure 1: Point Merge system design with two arrivaflows
B. Hypotheses

The following hypotheses were derived from resoftseal-time simulations. Point Merge relative xrtoring:
< results in similar average flight distance and time
e reduces number of instructions (Real-time: by ~ #0%
e reduces vertical dispersion (Real-time by ~40%)
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e increases average altitude (Real-time: by ~100%)
A reduction in controller instructions should leiada reduction in task load, and aircraft flyingtmer should
lead to lower fuel consumption. Therefore two addil corresponding hypotheses are derived. Poargist
* reduces task load
e reduces fuel consumption
These last two hypotheses, related to major indisatuch as task load and fuel consumption, arsidered to
be more specific to modelling activities than talréme simulation and represent one of the maasoes for
conducting fast-time simulations.

. Apparatus

A. Air Traffic Control Model

The airspace (see Figure 2) is taken from a rea-fprototyping session and has four entry poinfme by
corresponding Initial Approach Fixes (IAFs), onedidated arrival runway (RWY26L) and one parallel
(independent) dedicated departure runway (RWY28BRg. runways are operated under configuration wagereals
land and departures take off towards the west.

MATUR ALTOS ATRAX KAMIS KETAS

FL 130 FL 130
FL 150
FL\zxiO 1 280kis 250kts 250kts 250kis

ALTOS-ATRAX: 25 nm
KETAS-KAMIS : 10 nm

LIDEX-LUDIC :15nm APP :124.450

RENNY-RIBAS : 20 nm . e FIN : 128.700

FIN26-FAS26: 6.5 nm = TWR : 128.400
Rwy26L FAS26  FIN26

FAS26-RWY : 10 nm 3000

FL 130
250kts
LIDEX FADAL

LuUDIC
FL 130
A— e 250kts
‘ ’ FL 150

250kts

Not to scale

Figure 2: Airspace Design

1. Arrivals

Both arrival sequencing methods (vectoring and tPberge) use the same basic airspace, but the main
differences involve the practises of how the aicgpéimited by the four IAFs is used for the arrivahffic.
Vectoring airspace was based on four standardahnmutes (STARS) corresponding to nominal routesnfeach
IAF to the runway whereas Point Merge airspace fnaased by four STARS corresponding to longest reditem
each IAF to the runway.

The TMA airspace has two executive arrival conémolpositions: approach controller and final corérol
Planning controllers are not taken into considerain the experiments.

In vectoring, the approach controller is resporsiiolr initiating sequence integration by path stigig using
heading instructions. Final controller is respolesior completing sequence integration using spestiuctions and
lateral fine tuning if necessary using headingrimgtons. Descent instructions can be issued Hyeeitontroller
depending on longitudinal progress.

In Point Merge, the approach controller is respaadior initiating sequence integration by pattesthing using
direct-to merge point instructions. Final controikeresponsible for managing the descent and aetingl sequence
integration using speed instructions and laterad funing if necessary using heading instructions.
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2. Departures

Departure traffic uses the same airspace/departwtes for both methods. There are 8 Standardulmsnt
Departure routes (SIDs): one to the west, threthéosouth, two to the east and two to the nortre @hitude
restrictions are the same for Point Merge and vagjanodels. The altitude restrictions set for trepartures are
based on the main principle that the departuregesticted to fly below the arrival flows. As arception, the
eastbound departures crossing the Point Mergersysterectoring area are unrestricted because tteegansidered
to have enough time to climb high enough not terirgne with the lower arrival flow.

3. Traffic Feeder

For the purposes of fast-time simulation, feedet@s and controllers are defined outside of theAT#d cover
the area where the flights enter the simulatiore plrpose of using these additional controllets iguarantee that
the flights do not arrive at IAFs in conflict.

B. Merging Techniques

Two different merging techniques are used, vectplipaseline) and Point Merge. A systematic metteod i
applied to provide accurate models appropriate fémt-time simulation of both vectoring and Point rigke
techniques:

1. Vectoring

Figure 3 shows how the vectoring technique is imgeted for two typical incoming flows. Based onlitzae
simulation track patterns and airspace/route ddsygair traffic controllers, there are fixed segnsefnrom each IAF
and to the Final Approach Fix (FAF). On the downvifow, there is a choice of several routes frofinde set
defined by three consecutive changes in direcé@th change in direction can vary within a rangeniled by two
angles. The variation is limited to angles whicle anultiples of 5° to reflect operational limitatormf voice
communication. The base flow is similar except ¢hate only two changes in direction. For implemgohareasons
the positions of the change in route direction wixed e.g. for the north TMA at ATRAX and KAMIS iRigure 3.
This was judged to be an acceptable deviation freality where an infinite set of routes is feasibtspite the 5°
increment because the start of vectoring is nostraimed to a particular point.

Figure 3: Vectoring method — path stretching with agiven increment angle

2. Point Merge

Figure4 shows how the Point Merge technique is implenefae two typical incoming flow. Aircraft models
can fly down a choice of routes similar to thosehie real world. There are common fixed segmemts frAF and
to FAF. In between the routes may vary ‘continugu@kithin limit of digital computer) with the sirlg degree of
freedom being the angle of the ‘direct to’ the neepgint which can vary between two limits.
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Figure 4: Point Merge method — direct to instructio issued at continuous distance along the leg

C. Aircraft Model

The aircraft performance data used for the studyR&MS Plus performance tables calibrated for BAD2\6
by EUROCONTROL Maastricht Upper Airspace Contradr Bach aircraft the airspace performance is défine
level band, with cruise, climb and descent speedsates associated with each level band.

These performance data have been modified in fegscavhen the data do not allow certain aircrafinake
certain EEC-defined speed restrictions along thgadroutes. Modifications made are as small assiite to allow
the aircraft to obey the modelled restrictions.

A parameter of 10% performance variance with respethe BADA static tables was applied in all misge
which is used, if needed, for aircraft speeds itkeorto obey restrictions. Sometimes the performamc@nce is
used when aircraft need to be delayed to achiesie stot in the runway sequence.

D. Implementation of Models
These models are implemented in RAMS Plus, usifitath Object’ design pattefit* where software objects
are mapped closely on to corresponding geometlgalcts.

IV. Method

A. Validation of Lateral Tracks
To gain confidence in the accuracy of fast-timeuwations, the lateral tracks of the models are camenb by i)
theoretically evaluating route characteristics befimplementation in fast-time simulation, andriipning fast-time
simulations.
1. Pre-simulation
e Lateral Deviation Analysis
For vectoring and Point Merge, each real-time satioh trajectory track was split into 100 equalpased
lateral points. For each theoretically possible-fase simulation track, the great circle distabetween equivalent
points from a similar set of 100 points was measufiéhe fast-time track with the smallest maximuratalice
between points was taken to be the closest toetlletime track and therefore a measure of laterailadion.
e Path Stretching Distance Analysis
From the airspace/route design, the following ptigérvalues characterising the routes are calcdiashortest,
longest, maximum number, and average incrememnigth.
2. Post-simulation
Lateral tracks are generated from fast-time sinmuat for both Point Merge and vectoring and comgavéh
those of real-time simulations.

B. Comparison between Vectoring and Point Merge - Scamios

1. Vectoring

The area where the controllers can give headinguictsons to the aircraft begins at the IAFs foe tthows
coming from the east and, due to departure consstal0 NM after the IAF for the flows coming framarth-west
and south-west, respectively. The vectoring areagdch direction are limited to certain maximunglas off the
shortest routes. This results in vectoring areasrevimorth-west/south-west longest routes are cosdiralong the
original track before reaching the vectoring atiea flying with magnetic route heading 90°). Sianl for eastern
flows, the maximum angle of the vectoring areaetsts 160° in the north-east and to 30° in the ls@atst.
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Vector turns are modelled with the angle being dtipie of 5°. The fluctuation of the Base leg aidamodelled
with the angle varying between 30 and 50° in nevdst, and 130° and 150° in south-west. The inte¢iwempf the
final approach axis is modelled with a fixed 40glan Figure 3 illustrates these various model paters.

2. Point Merge

There are two sequencing legs in each of the twotRterge systems. The length of the outer sequenieigs
is approximately 30 NM and the inner sequencing lage approximately 27.5NM. The radial distancenfrine
inner sequencing legs to the merge points is 26 N incremental distance between each consecptissible
route was set to 0.4 NM for computational efficigmnd to be comparable with operational accuraeyair traffic
controller/pilot reaction times and navigation gystaccuracy.

C. Separation
Table 1 shows the separations used for each ofvHle vortex category combinations. In addition he t
temporal runway separations, a minimum spatial reg¢joa of 3.5NM was maintained in the TMA.

Table 1 Wake vortex separation re-used from real-the simulations

Lead Aircraft Following Aircraft Runway separation (s)
Heavy Heavy 90s
Mass >136 tonnes Medium 120s
Medium Heavy 90s
7 < Mass< 136 tonnes Medium 90s

D. Traffic

The same traffic of 72 arrival and 72 departurerait is used for Point Merge and vectoring. Thigdhtraffic
is derived from a 2008 real-time simulation basadaogeneric airspace with a 20% heavy / 80% medhir)
throughput of 36 an hour and total time of abotibfrs 30 minutes. The arrival traffic sequencessumed to have
been determined upstream in the extended TMA (fatescent to TMA entry ~10,000 feet) by an arrirenager
(AMAN). Therefore sequencing is implicitly defineid the traffic preparation input file. Aircraft est the
simulation with a minimum initial separation of 3N

For departure traffic, altitude constraints areligop(FL120 and FL110) in both vectoring and Pdiférge
conditions to strategically segregate arrivalst@ndownwind leg from departures to the south amthn®eparture
traffic is derived from arrival traffic, by changjrairports and times.

Zero wind is assumed for both scenarios.

E. Metrics
The dependent variables measured between IAF afRd(EBNM from runway) are:
« Distance (NM) and time (minutes)
¢ Number of ATC manoeuvring instructions
e Average altitude and corresponding average stardiardtion (flight level)
e Controller task load (%)
¢ Fuel consumption (kg)
Where standard deviations and sample size areablailsome means of metrics for vectoring and Rdirige
are compared using a Student t significance tett egnfidence level of 99%. The t-test assumesdisitibutions
are approximately Normal with equal variances.

V. Results

A. Validation of Lateral Tracks

1. Pre-simulation

e Lateral Deviation Analysis

Figure 5 shows the results of the lateral trackdagion analysis described in section VAL for tiharth-west
and south-west arrival flows (results for northtesasd south east arrival flows are similar andefee omitted due
to lack of space). For each arrival flow, the pmojom of total lateral deviation within a given acacy is shown for
heading changes restricted to multiples of 5° anttiptes of 10°. For heading changes restrictethtdtiples of 5°,
more than 50% of all lateral deviations are lessthNM and 95% of all lateral deviations are caredi within
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3.5NM. These lateral deviations are comparable witse expected from discrete changes in direcifds® over

distances comparable with the route

legs.
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Figure 5: Lateral deviation between real-time and model @ft: north-west, right: south-west)

By design, the Point Merge fast-time model shouddable to match very closely any real-time trackl an

therefore lateral deviation should be determinethieyimplementation increment chosen.
e Path Stretching Distance Analysis

Table 2 shows the number of possible routes (IAFA®&) and variation in lengths calculated for veittg and
Point Merge implementations. Shortest and longester lengths are similar for both models. The numdtfe
possible routes is about double for Point Mergetdue constraint on heading instructions in veotp Although
the average increments of the models are not exéetisame, they are both judged small enough tbberbed by
small variations in speed (<5 knots) and theresti@uld have little effect on the relative accura@éthe models.

Table 2 Potential Path Stretching Route Distances

Route characteristics Vectoring Point Merge
Base leg Downwind Base leg Downwind
Shortest/Longest route 44.5/79.2 66/ 93.5 48.5/78.5 68 /95
Number of possible routes 33 43 75 67
Average increment in length 1 0.6 0.4 0.4

2. Post-simulation

Figure 6shows the lateral tracks over all simulation tinfereal-time (left) and fast-time (right) vectoring
simulations. The shapes are generally similar betet are slight differences such as the start ofovieg varies
within a range of a few miles in real-time simubats whereas it starts at a fixed point for fastetim

Figure 6: Tracks from vectoring real-time simulation (left) and fast-time implementation of model (ridnt)
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Figure 7: Tracks from Point Merge real-time simulaion (left) and fast-time model (right)

Figure 7 shows an example of the lateral traclks m@fal-time simulation (left) and fast-time simidat (right) of
Point Merge. The shapes are generally similar betet are differences due to route design and ae&se of a
factor of three in fast-time simulation traffic spia size

B. Comparison between Vectoring and Point Merge

1. Conflict Resolution Performance

The behaviour of the modelled flights in the TMAsa@riven by the runway schedule and required sépasa
at the FAF. If the model was unable to fit theHlig into the arrival runway schedule with the aadalié resolution
options (Path Object Vectors), the flight was ree¥rom the runway schedule and all other flighthdved as if
the unresolved flight did not exist in the moddhefefore, the number of unresolved runway schegwdonflicts is
a measure of how much traffic each model was ablenhdle. The number of unresolved flights, outheforiginal
72 arrival flights were the same for each modell€aying a total of 67 arrivals for each i.e. modablementations
were compared with the same throughput. No cosflictre detected between arrivals and the 72 departu

2. Distance and Time in TMA
Table 3 shows average and standard deviationstafrdie and time flown per aircraft between |IAF BAGF.

Table 3 Distance and time per aircraft

MODEL Distance, meant standard Time, meant standard
deviation (NM) deviation (minutes)

Vectoring 7716 19+4

Point Merge 7313 1612

Mean flight distances were similar for vectoringldPoint Merge as was the case in real-time sinariatiThe
slight trend for shorter flight times with the PoMerge scenario is consistent with aircraft flyioig average higher
and therefore with higher groundspeeds.

3. Total Instructions per Controller
Figure8 shows the total number of instructions per cadletrdor vectoring and Point Merge. The combinetko

number of instructions for both controllers is ab80% less for Point Merge than for vectoring wittmore even
balance of instructions between controllers. Thisdmparable with real-time simulations (~40%).

4. Vertical Profile

Figure 9 shows the average flight level and stashdiaviation of aircraft a given time from landirents to be
higher and narrower respectively for Point Mergepared with vectoring. In addition it can be noteat in Point
Merge, the descent profiles are homogeneous betakaircraft (small standard deviation) whereavéttoring
condition the larger dispersion observed suggéstissome aircraft flew at relatively low altitude from the FAF
e.g. 5,000 feet with 20 minutes to landing. The iaedltitude for Point Merge is about twice as haghthat for
vectoring and the corresponding average standarictttn is about half that of vectoring (comparahiih real-
time: 100% greater and 40% lower respectively).
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Figure 9: Mean Flight Level and standard deviation

5. Air Traffic Controller Task Load
Figure 10 (left) shows the air traffic controllersk load for arrival traffic (task load relative tlve departing
traffic is not counted). The task load consistalbfasks that were recorded for all arrivals asséjto the approach

‘l:l Vectoring @ Point Merge ‘ ‘EI Vectoring @ Point Merge ‘
120 800
g - 700 T
o 100 i L
£ 600
S 80 5
2 2 500 |
5 60 §
s g 400
S 40 § 300 -
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o
o T 200 -
g 20
¥ o0 : 100
= Approach Final )

Figure 10: (Left) Task load as proportion of time Right) Fuel consumption per aircraft

and final positions during the whole simulationidad by the total simulation time. RAMS Plus hasoatroller
task load model which takes into account coordimatradio communication, flight data management eauthr
activity. Error bars correspond to the standardreie. standard deviation divided by square rdosample size.
Task load for the approach controller using Poirgrgé is not significantly different from vectoririg-value >
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0.29) but task load for the final controller usidgint Merge is significantly less (27+1%) than wettg (p-value <
0.0001). The average task load for both controier@d0+1% lower than vectoring (p-value < 0.00dgn#8icant).
Note the task load of the final controller whenteeing exceeds 100% indicating a potential overlsiagation.

6. Fuel Consumption

Altitude profiles from initial approach fix to fihapproach were used with fuel flow rates from esponding
BADA aircraft models to calculate fuel consumed pecraft. Figure 10 (right) shows mean and stashdsiror of
fuel consumption per aircraft for Point Merge amdtoring. Results indicate that mean fuel consunps 170+14
kg less (25+2%) for Point Merge than vectoring giee = 0.0013, significant). Such large reductiwith Point
Merge could be explained by the large differencavierage altitudes.

VI. Conclusion

A method for designing models of the air traffic ngiag techniques vectoring and Point Merge is dbsdt
Models of merging four flows into one are develofedvectoring and Point Merge. Lateral tracks oftbmodels
are validated with corresponding tracks from r@aktsimulations. More than 50% of all lateral déaias are less
than 1NM and 95% of all lateral deviations are aored within 3.5NM.

Implementations of the models are compared usisgitiime simulation. Results indicate that the Pdilerge
technique could have significant performance acgag over conventional vectoring. Air traffic catfigr task
load may be reduced by as much as 20+1%. The 'pibkstk may also be simplified with about 30% feuwectical
manoeuvring instructions. Airlines could save udT®+14 kg of fuel in the TMA per aircraft which anbusy TMA
(single runway with about 36 arrivals per hour jresponds to the order of 90 tonnes less fuel lwuamel about 270
tonnes less carbon dioxide produced per day.

Results are consistent with hypotheses derived fieafitime simulations and those for controllektimad and
fuel consumption, therefore all hypotheses are @atde. Future work could be: to allow the startvettoring
position to vary (known limitation of vectoring mellt and validate results further by performing emstivity
analysis of model performance to variations in ithtching distance increment and traffic samiae.s
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