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Abstract

A large-scale air traffic simulation is performed by using cellular automaton (CA)-based model with high fidelity
and simple rules. Air traffic flow has become complicated due to the recent increase in global air traffic,
resulting in daily operational delays. Therefore, our simulation focuses on large-scale traffic flow rather than
specific airspace to design an operation system achieving both the safety and efficiency of the entire air traffic
management (ATM). In this study, every 4934-aircraft flying across Flight Information Region (FIR) in Japan,
called Fukuoka FIR, is simulated by extending the analysis area of our previous CA-based model, which
estimates delay time and the bottleneck by the interaction between in-trail aircraft. Our CA-based model can
represent air traffic flow including operational rules, aircraft characteristics, and weather conditions, which the
macroscopic model cannot easily take into consideration. Furthermore, our model is fairly simple to set up
compared to multiagent-based simulation, which belong to the same meso/microscopic model. As a result, the
macroscale analysis clarifies that the spacing adjustments of arrival flights to the hub airports account for only
40% of the total amount. This indicates that identifying flight delay bottleneck not only on the airways to hub
airports but also on other routes is also paramount for totally efficient ATM operation.

Keywords: air traffic flow, air traffic management, cellular automaton (CA)-based model, large-scale simula-
tion

1. Introduction

Air traffic demand is expected to recover in the next four years despite the sharp reduction due to
COVID-19, albeit with uncertainty [1]. This increasing demand has caused air traffic flow to concen-
trate in specific airspace and time zones with the consequence of the imbalance between demand
and capacity. With the demand exceeding capacity, aircrafts before take-off will be queued at the air-
port of origin, whereas in-flight aircraft will be instructed to bypass the congested airspace. In addition
to the above air traffic flow management (ATFM), especially around large-scale congested airports,
aircraft will be path-stretched by "Vectoring" and stacked by "Holding" to keep the assigned separa-
tion at the runway threshold, which complicate air traffic flow. These cumulative delays lead not only
to a decrease in customer satisfaction, but also to an increase in fuel consumption, adversely affect-
ing the environment. The ratio of delays by air traffic flow has become large for the past decades;
e.g., such a delay was reported to 30% of the total in EU in 2010 [2]. Therefore, reducing the delay
originating from air traffic flow is increasingly becoming a vital factor in air traffic management (ATM).

Air traffic flow has been modeled and simulated focusing on large-scale areas in order to clarify
the mechanism of delay propagation and consequently predict the delay. Macroscopic models are
commonly used for large-scale simulations by approximating the flow of aircraft by continua and
calculating macro variables (e.g., traffic volume, density, and average velocity). However, such
a model cannot necessarily explain the air traffic flow, affected by complex operational rules and
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weather conditions. In contrast, meso/microscopic models, such as cellular automaton (CA)-based
and multiagent-based models, calculate the microvariables (e.g. position, velocity) of each aircraft
through the interaction between aircraft (or aircraft groups). Although multiagent-based models can
describe phenomena in detail, the parameters are apt to become large in number, which requires
time and effort for the rule-setting. CA-based models develop the behavior of the entire system
based on the interaction between each agent, allowing one to reduce the number of parameters.
However, most CA-based models in the past have tended to focus on specific airspace, mainly used
to investigate better conflict resolution.

This paper performs a large-scale air traffic simulation to design an operation system that achieves
both safety and efficiency of the entire air traffic management (ATM). Here, a CA-based model is used
to effortlessly model large-scale air traffic flows with high fidelity. In this study, every 4934 aircraft that
fly across the Flight Information Region (FIR) in Japan, called Fukuoka FIR, is simulated by extending
the analysis area of our previous CA-based model. This paper is organized as follows. Section 2.
summarized the related work to model air traffic flow. Section 3.describes the overview of CA-based

simulator. Section 4. compares the simulation results to actual track data to generate trust in our
proposed CA-based model. Section 5.discusses the results obtained.

2. Literature Review

Air traffic flow has previously been simulated in demand capacity balance (DCB) studies, congestion
analysis, and other ATM-related studies, using mathematical models such as queue [3, 4, 5, 6], the
differential equation [7, 8, 9, 10, 11, 12], and network [13, 14, 15, 16]. Many strategic ATM concepts
based on these models have been proposed, and these concepts enable a low computational cost.
However, mathematical and theoretical models are not necessarily able to explain air traffic flow
precisely because they are based on several complex rules and are strongly affected by aircraft
facilities and weather. Multiagent-based modeling is a different approach that has also been utilized
in the field of ATM by several researchers [17, 18, 19, 20, 21]. Although multiagent-based models can
describe phenomena in detail, it is difficult to develop a highly accurate model because of the high
degree of freedom required. The cellular automaton model is similar to the multiagent-based model,
but is simpler. A cellular automaton model (CA) is a discrete computational model that consists of a
regular grid of cells, with each cell existing in one of the finite numbers of states, such as 0 and 1.
The state of each cell is updated after each discrete time interval in accordance with simple rules. As
mentioned by Sun et al. [22], the cellular automaton model is computationally friendly compared to
the Eulerian flow theory and the PDE models, which are theoretical models.

Several CA models[23, 24, 25, 26, 27, 28, 29] have been proposed to analyze air traffic flow. Kim et
al. [23] proposed a two-dimensional CA model to demonstrate an airborne self-separation system by
describing aircraft that move in all directions within adjacent airspaces. Yu et al. [24] and He et al. [25]
utilized a one-dimensional CA model that can simulate the aircraft landing process to schedule the
aircraft landing time in real time. Wang et al. [26] and Lim et al. [27] adopted a two-dimensional CA
model for en-route airspace by combining optimization techniques to find flight paths that avoid pro-
hibited airspace, restricted airspace and dangerous airspace. Enayatollahi et al. [28, 29] constructed
a two-dimensional CA model considering a standard terminal arrival route (STAR) to investigate the
impact of weather on delays and to optimize the flight path following performance-based navigation
(PBN). Most studies have not focused on constructing a CA model in global airspace, such as Japan
and Europe, but in terminal airspace or specific en-route airspace.

To address this gap, we have proposed a one-dimensional CA model with step back movement
(SBCA) that was constructed considering Tokyo International Airport (RJTT) [30] and Japan [31].
Our objective was to contribute to the production of a set of fast-time simulation and optimization
tools in which ATM stakeholders can quickly and easily change airspace and routes to verify new
ATM concepts. Therefore, the unique characteristics of SBCA is its ability to model air traffic flow with
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only a few parameters, simple input files, and simpler rules than those followed in previous related
studies.

3. Cellular Automaton (CA)-based models

A one-dimensional CA model with Step-Back movement (hereafter, SBCA) is used to simulate air
traffic flow. Our proposed CA-based approach was already used to simulate inflow traffic at Tokyo
International Airport (RJTT) modeled in the terminal airspace of Tokyo International Airport (RJTT),
so-called Tokyo Approach Control Area (TACA) [30], and in Japan [32]. Our previous work focuses
not only on modeling the air traffic flow but also optimizing take-off time [31] and cruise speed [33] of
arrival track at RJTT to obtain knowledge contributing to efficient ATM operation. In [33], the decision
tree was used to extract the optimal speed control strategy from the optimization results. This study
extends the modeling area to FIR in Japan, the so-called Fukuoka FIR, and simulates the behavior
of all 4934-flights through their interactions as shown in Figure 1.

Figure 1 – Designing a CA-based model in large-scale analysis area

3.1 Data Preparation

3.1.1 Flight Plan

A flight plan (FP) is a plan that notifies the air traffic control agency when an aircraft flies. FPs are not
open to the public, and are provided by the Civil Aviation Bureau in Japan (JCAB). A FP includes the
call sign, aircraft type, the name of captain, flight rules, departure fix, departure time, cruise altitude,
route, cruise speed, radio equipment, alternative airport, fuel load, total number of passengers, and
other information. SBCA utilizes departure time at the first row of a FP, maximum cruise flight level
(FL), and route with the name of waypoints (WP) including latitude and longitude. Once the aircraft
leaves the reference point, it follows exactly the designated flight path until arrival.

3.1.2 Radar Track

Radar track is the time series trajectory data created from the actual data and the flight plan data
from the radar information processing system for air traffic control. In Japan, the radar track from
2012 to 2017 is open to the public as CARATS Open Data [34] provided by JCAB. However, Tokyo
International Airport (RJTT), the hub airport for domestic flights, has just started the new sequencing
and spacing operation, so-called point-merge (PM) operation, since 2019, which changes the char-
acteristics of the air traffic flow. Therefore, the radar track from 2019 to 2020, closed data provided
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by JCAB, is used to input the data into SBCA.

The radar tracks include the time recorded by approximately 10 seconds, the call sign, the latitude,
longitude, the altitude and the type of aircraft. From the above data, call sign, aircraft type, departure
runway, arrival runway, and descent angle from the top of descend to runway threshold are extracted.
The arrival / departure runways are estimated using the nearest-neighbor algorithm by comparing the
first and last rows of the radar track for each flight with the runway threshold location of the departure
/ arrival airport extracted from the Aeronautical Information Publication.

3.1.3 Aeronautical Information Publication

Aeronautical Information Publication (AIP) [35] is a national publication that contains permanent infor-
mation necessary for the operation of air traffic control. Permanent changes to the recorded content
will be made by the revised version of AIP, whereas temporary changes will be made by the supple-
mentary version of AIP. Aeronautical Information Publication (AIP) consists of three parts: General
Rules (GEN), Enroute (ENR), and Airfield (AD), each of which is appropriately divided into sections
containing various information items. The entire AIP is divided into 5 volumes, the first volume is GEN
and ENR, and the second and subsequent volumes are AD. The "General Rules (GEN)" contain rules
which include national rules and requirements, tables and symbols, operations, airfield / heliport use,
and navigational assistance fees. Above the AIP, the location of runway thresholds of all domestic
airports and the final fix approach (FAF) are extracted.

3.1.4 Base of Aircraft Data

The BADA model is a model that allows calculations such as aircraft movement and fuel consump-
tion using aircraft data provided free of charge by the European Organization for the Safety of Air
Navigation (EUROCONTROL) [36]. Aircraft specifications (e.g., aerodynamic coefficient, mass, wing
area, and fuel consumption required for CL and CD calculation) required for four-dimensional trajec-
tory prediction and fuel consumption estimation are summarized in a data file for each model As of
2020, three types, BADA Family3, BADA Family4, and BADA Family H, have been released. BADA
Family H is a helicopter-specific model. BADA Family4 provides more accurate aircraft specification
data than Family3, nevertheless the use of the model is limited. The BADA Family3 covers the speci-
fication data for all models flying in EU controlled areas and even includes unmanned aerial vehicles
(RPAS) flying on remotely controlled aircraft systems (RPAS) such as Global Hawk and Predator,
therefore, used in SBCA. For simplification, the Performance Table File (PTF), which describes the
performance during ascent, cruising, and descent at each flight level for a specific type of aircraft
following the BADA Family3, is used to calculate the trajectory.

3.1.5 Meso Scale Model Grid Point Value

MesoScale Model Grid Point Value (MSMGPV) [37] provided by the Japan Meteorological Agency
is used as a model for wind speed and direction. The main purpose of this model is to predict
phenomena that cause disasters, such as heavy rains and storms, several hours to a day ahead, with
a horizontal grid spacing of 5 km and the calculation area of Japan and the sea nearby. Forecasts are
made 8 times a day, every 3 hours, and up to 39 hours in advance. The latitude is 22.4 degrees north
latitude to 47.6 degrees north latitude with 253 vertical grids at 0.1 degree intervals, and the longitude
is 120 degrees east longitude to 150 degrees east longitude with 241 horizontal grids at 0.125 degree
intervals. Regarding the area out of the above zones, the nearest point is used instead. Since there
are 16 barometric pressure planes from 100 [hPa] to 1000 [hPa], there are a total of 975568 lattices.
Atmospheric pressure is calculated in advance and temperature and atmospheric density at each
altitude are calculated using the BADA model and formulas in the standard atmosphere and are used
to calculate the behavior of the aircraft.
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3.2 Input Flight Plan and Routing

Figure 2 illustrates the pattern of the input flight plan. The route constructed by waypoints is seg-
mentized into two zones according to the flying area because the in-trail separation is around 3 to 5
NM inside terminal control airspace around domestic airports compared to more than 5 NM outside
terminal airspace, called en-route airspace. In this study, these zones are defined as the "Termi-
nal Control Segment (yellow zone)" and the "En-Route Segment (blue zone)", respectively, for the
parameter setting mentioned in Section 3.4. Combining the information mentioned in Section 3.1, the
pattern of the input flight plans are divided into four categories. "Pattern 1" is for domestic flights,
which depart the runway threshold and arrive at the destination runway. "Pattern 2" and "Pattern 3",
on the other hand, is the international flights which take off or arrive at the runway threshold in Japan.
"Pattern 4" is the flyover, the international flights that do not take off and land at the domestic airports.
As a result, by combining all flight plans, the airways are defined as the network shown in Figure 3.

Input FP 

Pattern 1
Rwy WP1 WP2 WP3 WPn-1

…
WPn FAF Rwy

Pattern 2
WP1 WP2 WP3 WP4 WPn-1

…
WPn FAF Rwy

Pattern 3
Rwy WP1 WP2 WP3 WPn-3

…
WPn-2 WPn-1 WPn

Pattern 4
WP1 WP2 WP3 WP4 WPn-3

…
WPn-2 WPn-1 WPn

Figure 2 – Pattern of input flight plan (Yellow
zone is "Terminal Control Segment" whereas

blue zone is "En-Route Segment")
Figure 3 – Airways (blue lines) in Fukuoka FIR in

Japan

3.3 Rule Setting

Our rule-based simulator[31] has been improved to take into account not only arrivals but also de-
partures. In [31], arrival traffic to Tokyo International Airport (RJTT), the most congested airport in
Japan, has been simulated by the three simple rules. In this study, the runway crossing rules is added
to consider the interaction on the runway.

3.3.1 Basic Rule

As shown in Figure 4, SBCA consists of 3 basic rules that utilize 2 parameters, d and BD, and aircraft
speed s. d is the minimum in-trial separation between aircraft, and BD is the step-back distance. A
velocity s is assigned to each aircraft, calculated using Base of Aircraft Data (BADA) and Meso Scale
Model Grid Point Value (MSMGPV). In Rule 1, when there is no aircraft in the front for a distance
of d, then the aircraft moves forward by s (Step). In Rule 2, when there is one or more aircraft in
the front within a distance of d, and there is no aircraft in the rear for a distance of BD, the aircraft
moves backward by BD (Step Back). In Rule 3, when there are one or more aircraft in the front
within a distance of d and in the rear within a distance of BD, then the aircraft remains in its current
position (Stop). "Step Back" and "Stop" correspond to spacing adjustments, such as "Holding" and
"Vectoring".
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(1)  Step

(2)

(3)  Stop

BD d

s

BD

𝑙!

Rule

Step 
Back

Figure 4 – Analysis area

3.3.2 Runway Interaction Rule

Figure 5 illustrates the runway interaction rule. As mentioned in [38], there are three factors to limit
the maximum runway capacity, namely, wake turbulence categories, safety margins, and runway oc-
cupancy time (ROT). In this study, wake turbulence categories is considered, which means safety
margin and ground movements such as landing roll and taxiing are excluded. The runway interaction
is modeled by used two parameters, dstop and T . dstop is the parameter to keep the departure aircraft
waiting at the runway threshold, while T is the parameter to update the start time for the departure
aircraft. As illustrated in Fig. 5, when the landing aircraft, Arr, approaches at distance dstop, the
departure aircraft, depnext , is stopped at the runway threshold. Once Arr lands at the runway thresh-
old, depnext can take off in T to maintain separation. This parameter T is also used to update the
take-off time for the departure and departure pairs. In this way, this runway crossing rule prioritizes to
make the arrival aircraft land at the runway threshold as soon as possible, representing the real-world
operation.

𝑑!"#$

Runway Threshold

Runway Exit

Runway Occupancy Time

𝐴𝑟𝑟
𝐷𝑒𝑝%&'"

Modeling

Figure 5 – Runway interaction rule

3.4 Parameter Setting

All parameters of SBCA are defined based on a data-driven analysis of flight plans (FP), radar track
data and publication of aeronautical information (AIP). One of the most significant features is that the
parameters d and BD are set as simple as possible. The parameters for basic rules is shown in Table
1. Basically, d is 7NM and 4NM in Enroute and Terminal section defined in blue and yellow zones in
Fig. 2, respectively. At the final approach fixes (FAFs) extracted from AIP, d is defined as the sum of
the wake turbulence distance separation minima (WTDSM) and buffer (2NM) to consider the safety
margin.

The parameters for the basic rules are shown in Table 2. These parameters are derived from our
previous study using AirTOp simulator [39], which is a fast-time simulation platform based on multia-
gent models that enable gate-to-gate simulation of air traffic [38]. dstop is set to 3.5NM, which is the
default value of the runway dependency parameter, while T is set to the minimums of separation of
the time of turbulence after awakening (WTTSM).
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Table 1 – Parameter Setting for Basic Rules

Parameter Value
lx 70 [m]
∆t 1 [s]

Enroute 7 [NM] / (lx/1852)
d Terminal 4 [NM] / (lx/1852)

FAF WTDSM + 2 [NM] / (lx/1852)
BD 0 [NM]

Table 2 – Parameter Setting for Runway Interac-
tion Rule

Parameter Value
dstop 3.5 [NM]

T WTTSM [s]

4. Analyzing Proposed CA-based model

Our preliminary results obtained from a single nominal day simulation show that SBCA captures
well the characteristics of actual air traffic flow. As shown in Figure 6, the spacing adjustments of
Rule 2 and 3 (magenta points) are proactively implemented in the southwest vicinity of RJTT, the
domestic hub airport in Japan, as reported in our previous studies, exclusively simulating arrival
traffic to RJTT [31]. Interestingly, these spacing adjustments are extensively implemented across the
Fukuoka FIR due to the interaction of each aircraft. Regarding the number of spacing adjustments,
Table 3 summarizes the statistical analysis of the top 10 destinations of the total number (Sad j). The
description of each columns are as follows:

Narr The number of arrivals at each destination runway threshold.

Sad j The total number of spacing adjustments implemented by the flights to the destination.

CCRad j The cumulative ratio of the Sad j.

Narr,ad j The number of the flights implementing the spacing adjustments in Narr.

Ead j The averaged value of Sad j.

Mad j The median value of Sad j.

σad j The standard deviation of Sad j.

Minad j The minimum value of the number of spacing adjustments of the flights to the target
destination.

Maxad j The maximum value of the number of spacing adjustments of the flights to the target
destination.

In addition to RJTT, RJAA is the hub airport for international flights. Significantly, counting the number
of magenta points in Fig. 6 quantitatively reveals that the number of spacing adjustments for arrival
flights to RJTT and RJAA represents only 40% of the total number (= 333,364) according to Table
3. Even including these hub airports, the number of spacing adjustments for flights arriving at the
destination shown in Table 3 covers 80% of the total number. The eight airports shown in Table 3 are
known as the main airports in Japan. These results indicate that identifying the flight delay bottleneck
not only on the airways to major airports, but also on other routes, is paramount for a totally efficient
ATM operation.

Airways on the Pacific Ocean, however, is colored magenta as shown in Figure 6, though the flights
on those routes fly linearly in the actual operation. The main cause of the discrepancy is a conse-
quence of the modeling using one-dimensional CA, in which the aircraft always follows the in-trail
separation. In the actual operation on the Pacific Ocean, the flights on the same Flight Level (FL)
band are separated by 50 NM while the flights on the different FL band do not separated laterally. In
the simulation, the in-trail separation is set 7 NM, approximately one-seventh of the actual, but the
passing of aircrafts each other does not occur on those routes, which would be the source of the
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spacing adjustments. However, the discrepancy are considered as insignificant due to the fact that
the magenta plots on the Pacific Ocean are paled out, meaning that the spacing adjustments are not
actively implemented compared to those on the islands of Japan.

ROAH
OSTAR

RJTT
RJAA

RJCC

RJGG

RJOO

RJBB

RJFF
LAMEN

Figure 6 – Projection of the position of the spacing adjustments by Rule 2 and 3 (pink plot). The
deeper in color the plot is, the more congested it is.
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Further analysis reveals that the trends of the number of adjustments vary according to the destina-
tions. Figure 7 shows the dispersion of the number of the spacing adjustments according to each
destination shown in Table 3. The range between Minad j and Maxad j is about 700 in the case of RJTT,
the destination of the largest number of spacing adjustments. On the other hands, these range in
RJAA, ROAH, RJOO and RJBB has longer tail of the number over 1,000. This result suggests that
these airports have a local peak of the congested time period when flights are kept waiting in the air.
Besides the above macroscale analysis, investigating meso-microscale flow behavior (e.g., inflow of
the hub airports) generates trust in SBCA.

Figure 7 – Boxplot of the number of spacing adjustments by Rule 2 and 3 per flight

Figure 8 compares the dominant inbound tracks at RJTT and RJAA depicted both upstream (between
250NM and 80NM from the destination) and downstream airspace (within 80NM centered at the
destination), where the path stretching by ’Vectoring’ is actively implemented. These figures explain
that the positions where Rule 2 and 3 are applied (magenta points) are generally fitted to where the
actual tracks (blue lines) are largely deviated away from the FPs (black lines) due to ’Vectoring’.

Figure 9 shows the error rate (ER[%] = (Dsim −Dact)/Dact × 100) calculated for each flight within the
upstream airspace (ERup, red boxplot) and downstream airspace (ERdown, blue boxplot). The result
shows that 50% of ER_up falls within the range between ±5% at all target destinations. Furthermore,
half of ERdown excluding RJFF34, ROAH36 and RJGG18 ranges roughly from −10% to +10%, al-
though aircrafts adjust their spacing more frequently. These results suggest that even simple rules
could represent the phenomenon of spacing adjustment for arrival traffic flow. On the contrary, ERdown
of RJFF34, ROAH36, and RJGG18, which are used as arrival and departure, show greater variation
compared to the other runway thresholds. A reasonable explanation for this is that the runway in-
teraction rule adopted in the simulation prioritizes arrival flights. In case the demand in the number
of departures is extremely high, the arrivals are kept waiting in the vicinity of the airport, thereby
stretching the traveling distance in the actual record. In such a case, the separation is controlled by
the distance with a few buffers larger than the wake-turbulence separation minima. The rule does not
fully represent the air traffic controllers’ task, especially sequencing the arrival and departure flights,
thus there is certainly room for improvement.

Figure 11 compares the travel distance between the concentric circles every 10 NM depicted in
Figure 10. Importantly, beyond 60 NM, the mean, median, and interquartile range of the traveling
distance of the simulation agree with that of the actual data. Combining the error rate of the traveling
distance, in our view, the result further emphasizes the validity of our model. In contrast, the larger
gap between the simulation data and the actual data occurs within 50 NM. Conceivably, this gap
at RJTT, which is one of the example of arrival-only runway threshold, can be explained by the
constraints of the location of the spacing adjustments. For example, the final approach fix (FAF) is

10



AIR TRAFFIC SIMULATION ACROSS FIR IN JAPAN USING CELLULAR AUTOMATON

(a) RJTT34L (472 ac) (b) RJAA34R (329 ac)

Figure 8 – Comparison between actual in-bound tracks (blue lines) and simulation in-bound tracks
(black lines) with the positions of the spacing adjustments by Rule 2 and 3 (magenta points)depicted

within 250NM (outer red circle) and 80NM (inner red circle) centered at the destination

Figure 9 – Boxplot with estimated probability density function of simulation error-rate of traveling
distance based on actual track in between concentric circles
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(a) RJTT (b) ROAH

Figure 10 – Comparison between actual in-bound tracks (red lines) and simulation in-bound tracks
(blue lines). Concentric circles (purple lines) are depicted at every 10 NM radi

located approximately 20 NM away from RJTT, where the flights that go ahead anyway are actively
separated in the simulation, thereby traveling distance at 20 NM in SBCA (blue boxplot) has the peak
as shown in Fig. 11a. On the other hand, "Vectoring" is actively implemented several tens of NMs
before FAF following AIP [35], which justifies that the traveling distance at 50 NM in the actual data
(red boxplot) is the largest in mean and median. Regarding ROAH, which is one of the examples of
runway arrival-departure thresholds, the parameters d and BD affect the gap between the simulation
and the actual operation, as well as the simplicity of the runway crossing rule. d at FAF of every
runway threshold is set assuming a wake turbulence separation, often implemented at hub airports.
However, the separation values vary depending on the target airports, which in part accounts for the
difference between the simulation and the actual operation. Moreover, such a separation value is
often uniformly set with the considerable amount of buffer because of the safety concerns about the
interaction of the arrival and the departure. Especially for ROAH, attention to ship and vessel below
fights with the phase of approach is unable to disregard. These factors are possible explanation for
the gap of the traveling distance occurring at the runway threshold used as departure and arrival
combination. In addition to the traveling distance, the inter-aircraft time (IAT) at the runway threshold
reflects similar trends.

Figure 12 demonstrates the IAT at RJTT34L and ROAH36. Note that the ROAH36 distribution has
both arrival and departure data. As shown in Figure 12a, the peak of the distribution is found to
be in harmony with the actual data at RJTT34L, the runway threshold for arrival only. This result
indicates that the runway arrival operation in the simulation capture well the characteristic of the
actual operation as the result of the spacing adjustments. On the other hand, the peak IAT at ROAH36
obtained from the simulation does not fit to the actual value as depicted in Figure 12b. As mentioned
in Figure 9, the runway interaction rule used in the simulation does not completely represent the
actual operation of the arrival and departure runways at which wake turbulence separation is not
implemented. Furthermore, arrival flights on the course to ROAH36 are concerned about the ship
and vessel, which could be one of the factor of increasing IAT.
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(a) RJTT (b) ROAH

Figure 11 – Comparison between actual traveling distance (red boxplot) and traveling distance
obtained in the simulation (blue boxplot). The metric is defined by the traveling distance between the

concentric circles of radi r NM and r−10 NM (r ∈ 10,20, · · · ,240) depicted in Fig. 10.

(a) RJTT (b) ROAH

Figure 12 – Comparison between actual in-bound tracks (blue lines) and simulation in-bound tracks
(black lines) with inter-aircraft time
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5. Discussion

This study simulated the one-day track in Fukuoka FIR by extending the analysis area in our pre-
vious study, which proposed a model based on a cellular automaton (CA). Our CA-based model
represented spacing adjustments by using three basic rules and a runway interaction rule, taking into
account the characteristic of aircraft, the operational constraints and weather conditions.

The most notable result that emerges from the simulation is that the spacing adjustments originated
from the hub airports, RJTT and RJAA, only represented approximately 40% of the total as shown in
Table 3. Despite including the other major airports in Japan, the number of spacing adjustments were
less than 80% of the total. This finding seems to imply that air traffic management, such as speed
control and departure metering, for not only the hub and major airports but also other destinations,
is key to reducing airborne delays. Given the peak of traveling distance in Fig 11, the source of the
delay times was found to come from the vicinity of the airport, where the sequencing and spacing
of the flights is actively implemented. Furthermore, the dispersion of the spacing adjustments vary
according to the destinations (see Figure 7). The results point to the probability that the air traffic
management considering the target area and time period would contribute to efficient operation. As
a result, these spacing adjustments extended traveling distance, worth utilizing to validate our model.
Excluding the outliers in Figure 11, half of ERup and ERdown fell in the range between ±5% and
±10%, respectively, at the arrival-only runway thresholds in the major airports in Japan. This result
indicates that our CA-based model captures well the characteristics of arrival traffic flow, which is
more complex than departure traffic flow due to spacing adjustments, in spite of only adopting simple
parameter setting.

Although our CA-based model is advantageous in quantifying the airborne delay bottleneck in a
large area, one-dimensional modeling in which the flights are not considered vertically separated
restricts the application of the operation. As shown in Figure 4, the spacing adjustments (magenta
plots) occurred on the Pacific Ocean though the aircraft flying there did not actually implement path-
stretching, resulting in the overestimation of the spacing adjustments. Moreover, focusing on the
destination used as both arrival and departure, disagreement of the traveling distance around the
destination and the peak of the distribution of the inter-aircraft time (IAT) at the runway threshold is
evident (see Figure 11b and Figure 12b). There are several sources of possible errors. First, the
parameters d and BD were set globally (see Table 1) following our previous work [31]. Especially,
considering the wake turbulence separation at FAF of every runway threshold would become the
factor to increase the error, possibly underestimating the number of spacing adjustments. Second,
since the focus of the runway interaction rule was on runway thresholds, the variance of the IAT
did not fit completely to that of the actual data, including the impact of runway occupancy time (see
Figure 12). Thus, to improve delay estimation accuracy, our future work will apply multilayer lanes in
the altitude direction in part, investigate the influence of changing the parameters in our model, and
collaborate with the model simulating the surface operation.

6. Concluding Remarks

A large-scale simulation by using a simple air traffic model which adjusts the space of aircraft using
one-dimensional CA has been described. 4934 aircraft flying in Fukuoka Flight Information Region
(FIR) were simulated using the actual flight plan, the actual radar track, the aeronautical publication
information, Base of Aircraft DAta (BADA), and Meso Scale Model Grid Point Value (MSMGPV). Im-
proving our previous CA-based model with step back and stop rules which add the flight distance
corresponding delay time, the runway interaction rule was implemented to consider delay time orig-
inating from runways, which are the bottleneck of air traffic management. As a result of fixing the
distance parameter required for approaching arrival dstop and the time parameter for wake turbulence
separation minima T , the number of spacing adjustments of the flights toward the hub airport, RJTT
and RJAA, only made up 40% of the total. The finding of this study supports the idea that arrival
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traffic to local airports as well as hub airports is paramount for totally efficient air traffic management
(ATM). Our approach could be applied to other large-scale FIR with the simple parameter setting and
high fidelity, clarifying the bottleneck of delay time accordingly.

To further our research, we are currently planning to implement co-simulation taking the surface
operation into account including the important delay factors (e.g., runway occupancy time, runway
crossing, runway exit locations, taxiing routes and spot assignment). Coupling en-route and ground
models proposed by our research group will enable us to quantify the overall delay time through the
gate-to-gate simulation in a large-scale analysis area. Furthermore, future work will investigate the
air traffic flow on the Pacific Ocean to clarify whether rules for overtaking is necessary for our CA-
based model. Controlling air traffic flow (e.g. departure metering and speed control) in our model,
the aim of this research will be to propose the best strategies for designing global-optimal and robust
ATM systems from a broader perspective toward post-pandemic.
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