
Received 29 June 2023, accepted 14 July 2023, date of publication 20 July 2023, date of current version 26 July 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3297136

Rule Design for Interpretable En Route Arrival
Management via Runway-Flow and
Inter-Aircraft Control
KATSUHIRO SEKINE 1, FURUTO KATO 2, TOMOAKI TATSUKAWA 1, (Member, IEEE),
KOZO FUJII 1, (Member, IEEE), AND ERI ITOH 2,3,4
1Department of Information and Computer Technology, Tokyo University of Science, Tokyo 162-8601, Japan
2Department of Aeronautics and Astronautics, The University of Tokyo, Tokyo 113-8656, Japan
3Air Traffic Management Department, Electronic Navigation Research Institute, Tokyo 182-0012, Japan
4Research Center for Advanced Science and Technology, The University of Tokyo, Tokyo 153-8904, Japan

Corresponding author: Eri Itoh (eriitoh@g.ecc.u-tokyo.ac.jp)

This work was supported in part by JSPS KAKENHI under Grant 20H04237 and Grant 22J22970; and in part by the Collaborative Actions
for Renovation of Air Traffic Systems (CARATS) through the Japan Civil Aviation Bureau (JCAB) of the Japanese Ministry of Land,
Infrastructure, Transport, and Tourism.

ABSTRACT There are ongoing research efforts to implement En route arrival manager (AMAN), which
decides arrival runways and controls cruise speed in en route airspace. Air traffic control operations that
regulate arrival air traffic flows from en route airspace are considered effective in mitigating the congestion
close to destination airports. Therefore, this study proposes a scientific system design for operationally
feasible En Route AMAN assisting air traffic controllers (ATCos) through runway-flow and inter-aircraft
control. Herein, we devise an airline-oriented runway assignment rule that selects a target minimizing arrival
taxi time in case of over-demand according to the maximum estimated through the stochastic distribution of
inter-aircraft time and runway occupancy time. We also formulate speed control rules based on inter-aircraft
spacing using simulation-based optimization and decision tree analysis to visualize the distinct strategies
and rules for the traffic responsible for each ATCo. Furthermore, an agent-based simulation is performed
to evaluate the system effectiveness in reducing the arrival delay. The simulation indicates 20-d arrival and
departure at the Tokyo International Airport, Japan, between 06:00 and 23:00. The results show that the
designed IF–THEN rules reduce the total arrival sequencing delay time and arrival taxi time by 21% (median,
55.8 s) and 6.9% (median, 24.6 s). Our findings suggest that truly optimal scheduled time of arrival (STA)
and operationally feasible rules for ATCos could promise congestion relief while ensuring the interpretability
and possibility of En Route AMAN implementation.

INDEX TERMS Agent-based simulation, air traffic control, arrival management, data-driven approach,
decision tree analysis.

I. INTRODUCTION
Arrival MANager (AMAN) is a general term for safely and
effectively arranging arrivals smoothly for landing at a desti-
nation airport [1]. As a family of decision support systems,
AMANs assist air traffic controllers (ATCos) to improve
the arrival management process. According to [1], AMAN
is a specifically designed software used to help metering
and sequencing arrival streams and provide the information
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needed for efficient arrivalmanagement. To accommodate the
increasing air traffic demand [2], so-called En Route AMAN,
which perform runway assignment and speed control in en
route airspace, is being designed to loosely coordinate with
the current AMAN.

In the United States, a Traffic Management Advisor
(TMA) [3] was deployed in air traffic control (ATC) cen-
ters in the 1990s. Since then, TMA has been improved
under the NextGen program [4]: Time-Based Flow Man-
agement (TBFM) [5] in en-route airspace and Terminal
Sequencing and Spacing (TSAS) [6] in terminal airspace.
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These systems contributed toward consistently sequencing
and time-spacing the arrival traffic in en route and terminal
airspace areas. Currently, autonomous airborne separation
control among aircraft, known as flight-deck interval man-
agement (FIM) [7], is being implemented. In Europe, the
Single European Sky ATM Research (SESAR) project [8]
has facilitated the collaboration among European countries
and contributed to the development of cross-border arrival
management, which coordinates arrival time schedules cov-
ering more comprehensive ranges of airspace than those in
conventional operations [9]. In Asia-Pacific, a report target-
ing the strategic air traffic flow management (ATFM) region
devised long-range ATFM (LR-ATFM) to provide a basis
for research into the application beyond the current system
time frames [10]. In Japan, the research program of the
En Route AMAN has been conducted by a study group in
collaboration with the Japan Civil Aviation Bureau (JCAB)
under Collaborative Actions for Renovation of Air Traffic
Systems (CARATS) [11], with the goal of maintaining an
efficient traffic flow at the Tokyo International Airport [12].
Regional research and development increased the need for a
scientific method to design and implement En Route AMANs
according to the characteristics of the target airports, airspace,
and air traffic flow.

Traditionally, for aircraft arrival management, the focus
in academia has frequently been on extending the run-
way scheduling problem, wherein the runway assignment,
sequencing, and spacing are mathematically formulated and
are solved quickly using optimization method. In the opti-
mization problem, various objective functions are considered
depending on the decision makers (airport and airline opera-
tors, and governments), with most studies generally aiming
to increase runway capacity from the airport’s perspective
and maximizing on-time performance and minimizing fuel
consumption from the airline’s perspective. The exact solu-
tion approach including mixed-integer programming [13],
[14] and dynamic programming [15], [16] can obtain opti-
mal solutions within a short computation time while flexibly
incorporating various operational constraints and separation
requirements on multiple runways. Conversely, the stochas-
tic optimization methods, such as genetic algorithm [17],
[18], simulated annealing [19], [20], tabu search [21], [22],
and ant colony optimization [23], [24], can update solutions
according to the dynamic changes in the schedule within a
short computation time. Compared with the model-free and
learning-based scheduling methods such as reinforcement
learning [25], [26], arrival sequencing and spacing rules are
relatively clear, attracting considerable interest. However,
these existing runway scheduling algorithms assume that the
scheduling inputs are known and hence, did not consider
various uncertainties such as weather, human factors, delay
propagation, and radar appearance errors. Moreover, the air
traffic flow environment considered in the traditional studies
only focuses on maximizing the runway throughput, thereby
possibly overlooking the bottlenecks excluding the runways
when extending the planning horizon.

Recent research has proposed sophisticated algorithms,
which are resistant to uncertainty while incorporating the
characteristics of air traffic flow. Jones et al. [27] proposed an
optimization method using stochastic programming to adjust
the arrival times of waypoints representing each node in a
network traffic flow model. Their proposed model achieved
a delay transfer from downstream to upstream airspace
by 12.58% to 19.53%, targeting 500 NM centered at the
Hartsfield–Jackson Atlanta International Airport, the United
States. Meanwhile, Khassiba et al. [28] proposed a runway
scheduling model called the two-stage stochastic algorithm,
which aimed to exclusively optimize the arrival time at the
initial approach fix (IAF) corresponding to the stage bound-
ary. The authors extended this idea using chance-constrained
stochastic programming to limit the risk of IAF separation
violation [29] and considering the multiple IAFs with dif-
ferent time deviation according to aircraft type and flight
phase [30]. In [28], a time-based simulation model for the
Paris Charles de Gaulle International Airport, France, showed
that the proposed method reduced conflicts in the terminal
area by 73.5% compared with the baseline scenario. This
multistage arrival management was found in [31], where
Schultz et al. developed an LR-ATFM operational concept
using the k-means clustering method, kernel density esti-
mation, and linear programming. They proposed a speed
control concept targeting the arrival time at IAF (Target Time
Over in [31]) of Changi International Airport, Singapore,
demonstrating a reduction in the total holding aircraft number
and holding time by 26.5% and 28.3%, respectively. Jun et
al. [32] proposed the Extended AMAN, which detected the
holding stack via machine learning and dynamically applied
speed control at 500, 400, and 300 NM using the heuristic
optimization, achieving 65% delay reduction at the same
target airport.

The abovementioned studies have contributed to effective
delay transfer from the terminal airspace to the en route
airspace while capturing the traffic characteristics, realizing
a smooth whole arrival traffic flow. However, most exist-
ing studies compute the scheduled time of arrival (STA),
compelling air traffic controllers (ATCos) to provide guid-
ance instructions that minimize the difference against the
estimated time of arrival (ETA). Because of the large ETA
error, this type of operation changes the arrival order and the
amount of time adjustment during congestion, increasing the
operational procedures of ATCos, and is often operationally
infeasible. Conversely, studies in [33], [34], [35], and [36]
proposed the inter-arrival time control as an alternative to
STA control and evaluated the effectiveness on the basis of
the queuing theory. In [33], a G/G/c queuing model analysis
of airport arrival delays was performed using two years of
radar tracks and flight plans at the Tokyo International Air-
port (RJTT). Results showed that the transition from flow
control to arrival time management enhanced the airspace
capacity. Because the required inter-arrival times (separa-
tion minima) between the aircraft and airspace capacity are
constraints, the extended model [34] revealed bottlenecks
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wherein controlling inter-arrival times can reduce delay
times. The M/G/c/K queuing model [35] was used to eval-
uate the different tactical control strategies for RJTT arrivals
at 100 NM around the airport by considering the service time
and its variance within the suggested airspace. Consequently,
the arrival strategies improved with a new wake turbulence
separation minima. Integrating nonlinear integer program-
ming and the Gt/GI/st + GI fluid queuing model with the
time-varying arrival rate, [36] demonstrated that controlling
the inter-aircraft time reduced the arrival traffic delay at RJTT
by 18.8% on average. To apply this concept practically, the En
Route AMAN strategies and rules that are operational in the
actual field of ATC should be scientifically designed.

As the next step toward the implementation of En Route
AMAN, the objective of this study is to comprehensively
design strategies and rules for runway assignment and speed
control interpretable for ATCos responsible for each airspace.
Accordingly, this paper proposes a concept and a design
method for an AMAN (called flow-based En Route AMAN)
that controls the inter-arrival time of the en route airspace
with a constraint on the maximum number of arrivals at the
runway per hour. The runway flow is defined as the number
of aircraft using a runway in a time window, and runway
reassignment occurs when themaximumnumber is exceeded.
Although this concept of flow is conventionally used in
ATFM [31], this study applies it to En Route AMAN to deal
with the uncertainty of ETA. Runway reassignment makes
the proposed approach applicable to large-scale airports with
multiple runways. The airline-oriented runway assignment
rule selects the target that minimizes the taxiing time at
an airport. We use simulation-based optimization and data
exploration techniques to devise the speed control rules. Our
aim is to discover strategies and extract knowledge and rules
based on inter-aircraft control originating from the existing
studies applying the queuing theory [33], [34], [35], [36].

This paper is organized as follows. Section II proposes
the concept and principle of a flow-based En Route AMAN
using runway-flow and inter-aircraft control. Section III gives
a brief overview of the stochastic characteristics of airspace
and surface traffic at RJTT as one of the case studies of
Section II. To crystallize the concept and principle proposed
in Section II, Sections IV and V analyze the optimal runway
assignments and speed control rules for the case study of air-
port demonstrated in Section III. To validate the rules devised
in Sections IV and V, we perform a four-dimensional (4D)-
trajectory- and agent-based simulation in Section VI. Finally,
Section VII discusses the results obtained in Sections IV, V,
and VI and compares them with previous studies mentioned
in Section I.

II. DESIGNING FLOW-BASED EN ROUTE AMAN
A. DESIGN CONCEPTS
The concept of designing flow-based En Route AMAN pro-
posed herein is shown in Fig. 1. As mentioned in Section I,
this En Route AMAN targets large-scale airports with

multiple runways shared by takeoff and landing aircraft. The
main function comprises two parts: (1) runway assignment
and (2) speed control. The data inputted into the runway
assignment function are as follows.

• Possible takeoff time (PTOT) estimated by Departure
MANager (DMAN).

• ETA lists predicted using flight time from en route
airspace to runway threshold.

• Statistic data of the maximum arrival/departure rate on
a runway.

• Information/data required to decide rules for arrival
sequencing and delay assignment.

First, the runway assignment function predicts the ‘‘short-
term’’ runway flow by calculating the arrival/departure slots
based on PTOT and ETA. When the calculated value exceeds
the maximum number of slots, an arrival flight is reassigned
to another runway. Then, the runway assignment function
decides the arrival runway of the arrival flight lists, includ-
ing the call sign, ETA, and arrival runway, which are the
outputs of this function. After controlling the influx traffic
within a time frame by the runway assignment function, the
speed control function decreases the variance in the arrival
sequence by controlling the inter-aircraft spacing in the time
axis. To achieve the best inter-aircraft coordination, we need
information/data to decide the optimal rules for speed control
in en route airspace in addition to the output of the runway
assignment function. Therefore, under the hypothesis that
airspace other than runways will also be a bottleneck, the
airspace bottlenecks are analyzed before applying the speed
control rule. According to this rule, sequencing delay origi-
nating from the terminal airspace is transferred to the en route
airspace, which minimizes terminal congestion. Finally, the
speed control target can be obtained with the command advi-
sory instructed in the en route airspace. The detailed principle
of each function is explained in the following subsections.

B. RUNWAY ASSIGNMENT PRINCIPLE: INFLOW CONTROL
As shown in Fig. 1 (see the middle-top component), our
proposed approach uses the parameters and variables listed
in Table 1. The key parameters are time frame (ξ ) and the

TABLE 1. List of symbols and descriptions: runway assignment principle.
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FIGURE 1. Conceptual diagram of a flow-based En Route AMAN equipped with two functions: (1) runway assignment function counts
short-term departure/arrival slots and reassigns the excess arrivals to another runway; (2) speed control function reduces the variance in
the arrival sequence to minimize the terminal congestion.

maximum arrival slots (Nmax/ξ,RWY ). Basically, slots in ξ

are assigned by giving priority to arriving aircraft that have
limited time to adjust in the air. However,Nmax/ξ,RWY is set to
avoid an excessive queue of departure aircraft, and any excess
is allocated to another runway. Several factors, such as wake
turbulence categories, safety margins, and runway occupancy
time (ROT), affect Nmax/ξ,RWY , so it is estimated using a
stochastic approach (see Sec. IV). After decidingNmax/ξ,RWY ,
the En Route AMAN system is opened the reservation to
airlines; this reservation is required for departure in the time
frame ti,RWY . tPTOT ,RWY , estimated by the DMAN system,
is used to assign the departures in ti,RWY . Once the takeoff
and landing rates are determined, speed control is applied to
reduce the variance within the time frame, thereby reducing
the delay in the terminal maneuvering area.

C. SPEED CONTROL PRINCIPLE: INSIDE-FLOW CONTROL
The speed control principle described in Fig. 1 (see the
bottom-middle component) works with the parameter and
variables listed in Table 2. The speed control is implemented
to minimize the variance in inter-aircraft time calculated as
follows.

t@ETA,RWY − t
p
ETA,RWY . (1)

TABLE 2. List of symbols and descriptions: speed control principle.

Our En Route AMAN provides the speed control advisory
when the parameter τ exceeds the relative time interval
between the target aircraft and its preceding aircraft instead
of using STA. Traditional research typically focuses on opti-
mizing runway throughput only, ignoring other aspects of
the airport airspace, which are unique to each airport and
also contribute to congestion. Therefore, this study applies
a more realistic approach considering the traffic volume and
the specific structure of the route to obtain the optimal speed
control rule according to the target airport and airspace (see
Sec. V). For the implementation of our En Route AMAN,
concretizing the concept and principle depending on airport
and airspace is a paramount process. Therefore, this study
proposes an approach to the strategy and rule design for
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runway assignment and speed control principle focusing on
RJTT as a case study airport.

III. AIRSPACE AND SURFACE TRAFFIC AT A CASE STUDY
AIRPORT: TOKYO INTERNATIONAL AIRPORT (RJTT)
A. RUNWAY CONFIGURATION
In 2019 [37], RJTT was ranked as the fifth busiest airport
in the world in terms of passenger traffic, which is about
85.50 million. The annual number of aircraft movements is
approximately 458,368, and it is designated as ‘‘Level 3,’’ the
most congested level in theWorldwide Airport Slot Guideline
of the International Air Transport Association [38].

FIGURE 2. Runway configuration at RJTT.

The airport uses four runways: a set of parallel from north
to south runways (34L/16R and 34R/16L) and two southwest-
to-northeast crosswind runways (22/04 and 23/05). Fig. 2
shows the runway configuration of departure and arrival traf-
fic in RJTT, which depends on the direction of the wind.
In northerly wind operation, aircraft arrive at runway 34L
or runway 34R, whereas departure flights take off from run-
way 05 or runway 34R, according to their origin/destination
airports, as shown in Fig. 2(a). Runway 34R is used as
the departure–arrival mixed mode for northbound traffic,
whereas runways 05 and 34L are used for only departure
and arrival for southbound traffic, respectively. Meanwhile,
as shown in Fig. 2(b), southerly wind operation uses run-
ways 16L and 16R for northbound departures and arrivals
in both northbound and southbound traffic, while using run-
way 22 for southbound departures. The statistic shows that
northerly wind operation occupies a large percentage of the
total, approximately 70% of all yearly departure and arrival
traffic. Therefore, this paper focuses on the northerly wind
operation, especially the runway used only for arrival, that is,
runway 34L.

B. AIRSPACE OPERATION
This study analyzes arrival flights extracted from the flight
plan (FP) and radar track (RD), which are selected for a period
of 39 days from one week of each month with the nominal
condition of northerly wind operation between September
2019 and February 2020. FP includes the call sign and the
routing structure ofwaypoints with the corresponding passing

time and cruise altitude. RD is the time series trajectory
data containing the time recorded for ∼10 s, the call sign;
the latitude, longitude, altitude, and type of the aircraft.
On average, there are 623 arrivals per day: 502 domestic and
121 international.

FIGURE 3. Actual radar tracks color-coded with four colors according to
the direction bound for RJTT in the northerly wind operation on a day in
December 2019. Tokyo approach control area is bounded by a black
polygon with six entry fixes depicted with black dots. The radius of the
brown dotted concentric circle is 50 NM centered on RJTT. The red
polygon and green polygon show the en route sector in which the cruise
speed control and the runway assignment decision are implemented. The
blue dots indicate the airports located within 250 NM of RJTT. RJTT, Tokyo
international airport; RJOO, Osaka international airport; RJBB, Kansai
International Airport; and RJTH, Hachijojima Airport.

Fig. 3 shows the actual radar tracks of the arrival air
traffic at RJTT under the northerly wind operation with the
nominal traffic conditions. There are four clusters: clusters 1
through 3 include 472.7 flights per day coming from the
southwest direction and basically landing on runway 34L,
and cluster 4 (purple lines in the figure) has 151.2 flights per
day coming from the north direction and basically landing
on runway 34R. This means that the number of arrivals
at runway 34L is more than three times that of arrivals at
runway 34R. Cluster 3 (light blue lines) comprises three
domestic flights per day from RJTH and five international
flights from the Pacific Ocean (east of Fig. 3) and the Oceania
region such as Australia (south of the figure). Compared to
cluster 3, clusters 1 and 2 contain most southbound arrivals,
306.1 and 158.3 flights, respectively. Therefore, our study
has focused on this traffic, considering cruise speed control
and runway reassignment in T25 and T24 (red polygon in
Fig. 3) and T14 (green polygon), 150 NM to 200 NM from
RJTT. Furthermore, clusters 1 and 2 have 59.7 pop-up flights,
which take off at the airport located within 250 NM of
RJTT, negatively impacting the other traffic. In particular,
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the pop-up flights departing from RJOO (29.9 flights/day)
and RJBB (13.2 flights/day) cause spacing adjustments when
they merge into the other traffic in cluster 1 (orange lines in
Fig. 3). Another specific feature of clusters 1 and 2 is the path
stretching just before entering the RJTT terminal airspace,
called Tokyo Approach Control Area (TACA), to alleviate its
over-demand. The entry fixes of clusters 1 and 2 are named
SPENS and SELNO (black dots in Fig. 3), respectively.

After entering TACA, approach controllers implement the
sequencing and spacing of the arrival traffic at runways
34L and 34R through the point-merge (PM) system [39].
As shown in Fig. 4, the configuration of PM routes is
divided intoML-PM1 andML-PM2 under the northerly wind
operation. ML-PM1 and ML-PM2 comprise three and two
overlapping PM routes located in the southern and northern
areas, respectively, in addition to TACA. An arrival aircraft
that enters the airspace flies over the sequencing leg on
which a passing altitude is uniquely defined. Arrival aircraft
flying on the sequencing leg are instructed to fly directly to
the merge point when the distance to the preceding aircraft
is ensured. As mentioned in Section III-A, inbound traffic
coming from the southern and northern directions land on
runways 34L and 34R, respectively. Therefore, ML-PM1 and
ML-PM2 are basically segregated and independent. Mean-
while, the southbound arrival aircraft landing on runway 34R
will pass through the outer area of ML-PM1 and enter ML-
PM2 as shown in Fig. 4. Moreover, the northbound arrival
aircraft merge beyond the merge point of ML-PM1 and land
on runway 34L.

FIGURE 4. Schematic of the configuration of the point-merge (PM)
system connected to 34L (multilevel point merge 1: ML-PM1) and 34R
(multilevel point merge 2: ML-PM2) in tokyo approach control area
(TACA) in the northerly wind operation.

C. SURFACE OPERATION
In addition to FP and RD, this study uses information from
the spot assignment chart to determine the spot numbers and
reference times of the aircraft departing RJTT. The JCAB
of the Japanese Ministry of Land, Infrastructure, Transport,

FIGURE 5. Surface configuration with terminal buildings, gates, and spots
at Tokyo International Airport (RJTT).

FIGURE 6. Long taxiing route for arrivals in northerly wind operation at
Tokyo International Airport (RJTT). The long taxiing routes from runway
34R to terminals 1 and 3 (red lines; target group 1, G1) interact with the
taxiing routes from terminals 1 and 2 to runway 05 (brown dotted lines).
The blue line is a long taxiing route from runway 34L to T2 (target
group 2, G2).

and Tourism donated all the data for the restricted use of this
study.

Fig. 5 shows the surface configuration, including terminal
buildings and gate/spot groups. As shown in the figure, three
terminals are located and numbered, to the east, as terminal 3
(T3), T1, and T2. The gates/spots are grouped and numbered
from A to V: T1 contains A and C, T2 contains B and F,
and T3 contains R, Q, S, T, and V. Domestic flights use T1
(41.2% of departures) and T2 (35.5% of departures), whereas
international flights use T3 from R and V gates (11.4% of
departures).

Fig. 6 shows the long taxi route on which the runway
assignment-change targets run, together with the runway
configuration of northerly wind operation at RJTT. Target
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TABLE 3. List of symbols and descriptions: algorithm 1.

group 1 (red line, G1) is assumed to be arrival flights that land
on runway 34R and cross the runway to reach T3 or T1. This
G1 interferes with departures from T1 and T2 to runway 05 in
the south of T1 and T2, causing the surface delay time. More-
over, the T3 arrivals of G1 cross runway 34L before reaching
spots/gates, deteriorating the runway throughput for arrivals.
Therefore, G1 should be assigned to runway 34L in terms
of uncertainty reduction. However, runway 34L is already
in high demand as it is used for southbound traffic, which
dominates ∼70% of the total arrivals; therefore, considering
runway assignment only from 34R to 34L is unacceptable.
In terms of punctuality, target group 2 (blue line, G2) should
be the best solution to avoid over-demand of runway 34L.
In the northerly wind operation, the flights that are assumed to
be landing on 34Lwill come from the southwest direction and
will finally arrive at T2, experiencing long taxiing duration.

IV. DEVISING RUNWAY ASSIGNMENT RULE
The runway assignment rules are optimally designed by com-
bining stochastic estimation and data-driven analysis. The
design target is focused on runway 34L because 70% of the
arrivals are coming from the south and are landing on this
runway.

Algorithm 1 shows the runway assignment rule optimally
designed for runway 34L using the attributes listed in Table 3.
As conceptualized in Sec. II, ξ and Nmax/ξ,34L are the key
parameters of the inflow control rule on runway 34L. When
Nξ,34L exceeds Nmax/ξ,34L , the target arrival of G2 is reas-
signed from runway 34L to runway 34R as shown in line 5
of Algorithm 1. Meanwhile, the target arrival of G1, which
experiences the longest taxiing time, is reassigned from run-
way 34R to runway 34L if Nξ,34L ≤ Nmax/ξ,34L functions in
line 11 of Algorithm 1. This reassigning algorithm based on
the flow in runway 34L maximizes the runway throughput,
making use of the full potential. However, frequent runway
reassignments can reduce delays in the terminal area while
increasing the task volumes of approach controllers. More-
over, the runway reassignment based on runway 34L, which

Algorithm 1 En Route AMAN Runway Assignment Rule
Input:

tETA,aci (∀i ∈ {1, n}), ▷ decision target is acn.
ξ , Nmax/ξ,34L , Nchg/h

Output:
Action ∈ {allocationChange, noChange}

1: Initialize:
2: h, t@ETA,34L ← tETA,acn
3: Nξ,34L ← cntAc34L(t@ETA,34L , ξ )
4: Tgt ← TargetGroup(acn) ▷ The target is G1 or G2
5: if Nξ,34L > Nmax/ξ,34L then
6: if Nh,34LtoR < Nchg/h and Tgt = G2 then
7: Action← allocationChange
8: Nh,34LtoR← Nh,34LtoR + 1
9: else
10: Action← noChange
11: else
12: if Nh,34RtoL < Nchg/h and Tgt = G1 then
13: Action← allocationChange
14: Nh,34RtoL ← Nh,34RtoL + 1
15: else
16: Action← noChange

return Action

is an arrival-only runway, could increase departure waiting
times on runway 34R. Therefore, Algorithm 1 introduces the
third parameter,Nchg/h, which limits themaximum number of
runway reassignments working in lines 6 and 12. On the basis
of these three parameters, Sections IV-A, IV-B, and IV-C
show an example of parameter setting.

A. OPTIMAL TIME FRAME FOR ARRIVAL SLOTS ON
RUNWAY 34L
The parameter ξ , the time interval assigned to count the
arrival aircraft (slots on the runway), is set at 10 min. The less
the ξ , the more accurate the ETA required to strictly follow
the sequence (i.e., two to three aircraft per 5 min). In terms of
arrival traffic, the maximum time when the aircraft flies along
with the sequencing leg of the PM is∼10 min in TACA. If an
aircraft is held up for more than 10 min, it will be further
delayed in accordance with the aircraft holding procedure.
Therefore, the time interval of 10 min serves as an indicator
to detect the overflowed aircraft in the sequencing leg. After
fixing ξ , the maximum arrival rate at runway 34L per hour
(Nmax/h,34L) is estimated to set Nmax/ξ,34L in the following
section.

B. STOCHASTIC ESTIMATION OF MAXIMUM ARRIVAL
RATE AT RUNWAY 34L
Nmax/h,34L has already been determined using the statistics
of aircraft types, stochastic distributions of inter-aircraft time
and ROT, and levels of the automation systems that supported
ATCos’ separation work (see [40] for detailed methodology).
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FIGURE 7. The average number of target flights, G1 and G2, defined in
Fig. 6 by hour. The error bar indicates the min–max range of the value.

The current RJTT operation applies wake turbulence sepa-
ration minima under the ICAO standards [41] to AMAN;
hence, a maximum of 32 arrivals per hour are allowed. Fur-
thermore, applying the new wake turbulence category, called
RECAT [42], allows four more arrivals while maintaining the
same automation support level. Thus, 32-36 aircraft per hour
would be suitable to set the parameter Nmax/ξ,34L on an hour
scale. Therefore, the optimal parameter range of Nmax/ξ,34L
is 5.3-6 (≈ 32-36 aircraft per hour divided by 10 min).
However, only integer values can be handled to determine
the frame of the sequence; thus, Nmax/ξ,34L = {5, 6}. In the
case of Nmax/ξ,34L = 5, the condition to prevent aircraft
overflow is conservative, causing the loss of the 34L runway
slot. Furthermore, this condition triggers frequent changes in
runway assignment, increasing the task volumes of approach
controllers. Therefore, this study adopts Nmax/ξ,34L = 6.
Basically, the flow rate of runway 34L should be managed
on the basis of parameters ξ and Nmax/ξ,34L . However, exces-
sive reassignment will adversely affect the departing aircraft
because of the imbalance between runways 34L and 34R as
well as an increase in the approach controller’s task volumes.
Therefore, the third parameter, Nchg/h, is used to limit the
number of reassignments.

C. ANALYSIS OF CURRENT RUNWAY REASSIGNMENT
Fig. 7 shows the average numbers of G1 and G2 defined
in Fig. 6 between 08:00 and 21:00, congested period in the
daytime. Except at 8:00, which is the most congested period,
the average number of flights in G2 is approximately 10 per
hour. Meanwhile, the average number of G1 aircraft is 4–
8, less than that of G2 at any time of the day. When all
G1 is assigned to 34L and all G2 is assigned to 34R, the
arrival rate, especially on runway 34R, will exceed the current
rate, affording a lower takeoff rate on runways 05 and 34R.
Therefore, constraints are needed to avoid runway imbalance,
hence the importance of the third parameter of Algorithm 1.

Fig. 8 shows the hourly number of runway reassignments
between 08:00 and 21:00. Notably, this change in runway
assignment does not occur routinely and is independent of
the G1 or G2, shown in Fig. 7. The data indicate that two

FIGURE 8. The average number of flights assigned to another runway,
by hour, according to the northerly wind operation. The left vertical axis is
the number of the reassignments for blue and red lines and the right
vertical axis is the number of the aircraft landing on runway 34L, which is
depicted as gray bars.

to three aircraft are reassigned to other runways in an hour
(red and blue dots in the figure). Therefore, according to the
analysis considering ATCos’ acceptable rate of the runway
reassignment in an hour, the parameter Nchg/h is estimated
at 3. After designing the runway assignment rule, the speed
control rule is designed in the next subsection.

V. ANALYZING OPTIMAL SPEED CONTROL RULES
Combining simulation-based optimization and data explo-
ration techniques, speed control rules are optimally designed
for the southbound traffic targeting RJTT. The speed control
is implemented by ATCos at T25/24 and T14 in Fig. 3, offer-
ing each optimal rule. However, conventional studies [33],
[34], [35], [36] have not designed the speed control algorithm
on the basis of the traffic flow characteristics of T25/24
and T14. In other words, the foundation of the IF–THEN
rule (e.g., Algorithm 1) is not solid. Therefore, the data
exploration technique combining multi-objective air traffic
optimization [43] and decision tree analysis [44] is utilized
herein. First, a database of ideal traffic flows with speed
control in en route airspace is created through multi-objective
optimization. Next, the knowledge (e.g., indicators and rules
contributing to speed control) in each sector is extracted from
the database using decision tree analysis. Finally, the obtained
knowledge is compiled into operationally feasible rules.

A. DATABASE CONSTRUCTOR: SIMULATION-BASED
MULTI-OBJECTIVE OPTIMIZATION USING CELLULAR
AUTOMATON-BASED MODEL
1) METHOD
Multi-objective optimization combining NSGA-II [45] and
cellular automaton-based air traffic model [43] is performed
to obtain suboptimal speed control solutions. The main pur-
pose of cruise speed control is to reduce the congestion in
terminal maneuvering airspace. However, there is a concern
that deceleration instructions may extend the overall flight
time, worsening punctuality. In addition, pop-up flights are
known to have an important impact on cruise aircraft, espe-
cially when combining at merging points [46]. Therefore,

75100 VOLUME 11, 2023



K. Sekine et al.: Rule Design for Interpretable En Route Arrival Management

TABLE 4. The parameter setting used in (2) and (3).

the objective functions minimize the average flight time of
(1) pop-up flights from the south direction (aircraft departing
from the blue dots excluding RJTT in Fig. 3) and (2) cruise-
inflow flights from the south direction. The expression is
formulated using the definitions of the following parameters
shown in Table 4.

minimize f1 =
1

NPU

NPU∑
i=1

(TAAaci − TADaci ) (2)

minimize f2 =
1
NCR

NCR∑
i=1

(TAAaci − TADaci ) (3)

The design variable xi is the deceleration speed value at the
true airspeed of each arriving aircraft aci(i = 0, 1, · · · , 431)
in the cruising state from the south at the straight line dis-
tance of 150 NM from RJTT (see Fig. 3). xi decelerates the
aircraft in each cruising state, affecting the average flight
times f1 and f2. The constraint condition is not set to obtain
the ideal traffic flow achieved by deceleration. The detailed
parameter setting was already demonstrated in literature [43].
The population size and total number of evaluations are set to
500 and 200,000, respectively, which are higher than those
in [43] to ensure that the solutions converge sufficiently.
The range of deceleration speed, which is a design variable,
allows a maximum of ∼15% [47], [48] of the true airspeed
of ∼450–500 kt in the cruising state. Therefore, the values
of the design variables xi are 0, 17, 34, 51, and 68 kt cor-
responding to the airspeed (IAS) indicated by 0, 10, 20, 30,
and 40 kt assuming the international standard atmosphere
(ISA) at FL350, which is the average flight level of the
speed control target. Acceleration and deceleration must be
restricted with respect to the aerodynamic characteristics and
structural restrictions of the aircraft. However, BADA [49]
has a maximum acceleration and deceleration of 2 [ft / s 2]
for commercial aircraft regardless of the model. This study
applies 1 [ft / s 2], which is 50% of the maximum value.

2) RESULT
Fig. 9 shows the distribution of nondominated solutions in the
objective function space in a two-dimensional scatter plot.
As shown in Fig. 9, we obtained nondominated solutions
that are superior to the original one. This result suggests that
proper cruise speed control could considerably improve the
overall flight time. Compared with the original solution, the

FIGURE 9. Scatter plot of objective functions f1 and f2 defined by (2) and
(3), respectively. The horizontal axis represents the average flight time of
all cruise flights (f2), whereas the vertical axis represents the average
flight time of all pop-up flights (f1). The gray triangle is the original
solution without speed control. The circles color-coded according to the
number of generations from blue to red represent the cumulative
nondominated solution for every 100 generations. The cumulative number
of nondominated solutions obtained up to the final generation is 131.

overall flight time of the cruise and pop-up flights is reduced
by the maximum average of 0.4 min (24 s) and 0.8 min (48
s), respectively.

This study finds and analyzes strategies that minimize f2 in
(2) using Pearson’s correlation coefficient r [50] to measure
the similarity of nondominated solutions and the solution that
minimizes f2. Herein, the minimum solution of f2, which has
a relatively large aircraft number, is selected as the criterion
defined as x∗ ∈ RN , including each component x∗i . Using
the other solution x ∈ RN and its every component xi, the
similarity r is calculated as follows.

r =

∑N
i=1(x

∗
i − E[x∗])(xi − E[x])√∑N

i=1(x
∗
i − E[x∗])2

√∑N
i=1(xi − E[x])2

. (4)

This study uses x∗ and all solutions x with r exceeding 0.95.
However, instead of using them as integers, each component
x∗i or xi is converted into a binary value. When each com-
ponent x∗i or xi is more than 0, it will be converted to 1.
Here, 0 represents an aircraft maintaining its cruising speed,
whereas 1 represents an aircraft decelerated by speed control.
These are used as objective variable values (class labels) of
decision tree analysis.

B. RULE EXTRACTION: DATA EXPLORATION VIA DECISION
TREE ANALYSIS
1) METHOD
Decision tree analysis is conducted using the dataset obtained
in Sec. V-A to extract the trends and characteristics of the
optimal speed control strategy. The two decision trees for
clusters 1 and 2 shown in Fig. 3 correspond to the sectors
where the ATCos are in charge of speed control.
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TABLE 5. Description of feature F .

FIGURE 10. Description of DtAC_i . Note that DtAC_i is calculated by
considering all the routes including clusters 1 and 2.

Target values are learned by converting the design variables
of obtained nondominated solutions xi into binary values as
described in Sec. V-A. In these binary values, 0 represents the
aircraft keeping nominal cruise speed, whereas 1 denotes the
speed control target. The feature values F of the decision tree
are local information obtained when making a decision about
the speed control of each aircraft. Table 5 and Fig. 10 show
the 18 features F selected to learn the speed control strategy.
If the number of aircraft in front of the target is less than i
corresponding to ‘‘DtAC_i,’’ the missing values are interpo-
lated by 99999, which is an extremely high separation value.
For preprocessing, the features with correlation coefficients
exceeding 0.9 are removed because of multicollinearity. The
deletion method repeatedly deletes one feature that maxi-
mizes the absolute value of the correlation coefficient until
the absolute value of the correlation coefficient is 0.9 or
less. Features that have a large sum of absolute values of
correlation coefficients with other features are selected and
deleted. Consequently, ‘‘DtAC_4’’ to ‘‘DtAC_7’’ in cluster 1,
‘‘DtAC_2’’ to ‘‘DtAC_9’’ in cluster 2, and true airspeed
(TAS) and wind in both clusters are deleted. For interpretabil-
ity and accuracy, we divide the data into two: 70% for training
and 30% for testing; set the maximum tree depth to 5, where
the error is roughly 80%; and adopt the default parameters of

scikit-learn in Python 3.8 as other parameters to visualize the
tree.

2) RESULT
Fig. 11(a) shows a decision tree constructed using data
belonging to cluster 1. The analysis focuses on the left side,
where much data are classified as ‘‘SpeedReduction.’’ As
shown in Fig. 11(a), the most important features for classi-
fying data as ‘‘SpeedReduction’’ are ‘‘DtAC_1’’ and ‘‘Alt,’’
whose thresholds are 17.009 NM and 27350.55 ft in the
first and second layer of the tree. Interestingly, the altitude
threshold almost corresponds to the vertical threshold FL285
between the T24 and T25 target sectors of cluster 1 as shown
in Fig 3. This result suggests that the closer the distance to the
preceding aircraft when viewed on one dimension, the greater
the possibility of speed control in T25, as expected. After
the third layer, ‘‘DtAC_3’’ and ‘‘DtAC_2’’ are positioned
as the next important features as shown in Fig. 11(a). A close
observation of the distance to the third or second preced-
ing flight suggests that a slower-speed aircraft belonging to
the same cluster (speed control aircraft or pop-up flight) is
approaching and slowing down. To sum up, the obtained
knowledge in cluster 1 is as follows. The ATCos of T25
(FL285+) reduce the speed of flights excluding the pop-ups
to the tailor inter-aircraft separation of the flights coming
from the same direction before the entry fix.

Conversely, a decision tree constructed using data belong-
ing to cluster 2 is shown in Fig. 11(b). As in Fig. 11(a), the
analysis focuses on the left side, where much data are classi-
fied as ‘‘SpeedReduction.’’ Similar to cluster 1, ‘‘DtAC_1’’ is
the most important feature quantity for extracting the target
speed control aircraft. In contrast to cluster 1, ‘‘DtAC_10’’
is set as the second most crucial threshold for determining
the speed control target from the second layer of 11(b).
‘‘DtAC_10’’≤ 108.496 indicates that the distance between
the aircraft subject to speed control and the 10 aircraft ahead
is <108.496 NM and that 11 aircraft exist within this range on
one dimension. In this situation, there is excessive congestion
on the way to RJTT, which means that the aircraft subject
to speed control slows down to avoid delays near the arrival
airport. In the second layer and below, all nodes belonging
to ‘‘DtAC_10’’≤ 108.496 have low Gini coefficients and are
classified as ‘‘SpeedReduction.’’ Thus, the obtained knowl-
edge of cluster 2 is as follows. ATCos in T14 reduce the speed
to smoothly merge aircraft with one from other directions,
especially cluster 1, when the traffic is heavy.

C. DEVISING SPEED CONTROL RULE
Here, the distance-based features are converted to opera-
tionally feasible time-based indicators and rules on the basis
of the knowledge obtained in Sec. V-B. The speed control
rules for T25 and T14 are devised as shown in Algorithms 2
and 3 with the attributes listed in Tables 6 and 8, respectively.
Algorithms 2 and 3 can calculate N34L,ξ to decide whether
the speed control is necessary. If Nξ,34L > Nmax/ξ,34L (line 8
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FIGURE 11. Visualization of the decision tree. One node t has five pieces of information. (1) The feature quantity and its threshold; (2) Gini
coefficient L(t) ; (3) amount of data belonging to node t ; (4) amount of data listed in (3), where the number on the right is the speed
control target and that on the left is the rest; and (5) class label determined by majority voting. The class label ‘‘NominalSpeed’’ represents
a class that does not slow down, whereas the class label ‘‘SpeedReduction’’ represents a class with deceleration instruction. The color
shown in each node indicates the shade that accounts for more than half of the samples belonging to the class ‘‘NominalSpeed’’ (orange)
or ‘‘SpeedReduction’’ (blue). The smaller the degree of irregularity within a node, the darker the color of the node.
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TABLE 6. List of symbols and descriptions: Algorithm 2.

in Algorithms 2 and 3), these algorithms are linked to the
runway assignment rules as described in Algorithm 1.

1) SPEED CONTROL RULE FOR T25
En Route AMAN supporting ATCos responsible for T25
calculates inter-aircraft time spacing at SPENS correspond-
ing to the entry fix for cluster 1 (τ1@ and τ2@) using
tETA@SPENS,acn (target arrival) through tETA@SPENS,acn−2 as
shown in lines 4 and 5 in Algorithm 2. When τ1@ is lower
than the parameter τ1cl1 and τ2@ is lower than the parameter
τ2cl1, ATCos are advised to reduce the cruise speed of target
arrival (see line 6 in Algorithm 2). Parameters τ1cl1 and τ2cl1
serve as the functions that minimize the variance in the inter-
aircraft spacing, including pop-up flights coming from RJOO
and RJBB. This speed control targeting inter-aircraft spacing
at SPENS will reduce the congestion caused by vectoring
outside and inside TACA.

To find the optimal ranges of τ1cl1 and τ2cl1, the met-
rics τ1@ and τ2@ for cluster 1 are calculated using
tETA@SPENS,aci in suboptimal solution database obtained in
Sec. V-A and analyzed in Sec. V-B. tETA@SPENS,aci is calcu-
lated in our model using the decision time of speed control
for aci (tctrl,aci ) and the average flight time to SPENS for each
airway (T̄SPENS,awj ) used as a reference as follows.

tETA@SPENS,aci = tctrl,aci + T̄SPENS,awj . (5)

Algorithm 2 En Route AMAN Speed Control Rule for
ATCos of T25 (cluster 1’s Passing sector) as Described in
Fig. 3
Input:

tETA@34L,aci (∀i ∈ {1, n}), ▷ decision target is acn.
tETA@SPENS,aci (∀i ∈ {1, n}), ▷ decision target is acn.
ξ , Nmax/h,34L , τ1cl1, τ2cl1

Output:
Action ∈ {reduceSpeed, noControl}

1: Initialize:
2: t@ETA,34L ← tETA,acn

t@ETA,SPENS ← tETA@SPENS,acn
tpETA,SPENS ← tETA@SPENS,acn−1

t2pETA,SPENS ← tETA@SPENS,acn−2
3: Nξ,34L ← cntAc34L(t@ETA,34L , ξ )
4: τ1@← tpETA,SPENS − t

@
ETA,SPENS

5: τ2@← t2pETA,SPENS − t
@
ETA,SPENS

6: if Nξ,34L ≤ Nmax/ξ,34L and τ1@ < τ1cl1 and τ2@ <

τ2cl1 then
7: Action← reduceSpeed
8: else
9: Action← noControl

return Action

TABLE 7. The percentile of the optimal parameter ranges for speed
control of the flights in cluster 1 (DtAC_1 ≤ 17.009 ∧ Alt≥ 27350.55 in
Fig 11(a)).

Then, focusing on the flights that belong to cluster 1, we ana-
lyze the distribution of τ1@ and τ2@. Notably, the dataset
contains ambiguities because it is based on simulated data.

Fig. 12 and Table 7 summarize the distribution of τ1@ and
τ2@. The results show that more than 75% of τ1@ values are
below 120 s and more than 50% of τ2@ values are below
240 s, corresponding approximately to the required time
separation at SPENS, whereas the peaks of the distribution
are located within this range. This result suggests that speed
control tends to be implemented when an approximate 2-min
interval is unavailable for two preceding aircraft.

2) SPEED CONTROL RULE FOR T14
En Route AMAN supporting ATCos responsible for T14
calculates the inter-aircraft time spacing on runway 34L
(τ1@) and the number of arrivals per 20 min (N20min,34L)
using the ETA list on the runway tETA@34L,aci as shown in
lines 4 and 5 of Algorithm 3. When τ1@ is lower than
the parameter τ1cl2 and N20min,34L exceeds the parameter
Nmax/20min,34L,cl2, ATCos are advised to reduce the cruise
speed of target arrival (see line 6 in Algorithm 3). The param-
eter τ1cl2 serves as a function that reduces the variance in the
inter-aircraft spacing as well as the parameter τ1cl1 used in
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FIGURE 12. Optimal parameter ranges for speed control of the flights in
cluster 1 (DtAC_1 ≤ 17.009 ∧ Alt≥ 27350.55 in Fig 11(a) ).

TABLE 8. List of symbols and descriptions: Algorithm 3.

Algorithm 2. The parameter Nmax/20min,34L,cl2 comes from
‘‘DtAC_10’’≤ 108.496 observed in Fig. 11(b), indicating
congestion on runway 34L. The arrival time interval at run-
way 34L is assumed to be 2 min, so the feature ‘‘DtAC_10’’
is estimated to be 20 min as the congestion indicator.
To find the optimal range of τ1cl2 and Nmax/20min,34L,cl2,
the metrics τ1@ and N34L,20 min are calculated by leveraging

Algorithm 3 En Route AMAN Speed Control Rule for
ATCos of T14 (cluster 2’s Passing sector) as Described in
Fig. 3
Input:

tETA@RWY ,aci (∀i ∈ {1, n}), ▷ decision target is acn.
ξ , Nmax/h,34L , τ1cl2, Nmax/20min,34L,cl2

Output:
Action ∈ {speedReduction, noControl}

1: Initialize:
2: t@ETA,34L ← tETA,acn

tpETA,34L@← tETA,acn−1
3: N34L,ξ ← cntAc34L(tETA,34L@, ξ )
4: N34L,20 min← cntAc34L(tETA,34L@)
5: τ1@← tpETA,34L − t

@
ETA,34L

6: if Nξ,34L ≤ Nmax/ξ,34L and τ1@ < τ1cl2 and
N20min,34L > Nmax/20min,34L,cl2 then

7: Action← speedReduction
8: else
9: Action← noControl

return Action

TABLE 9. The percentile of the optimal parameter ranges for speed
control for the flights in cluster 2 (DtAC_1 ≤ 19.523 ∧

DtAC_10 ≤ 108.496 in Fig 11(b)).

tETA@RWY ,aci in the suboptimal solution database obtained in
Sec. V-A and analyzed in Sec. V-B. tETA@RWY ,aci is calculated
in our simulator using the speed control time for aci (tctrl,aci ),
flight time from the speed control point to the entry fixes
(Tentry,aci ), and average flight time in the TACA for each
airway (T̄TACA,awj ) used as a reference as follows:

tETA@RWY ,aci = tctrl,aci + Tentry,aci + T̄TACA,awj . (6)

Then, the distribution analysis of τ1@ and N34L,20 min
focuses on the flights that belong to cluster 2.

Fig. 12 and Table 9 summarize the distribution of τ1@
and N34L,20 min. The results show that more than 75% of
τ1@ values are below 60 s, corresponding to approximately
the required time separation at runway 34L, whereas the
peaks of the distribution are located at 40 s. Although
there is some variation depending on the design variables
xi ∈ 17, 34, 51, 68[kt], the deceleration effect generally leads
to ∼1-2-min extension, which is considered to create the
2-min interval on runway 34L. Furthermore, N20min,34L val-
ues are distributed between 11 and 15 and near the maximum
hourly runway 34L arrival rate. This result suggests that
speed control tends to be implemented when runway 34L is
expected to be congested.When used in combination with the
runway assignment rule based on Algorithm 1, this parameter
close toNmax/ξ,34L = 6 (ξ = 10min.) is not always necessary
because these flights are reassigned to runway 34R.
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FIGURE 13. Optimal parameter ranges for speed control of the flights in
cluster 2 (DtAC_1 ≤ 19.523 ∧ DtAC_10 ≤ 108.496 in Fig 11(b) ).

VI. VALIDATION VIA 4D-TRAJECTORY- AND
AGENT-BASED SIMULATION
A. BACKGROUND OF SIMULATION
In previous sections, our proposed En Route AMAN
equipped with Algorithms 1, 2, and 3 was devised through
stochastic approach and data exploration technique. However,
it was devised without considering the characteristics of the
traffic flow on the ground surface and the sequencing and
spacing of the terminal areas; actual operation by ATCos
was not explicitly regarded. Thus, this study finally conducts
trajectory-based simulation covering both airspace and sur-
face with the ATC rules to demonstrate that the devised En
Route AMAN functions as intended.

B. SIMULATION ENVIRONMENT
AirTOP software [51], an agent-based simulator, is used for
validation following the literature [36], [40]. This study sim-
ulates gate-to-gate traffic flow that comprises departures at
RJTT arriving at the end of runway thresholds and arrivals at
RJTT coming from en route airspace to the gates. A detailed
simulation environment for en route traffic was already clar-
ified in [40] and [36], including separation rules and weather
conditions. Therefore, this study additionally demonstrates
the runway interaction between arrivals and departures and
the environment of surface traffic.

1) SEPARATION RULES BETWEEN ARRIVALS AND
DEPARTURES
On the departure/arrival mixed-mode runway, that is, run-
way 34R in RJTT, a departing aircraft cannot take off

when an arriving one approaches 3.5 NM from the run-
way threshold. This takeoff aircraft that misses departure
will take off as soon as the separation [41] is ensured
after the relevant arriving aircraft has vacated the runway.
On the departure/arrival crossed-mode runway, that is, run-
way 05 in RJTT, the departing aircraft takes off imme-
diately after the arriving one on runway 34R has cleared
the takeoff course from runway 05. On runways 34R and
05, departure–departure pairs follow the wake turbulence
minimum separation [41].

2) TAXIWAY AND GROUND INTERACTION RULE
The taxiways, aprons/ramps, gates, and terminal buildings as
well as the geometrical and operational restrictions on the
surface and in the surrounding airspace are airport-specific
factors that affect the characteristics of air traffic, being
thereby modeled in our simulator as shown in Fig. 5. Each
aircraft chooses the route that minimizes the cost of passage
that we adjust in the simulation, resulting in most aircraft
taking the path close to the actual operation. The speed is
set at a fixed value for each model, and there is no vari-
ation in speed from pilot to pilot or owing to congestion,
which exists in reality. For runway crossings, the aircraft
stops when an arrival approaches within 3.5 NM from run-
way threshold and crosses immediately after another one is
landed.

3) CONFIGURATION OF RUNWAY ASSIGNMENT AND SPEED
CONTROL RULES
The runway assignment and speed control rules work at
the moment of passing 180 NM away from the waypoint
named XAC (∼230 NM away from RJTT; see literature [36])
for southbound traffic and 120 NM from RJTT for north-
bound traffic. The runway assignment parameters used in
Algorithm 1, ξ , Nmax/ξ,34L , and Nchg/h, are set to 10 min,
6 aircraft per ξ , and 3, respectively. Following these values,
the target flights of G1 and G2 are reassigned to runways
34L and 34R, respectively, on the basis of the northerly wind
operation in which southbound and northbound traffic land
on runways 34L and 34R, respectively. The speed control
parameters used in Algorithms 2 and 3, τ1cl1, τ2cl1, and
τ1cl2 are set to 80, 236, and 43 s, corresponding to the
median values of Tables 7 and 9. Nmax/20min,34L,cl2 is set to 8,
considering the runway reassignment effect. Then, the flights
categorized into the speed control are instructed to reduce IAS
by 20 kt that any aircraft can decelerate, which has the time
adjustment effect of ∼1–2 min in the cruise section. Finally,
the metrics compared with these parameters are calculated
using (5) and (6).

C. VALIDATION RESULTS
Returning to the question posed at the beginning of this study,
we show the effectiveness of the devised rules by compar-
ing them with the northerly wind operation, which does not
implement runway reassignment and speed control, through
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TABLE 10. The numbers of aircraft applying for runway reassignment and
speed control for 20 d in AirTOP simulation. Nh,ctrl/cl1 and Nh,ctrl/cl2 are
the speed control aircraft numbers in clusters 1 and 2 using Algorithms 2
and 3, respectively.

scenario-based simulation. First, we conduct the simulation
of the northerly wind operation as the baseline, which is
treated as the ‘‘Before Control’’ denoted as ‘‘BEF.’’ After the
simulation, the metrics used to apply the devised rules are
calculated using the obtained result of ‘‘BEF.’’ Accordingly,
we conduct the simulation according to the scenario created
by the devised rules, which is treated as the ‘‘After Control’’
denoted as ‘‘AFT.’’

1) NUMBERS OF AIRCRAFT APPLYING FOR RUNWAY
REASSIGNMENT AND SPEED CONTROL
Table 10 presents the reflection of the number of aircraft
applying for runway reassignment and speed control in Algo-
rithms 1 to 3. The total Nh,34RtoL , including both clusters
1 and 2, is 37.10, equivalent to the sum of Nh,ctrl/cl1 and
Nh,ctrl/cl2, which is 41.65. This indicates that the runway
reassignment and speed control can function almost equally
well. Furthermore, between 8:00 and 21:00, Nh,34RtoL and
Nh,34LtoR remain roughly between 2 and 3, indicating that
parameter Nchg/h set to 3 maintains the demand–capacity
balance at runways 34L and 34R as intended. In particular,
at 8:00, the peak hour for southbound traffic, there is an
imbalance of 0.15 for Nh,34RtoL and 3 for Nh,34LtoR. The value
of Nh,ctrl/cl1 (3.75) is also the largest, suggesting that the
inter-aircraft spacing is tight. Thereafter, Nh,34RtoL is larger
than Nh,34LtoR from 11:00 to 17:00, when the sourthbound
traffic is not heavy. This is because of the maximum utiliza-
tion of runway 34L. Accordingly, speed control coordinates
the reduced inter-aircraft separation: Nh,ctrl/cl1 and Nh,ctrl/cl2
hover between 0.95 and 2.40 and between 0.55 and 1.35,
respectively. Conversely, in the second peak of traffic in the
southwest direction, from 18:00 to 21:00, Nh,34LtoR again
exceeds Nh,34RtoL , suggesting that Algorithm 1 tends to mod-
erate its peak.

2) EVALUATION WITH KEY PERFORMANCE INDICATORS
To achieve the three goals mentioned in Sec. VI-A, six key
performance indicators (KPIs) of our En Route AMAN are
defined as follows.

• dTMA is the arrival sequencing and spacing delay for
arrivals at runways 34L and 34R in the terminal maneu-
vering area.

• TXarr is the taxiing time from the runway threshold to
the spot/gate of arrival flights.

• FTarr is the flight time from the departure point to the
runway threshold of arrival flights.

• GtGarr is the gate-to-gate time corresponding to the
duration from the departure point to spot/gate for
arrivals.

• TXdep is the taxiing time from the spot/gate to the runway
threshold of departure flights.

• Wdep is the waiting time for departure flights at runways
05 and 34R.

The above six KPIs for a 20-d simulation with the result of
the Wilcoxon signed-rank test are summarized in Table 11.
For 19 pairs of the median of dTMA, 20 pairs of maxi-
mum dTMA, and 20 pairs of the median of TXarr before and
after implementing IF–THEN rules, reassigning the runways
and controlling the inter-arrival times of flights consider-
ably reduce the median of dTMA and TXarr distribution of
population. From this test, we can conclude that the control
smoothen the flow of arrivals on average. For the median
of the maximum FTarr distribution of population, it cannot
be stated that the time can be considerably reduced by the
operation, instead it should be stated that the flight time was
reduced by 0.83 min (49.8 s) at most (Day 17) for three days,
which remained constant for twelve days. Further, the flight
time was increased by 1.14 min (68.4 s) at most (Day 9) for
five days. There are several possible explanations for this
result. The foremost cause of discrepancy can be the long
travel from south to runway 34R as illustrated in Fig. 4,
which is not considered in dTMA. One possible solution is
to direct the reassigned traffic to the final approach fix to
runway 34R when the northbound traffic is not congested.
Another possible explanation is that this reassigned traffic
to runway 34R follows the in-trail separation at SPENS and
SELNO in Fig. 3 even though they are not involved with
sequencing and spacing at runway 34L. Therefore, a separate
IAF for the reassigned traffic to runway 34R (e.g., SPENS’
and SELNO’) could be prepared to achieve an even smoother
arrival traffic flow. Even with the extension of flight time, the
effect ofGtGarr reduction in 13 d has been recognized, so this
operation is expected to improve punctuality compared with
the current situation.

For departing aircraft, TXdep is considerably reduced dur-
ing the 5-d period only (Days 2, 5, 13, 14, and 20), indicating
that the effect of the runway reassignment is limited. How-
ever, there are no considerably worse days, and the averaged
median and maximum TXdep were reduced by 0.05 min (3 s)
and 0.18min (10.8 s), respectively. Accordingly, we conclude
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TABLE 11. Key performance indicators (KPIs) for 20 d in AirTOP simulation. BEF is the result of northerly wind operation, whereas AFT is due to our En
Route AMAN with its difference (DIF). Bold values in the rows of DIF and the columns of Q2 denote medians decreased (red) and increased (blue) at the
5% level of significance in the Wilcoxon signed-rank sum test. The last row shows the total reduction in each KPI according to the northerly wind
operation (BEF) using 20-d AirTOP simulation.
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that the runway reassignment has little adverse effect on the
departures on the ground surface. Wdep has a similar trend.
However, there are days when the maximum value increases
at most (e.g., Days 6, 10, 12, and 19) by 6.78 min.

VII. DISCUSSION
As stated in the Introduction, our main objective was to sci-
entifically design interpretable runway assignment and speed
control strategies and rules that are operationally feasible
for implementing En Route AMAN. In our contribution,
we proposed the concept of en route arrival management
through short-term runway flow and inter-aircraft control
originating from the existing studies based on the queuing
theory [33], [34], [35], [36].We used RJTT as a case study for
comparison. The optimized runway assignment rule selects
the target minimizing the taxiing time when the runway
flow per a time window exceeds the maximum calculated
by the stochastic distribution of inter-aircraft time and ROT
at runway 34L. The speed control rules are devised through
simulation-based optimization and decision trees. We ana-
lyzed the airspace bottleneck and found the optimal strategy
based on inter-aircraft control according to each traffic cluster
of the entry fix.

The most important result of the validation fast-time sim-
ulation is that the optimized IF–THEN rule-based algorithms
reduced the total arrival sequencing and spacing delay and
arrival taxiing time by 21% (median: 0.93 min, i.e., 55.8 s)
and 6.9% (median: 0.41 min, i.e., 24.6 s) compared with the
baseline scenario. This result suggests that the rules extracted
and constructed with the CA-based model reduce the delay
time even in the AirTOP simulation, which explicitly con-
siders the 4D trajectory and ATC rules. Furthermore, the
obtained result corroborates our recent study [36] referred
to as the benchmark, where 11.5% (half the effectiveness
of this study) delay reduction was achieved using the same
simulation environment via inter-aircraft control only but
not considering the IAF separation constraints and runway
reassignment. Therefore, the validation result obtained herein
has further strengthened the hypothesis that inter-arrival con-
trol [33], [34], [35], [36] in combination with airline-oriented
runway assignment effectively mitigates congestion in the
airspace while reducing the taxiing time. In terms of flow
control, although Schultz et al. [31] and Jun et al. [32] only
focused on speed control in the distant airspace of more than
300NM from the destination, the runway flow control herein
shows the potential to achieve significant delay reduction not
only in the terminal maneuvering area but also on the airport
surface.

Interestingly, our decision tree analysis revealed that the
optimal speed control strategy varies according to the traffic
cluster and substantiated the idea that the bottleneck exists
in the airspace as well as runways, which are the tradi-
tional research focus [17], [18], [19], [20], [21], [22], [23],
[24]. As hypothesized, especially in cluster 1 herein, where
the traffic volume is high, the IAF rather than runways is
the bottleneck, which suggests that it is better to manage

arrivals in two stages, which is consistent with the approach
of Khassiba et al. [28]. They outperformed the 73.5% cut of
the total delay but assumed that the deviation condition for
STA at IAF follows N (0, σ 2) (σ=30 s, 60 s), not guarantee-
ing that a good-quality STA would always be obtained in a
realistic amount of time. Our rule-based speed control with
inter-aircraft spacing based on ETA is not truly optimal but
has the advantage of providing operationally feasible advi-
sory with computation time only for ETA calculation while
showing stable delay reduction theoretically [33], [34], [35],
[36] and practically herein. From the viewpoint of ATCos’
task volumes, focusing on the bottleneck is more effective
than performing absolute time management at every way-
point as in Jones et al. [27].

The runway reassignment rule, such as Algorithm 1 herein,
is determined by selecting the target and estimating the
maximum arrival rate at the target runway when the target air-
port changes. Conversely, the simulation-based optimization
and decision tree analysis are necessary steps to determine
the rule structure and parameter range (for instance, Algo-
rithms 2 and 3 herein). Our approach requires trial and error,
as we do not always obtain useful information depending on
the optimization problem definition and the parameters of the
data to be extracted. For Tokyo International Airport (RJTT),
where speed control is assumed to be performed in the
airspace in which ‘‘metering’’ operation begins, we selected
features such as DtAC_i because relative spacing would be
effective here rather than absolute time management due to
ETA uncertainty based on a queueing model [33], [34], [35],
[36]. Thus, while it is necessary to reflect the constraints
based on the target with different topology and situation, the
basic methodology itself is general enough to be applicable
to other airspace and airports with multiple runway.

VIII. CONCLUDING REMARK
This study aimed to implement operationally feasible En
Route AMAN using RJTT as a case study. Therefore,
we adopted runway assignment and speed control strate-
gies and rules to demonstrate a scientific system design of
flow-based en route arrival management at large-scale air-
ports with multiple runways. The runway assignment rule
selects the target that minimizes the taxi time, helping avoid
the overflow capacity at runway 34L in a time window within
10 min estimated through the stochastic distribution of the
inter-aircraft time and ROT. The speed control rules were for-
mulated through simulation-based optimization and decision
tree analysis with respect to each traffic cluster of entry fix.
Therefore, the optimal speed control rules were obtained to
customize the inter-aircraft spacing at bottleneck waypoints
according to the traffic characteristics, with a tendency for
spacing to be more upstream when there is more traffic
and vice versa. Finally, a fast-time simulation by AirTOP
was conducted to validate the devised IF–THEN rules. The
results revealed that the airline-oriented runway reassignment
and speed control, employed to adjust the relative interval
between aircraft, considerably reduced the median of arrival
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sequencing and spacing delay and arrival taxi time by 21%
(55.8 s) and 6.9% (24.6 s). Our findings showed that while
maintaining the interpretability and viability of En Route
AMAN implementation, even operationally feasible rules
that are not really optimal schedule time of arrivals can
potentially afford promising congestion mitigation.

Our main challenge is to propose a scientific and sys-
tematic approach by integrating data analysis, theoretical
modeling, and simulation evaluation to design future air traf-
fic management. Hence, our future study will improve the
proposed methodology to design a better ATC system. There-
fore, various simulations will be performed by changing the
parameters of the rules and input data conditions while inves-
tigating the impact of departure waiting time on runways.
Furthermore, we will evaluate the operational feasibility in
terms of ATCos’ workload by performing human-in-the-loop
simulations that mimic actual ATC radar operations. To val-
idate the universality of our approach, it will be applied to
other target airspace and airports. Extending our approach
will contribute to finding the optimal strategy for coordinat-
ing the arrivals with departures and surface traffic in airport
operations.
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