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[Abstract] We analyze the metering delays of the major Japanesarrival flow. Currently, aircraft are me-
tered at the gate between an en-route sector and the terminali@pace. This creates high controller workload
and fuel inefficient trajectories. In a future ‘arrival traffic s ynchronization’ concept, arrivals are sequenced
en-route in order to avoid peaks in the demand of runways. The mairargument for pursuing this approach
is that there is few crossing traffic on arrival flows to Tokyo International airport. This paper takes the view
of a ‘traffic management coordinator’ who monitors the flows ove several sectors or centers, and who can co-
ordinate actions, such as speed control decisions, with the cosponding controllers. We first summarize that
in our data, the metering delays are rather generated by fluctuabns in the arrival rate, than by ‘peak-hours’,
and that we found a good correspondence between a simple queugimodel and the observed metering delays.
We then present initial results of en-route sequencing strategietbat reduce the metering delays at the current
gate and allow to control them among several flows. This is importatrfor one particular Japanese flow, which
is characterized by short en-route times, and thus, limitations of geed control.

[. Introduction

HE current practice in Japanese Air Traffic Flow Management=MJ is to attribute ground delays only when

they are larger than 10 minutes. Lower delays have to be laédaiuring the en-route phase by speed adjustments
and radar vectors. The reason for this rule is that weathesétror competition for punctual arrival leave uncertaisiti
in the estimated times of arrival of the aircraft. Its draalb&s that large delays and high controller workload may
occur in the airspace surrounding the metropolitan aigpavhich are the major sources of congestion in Japanese
airspaceé.

The next step in Japanese ATFM is ‘arrival traffic synchratian’2. This is a tactical flow operation, enabling
trajectory control beyond the sector or even center-boueslaThe key idea is that more accurate trajectory predic-
tions will allow to compute the times at which aircraft shibgross certain waypoints, such that imbalances between
runway capacity and demand are reduced. This widens thaip@horizon of both, air traffic control and ATFM,
so that in the long-term, the three components of ICAO’s @léd M Concept ‘demand/capacity balancing’, ‘traffic
synchronization’ and ‘conflict management’ are expectazbtivergé. In this context, new strategies to sequence and
merge arrival flows are need&t

Current tools to assist flow managers in this task are thdid@stanagement Advisor (TMA or the Japanese
radar data processing system (RDP, which is poorly docusd@ntThey typically calculate traffic sequences to the
gates between the en-route and terminal airspace, andlthsdeat are necessary to keep the aircraft equally spaced.
These tools are also improved, for example by better cdatrativisorie$, or larger management horizdt¥s But
their drawback is that they do not guarantee that their &atioms are applicable. For example, how much airspace is
necessary to absorb the predicted delays ? Or what is themaaxdelay that such a tool predicts ?

The aim of our research is to answer such questions. We anflight plan and radar data and develop models
to identify new strategies against airspace congestioithisnpaper, we report results from an analysis of the major
Japanese arrival flow. It has a larger horizon than the cuegival management tools allow to handle, but also a
simpler structure than many of the European and Americdfictffows (please see below for more details). The
paper contains three parts: a queueing analysis, preligngeguencing strategies under uncertainties, and ous idea
for future work.

II.  Queueing Analysis

In this section we report our main results from a delay ansilgéthe major Japanese arrival flow. Details of
the analysis can be found in Referenddsll. We review quickly the problem description and summarizntbur
results.
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Figure 1. Major Japanese traffic flows. Figure 2. Lateral inefficiencies of the East-bound flow.

At Tokyo Int'l Airport, which is one of the busiest airports Asia, traffic enters the approach area through three
gates; one from the South, one from the West and one from tinéa NOn a normal day about 450 flights arrive at the
airport, 70% from the South and the West, and 30 % from theiN&isually, one runway is available exclusively for
landings. The two main reasons for arrival delays are:

e Metering constraints at the entry gates
e Merging of flows inside the approach area

In order to protect the approach area from congestion,airere separated by 10 NM on the West and North
gates, and 20 NM on the South gate. This is larger than thd G$uiel radar minimal separation, so delays have to be
expected. In the remainder we call such delaggtering delaysOnce the aircraft entered the terminal area, the three
flows are merged into one. Delays may occur here, as well.

The major flows in Japanese airspace can be seen in Figuiigaffic between Tokyo and Fukuoka (South),
Central Japan (Chubu, Kansai, Osaka) and New Chitose (Norike the largest volume (red arrows). The green
arrows represent the remaining flows. One can see that tharerossing between the major and minor routes close to
Osaka. Together with the fact that the flows to Tokyo have pigdrity in terms of punctuality, this crossing is not a
critical issue for the remainder of our study. The inefficies due to the metering constraint can be seen in F@jute
shows the major arrival flows to Tokyo Int'l airport. The cadaepresent the origins of the arriving aircraft, clasdifie
into three regions: red: Central Japan (Osaka area and iWeétdashu), yellow: South Japan (Kyushu Island), green:
International flights (China, Korea), pink: Northern Japdie area inside the cyan circle belongs to the en-route
sector T09. Aircraft enter TO9 from the West, and are visilidyiated from their shortest paths. After leaving the
sector, they turn left towards the final approach. Againagemay occur because of merging the flow from the North.

A. Data Analysis

We analyzed delays at the West gate because it creates theshigetering delays. The West gate lies inside the
en-route sector T09, belonging to the Tokyo Area Controlt@erThe size of TO9 is approximately 150 NM x 60
NM. On a typical day, about 450 aircraft per day enter it, abndua 290 of them are arrivals to Tokyo Int’l Airport.
The main tasks for the controllers in TO9 are to meter thedlirat the gate, and to supervise the crossing of the other
ones.

Aircraft with destination to Tokyo Int'l airport enter thestor on six different routes and leave it at the metering
point, which is located at the boundary between the en-raugpace and the terminal area (Fig@)e The top of
descent (tod) lies inside T09. For a typical day, the inflote imabout 0.32 aircraft per minute, mostly by aircraft from
Central and South Japan. The capacity at the metering [®gitén by as,, = 10 NM spacing requirement. With
an average ground speed of the flow at the gatg,0f 363 kt, this translates into a capacity pf= v,,/s,, = 0.61
(ac/min).

Figure 3 shows the flow (number of flights per 5 minutes) at the metepioigt between 7:30 and 21:00 for a
typical day. We selected 10 days where no high delays or &rcgh events were reported. The green bars are from
the flight plans, the red ones from the radar data. One canfgstizating demand, with slightly higher periods in the
morning and evening hours. The pointed horizontal line ésdhily average arrival rate 0.3 (ac/min). It is almost
the same for the planned and the realized flights. The dotgddntal curve is the hourly rate, obtained by a moving
average. It fluctuates around the daily average with no disélsle peaks. The bold horizontal line is the capacity
at the metering point. While the flight plans sometimes exdhedcapacity, the radar data generally lies below it.
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Figure 3. Planned and observed flights. (Source: Referenckl).
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Figure 4. Queuing model of a metering point.

Peak-hours, where demand clearly exceeds capacity, avésifde. So, our conclusions were that the main causes for
delays in our data are spontaneous traffic peaks. This cadithe intuition that, despite changing wind conditions
and fleet mixes, the traffic density is a major delay driver.

B. Delay Analysis

Figure 3 showed that the arrival rate and capacity do not vary a landuhe day. A reason for this regular traffic

is the strong slot policy at Tokyo International airport.i§bBuggested that the reason why metering delays occur at
all, are spontaneous traffic peaks. Our idea was thus t@hetethe metering gate as a stochastic stationary queueing
system (Figurd). Input to the system are the flows from the six different esuhrough T09 with rateg);,, (ac/min),

1 <4 < 6). Output is a single flow, separated by at legst=10 NM, which translates into the capacjty= v,,,/s,
(ac/min), given the average ground speed at the gateThe red lines indicate radar vectors, as a means to absorb
metering delays (additional to speed control). We expefttad the analysis to better understand how metering delays
are generated.

1. Delay Distribution

Aircraft enter the sector TO9 on six different routes, andranous altitudes between FL 200 and FL 410. Given the
numerous factors that disturb aircraft from their nominajeictories, we expected that fixed numbers of aircraftrente
the sector in an ‘arbitrary’ order. At the gate, aircraft aretered by a 10 NM rule. Depending on the aircraft speed,
the wind conditions and other factors, this spacing may @y time to time. Natural candidates for our queueing
models were thus Poisson arrivals with either general @rdenistic service (M/G/1, M/D/1 in Kendall's notation).
For both models, the equilibrium distributions of the dslaye not directly available, so we decided to simulate the
models and compare the distributions with the empiricadylelistribution, obtained from the radar data.

The results can be seen in Figlelt shows the histogram of the empirical delays, and the kitad delay-in-
gueue distributions of the queueing models. For each flightextracted its traversal time of T09, and, depending on
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Figure 5. Observed and theoretical metering delays. (Sourcel0). Figure 6. Sample path of a change-point process. (Sourcél).

its route, subtracted a nominal sector crossing time, nbthfrom flights on the same route under no congested con-
ditions. The colors represent the fraction of aircraft friiva corresponding flows with a given delay. The distribution
drops sharply with increasing delays. Flows from the Cefret) and South Japan (yellow) have delays in similar
proportions, but not exactly the saffelnternational flights account for about 5 % of the flightseHack line is the
simulated equilibrium delay distribution of a queuing miodigth Markovian arrival at rate 0.32 (ac/min) and a service
distribution that was sampled from the radar data (M/G/he $ampled distribution had an average spacing between
successive aircraft of 1.64 min with the majority of its dene the interval between 1.5 and 2.0 min. The dotted
black line is the simulation of a queue with the same arrivatpss, but with a deterministic service at 10 NM (0.61
ac/min), based on the average ground speed at the gate (M/Di# difference between the two distributions is al-
most invisible. Both models have virtually the same outghuy slightly under-predict the observed delays, except th
smallest ones. One reason why the data differs from thedtieakrmodels seems to be that due to the sector geometry,
aircraft on northern routes can absorb higher metering/detean those entering from the southern routes. Indeed, we
found a weak pattern in favor of this explanation in the ratiet®, but we currently validate it. The average metering
delay in the radar data was 1.0 minutes and in the queueinglsatdout 0.95 minutes. Since theoretical delays are
the minimal delays, observing that the radar delay is abd4t ligher than the queueing delay was not surprising,
which is the second reason for the the difference betweenatat models.

To validate the models, we compared the number of arrivdisia intervals of 5 minutes with a Poisson distribu-
tion and found acceptable goodness-of-fit (measured withtast). This was what we expected, since there are many
uncertainty factors that act on the individual aircrafttifey them arrive in an ‘arbitrary’ order at the sector entty
bias due to the 5 NM minimum separation was not visible, beeaircraft enter the sector on altitudes between flight
levels 200 and 410. On the other hand, two or more aircraftenssr the sector simultaneously, which would provoke
a conflict with the assumptions of a Poisson process. As fidreasetering constraint is concerned, the observed 1.64
minutes average spacing at the gate match the theoret&28 iin, based on the 10 NM constraint and the average
ground speed.

2. Required Airspace for Speed Control

Based on the above, we analyzed the size of the airspace thetéssary to absorb metering delays during the cruise
phase instead of the descent phase. Speed control is pydhaldimplest and most fuel efficient strategy to absorb
en-route delays, creating low additional workload for coli¢rs and the crew. We defined a ‘change-point{NM)

to be the distance from the sector entry, at which air@graiduld reduce its speed, in order to absorb a metering delay
and to keep the minimum separation of 5 NM to its leading aftcrGiven a sequence of aircratt;, A, ..., A,,

the question was to understand how the change-point pregess= 1,2, ...,n would behave under various traffic
patterns. For example, what is the risk that this processgwathout limit?Or where are the regions with the largest
proportion of speed changes? In Referehtsve found that the delay that is imposed on an aircraft becaleading
aircraft reduces its cruise speed, is equivalent to its nmgtelelay. Thus, the mechanisms generating the metering
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delays and the one generating the change-points are rel&ede speed reductions depend on the cruise speed,
atmospheric conditions, aircraft type, etc., we simulaetval flows, varying the distributions of initial spacmg
between aircraft and the cruise speeds. The rule was thatcaafti flies at cruise speed until its change-point, and
reduces its speed then by a fackgr When the speed of the aircraft was faster than its leadingadiy we set:; to a
maximal allowable speed reduction (e.g. 10%). In the othsecwe sek; such that the aircraftadapted its speed to
the reduced speed of the leading one.

The right part of Figuré shows a typical result for = 293 trajectories. Time is on the horizontal axis, distance
to the sector entry on the vertical axis. The black line catsthe change-points. They jump up and down in an
irregular fashion. Our current results indicate that thighbst change-points lie between 100 and 150 NM from the
sector entry. Their distribution drops sharply with in@ieg distance. But there are also a few exceptions, going up
to 180 NM. These exceptions need more attention beforerinfeany conclusions on the real airspace. What was
interesting to see was that the mechanism of the changéfpoitess is similar to a certain random walk, because it has
the same structure than a general queueing prétess a consequence, we could conclude that the the changespoi
will not grow without limit, because the average arrivakra smaller than the capacity.

Our main conclusions from the delay analysis were that (ilnpke queueing model captures the main character-
istics of the observed metering delays and (ii) that thewgian of the distance that is necessary to absorb metering
delays during cruise phase can be described as a random walk.

lll. Sequencing Strategies

Future arrival management will identify the times, at whailcraft should cross certain points in the airspace,
such that the flows become more regular. ICAO calls this qanteffic synchronization®. The background is that
trajectory-based operations are expected to reduce thetaimty of the positions of all aircraft, such that the fiaf
can be controlled beyond the sector, or even center-boi@sdar

In our case, there are three major arrival flows to the West ghffokyo Int’l airport; one from Central Japan,
one from South Japan and one from International, such asaGinid South Korea. Controllers currently sequence
the aircraft manually to the gate between the en-route amdirtal airspace with a 10 NM separation constraint.
This practice creates radar vectors and high controlleklvad. In the concept of arrival synchronization, metering
points will rather be in en-route airspace than at the gateabe terminal airspad€. The metering delays will be
absorbed during the cruise phase instead of the descer. phaes expected benefits are improved fuel efficiency and
reduced controller workload. A reason why this techniquer@nising for the East-bound arrival flow is that it has
few crossings along the route. This means that the impach, asithe generation of secondary conflicts, of en-route
speed control on the remaining aircraft is limited. On theeohand, the flow from Central Japan has an en-route time
of about 30 minutes in average. This means that the posgifuili speed control is limited for this flow.

Two questions to address are thus (i) how much airspace witeljuired to absorb metering delays during the
cruise phase ? And (ii) is this amount of airspace contr@ldly suitable metering strategies ? In order to answer
these questions, we created three models with differenbewsof en-route metering points. Our hypothesis was that
flows from South and International can absorb their delaysg®ed control during the cruise-phase, but that the flow
from Central Japan has too short en-route times for a singgedscontrol. The models can be seen in Figuréhe
box corresponds to a sector, arrows to flows. The filled grate new metering points. The empty circle is the current
metering point. The models were:

1. Central (one metering point): all traffic is sequenced at the seatoye
Advantage: fair and simple
Disadvantage: limited airspace for flow from Central Japan

2. Parallel (three metering points): the flows are sequenced at threpertient metering points.
Advantage: adapts to airspace topology
Disadvantage: prioritizes flows

3. Sequential (two sequential metering points): traffic from South anceinational is sequenced at the sector
entry. The flow from Central Japan is sequenced at the exit.
Advantage: compromise of first and second strategy
Disadvantage: flows from South and International are metsvice

The purpose of these models is to reduce the delays at thentgaite. They will differ in the delays generated
in the upstream sectors. The total delay will not be redutéging the queueing results of the previous section, we
simulated the metering delays for the three models. In génétre input to the metering points was selected to be
Poisson with parameters estimated from the radar data. dfves was always deterministig,; NM for metering
point:, which was translated into time unit by the average grourggmwf the corresponding flow. The models were
thus M/D/1 in Kendall's notation except for the sequentialdal, where the input to the second metering point is
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Figure 7. Sequencing strategies: Central (left), Parallejmiddle), Sequential (right).

Table 1. Required airspace for speed control (preliminary esults).

Model | Origin | sy, (NM) | @ (Min) | wmaz (MIN) | 5 (NM) | simaz (NM)
current All 10 0.95 35 X X
1 Central 10 0.7 2.5 53.3 181.5
Else 10 0.7 15 51.9 114.1
2 Central 15 0.7 15 52.6 108.9
Else 25 1.7 4.5 131.7 342.2
3a Central 10 0.8 2.5 X X
Else 25 1.7 4.5 128.5 342.2
3b Central 10 0.9 25 X X
Else 20 1.1 3.5 83.5 266.2

the merged flow between the output of the first and the arrivata Central Japan. This flow has no exponentially
distributed inter-arrival times any more. As a simplificatifor all models, we joined the flows from South Japan
and International into one since the flow from Internatioregdresents only 5% of the total flow. We repeated the
simulations several times, and report the results of a &pim.

Table 1 shows the average and maximum delays (columns 4,5) andsponding airspace that is necessary to
absorb the delays by a 10 % speed reduction (columns 6,7).réfei@nce, the first row contains the current delays,
which are roughly the same for the two flows. They are 0.95 te#min average with a maximum of 3.5 minutes.
Currently, metering delays are absorbed by vectors. Thighis we used the letter 'x’ in the columns for speed
control.

In model 1 we used a 10 NM separation constraint at the seetor g€olumn 3). The ground speed at the sector
entry is about 30 % higher than at the exit. As a consequencdelhd generates only 0.7 minutes of average delay
for the flow from Central Japan. The required airspace toraktbe average delays for both flows is about 50 NM. In
the worst case, it is 181.5 NM for the flow from Central Japaud, K14 NM for the flow from South and International.
The resulting flow through T09 has minimum separation of 10, Nidasured at cruise speed. During the descent the
aircraft reduce their speed by about 30 %. We simulated thgtirhplies metering delays at the sector exit of 0.39
minutes in average, which is less than the today’s 0.95 rm@ut

In model 2, the flows were sequenced independently from ethar at the sector entry. We selected 15 NM for
the flow from Central Japan and 25 NM for the other one becéwseutput of both resulted in approximately 10
NM separation (more formally the rule was to find ajl, such thatzj Vj/Sm,; =~ U/sm,, Wherev; is the average
ground speed of floy at the metering pointands,,, the current metering constraint (10 NM)). Compared to model
1 one can see that the flow from Central Japan has only a maxiwhdmd minutes (which was 2.5 minutes before),
with corresponding airspace of 108.9 NM, almost the halfitimamodel 1. This reduction comes with an increase of
the average and maximal delay of the other flow: the averageases from 0.7 to 1.7 min and the worst case from
1.5 min to 4.5 min, with corresponding 342.2 NM requiredparse. This approaches the limits of the airspace of the
second flow. As in model 1, we simulated the delays in T09, wherflow reduces its speed to 380 kt. These were
0.35 minutes in average.

Finally, model 3a regulates the flow from South and Inteorati at the sector entry and keeps the flow from
Central Japan metered at the sector exit. In this case, wearapare the delay directly with the current ones, it is
still lower (0.8 min vs. 0.7 min). These delays are thoughtdé@bsorbed by vectors, so the last two columns are filled
with the letter 'x’. Another interesting effect can be seenriodel 3b. A reduction of the metering rate from 25 NM
to 20 NM reduced the average delays for flow 2 by 64 % but ine#sem for flow 1 only by 12.5 %. We currently
analyze in more detail the reasons for this effect.

At this time of writing, we conclude that the models show thiteinded effects: (i) the metering delays at the current
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gate are reduced and (ii) the necessary airspace to abdays dier the flow from Central Japan is controllable.

But these results show just the general trends. We seldwtatdtering parameters ad-hoc, such that the resulting
flows have an average separation of 10 NM. And also the threlelmare simplifications of the reality: for example the
flows are notindependent from each other, because theytsleesame routes. These dependencies may add additional
delays. We currently analyze the relationship between tve ffites, metering constraints and delay distributions in
more detail.

V. Conclusions

In this paper we analyzed the metering delays of the larggsinkse arrival flow. Currently, aircraft are metered at
the gate between an en-route sector and the terminal a&rsphis creates high controller workload and fuel ineffitien
trajectories. We analyzed the problem in view of a futureivat traffic synchronization’ concept, where arrivals are
sequenced en-route in order to avoid peaks in the demandwégs. The main argument for pursuing this approach is
that there is few crossing traffic on Japan’s major arrivalflo Tokyo International airport. The paper takes the view
of a ‘traffic management coordinator’ who monitors the flowsrcseveral sectors, or centers, and who can coordinate
actions, such as speed control decisions, with the comelsipg controllers.

As a background, we first summarized our main results fromefRetesl0,11. These were that the metering
delays are rather generated by fluctuations in the arrit@| tlaan by ‘peak-hours’, and a good correspondence between
a simple queueing model and the observed delays. We theenpeelsideas and initial results of en-route sequencing
strategies that reduce the metering delays at the curréatagal allow to control them among several flows. This
is important for one particular Japanese flow, which is atter&zed by short en-route times, and thus, limitations of
speed control.

Our current approach imagines a one-time speed reductiainavéft during en-route, the simplest form of speed
control. The old metering point at the gate to the terminahaserves as a buffer for uncertainties in trajectory
prediction. Immediate extensions are: more sophisticsppegd control schemes (several points en-route) or explici
treatment of prediction uncertainties. The output of tesearch is a better understanding of the airspace congestio
problem. This is a step towards strategic flow managemesitiding a balance between en-route and ground delays.
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