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bFaculty of Aerospace Engineering, Delft University of Technology, HS 2926 Delft, The Netherlands
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Abstract

This paper proposes to analyze control strategies for arrival air traffic at an airport using a classical queuing
model. The parameters of our model are estimated by means of a data-driven analysis of two years of radar tracks
and flight plans for arrival flights at Tokyo International Airport from 2016 and 2017. Our results show that increas-
ing the capacity with one or two more aircraft in the airspace up to 60 NM around the airport significantly mitigates
arrival delays, even when assuming future, increased arrival traffic volumes. The outcomes of this study provide
insights into the effectiveness of arrival control strategies and are seen as a means to recommend scenarios to be
further analyzed with human-in-the-loop simulations.

Keywords: queuing theory, data analysis, stochastic, extended arrival management, air traffic management

1. Introduction

The management of aircraft arrivals at airports is central to airport operations. In the United States, Traffic
Management Advisory (TMA) (7) was deployed in air traffic control centers in the 1990’s, while its enhanced ver-
sion, Time-Based Flow Management (TBFM) (9) and Terminal Sequencing and Spacing (TSAS) (20), takes into
account future airborne-based operations (21). These systems contribute to sequencing and time-spacing of the
arrival traffic consistently in the en-route and terminal airspace areas. In Europe, the on-going SESAR project has
facilitated collaboration among European countries and contributed to the development of "Enhanced" Arrival
Management (AMAN), which coordinates the arrival time-schedules covering wider ranges of airspace than in the
case of conventional operations (8). In Asia-pacific, targeting strategic air traffic flow management, Long Range Air
Traffic Flow Management (LRATFM) has been devised to provide a basis for research into applications beyond cur-
rent system time-frames (13). On-going Japanese research and development on the "Extended" AMAN (E-AMAN)
aims to ensure efficient arrival traffic flow at Tokyo International Airport (14). In the E-AMAN scheme, arrival
traffic flow control, which coordinates traffic volume under limited airspace capacity and runway throughput,
shifts to time-based operations close to the destination airports, which ensures minimum time-spacing between
arrivals. An efficient transition from flow control to time-based operations depends on the characteristics of the
arrival air traffic flow and its surrounding environment, such as, the runway and airspace capacity, weather con-
ditions, air routes or geographical constraints. One of the most important requirements for the design of future
Air Traffic Management (ATM) system is to accommodate an increase of 250% in the global air traffic in the next
20 years, while reducing airport arrival delay (12).

Several studies have analyzed the aircraft arrival process at airports by means of queuing theory. The aircraft
arrival delay is analyzed in (4; 6; 19; 5) by employing queuing models focused especially on runway-related delay
and capacity constraints. In (4), the expected waiting time for aircraft arriving in a single runway is determined
using an M/SM/1 queuing model. Simple bounds for the expected waiting time are determined by comparison
to M/G/1 and M/D/1 models. However, in their case study, the authors do not make use of operational data
or compare their results against actual data. In (19), the arrival of aircraft at Pittsburgh International Airport is
modelled as an M/M/1 and M/Ek /1 queue. The authors determined, using Semi-Markov decision processes,
the maximum number of aircraft allowed to land at the airport during peak hours. In (5), the expected aircraft
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arrival delay was estimated by means of M/D/n queues, which yielded reasonable results when compared with
numerical simulation data. Again, no comparative analysis with actual flight data was conducted. In (6), the
National Airspace System in USA is modelled as a network of aircraft arriving, taxiing and departing queues, where
the TRACON sectors are modelled as an M/E3/n queue. A macroscopic view of the impact of ATM technologies
and costs is provided. A microscopic analysis of traffic using queuing theory is provided in (10; 18), where flows of
pedestrians are modelled. In (10), an M/G/c/c queue is proposed to model road traffic. The results show that the
model captures well the characteristics of the road traffic. In (15) an M/G/c queuing model is proposed to analyze
air traffic in an airspace around an airport. In (16), a discussion on future air traffic control strategies is provided.
In (18), a state dependent M/M/c/K queuing model is applied to control the pedestrian flows and the capacity of
pedestrian facilities in open outdoor walking environments.

In this study we propose to analyze arrival air traffic under current and novel traffic control strategies using a
classical queuing model. In particular, we conduct a macroscopic analysis of the aircraft arrival traffic at an airport
using a classical M/G/c/K queuing model. We determine the model parameters using 2 years of flight plans and
track data at Tokyo International Airport. We first estimate the expected arrival delay under the current tactical
arrival management strategy, for increasing aircraft arrival rates. Second, we analyze additional tactical arrival
strategies, such as increasing the airspace capacity closer to the airport or adjusting the flight time in specific
airspace areas. Our results show that a slight increase in the airspace capacity results in much lower arrival delays
than when adjusting the flight times. The outcomes of this study contribute to the design of arrival management
systems and control strategies to be used by air traffic controllers at an airport. Equally important, our approach
provides insights into the effectiveness of arrival control strategies and is seen as a means to recommend scenarios
to be further analyzed with human-in-the-loop simulations.

The paper is organized as follows. Section 2 introduces air traffic operations at Tokyo International Airport,
and characterizes the arrival traffic data recorded in 2016 and 2017. This data analysis supports the models pre-
sented in this paper. Section 3 proposes a queue-based modeling approach where the aircraft arrival process
is formulated as a M/G/c/K queuing model. Based on the data-driven analysis, probability distributions of the
inter-arrival time and service time, and the number of service counters are estimated. In Section 4, the M/G/c/K
queuing model is applied to estimate the aircraft arrival delay time as a function of the distance away from the
airport. The estimation results allow us to analyze the relation among arrival rate, airspace capacity, and aircraft
waiting time (arrival delay time). Section 5 clarifies efficient arrival control strategies based on the estimation
results of arrival traffic delay while increasing arrival ratio and airspace capacity, and adjusting means of service
times using the M/G/c/K queuing model. Section 6 discusses how this proposed queue-based approach con-
tributes to the design of future operational procedures and technologies, combined with the results of the G/G/c
queuing approach. Additionally, authors’ future works on mathematical modeling of the aircraft arrival process
are discussed, as well as further extensions of the study. Finally, Section 7 presents the conclusions of this study
and outlines our plans for future work.

2. Data description for case study - Tokyo International Airport

2.1. Aircraft arrival operations

This section provides a description of the aircraft arrival operations at Tokyo International (Haneda) Airport.
Tokyo International Airport is the 5th busiest airport in the world with respect to passenger traffic, having a total
of 83,189,933 passengers in 2017. An increase of 4.32% in the number of passengers was registered in 2017 relative
to 2016 (1). A maximum number of 447,000 departures and arrivals are accommodated per year, with a maximum
of 80 operations in one hour. Over 60% of the domestic flights in Japan are concentrated at this airport. The
airport makes use of four runways on a daily basis, while the choice of the runway configuration depends on
wind direction (see Figure 1). For the north wind operations, runway 34L is used for arrivals from the south-west
direction, while runway 34R is used for arrivals from the north. Runway 34R is also used for departure traffic. For
south wind operations, runway 22 is used for arrivals from the south-west, and runway 23 for arrivals from the
north.

The case study in this paper is based on flight plans and track data for a period of 71 days, which are randomly
selected from the odd months of 2016 and 2017. In 2016, there are a total of 608 arrivals per day, of which 530 flights
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Figure 1: Departure and arrival operations depending on wind direction.

Figure 2: Example of flight tracks during an entire day in November 2016. The red tracks show the south-west traffic flow. The blue tracks show
the north traffic flow.

are domestic and 78 flights are international. In 2017, 8 additional international flights are accommodated every
day compared to 2016. Thus, in 2017, there are a total of 614 arrivals per day, of which 530 flights are domestic
and 84 flights are international. The total number of arrivals between 8:00 AM and 11:00 PM is slightly below the
maximum allowed daily traffic thresholds, while the most congested period is between 5:00 PM and 10:00 PM.

Table 1 shows the type of aircraft, in percentage, used for the arrivals/departures. The majority of the aircraft
are used for short and medium-distance passenger transportation using A737-800 (B738), A320, and B767-300
(B763). Secondly, long-distance passenger aircraft such as B777-200 (B772) and B787-8 (B788) are used. Finally,
less than 1% of the flights are business jet including Gulfstream and Bombardier products.

One of the features of the arrival traffic flow at Tokyo International Airport is that the arrivals are clustered
either in the north or the south-west part of the airport. In the period 8:00 AM-11:00 PM, there are a total of 569
arrivals, of which 422 flights arrive from south-west, and 147 flights arrive from north. Figure 2 shows flight track
data for one day of operation in November 2016. The flight tracks of arrivals that use runway 34L are drawn in red,
while arrivals in runway 34R are drawn in blue. Concentric circles are drawn every 10 NM radius, from 10 NM to
300 NM, centered at Tokyo International Airport.

Figure 3 shows the hourly number of flights arriving from south-west or north in the period 8:00 AM-11:00 PM.
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Table 1: Percentage of aircraft types out of the total aircraft arrivals.

Types B738 B763 B772 A320 B788 B773 B77W B789 A321 B737 A333 E170 A332 B744 B734 Others

(%) 34 18 14 10 6 3 3 2 2 2 2 1 0.6 0.5 0.4 0.8

Figure 3: Mean and STD of hourly number of arrivals from south-west (red) and north (green) in the period 8:00 AM-11:00 PM.

It can be seen that the number of arrivals from south-west is approximately three times larger than the number of
arrivals from the north. In the near future, the number of arrivals from south-west is expected to grow as a result
of an increasing Asian traffic demand (12).

Air traffic flow in Japan is strategically controlled with a central focus on arrivals at Tokyo International Airport.
Figure 4 shows the number of arrival flights crossing every concentric circle (see also Fig. 2) in an hour from 5:00
PM to 10:00 PM. The total number of flight arrivals are controlled within a maximum of 40 (30 times from the
south-west, 10 times from the north).

3. Model description and formulation of the aircraft arrival traffic

3.1. Model description and formulation of the aircraft arrival process as a M/G/c/K queue

We formulate the aircraft arrival process by means of a M/G/c/K queuing model as follows. We consider the
airspace area around the airport located between concentric circles of radius 20 NM-150 NM, 40 NM-15 0NM, 60
NM-150 NM, 80 NM-150 NM, 100 NM-150 NM, and 150 NM-300 NM, as shown in Figure 5. As a result, there are 6
airspace areas i = 1,2, . . . ,6, where area i = 1 is the airspace area around the airport from 20 NM to 150 NM radius,
area i = 2 is the airspace area around the airport from 40 NM to 150 NM radius, and so on.

Each of the airspace area i ,1 ≤ i ≤ 6, is modelled as a M/G/c/K queue, where aircraft arrive at airspace i ,1 ≤
i ≤ 6, according to a Poisson process with rate λi . The arrivals are separated in distance for safety reasons. The
time interval between two consecutive arrivals at an airspace area i ,1 ≤ i ≤ 6 is called the aircraft inter-arrival time
(see Fig. 5). Upon arrival, the aircraft receives service for a certain amount of time, i.e., the time the aircraft spends
flying the given airspace (see Fig. 5). We assume that the aircraft service times are independent and identically
distributed according to a general distribution with finite mean. Let E[Bi ] denote the expected service time of
an aircraft in airspace area i ,1 ≤ i ≤ 6, i.e., the time an aircraft flies airspace area i . We assume that the service
time for an aircraft in an airspace area i is E[Bi ] = D/v , where D is the distance an aircraft is flying and v is the
average speed at which the aircraft is flying this distance. For an airspace i ,1 ≤ i ≤ 6, we consider ci servers, which
indicates the number of aircraft that are allowed to be present at any time in the given airspace, i.e., the capacity of
the given airspace. We also consider a buffer of size Ki , which indicates the maximum number of aircraft allowed
to be present in airspace i and that receive service. If already ci aircraft are present in airspace area i , then Ki − ci

aircraft are still allowed to be present in airspace i and will receive service at a later time. If, however, the number
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(a) North traffic flow.

(b) South traffic flow.

Figure 4: Number of aircraft arrivals in an hour during 5:00 PM-10:00 PM in 2016 and 2017.

Table 2: Parameters of empirical distributions of the inter-arrival time in seconds.

Radius around the airport (NM) 30 100 150 300
E[Ai ] (sec) 112.4 106.3 107.0 135.8
σ[ Ai ] (sec) 623.3 4723 7494 12168

Ce [Ai ] 0.03810 0.4182 0.6544 0.6603

of aircraft at airspace area i ,1 ≤ i ≤ 6 has already reached the buffer size Ki and additional aircraft would like to
make use of airspace i , then these additional aircraft are blocked from the system.

In the next section we establish the choice of our modeling approach by means of a flight data analysis.

3.2. Data-driven parameter estimation of the M/G/c/K model for aircraft arrival traffic

Our modeling approach in Section 3.1 is motivated by a data-driven analysis based on the flight plans and
radar data corresponding to the arrival aircraft in 2016 and 2017 at Tokyo International Airport. We consider the
time period of 5:00 PM to 10:00 PM, which is the most congested arrival part of the day at Tokyo International
Airport.

Figure 6 shows the empirical probability densities of aircraft inter-arrival times where the arrivals cross con-
centric circles around the airport of radii 30, 100, 150 and 300 NM, against their exponential fittings. The results
show that the aircraft inter-arrival time distributions at 150 NM and 300 NM radius around the airport are well
approximated by an exponential distribution. However, the inter-arrival times converge to a nearly Gaussian dis-
tribution closer to the arrival airport.
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Figure 5: Illustration of the service time and inter-arrival time with 6 airspace areas.

[1] Aircraft inter-arrival times - 30 NM radius
around the airport.

[2] Aircraft inter-arrival times - 100 NM
radius around the airport.

[3] Aircraft inter-arrival times - 150 NM
radius around the airport.

[4] Aircraft inter-arrival times - 300 NM
radius around the airport.

Figure 6: Distribution of inter-arrival time with exponential fitting.

In Table 2, the coefficient of variance of inter-arrival times in airspace area i ,1 ≤ i ≤ 6, denoted by Ce [Ai ], is
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defined as:

Ce [Ai ] = σAi

E[Ai ]2 , (1)

where E[Ai ] and σAi are, respectively, the mean inter-arrival time and the variance of the inter-arrival time in
airspace i . When Ce [Ai ] → 1, the empirical distribution of the inter-arrival time is well approximated by an expo-
nential distribution.

Figure 7 shows the empirical distributions of the service times corresponding to the airspace area i ∈ {1,2, . . . ,6}.
Figure 8 shows the number of aircraft flying in the airspace area i ∈ {1,2, . . . ,6} at a fixed moment every 10 minutes
during the time period of 5:00 PM to 10:00 PM, and the corresponding mean and standard deviation (STD) are
given in Table 3. Following the analysis of the flight data (see also Fig.8 and Table3 ), in this paper, we estimate the
number of servers ci in airspace area i ,1 ≤ i ≤ 6, as the mean number of aircraft present in airspace i plus 2STD
of the number of aircraft, i.e., for 95% of the time, in airspace area i , at most ci aircraft can be handled at the same
time. This constraint reflects the capacity constraints imposed on the aircraft arrival airspace.

Following the analysis of the flight plans and track data analysis (see also Tab.4), Table 4 shows the estimates of
the M/G/c/K model parameters λi , arrival ratio per second, and E[Bi ], the mean of service time, for airspace area
i ,1 ≤ i ≤ 6. We also consider a buffer Ki for each area i ,1 ≤ i ≤ 6, such that a maximum of Ki , aircraft are allowed
to be present in airspace area i ,1 ≤ i ≤ 6, at the same time. The size of buffer Ki is determined by constraining
the probability of blocking aircraft in airspace i , which we denote by pKi , to be below 0.01, where it is known that
(2; 11):

pKi =
(λiE[Bi ])Ki

ci !cKi−ci
i

.

[1] i = 1. [2] i = 2. [3] i = 3.

[4] i = 4. [5] i = 5. [6] i = 6.

Figure 7: Empirical service time distribution for airspace area i ,1 ≤ i ≤ 6.
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Table 3: Estimating the number of servers ci in airspace area i ,1 ≤ i ≤ 6.

Airspace area i 1 2 3 4 5 6
Empirical mean number of aircraft 13.90 10.67 7.498 5.487 3.800 9.231
Empirical STD number of aircraft 2.598 2.287 2.075 1.886 1.674 2.305

Estimated number of servers ci 20 17 13 10 8 16

Figure 8: Number of aircraft present in airspace area i ,1 ≤ i ≤ 6 averaged over 70 days randomly chosen from 2016 and 2017 over 2 years data.

Table 4: Data-driven parameter estimation for the M/G/c/K queuing model - airspace area i ,1 ≤ i ≤ 6.

Airspace area i 1 2 3 4 5 6
E[Bi ] (sec) 1640 1254 877.5 634.9 433.0 1055
λi (per sec) 0.009345 0.009345 0.009345 0.009345 0.009345 0.007366
Ki 26 21 16 13 10 17

4. Analyzing aircraft arrivals using a M/G/c/K queuing model

4.1. Determining aircraft delay time

For a given airspace i , pn(i ) denotes the probability that there are n aircraft present in that area. It is known
that (2; 11):

pn(i ) =


(λi E[Bi ])n

n! p0(i ), for 0 ≤ n ≤ ci

(λi E[Bi ])n

ci !c
n−ci
i

p0(i ), for ci < n ≤ Ki .
(2)

Following normalization, we have:

p0(i ) =
(

ci∑
n=0

(λiE[Bi ])n

n!
+

Ki∑
n=ci+1

(λiE[Bi ])n

ci !cn−ci
i

)−1

. (3)

Then, using (2) and (3), the mean queue length in the airspace area i , denoted by Lq (i ), is:

Lq (i ) =
Ki∑

n=ci+1
(n − ci )pn(i ) =

Ki∑
n=ci+1

(n − ci )
(λiE[Bi ])n

ci !cn−ci
i

p0(i ). (4)
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Finally, let E[Di ] denote the expected delay experienced by the aircraft in the airspace area i , which is absorbed
by means of vectoring or speed adjustments. From Little’s law (17) and (4), we have:

E[D(i )] = Lq (i )

λi (1−pK (i ))
= Lq (i )

λi

(
1− (λiE[Bi ])Ki 1

c !c
Ki −ci
i

p0(i )

) . (5)

To illustrate the above derivations by means of an example, we refer to (2), Section 11.2.

4.2. Analyzing required airspace capacity and minimum airspace buffer size to maintain a given level of perfor-
mance with respect to aircraft arrival delay

Figure 9 shows the relationship between the airspace capacity ci , arrival traffic rateλi , buffer size Ki of airspace
i , and arrival delay time E[Di ] in the airspace area i , i ∈ {1,6}. In all the analyzed cases, we ensure that pKi < 0.01.
This may mean, for instance, that the size of the buffer Ki or the capacity ci of the airspace may be adjusted
to ensure that the blocking probability remains below 0.01. We also consider the case when the arrival rate λi

increases with 10% and 20% for the airspace i , i ∈ {1,6}.
Overall, Figure 9 captures the characteristics of the aircraft arrival flow and provides insights into the air traf-

fic control strategies needed, i.e., increased capacity or buffer size, to maintain a given level of performance with
respect to the arrival delay. Firstly, reducing ci , i.e., reducing the airspace capacity, i ∈ {1,6}, leads to increasing
arrival time delay E[Di ]. Moreover, to ensure that pKi remains below 0.01, the size of the buffer Ki also increases.
As expected, further increasing the aircraft arrival rate in airspace i , i ∈ {1,6}, only increases the arrival delay. Sec-
ondly, increasing the arrival traffic rateλi , i ∈ {1,6}, leads to an increase of E[Di ] when the number of servers ci , i.e.,
the capacity of airspace i , remains the same. This means that the optimal ci values, which maintain E[Di ] within
the acceptable range, increase according to the traffic volume in airspace i . Thirdly, the airspace i = 1 requires
more airspace capacity ci than the airspace i = 6. Because the aircraft reduces the airspeed while descending to
the destination airport, the air traffic in the airspace i = 1 is denser than that in the airspace i = 6. Therefore, the
capacity ci in the airspace i = 1 is greater than that in the airspace i = 6 when aiming to maintain the same level of
arrival delay E[Di ].

Table 5: Expected arrival delay time E[Di ] and minimum required buffer size Ki such that pKi
< 0.01,1 ≤ i ≤ 6.

i
1

(20-150NM)
2

(40-150NM)
3

(60-150NM)
4

(80-150NM)
5

(100-150NM)
6

(150-300NM)
ci 20 17 13 10 8 16
Ki 26 21 16 13 10 17

λi
E[Di ] (sec) 14.75 4.914 2.696 2.640 0.8561 0.0
Ki 32 24 19 16 12 18

110%λi
E[Di ] (sec) 58.93 20.10 11.70 9.554 4.462 0.5002
Ki 41 27 20 16 12 17

120%λi
E[Di ] (sec) 179.8 39.12 17.47 12.38 4.26 0.0
Ki 98 34 24 19 13 18

130%λi
E[Di ] (sec) 2483 111.5 38.08 23.44 7.367 0.9706

4.3. Estimating arrival delay under future traffic increase

Future air transport is expected to grow by 250% in the next 20 years (12). Allowable runway throughput can
be estimated according to the value of separation minima, which is determined by considering the aircraft’s wake
vortex category and the automation levels supporting air traffic controllers (3). In this section, we assume a 10%,
20%, and 30% increase in arrival traffic, and discuss the impact of arrival delay against increasing air traffic vol-
umes. The same airspace capacity ci ,1 ≤ i ≤ 6 is assumed as in Table 3 in order to analyze the tolerance of the
current airspace capacity against increasing traffic demand.

Table 5 shows the expected arrival delay and the minimum required buffer size for airspace i ,1 ≤ i ≤ 6 for an
arrival rate up to 30% more than the current arrival rate. Figure 10 compares the estimated arrival delay time E[Di ]
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[1] λ1. [2] λ6.

[3] λ∗
1 = 110%λ1. [4] λ∗

6 = 110%λ6.

[5] λ∗∗
1 = 120%λ1. [6] λ∗∗

6 = 120%λ6.

Figure 9: Comparative analysis of buffer size Ki , number of servers ci , and expected waiting time E [Di ] when the arrival rate increases with
10% and 20% airspace areas pKi

< 0.01, i ∈ {1,6}.
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[1] Increasing arrival delay time, 100%λi , 110%λi ,
120%λi and 130%λi , i ∈ {1,2, . . . ,6}.

[2] Increasing arrival delay time, 100%λi , 110%λi , and
120%λi , i ∈ {1,2, . . . ,6}.

[3] Buffer size Ki estimation under
pKi < 0.01, i ∈ {1,2, . . . ,6}.

Figure 10: Comparing arrival delay and the size of the buffer Ki , i ∈ {1,2, . . . ,6}, by increasing airspace capacity.
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Table 6: Expected arrival delay time E[Di ] given 110%ci and the minimum required buffer size Ki such that pKi
< 0.01,1 ≤ i ≤ 6.

i
1

(20-150 NM)
2

(40-150 NM)
3

(60-150 NM)
4

(80-150 NM)
5

(100-150 NM)
6

(150-300 NM)
ci 22 18 14 11 8 17

Ki 25 20 16 13 10 18
λi

E[Di ](sec) 2.574 1.014 0.7229 0.6654 0.8561 <0.1
Ki 28 22 17 14 11 18

110%λi
E[Di ](sec) 12.04 5.840 2.561 2.044 2.231 <0.1
Ki 32 25 19 15 12 18

120%λi
E[Di ](sec) 37.29 18.05 7.331 4.485 4.260 <0.1
Ki 40 30 21 17 13 18

130%λi
E[Di ](sec) 120.8 47.16 16.03 9.094 7.367 <0.1

and the buffer size Ki (see also Table 5). Firstly, Figure 10 [1] and Table 5 show that the estimated arrival delay dra-
matically increases until 2483 s in the airspace i = 1 when we assume an arrival rate of 130% λi . This large amount
of delay would be hardly manageable in practice. The most remarkable increase is estimated in the airspace i = 1
is 58.93 s and 179.8 s for 110%λi and 120%λi , respectively. Moreover, large delays are estimated in the case of
airspace i = 2 with 20.10 s and 39.12 s for 110%λi and 120%λi , respectively. This means that approximately 40 s
and 140 s of arrival delays occur between the range of circles of radii 20 NM and 40 NM, respectively.

5. Aircraft arrival control strategies under increasing arrival traffic

5.1. Exploring tactical arrival control strategies to limit arrival delay under increasing arrival traffic

As shown in section 4.3, by applying the M/G/c/K queuing model for aircraft arrivals, we show that the arrival
delay time is expected to increase in the future, along with increased traffic and current tactical control strate-
gies, especially in the airspace up to 40 NM around the airport. To mitigate the impact of increasing air traffic,
conventionally, two improvements have been discussed: the first is increasing the airspace capacity and runway
throughput, and the second is controlling the arrival delay time in farther airspace.

In this section, we clarify the effectiveness of these two different strategies through the M/G/c/K modeling
approach. In section 5.2, we analyze the impact of the first strategy, i.e., increasing the capacity with 20% more
than the current situation for the airspace up to 300 NM around the airport. In section 5.3, we analyze the impact
of the second strategy, i.e., reducing the service time in the airspace i = 1 and increasing the service time in the
airspace i = 6 while keeping the same total service time. This means that we request a shorter flight time in the
airspace i = 1, close to the airport, and a longer flight time in the airspace i = 6, farther from the airport.

5.2. Increasing airspace capacity

We model an increase in the airspace capacity and runway throughput by increasing ci and λi , i ∈ {1,2, . . . ,6},
in the proposed M/G/c/K queuing model. Increasing the airspace capacity ci means that more aircraft will be
allowed to fly in an assigned airspace i , i ∈ {1,2, . . . ,6}. In this section, we analyze the impact of increasing the
airspace capacity with 10% and 20% in each airspace i ,1 ≤ i ≤ 6, while assuming an increased arrival traffic rate
with 10%, 20%, and 30% relative to the current air traffic.

Figure 11 and Tables 6 and 7 show the results for the estimated arrival delay E[Di ] for a given ci , arrival rate
λi , and estimated parameter values Ki to ensure pK i < 0.01, i ∈ {1,2, . . . ,6}. As expected, the results show that by
increasing ci , the expected arrival delay E[Di ] dramatically decreases, especially in the airspace i = 1 and i = 2.
For instance, for airspace i = 1 and assuming an aircraft arrival rate of 120%λ1, an arrival control strategy with an
increase of 20% of the capacity c1 results in an expected arrival delay of 8.715 s (see Table 7). However, assuming
an aircraft arrival rate of 120%λ1 for the airspace i = 1, keeping the current capacity ci , results in an expected
arrival delay of 179.8 s (see Table 5) . Thus, even when assuming an arrival rate of 120%λ1 for airspace i = 1,
approximately 3 min of arrival delay is mitigated by increasing c1 by 20%. This 20% increase in c1 is equivalent to
increasing the number of aircraft by 1 in the airspace between the concentric circles around the airport (see Figure
5) of radii 20 NM and 40 NM (see Table 5 and Table 7).
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[1] Increased arrival delay time with 110%ci and the
arrival rates as 100%λi , 110%λi , 120%λi , and 130%λi .

[2] Minimum buffer size Ki estimation for 110%ci such
that pk < 0.01.

[3] Increased arrival delay time given 120%ci and arrival
rates 100%λi , 110%λi , 120%λi , and 130%λi .

[4] Minimum buffer size Ki estimated under 120%ci

such that pk < 0.01.

Figure 11: Estimating arrival delay time and minimum required buffer size under increased airspace capacity.

5.3. Adjusting aircraft flight time

One other means to limit the arrival time delay is to reduce the service time E[Bi ], which is equivalent to
reducing the flight time of the aircraft in an assigned airspace i ,1 ≤ i ≤ 6. In (7), it was proposed that an efficient
arrival delay management strategy in the en-route airspace is located farther away from the destination airport
than the terminal airspace surrounding the airport. In the same line, this section compares the impact of service
time adjustments. In particular, we assess the strategy when a part of the service time in the airspace i = 1 shifts to
the airspace i = 6. We compare the results obtained by this service time adjustments strategy against the strategy
when we increase the airspace capacity ci , i ∈ {1,6} with 10% and 20%, as discussed in section 5.2. The total service
time in the airspace i = 1 and i = 6 are the same both in the case of the service time adjustment strategy, as well as
in the case of the capacity increase strategy.

We consider three different service time adjustment control strategies such that a part of the service time, i.e.,

Table 7: Expected arrival delay time E[Di ] given 120%ci and the estimated minimum required buffer size Ki such that pKi
< 0.01,1 ≤ i ≤ 6.

i
1

(20-150NM)
2

(40-150NM)
3

(60-150NM)
4

(80-150NM)
5

(100-150NM)
6

(150-300NM)
ci 24 20 15 12 9 19
Ki 25 21 16 13 10 20

λi
E[Di ] (sec) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ki 27 22 17 13 11 20

110%λi
E[Di ] (sec) 2.173 0.6792 0.6973 0.0 0.5260 <0.1
Ki 29 24 18 15 11 20

120%λi
E[Di ] (sec) 8.715 3.847 2.423 1.600 0.8396 <0.1
Ki 33 26 20 16 12 20

130%λi
E[Di ] (sec) 28.61 10.68 6.876 3.458 2.169 <0.1
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Figure 12: Comparing arrival delay time corresponding to 110%ci , 120%ci , and three arrival strategies.

Table 8: Aircraft arrival control strategies by adjusting the service time in the airspace i , i ∈ {1,6}.

Airspace i
i=1

(20-150NM)
i=6

(150-300NM)
strategy 1 E[B1]−100sec E[B6]+100sec
strategy 2 E[B1]−150sec E[B6]+150sec
strategy 3 E[B1]−180sec E[B6]+180sec

the aircraft flight time, is shifted from the airspace i = 1 to i = 6 (see Table 8). For Strategy 1, we reduce the mean
service time E[Bi ] by 100 s in the airspace i = 1, and increase the service time in the airspace i = 6 by 100 s, while
maintaining the airspace capacity ci , i ∈ {1,6} currently in use (see also Table 3). Similarly, for strategies 2 and 3,
we shift 150 s and 180 s from airspace i = 1 to airspace i = 6, respectively.

Figure 12 shows the estimated arrival delay E[Di ] in the airspace i = 1 and i = 6 when assuming the arrival
control strategies 1, 2, 3, and for the case when the capacity ci of the airspace i , i ∈ {1,6} increases with 10% and
20% compared with the current situation, i.e., we consider 110%ci and 120%ci . The results show that strategies
1, 2, and 3 successfully transfer the arrival delay time from the airspace i = 1 to i = 6. However, the most effective
strategy to minimize the arrival delay is to increase the airspace capacity by 20% (120%ci in Figure 12). Although
the optimizing service time in each airspace i needs further analysis, these results contribute to prioritizing future
strategies on improving air traffic management systems to limit arrival delay while allowing an increase in the air
traffic volume.

6. Discussion

Our proposed queue-based modeling approach clarifies that the most efficient solution to mitigate the arrival
delay is to increase the airspace capacity, especially in the airspace i = 1 and i = 2, rather than adjusting the flight
time (service time) of the arriving aircraft. This section discusses the implications of the outcomes for the air traffic
operations.

Increasing the airspace capacity c1 by 10% in the airspace area i = 1 reduces the arrival delay by 12.18 s when
the arrival traffic rate remains the same as in the case of the current operations, i.e., 100%λ1 = 30 arrivals per hour,
and 46.89 s when the arrival traffic volume increased by 10% (110%λ1 = 33 arrivals per hour), while maintaining
the current airspace capacity c1 (see Table 6). Increasing the airspace capacity with 10% (110%c1) is equivalent to
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(a) Three in-trail aircraft separations under the current
airspace capacity.
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(b) Four in-trail aircraft separations under increased
airspace capacity.

Figure 13: Three and four in-trail aircraft separations in the airspace 20 to 40 NM radii around the airport.

allowing one more aircraft in the airspace between the circles with radii 20 NM and 40 NM around the airport (see
Table 5 and 6).

Increasing the airspace capacity by 20% (120%c1) in the airspace area i = 1 relative to the current situation
reduces the arrival delay by 171.1 s when the arrival traffic rate increases by 20% (120%λi ) (see Table 7). Increasing
the airspace capacity by 20% (120%ci ) relative to the current situation is equivalent to allowing two more aircraft
in the airspace between the circles around the airport with radii 20 NM and 60 NM as follows: one aircraft between
the circles with radii 20 NM and 40 NM and the other between the circles with radii 40 NM and 60 NM around the
airport(see Tables 5 and 7).

In practice, increasing one aircraft in the airspace between the circles around the airport with radii 20 NM and
40 NM, where currently the capacity is, on average, three aircraft (see Table 5), means that a total of four aircraft
are allowed to fly in this airspace. If only three aircraft follow in-trail while keeping the same spacing distance
between 20 NM and 40 NM around the airport, the mean aircraft separation is estimated to be between 6.7 NM
and 10 NM (see Figure 13a). If all the four aircraft follow in-trail, the mean aircraft separation is between 5 NM and
6.7 NM (see Figure 13b). In both the cases, the resulting aircraft separations satisfy the current radar-separation
minimum of 5 NM. This means that increasing the airspace capacity by 1 more aircraft in the airspace 20–40 NM
radii around the airport is currently a feasible strategy.

In the future, it is expected that the minimum separation will be reduced from 5NM to 3–5 NM as a result of
implementing new separation standards. This will, in turn, result in an increase in the capacity, which we showed
in our results. This is the most efficient strategy with respect to arrival delays. Moreover, air traffic controllers make
use of a large margin for the minimum separation distance for safety reasons. In the future, increasing the level
of automation support will contribute to the reduction of these safety margins, as shown in (3). In turn, this will
result in a reduction of the separation minima below 5 NM, which again, will support an increase in the airspace
capacity close to the airport.

This paper clarifies that the most delay-efficient strategy is to increase the airspace capacity up to 60 NM
around the airport. This result supports the design of Extended Arrival Management (E-AMAN) system, which
is one of the main means of automation support for air traffic controllers.

7. Conclusions

This paper proposes a novel queue-based modeling approach for aircraft arrivals at an airport and analyzes
the strategies for air traffic tactical control that can mitigate arrival delays while allowing future increasing air
traffic volumes. Our modeling approach is motivated by a data-driven analysis of actual flight plans and radar
data corresponding to the arrival traffic in 2016 and 2017 at Tokyo International Airport. Our analysis estimates
the arrival delays under increasing arrival rates and indicates that the most delay-efficient arrival tactical control
strategy is to increase airspace capacity close to the arrival airport. In particular, allowing one or two additional
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aircraft in the airspace within approximately 60 NM around the airport significantly reduces the arrival delays even
in the case when the arrival rate increased up to 20% more than the current operations.

Our proposed approach provides support to the decision-making process of prioritizing tactical control strate-
gies under various traffic conditions, i.e., providing support for introducing new operational procedures, design-
ing route structures, introducing automation support for controllers. As future work, we plan to develop arrival
optimization models for aircraft arrivals at an airport under increased traffic volumes such that arrival delays are
minimized.
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