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Abstract

To propose operational strategies to control arrival traffic efficiently, the Gt/GI/st +GI time-varying queueing
model, which considers time-dependent factors, is employed to model the actual arrival aircraft traffic flow at
Tokyo International Airport. A methodology for analyzing the arrival traffic flow in the enroute airspace is also
proposed and applicable to various airports. Analytical results assuming various distributions of inter-arrival
times indicated that earlier control in the upstream airspace can help reduce the hourly average delay time
by up to 85% in the enroute airspace. The model and results can spawn future work that will verify that such
control also mitigates congestion in the terminal airspace.
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1. Introduction
1.1 Background
An increase in air traffic is forecasted. [1] reports that the number of passenger and cargo jets in
service will grow significantly by 2.3 and 2.0% per year, respectively, which will mean severe conges-
tion for major airports with massive takeoffs and landings, impeding the smooth flow. This underlines
the crucial need to control incoming aircraft efficiently in the terminal airspace and the surrounding
enroute airspace, within runway capacity restrictions. Arrival Manager (AMAN), the system for sup-
porting metering and vectoring, has been utilized. However, given distance-dependent uncertainty
about calculating trajectories [2], uniform arrival management throughout the airspace cannot relieve
congestion effectively.

Multi-Stage AMAN (see Fig. 1) can replace traditional AMAN. It intends to integrate independently
operated subsystems divided by flight phases. Itoh et al. [2] indicated that advancing transitions
between stages would be the optimum strategy in Tokyo International Airport, using actual flight
data. Over 60% of the domestic flights use the airport [2].

Figure 1 – Conceptual diagram of a possible Multi-Stage AMAN design [2].
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In this context, Extended-AMAN (E-AMAN) has been developed, which manages arrival traffic over
wide-ranging areas, including current enroute airspace. E-AMAN can ease the controller’s workload,
noise and fuel consumption more efficiently. Itoh et al. [3] described E-AMAN with four-dimensional
trajectory-based operations to propose that E-AMAN should start at a distance of 100-150 NM from
the airport. Note that analysis based on actual aircraft flow is necessary for proposing design prin-
ciples since the E-AMAN design requirements vary with different airports, airspaces and air traffic
characteristics.

This section is summarized as follows; data-driven analysis is required to determine where and how
E-AMAN / Multi-Stage AMAN starts controlling the arrival flow and it should cover not only the
airspace adjacent to the airport but also its surrounding airspace for the integrated system. How-
ever, few studies deal with the broad range of airspace, despite the fact that data-driven approaches
have become mainstream.

1.2 Literature on Modeling Arrivals
Among techniques capable of covering wide-ranging operational research themes in air traffic, the
queueing model, particularly with the Poisson arrival process, can directly investigate phenomena
with stochasticity and non-stationarity in traffic [4]. Itoh and Mitici [5] focused on arrivals at Tokyo
International Airport using the M/G/c/K queueing model to propose strategies to reduce the delay
time. A non-homogeneous Poisson model has also been employed to simulate airports or their net-
works [6] [7] [8] because arrival intervals can be considered as ’sufficiently random’ [4]. However, [9]
pointed out that the Poisson arrival process cannot be deemed appropriate for arrivals at the con-
gested airport since the arrival flow is successively rearranged to follow air traffic controllers.

With this in mind, some researchers have been applying the Pre-Scheduled Random Arrivals (PSRA)
model, which assumes the actual arrival time equates to the sum of pre-scheduled time and devi-
ations therefrom. Besides [9], Gwiggner and Nagaoka [10] analyzed the air traffic flow arriving at
Tokyo International Airport in the enroute area. They used the PSRA model and compared it with
the Poisson model to find that they are similar in moderately congested circumstances and not those
that are highly congested. The PSRA model can directly assess the impact of the lower deviation
of arrival time, which would be impossible in the Poisson model, described only by a rate parameter
[10].

1.3 Research Objective and Structure
Itoh and Mitici [5] examined both terminal and enroute airspace comprehensively, but the time-
constant queueing model was unable to simulate actual arrival traffic flow with time-varying char-
acteristics. Accordingly, this study applies a time-varying queueing model to develop general and
comprehensive strategies for controlling the arrival flow from enroute airspace (the blue region in Fig.
4 below) to terminal airspace around Tokyo International Airport as a case study. Concretely, we
introduce the Gt/GI/st +GI queueing model, which can consider the time-dependent arrival rate and
capacity with exceptional early departure, to assess delay time in the current enroute airspace and
demonstrate the impact of arrival intervals with less deviation by setting virtual arrival flow in the area.
This paper only covers the matters above, although the study will verify that the control in upstream
airspace (the green region in Fig. 4 below) helps reduce delay of terminal airspace and ensure a
more orderly landing flow. Using the Gt/GI/st +GI queueing model, we can simulate wide-ranging
arrival flows following various distributions and provide insights from a perspective other than that of
the PSRA model. As far as we know, no literature adopts the model for the arrival flow (although Itoh
et al. [11] do so for the surface flow).
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The rest of the paper is organized as follows. In Section 2, the deterministic Gt/GI/st +GI fluid model,
which approximates the stochastic model, is introduced (Section 2.1) and two types of states and
waiting times are incorporated (Section 2.2). Finally, the relationship between variables is illustrated
and procedures for similar airspace are put forward (Section 2.3). In Section 3, the airspace, flow and
flight data of interest are defined (Section 3.1) and policies on tuning parameters (e.g. arrival rate,
service time distribution and capacity) are also described (Section 3.2). Finally, the methodology
is summarized to connect the actual airspace and model with the original equation (Section 3.3).
In Section 4, we analyze the current airspace to find that only certain periods are subject to delay.
In Section 5, we focus our discussion on the arrival rate to clarify that arriving aircraft cannot be
excessively controlled by air traffic controllers in advance. Eight scenarios of inter-arrival times from
different distributions are considered. Finally, Section 6 sets out the conclusion and future work.

2. The Gt/GI/st +GI Queueing Model
2.1 Outline of the Model
The conceptual diagram of the Gt/GI/st +GI queueing model is presented in Fig. 2. It comprises
the arrival process characterized by a time-varying arrival rate l (t) (Gt), an independent and identical
distribution of service time g(x) (GI), a time-varying capacity s(t) (st) and an independent and identical
distribution of abandon time f (x) (+GI). This paper applies the deterministic fluid model, which
approximates the stochastic queueing model, and expounds on each component based on Liu and
Whitt [12]. We postulate that the service discipline is first-come-first-served. The arrival process is
deterministically characterized by l (t). Q(t), the quantity of fluid in a queue at time t, is

Q(t) =
Z

¥

0
q(t,x)dx

where q(t,x) is the density of fluid in a queue at time t for time less than or equal to x. B(t), the
quantity in a service at time t, is

B(t) =
Z

¥

0
b(t,x)dx

where b(t,x) is the density of fluid in a service at time t for time less than or equal to x, characterized
by g(x). Moreover, s(t), the quantity of fluid per unit time which exits the system at time t, is

s(t) =
Z

¥

0
b(t,x)

g(x)
Ḡ(x)

dx

where
Ḡ(x) = 1�

Z x

0
g(u)du

Finally, the cumulative distribution function of abandon time F(x), the time before fluid leaves the
system without receiving service, is

F(x) =
Z x

0
f (u)du

Figure 2 – Conceptual diagram of the Gt/GI/st +GI queueing model.
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