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Abstract: Free route airspace allows airspace users to freely plan a route in en-route airspaces
within certain restrictions. It is anticipated to offer the benefit of fuel saving and operational flexibility.
Regarding its efficient implementation into the ASEAN airspace, the key challenge would be reducing
hotspots with clusters of potential conflicts. This paper designed a time-varying queuing network
model, which contributed to untangle trajectory complexity in the most congested hotspot area. A
series of fast-time simulation experiments were conducted to identify hotspots in en-route airspace
in Singapore FIR. The application of departure time control using time-varying queuing networks
successfully reduced up to 45% of potential conflicts. This was achieved within an average delay
of 30 min by controlling time of less than 60% of candidate flights. The original contribution of
this paper is to develop a novel modeling and simulation framework for composing ideal air traffic
patterns. Lastly, we discussed the extension of this study toward a generalized application of the
proposed approach in future air traffic management.

Keywords: free route airspace; air traffic complexity; queuing network; time-varying queuing model;
modeling and simulation; ASEAN; APAC

1. Introduction

Free route airspace (FRA) [1,2] allows airspace users to freely plan a route in en-route
airspaces within certain restrictions. It is expected that FRA will offer the benefit of fuel
saving and operational flexibility. Regarding its deployment in Europe, the air traffic
controller (ATCo) workload has not been increased as a result of the introduction of FRA,
and safety has not been compromised. Whereas FRA implementation is mandated by the
European Commission, there is no FRA application outside of Europe to date. Against this
background, our study aims to clarify the benefits and operational feasibility of the FRA
concept within the ASEAN region, where a significant increase in air traffic is expected in
the future.

Alongside FRA, other air traffic management (ATM) concepts aim to decouple oper-
ations from administrative and geographical boundaries. In particular, these efforts are
aimed at achieving the flexible provision of air traffic services. The sector-less approach [3]
is limited to a maximum number of six flights that an ATCo can monitor (cf. [4]). The vali-
dation scenarios show only slight improvements over the current procedures [5]. Especially
for more complex traffic scenarios, a higher workload is to be expected despite support
functions provided by the advanced design of the controller working position [6]. Ap-
proaches for dynamic airspace configuration [7] and sectorization [8] show an appropriate
solution to handle a different amount of traffic over the day of operations. However, they
still consider the concept of sectors.
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As FRA provides airspace users with a new degree of freedom to choose their preferred
routes, it may result in a more heterogeneous traffic pattern or greater traffic complexity.
This could, in turn, increase ATCo workload using new ATM concepts. Air traffic com-
plexity considers, for example, individual flight characteristics (e.g., changes in altitude,
heading, and speed) or interactions between two or more flights [9]. The latter is addressed
by determining potential conflicts, which may result from the difference of pre-deployment
traffic flows crossing trajectories. The heterogeneity of the post FRA-deployment traffic
patterns is driven by, for example, the variability of heading and speed [10]. Optimized,
flow-based, aligned structures may reduce the complexity of traffic situations, decrease
workload, and increase airspace capacity [11]. In the future, an ATM concept of operations
might benefit from the hypothetical ability to bundle user-preferred trajectories and offer
dynamic control structures for efficient and safe flights.

In line with this, past works evaluated the operational feasibility of a dynamic, flow-
centric concept of operation through human-in-the-loop simulation experiments. These
experiments simulated radar control at en-route facilities in the future ASEAN region [12].
The results suggest that ATCo’s ability to deliver safe control might be limited by the number
of interactions with surrounding air traffic rather than the number of aircraft flying in their
controlling airspace. They also indicated that the total number of ATCos could be minimized
by grouping the flights based on their planned trajectories. For example, it was acceptable
to control a cluster of a train of flights cruising in the same direction with already safe sep-
aration. However, if even one aircraft crossed the cluster, it would significantly increase
ATCos” workload. A series of macroscopic fast-time simulation (FTS) was also run to pro-
vide an operational feasibility assessment of the FRA concept applied to ASEAN en-route
airspaces [13]. This study evaluated the efficacy of FRA under hypothetical double demand,
projected for the late 2030s in the Asia Pacific (APAC) regions, through the simulation. The
results identified possible “hotspot areas”, where aircraft trajectories interfere and the air
traffic could be congested. When zoomed into a specific FIR, there would be a shift in the
location and nature of the conflicts. Regarding the implementation of FRA operation in the
region, we are convinced that the key challenge is composing “ideal traffic patterns”, which
would reduce these potential hotspots and relieve the air traffic complexity.

Expanding on these findings from previous research, this paper aims to realize ideal
traffic patterns. This would be achieved by controlling the time-varying air traffic inflow
and outflow of the FRA traffic to avoid conflicts at potential hotspots. In past studies,
the time-varying queuing model was developed to estimate and reduce the arrival and
departure queues at a single runway [14,15]. As an advanced version of the model, time-
varying queuing network models were developed to control the propagation of the air
traffic congestion in the arrival air traffic and at an airport [16,17]. These works discussed
the proposed model-based framework that was applicable to general air traffic flows, not
only for airport operation, but also for air traffic flow control in an airspace. In this paper,
under the hypothesis that the application of a time-varying fluid queuing model reduces the
potential conflicts, we structured the approaches as follows. (1) We applied the proposed
framework to compose better separated and synchronised air traffic patterns/flows, and
(2) the reduced number of resulting conflicts untangled air traffic complexity in the potential
hotspot area. Firstly, we analyzed the features of the traffic patterns at the potential hotspots
in an ASEAN flight information region (FIR) assuming the FRA implementation under
current air traffic volume. Secondly, we proposed a systematic approach to update the time-
schedules of air traffic, which grouped oncoming flights while avoiding traffic interference
in the most congested hotspot area in FIR. Applying time-varying queuing theory enabled
us to understand the features of air traffic patterns and to control time-varying air traffic
inflow and outflow in the hotspot area.
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This paper is organized as follows. Section 2 analyzes air traffic complexity in an FIR
in the ASEAN region assuming FRA implementation. A series of the FTS experiments was
conducted, and potential hotspots were clarified using the simulation results. Section 3
focuses on the most congested cluster of the potential hotspots and develops air traffic
models applying the time-varying fluid queue. Section 4 controls air traffic flow at the
hotspot area by applying the time-varying queuing model. Operational benefits and traffic
complexity are evaluated by segregating air traffic, which potentially interferes with the
surrounding traffic. Section 5 discusses future challenges to implementing the FRA concept
into the ASEAN airspace. We also discuss further applications of the proposed model-
based approaches in future mobility systems based on the findings in this paper. Lastly, we
conclude the paper. The original contribution of this paper is to develop a novel modeling
and simulation framework for composing ideal air traffic patterns of time-varying air traffic.

2. En-Route Trajectory Complexity in the FIR

This chapter applies time-varying queuing models to the most complex hotspot ser-
viced by Singapore Area Control Centre (ACC). Here, we define a hotspot as a bounded
area or volume of airspace in which a relatively high amount of potential conflicts occur.

2.1. Simulating Air Traffic in FRA

First, we constructed a flow pattern in a simulation environment using commercially
available flight schedule data from the Official Airline Guide (OAG) in the ASEAN region.
An outline drawing map of the ASEAN airspace is shown in Figure 1. The simulated
traffic was largely derived from a regional FRA feasibility assessment study [13], which
was modified to account for the anticipated future changes. In the present study, the
traffic demand corresponded to a 24-h period that represents 14 December 2019 (UTC
00:00 a.m. to 23:59 p.m.) traffic demand. The lateral routing was assumed to be a free
route, in which flights were routed by a system of DCT (direct-to) segments from the
entry to the exit using the Dijkstra’s algorithm [18], except for the arrival and departure
routes. Although the FRA concept allows the airspace user to freely propose a routing
in the en-route phase of the flight, the variation was simplified to DCT routings in this
study. This assumption maintained consistency among the airspace users’ strategy for
the model traffic case. The level assignment rules were based on today’s reduced vertical
separation minimum (RVSM) rules. They include the South China Sea Flight Level Alloca-
tion Scheme levels and the easterly—westerly single-alternating Flight Level Orientation
Scheme (where even levels, e.g., FL340, FL360, FL380, ..., are assigned for westbound
traffic). We made amendments by timeshifting the departures from Singapore Changi
(WSSS) and Kuala Lumpur International (WMKK). This was because the assumptions
in the reference traffic made for region-wide assessment [13] with a focus on identifying
complexity in potential conflicts [19] did not adequately reflect the flow patterns at the local
granularity. Specifically, additional time spacing was inserted where necessary so that time
spacing between consecutive flights at the end of the SID was at least 90 s. This additional
condition removed the unrealistic potential conflicts observed in the reference simulation.
For example, a pair of consecutive flights within a short interval departing from WSSS may
be in conflict when a faster follower catches up to a slower leader in the cruise phase. In
real operations, overtaking conflicts such as these are avoided by departure managers or by
tactical planners, whether they manifest inside or outside a conflict hotspot. In a simulation
study such as the present study, this type of unrealistic potential conflicts would be noise
to the essential research question and it would be better to rectify it before using it as a
simulation case.
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Figure 1. Outline drawing of airspace configuration in the ASEAN region [20].

2.2. Hotspot Identification

Second, we identified the most complex hotspot as follows. We defined the geometric
boundary of the potential hotspots, based on clustering of the flow intersection points.
We then identified the busiest hotspots based on throughput or the number of flights
transiting through the identified areas. Operational complexity in the identified hotspot
areas was confirmed by ATCos according to their perceived workload, corresponding to
the traffic features.

Flow intersections could be searched for in several systematic ways, e.g., based on
hierarchical clustering of the trajectory flown [21]. In our case, we referred to the flight plan
trajectory simulated without active air traffic control (ATC), and as such, we opted for a
simple identification of the geometric intersections of all flows. These were then grouped
together into clusters using the k-means method based on Euclidean (only geometric)
distance in a 2D plane. As for the number of clusters needed to group the flow intersections,
we grouped them into 100 clusters, instead of 10, 20, 50, or 150 clusters, which we attempted
separately. This was because the 100 clusters best matched the operational knowledge for
the area control tasks and the physical size of the hotspots. In other words, fewer larger
clusters encompassed an entire Signapore ACC sector, which was too large for a typical
tactical deconflicting traffic scope. On the other hand, too small a cluster may not fully
represent all the relevant flows for the chain of potential conflicts.

Although this was not the main thesis of this paper, it is nonetheless noteworthy that
different combinations of flow groups (WMKK arrivals, WMKK departures, WSSS arrivals,
WSSS departures, and others) visited the top six clusters (Figure 2) in terms of total transit
flights (Table 1). From this, we concluded that these top six clusters should have had their
own unique dynamics with respect to the queuing problem. In this work, we started from
the cluster with the highest throughput (C80), which was frequented by all five of the flows
grouped above.

As for validation against perceived operational workload in the subject C80 cluster
area, it reflected the following typical perceived operational challenges: (1) it experienced a
high traffic volume; (2) it experienced four major flows, which were all vertical movements
and needed manual maneuvering for safe separation (WKKK departures, WKKK arrivals,
WSSS departures, and WSSS arrivals), and (3) it presented similar operational ATC tasks,
irrespective of lateral routing rules (conventional routing or free route routing).
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Figure 2. The six most frequently visited clusters of air traffic flow with hypothetical free routes in
the airspace approximately where the Singapore ACC covers. The dotted line indicates the free route
within the Singapore FIR, while the solid line represents the hotspot area.

Table 1. Composition of flights participating in the six most frequently visited clusters of flow
intersections in the areas controlled by the Singapore ACC. Values are the mean daily throughput
based on a 15-day period (13-27 December 2019). The present study uses one simulation day (H24),
14 December 2019, 0000-2359 UTC, instead of all 15 days, due to computational constraints in the
application of the system of fluid queues. The flow composition is most varied hour-to-hour, rather
than day-to-day, so H24 is considered to maintain the representability of the temporary heterogeneity
of the traffic.

Flow Group Ce8 C45 C80 C85 (93 (Coe  lotalinSingapore ACC
(For Reference)
WMKK arrivals 45 0 61 0 45 61 293
WMKK departures 6 70 40 6 6 62 236
WSSS arrivals 141 141 147 141 100 6 496
WSSS departures 54 73 127 0 0 54 496
Others 9 15 15 14 8 18 333
Sum 255 299 390 161 159 201 1854

3. Interpretation of the Complexity

According to the analytical results of the air traffic features in the previous chapter,
this chapter develops a queuing network model. A queuing network model consists of
multiple time-varying fluid queues. The fluid queue model represents the time-varying
air traffic volume in an assigned area. Using a network structure, the queuing network
model represents the air traffic complexity in the area. Therefore, this chapter first explains
time-varying fluid queue model. Secondly, we describe queuing network model, which
represents air traffic complexity in the C80 (the most critical hotspot area).
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3.1. Time-Varying Fluid Queue

In the C80 area, we estimated the time-varying air traffic volume (TV), which repre-
sents the amount of aircraft crossing the area at time f, applying G(t)/GI/s(t) time-varying
fluid queue [22,23]. Here, we describe TV as B(t), with a corresponding inflow rate (enter-
ing rate of the air traffic into the area) of A(t) and a corresponding outflow rate (leaving
rate of the air traffic from the area) of o (t).

The total number of aircraft entering the area in time interval [0, {], A(t), is given as
follows when t > 0.

Al = /0 "Aw)du 1)

Using the cumulative distribution function (CDF) and probability density function
(PDF) of flight time in the area, G(x) and g(x), G(x) and hg(x) are defined as follows.

G(x)=1-G(x) ()
holx) = £ )

Here, B(t) is given using Equations (1)—(3) as follows.

B(t) = /OtG(x)A(t—x)dx+/Ooo G(g(i_)t)b(o,x)dx @)
< A(t) + B(0)

o(t) is given using Equation (3) as follows.
o(t) = / b(t, x)hc (x)dx (5)
0

b(t, x) in Equation (5) is given as follows.

G)A(t—x), x <t
b(t, x) = (6)

Gigf)t)b(o,x —t), x>t

The G(t)/GI/s(t) queuing model above allowed us to model the time-varying inflow
rate A(t) and flight time g(x), which followed general distributions. Therefore, our study
identified these distributions through the simulation results of the air traffic in FRA, as ex-
plained in Section 2.1. In our model, the time-varying number of servers, s(t), is equivalent
to the defined TV, B(¥).

3.2. Modeling Air Traffic Queues in the Hotspot

Here, we estimate the time-varying TV and air traffic complexity in the C80 area. For
this purpose, air traffic in the C80 hotspot was modeled as a queuing network model using
the time-varying fluid queue described in Section 3.1.

Firstly, we classified the air traffic into five flown groups according to the origin and
destination airport, as analyzed in Section 2.2. Secondly, the 5 flown groups were classified
into 13 flown groups according to flight time in the C80 area. Figure 3 represents histograms
of the flight times corresponding to the WSSS arrivals, WSSS departures, WMKK arrivals,
WMKK departures, and the other interfering air traffic (others). As shown in Figure 3,
air route structures in the FRA characterized three WSSS arrivals and departures, and
five other interfering air traffic by flight times in the area. Therefore, we modeled the air
traffic queues in the C80 hotspot as a queuing network model, which consisted of a total
13 time-varying fluid queues, as shown in Figure 4.



Aerospace 2024, 11,11 7of 17

1000
) mmm WSSS arrivall
£ 7509 W WSSS arrival2
é 500 4 I WSSS arrival3
z
g 250+
0 T T o T T T
0 50 100 150 200 250 300 350 400
1000
< Il WSSS departurel
E 7501 EEE WSSS departure2
% 500 . WSSS departure3
]
g 250 I I
=
0 T T T T 1 T T
1000 0 50 100 150 200 250 300 350 400
o WMKK arrival
8 750 A
>
2 500
]
g 250
=
0 T T T T T T T
0 50 100 150 200 250 300 350 400
1000
< mm WMKK departure
&8 750
>
2 500
z
g 2501
0 T T T T T T T
200 0 50 100 150 200 250 300 350 400
< mmm Othersl
z 1504 = Others2
5 100 Others3
S mmm Others4
o
@ 50 mmm Others5
" | L o
0 T T T T T T
0 50 100 150 200 250 300 350 400

Service time (sec)

Figure 3. Histogram of flight times in the C80 area corresponding to each air traffic flow.

In Figure 4, the total inflow rate to the C80 area, A(t)cgp, is given as a sum of the inflow rate
into each time-varying queuing model, A(f) 4, A € {WSSSarr, WSSSdep, WMKKarr, WMKKdep, others},
which corresponds to air traffic of WSSS arrivals, WSSS departures, WMKK arrivals, WMKK
departures, and the others. A(t)wsssarr, A(t) wsssdeps A(t)others, are described as the sum of
A(t)p, B € {WSSSarrl, WSSSarr2, WSSSarr3 }, {WSSSdep1, WSSSdep2, WSSSdep3}, {(WSSSoth1, WSSSoth2,
WSSSoth3, WSSSothd, WSSSoth5}, respectively. For each A(t)g, TV, B(t), is estimated using the
corresponding flight time distributions, as explained in Section 3.1. In the same manner,
the outflow rate from the C80 area, 0'(t)csgo, is given as a sum of the outflow rates from each
queuing model.

MBcso l

MO)wsssarr MO wsssdep A wMKKarr AOwmkKdep AOothers

MOwsssarrt |AOwsssqrz MO whssars A Owsssdept AOwhssaep D) wsssdep AOotht | AOomz| AOom3| ADotha| AW)oms
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A

o()wsssarr o(Owsssdep o(t)wmkKarr o()wMKKdep (Dothers

a(H)cso l

Figure 4. Queuing network model representing air traffic in the C80 hotspot.

Figure 5 visualizes the time-varying TVs in the C80 area in the sample day under the
nominal operation simulated in the previous chapter, B(t)cgo, as a cumulative graph of each
air traffic, B(t)p on the top, and B(f) 4 on the bottom. As discussed in the introduction, our
past research identified that the concurrence of different flow patterns increased air traffic
complexity and ATCo workload. So to speak, a greater traffic complexity is anticipated
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during the time-period when the TVs of different time-varying queuing models coincide.
Figure 5 explicitly indicates when the air traffic complexity increases. For example, the
ATCo workload increased during the time periods when the TV of WSSS/WMKK depar-

tures were mixed in Figure 5. In this paper, the TVs were estimated using aircraft arrival
rates measured every 5 min.

10

mmm WSSSarrl  mmm WSSSarr3 . WSSSdep2 WMKKarr mmm othersl others3 ~ mmm others5
mmm WSSSarr2  mmm WSSSdepl = WSSSdep3 mmm WMKKdep mmm others2  mwmmm others4

traffic volume @ C80 (ac)

. WSSSarr

m— WSSSdep
'WMKKarr

= WMKKdep
others

traffic volume (ac)

traffic volume @ €80 (ac)

© N W B U O N @

time (sec)

Figure 5. Time-varying traffic volumes corresponding to each air traffic flow in the C80 hotspot.

According to ATCos’ comments and operational analysis in the C80 area, some traffic
flows, such as WSSS departures, WMKK departures, and other air traffic, potentially
intersect with the others, thereby causing potential conflicts in C80. These anticipated
conflicts increase the complexity. Figure 6 illustrates the traffic patterns in the C80 area.
On the other hand, for operational reasons and because of the geometric arrangement
of these flows, some specific combination of flows may coincide without adding to local
complexity. For example, WSSS departures and WSSS arrivals from Hong Kong do not
cross each other (at least in C80). These pairs were considered not to add complexity to the
present study. As shown in Table 1, the total amount of traffic in WSSS/WMKK arrivals
and departures was larger than the other traffic. This analysis suggests that segregating
WSSS/WMKK arrivals/departures from the other air traffic in the C80 area contributed to
composing an ideal traffic pattern that reduced the complexity. For operational relevance
and simplicity, this paper considered delaying departures from nearby major airports of
WMKK and WSSS, which were located about 150 NM and 100 NM from C80, respectively.

e.g., To/ From Hong Kong

e.g., from Cambodia

from Kota Kinabalu / Brunei

from WMKK*
to WMKK ;
to WMKK \
to Kuching
from WSSS* from Kuching

to WSSS
Figure 6. Schematic diagram for major flows that transit through C80. The dotted line represents
the C80 area, while the arrows indicate the direction of air traffic. The departures from WMKK and
WSSS that were controlled for their departure time are indicated by an asterisk (¥).
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4. Untangling the Complexity in ATM

Here , aimed to achieve a reduction in potential conflicts by applying a time-varying
fluid queuing model at the hotspot C80, and to relieve the air traffic complexity in the
area. The main stipulated condition for the queuing model was as follows. First, the model
computed and monitored the timed entry and exit at the facility for all five flow groups
(Table 1). Second, only WMKK departures and WSSS departures could be delayed to
segregate this traffic from the other traffic. We hypothetically assumed the calculated take
off time (CTOT) with the full compliance rate as the implicit technique for delaying.

4.1. Segregating Aircraft Departure Flows

Here, we updated the CTOTs following three steps, applying the queuing network
models developed in Section 2 for segregating the WSSS/WMKK departure traffic flow in
the C80 area.

Firstly, we reduced the baseline TV in the C80 area (see Figure 5), B(t)cgo, to satisfy

B(t)wsssdep < Smax,wsssdep and B(E)wmkKdep < Smax,WMKKdep- In this paper, A(t) was
calculated at a 5-min interval based on the original take-off time in the day’s operation. If

B(t)WSSSdep = Smax,WSSSdep and/or B(t)WMKKdep = Smax,WMKKdeps /\(t)WSSSdep = 0and/or
Mt)wmkkaep = 0 were given during the ith time-interval [t,#;, 1], when t > 0, t > t;. By
updating the inflow rates, the WSSS/WMKK departure traffic flows were segregated from
the other air traffic in the C80 area over the day’s operation.

Secondly, following the rules designed above, we updated the TVs of the WSSS/WMKK
departure flows using the queuing network models assuming three threshold values,
sSmax = 0,0.5,1.0, as Case 1, 2, and 3, respectively. Figures 7-9 show the TVs in the C80
corresponding to the three cases. It is obvious that Figure 7 segregates the WSSS/WMKK
departure flows completely in the C80 area. However, it resulted in unrealistic flow
control, which generated TV peaks in a few time slots. In this paper, the maximum
departure rates were not provided so as to limit the inflow rates of the WSSS/WMKK
departures, because the purpose of the paper was to analyze the effects of air traffic
segregation. At the same time, Figures 8 and 9 indeed showed realistic departure rates,
namely less than three departures in 5 min. For example, comparing Figures 5 and 8, the
WSSS departures were segregated from the other air traffic in C80 during the time period
of around 05:00-06:00 a.m. Then, the WSSS departures entered the C80 area at around
06:00 a.m. In the same way, the TVs of the WSS55/WMKK departures were controlled by
departure times based on the queuing networks. Under these assumptions in all three of
the cases, we could maintain the same amount of total aircraft crossing the C80 area as the
baseline operation within the day.

Thirdly, baseline take-off times were delayed by time-shifting applicable WSSS/WMKK
departures as per the requirements in the downstream C80 TV management. This paper
kept the same aircraft sequences as the baseline operation at the entering points of the C80
areas. The departure delay duration was snapped to multiples of 5 min. For example, if the
departure aircraft was delayed to the next time slot or two slots after, the delay time would
be 5 min or 10 min, respectively, but not any other amount in between.

Table 2 summarizes the estimated WSSS/WMKK departure delays according to the
TV controls. The results in Case 1 show that it caused extremely large departure delays if
the WSSS/WMKK departure times were delayed in order to fully segregate the flows from
the other air traffic in the C80 area. Compared with Figure 7, the departure time control
delays the WSSS5/WMKK departures did not to enter the C80 area during the 05:00 a.m.
to 14:00 p.m. time period in order to avoid conflicts at the hotspot. Even though this
contributed to composing an ideal traffic pattern, it sacrificed the WSSS/WMKK depar-
ture demands. Thus, it was an unrealistic solution to fully segregate the WSSS/WMKK
departure flows in C80. While balancing the WSSS/WMKK traffic demands and air traffic
complexity in the C80 area, the results in Cases 2 and 3 indicated that the WSSS/WMKK
departure flow control achieved significantly smaller departure delays compared with Case
1. CTOTs of approximately 40 to 60% of WSSS/WMKK departures were updated, and the
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average delay time was less than 30 min in Case 2 and less than 20 min in Case 3, respec-
tively. These results justified that departure time control reduced the complexity below a
certain value. In the next section, we conducted a series of FIS experiments and analyzed
the effectiveness of the proposed departure flow control through a model-based approach.
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Figure 7. Time-varying TV in Case 1.
Table 2. Estimating WSSS/WMKK departure delays.
Case 1 Case 2 Case 3
WSSSDep WMKKDep WSSSDep WMKKDep WSSSDep  WMKK Dep
Number of delayed aircraft (ac) 109 32 78 22 45 19
Rate of delayed aircraft (%) 85 84 61 58 35 50
Max. delay time (min) 625 545 80 125 35 40
Average delay time (min) 190 201 23 43 19 16
Total delay time (min) 20,695 6440 1780 955 655 305
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Figure 8. Time-varying TV in Case 2.
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4.2. Effectiveness of the Departure Air Traffic Flow Control

For validation of the hypothesis that the application of a time-varying fluid queuing

model reduced the potential conflicts, we structured the design of the FTS experiments
as follows.

4.2.1. Departure Time-Spacing Constraint

Here, delays aimed to segregate departure flows at C80 were inserted as time-shifting
of the entire planned trajectory from the departures to arrival Thus, it ignored other
operational requirements in the upstream or downstream legs. In our case, this could
particularly impact the WMKK and WSSS departure queues, which were limited, for
example, by runway availability. Then, we additionally applied simple rules for departure
time-spacing for mitigation purposes. This rule allowed departure aircraft to take off,
ensuring the minimum 90 s time separation with the preceding departure aircraft at a
runway. These rules are illustrated in Figure 10.
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Figure 10. Schematic description of departure time-spacing constraints considered at WMKK or
WSSS, in which we indicate the longitudinal time spacing in seconds. The dashed line represents the
adjustment of departure times for selected aircraft. Departure time-spacing requirements (minimum
interval of 90 s) considered are signified in orange.
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4.2.2. Measurement

We used a fast-time simulator AirTOp [24] for computing potential conflicts (defined
as infringement in both separation minima: 1000 feet vertical and 5 NM lateral), given a
time-controlled scenario provided by the queuing model. Potential conflicts weer counted
both inside and outside the C80 area within a volume of airspace, which was approximately
north of the N°3 circle of latitude and west of the E°107 meridian, within the Singapore FIR
(see Figure 1). In real operations today, the area presented ATC services for WMKK east
arrivals and departures, WSSS north arrivals and departures, and a few other main flows.
These are considered more demanding areas for ATC provision because of the frequency of
potential conflicts (as evidenced in Figure 2) due to specific operational constraints.

4.2.3. Experiment Structure

As a consequence of Section 4.1, we organized the design of the experiment based on
the three cases applied in the queuing network model (Table 3).

Table 3. Design of experiment.

Designation Segregation Threshold Remarks

Case 1 Smax = 0 Strict model application

Case 2 Smax = 0.5 Medium strictness model application
Case 3 Smax = 1.0 Weak model application

Baseline n/a No queuing network model

Based on the hypothesis, we anticipated a greater improvement (reduction) in potential
conflicts within C80, as increasing the strictness of the queuing model depending on the
percentage of segregated WSSS/WMKK departure flows. On the flip side of the story, we
would also naturally anticipate a greater number of potential conflicts outside of C80 as the
queuing model deliberately ignored what happened elsewhere.

4.2.4. Results

As for the potential conflicts, the application of the queuing model reduced the po-
tential conflicts within area C80, compared with the baseline (Table 4). For example for
Case 2, there was a 45% reduction in potential conflict count within C80 (22 reduced to 12).
However, there were cases in which the potential conflicts outside of C80 increased (Case 2
and Case 3). For example for Case 2, there was a 25% increase in potential conflict outside
of C80 (28 increased to 35). This brought mixed results for the total potential conflicts (sum
of potential conflicts inside and outside C80). Specifically, there was a reduction in total
potential conflicts for Case 1 and Case 2, but there was an increase in total potential conflicts
for Case 3. These could be understood as a result of an application of a queuing network
model that intentionally ignored the impact of time-shifting in upstream and downstream
airspaces. A geographical analysis of potential conflict locations further confirmed the
perturbation impact of the queuing network model on the areas outside of its principal
application scope of C80 (Figure 11).

To further study the dynamism between the various flows that were controlled in
this study, potential conflicts were counted according to the major flows of the two air-
craft that went into potential conflicts during the simulation (Table 5). For WSSS de-
partures, potential conflicts were reduced in many flow group pairs (Others_WSSSdep,
WMKKarr_WSSSdep, and WSSSarr_WSSSdep). This was the anticipated benefit of the ap-
plication of a queuing network model. However, potential conflicts were increased among
themselves (WSSSdep_WSSSdep). This could be due to the additional flow that joined
WSSS departure flows (notably those from WMK] Johor Senai) before transiting through Sin-
gapore FIR, including C80. For WMKK departures, potential conflicts were reduced among
the WMKKdep_WSSSarr flow group pair, but the results were mixed or minor in two other
combinations (Others_ WMKKdep and WMKKarr_ WMKKdep). There were no potential
conflicts among WMKK departures themselves for all scenarios (WMKKdep_WMKXKdep,
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not shown in the table). For the potential conflicts between the two departure flow groups
(WMKKdep_WSSSdep), the potential conflicts were completely eliminated in Case 1. Fi-
nally, it is worth noting that the potential conflicts that did not involve either WMKK depar-
tures or WSSS departures (Others_ WMKKarr, WMKKarr WMKKarr, WMKKarr_WSSSarr,
WSSSarr_WSSSarr) did exist in the simulation. Their validly was not affected by the
application of the queuing network model, as anticipated.

Table 4. Potential conflicts observed in fast-time simulation, with various strictness levels for the
queuing network model application. Here, a potential conflict is considered controllable with the
breakdown shown in italics if at least one of the two aircraft forming the potential conflict is either a
WMKK departure or a WSSS departure.

Area Case 1 Case 2 Case 3 Baseline
inside C80 13 12 18 22
controllable 2 1 7 11
not controllable 11 11 11 11
outside C80 25 35 35 28
sum 38 47 53 50
Baseline Case 2

original_9e Case2_90
Total inside c8o: 22 Total inside c8o: 12
Total outside c80: 28 Total outside c80: 35
intersectionlabel intersectionlabel
WMKKarr_WSSSarr 6 WMKKarr_Wsssarr 6
WMKKdep WSsSarr WHKKdep_Wsssarr
wsssarr fsssarr 3
WssSarr isssdep 6 wsssarr sssdep 1

9

o /)

niore PCs here

Figure 11. Geographical location of the observed potential conflicts for the baseline scenario and the
Case 2 scenario. Red symbols indicate the potential conflict locations involving WMKK or WSSS
departures, while the black symbols indicate the potential conflict locations involving neither WMKK
nor WSSS departures. The polygon represents a portion of the airspace within the Singapore FIR,
while the red dashed lines emphasize areas where new conflicts have arisen.

The above observation led to the following accounting of the potential conflict situation
simulated in this study. In the baseline scenario, there were 50 potential conflicts within
the studied airspace, of which 22 were inside C80. Of these 22 potential conflicts in C80,
11 involved a WMKK departure and/or a WSSS departure. The 11 potential conflicts
were the indirect study subject for improvement, which theoretically should be reduced by
segregating the WMKK departures and WSSS departures from each other or from other
flows (WMKK arrivals, WSSS arrivals, or other major flows). Consequentially, the queuing
network model reduced the value 11 to 2, 1, and 7 for Cases 1, 2, and 3, respectively. It was
not possible to entirely eliminate the 11 potential conflicts due to the additional departure
time-spacing constraints we considered (Section 4.2.1). In the baseline scenario, 28 potential
conflicts were observed outside of C80. These were increased in two of the three cases
(to 35 and 35 for Case 2 and Case 3, respectively) This is because of the deliberate design
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specification for the queuing network model, ignoring the delay impact in the upstream or
downstream airspaces.

Table 5. Composition of potential conflicts with the bold face indicating the classification of flow
group pairs based on presence of WMKKdep and/or WSSSdep.

Flow Group Pair Case 1 Case 2 Case 3 Baseline Remarks
Involves WMKKdep

Others_ WMKKdep 1 5 3 3 Mixed
WMKKarr_ WMKKdep 2 1 2 2 Mixed
WMKKdep_WSSSarr 6 4 6 9 Improvement
Involves WSSSdep

Others_WSSSdep 0 2 5 4  Improvement
WMKKarr_WSSSdep 5 6 6 7  Improvement
WSSSarr_ WSSSdep 0 6 8 7  Improvement
WSSSdep_WSSSdep 13 7 7 0 Deterioration
Involves both WMKKdep and WSSSdep

WMKKdep_WSSSdep 0 5 5 7 Improvement
Involves neither WMKKdep nor WSSSdep

Others_ WMKKarr 1 1 1 1 No change
WMKKarr_ WMKKarr 1 1 1 1 No change
WMKKarr_WSSSarr 6 6 6 6 No change
WSSSarr_ WSSSarr 3 3 3 3 Nochange

5. Discussion

This paper developed a queuing network model via a time-varying fluid queue, and
controlled aircraft departure flow in the ASEAN airspace assuming the FRA operation. Our
conceptual approach designed the interplay of functions that ASEAN partners would have
to consider when introducing FRA. The results clarified that air traffic flow management
(ATEM) function could be addressed to realize better air traffic service (ATS) provision.
Here, we discussed future works based on the evaluation results through a series of FTS
experiments in the previous chapter.

5.1. Balancing Local Effects in the Wider Regional Network

As shown in the simulation results, although the number of conflicts in the C80 area
was reduced by a maximum of 45% (see Case 2 in Table 4), it increased conflicts outside
of the C80 area compared with the baseline operation. This indicated that the air traffic
interfered outside of the C80 hotspot as a result of departure time controls, which untangled
air traffic complexity focusing on the C80 area. To realize the ideal traffic patterns in the
entire airspace, as the next step, this study developed a series of queuing networks to model
the potential propagation of hotspots from the C80 area. Accordingly, we untangled the air
traffic complexity in the wider airspace by breaking the chain of propagation by applying
the model-based air traffic flow control. To achieve the goal, it was required to analyze the
detailed features of the air traffic flows and operational constraints in the target ASEAN
airspace for modeling them into the networks.

5.2. Collaboration with Long Range Air Traffic Flow Management

This paper applied aircraft departure time controls because WSSS/WMKK departures
mostly impacted the C80 hotspot. For balancing the local hotspot deconfliction in the
wider regional network, the other potential solution could be strategic arrival traffic flow
management. The authors’ past research indicated that aircraft arrival time control led to a
less severe phase of excessive traffic demands when applying the concept of long range air
traffic flow management (LR-ATFM) [25]. The LR-ATFM concept aimed to control the entry
time of long-haul flights into the approach sector, assuming the opportunities for aircraft to
control speed and/or to change tracks. A shift of £1 min per remaining flight hour resulted
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in a reduction of 14% of the integral of over demand in the sector; shifting flights by £2
and 46 min reduced this value by 20% and 80% in comparison with the original scenario,
respectively. The =1 min shift was comparable to moderate speed control for arriving
fights, which has already been shown to be operationally feasible during flight tests [26].
For future studies, there is the potential to control aircraft arrival flow at hotspots to reduce
conflicts among the surrounding air traffic. Collaborating with the enhanced LR-ATFM
concept, which targets shifting the entry time of long-haul flights at hotspot areas, provides
the possibility to compose ideal traffic patterns with less control of aircraft departure times.

5.3. Expansion to General Methods and Their Applications

This paper focused on FRA operation in the ASEAN airspace; however, the pro-
posed model-based method is generally applicable to controlling time-varying air traf-
fic. Although the number of flights is expected to increase in the future, the available
airspace/airports are limited and traffic demands must be balanced with available capacity.
The requirements for efficient ATM are increasing and it is expected that the flights are
not only carried out punctually and safely, but that they are also environmentally friendly
and economically affordable. Furthermore, the number of ATCos need to be minimized
according to the increasing air traffic. This extensive catalog of criteria limits the options for
efficient management and requires a holistic, integrative approach. Accordingly, our study
proposed a model-based framework that enables time-varying control while balancing
air traffic flows. In a concurrent project, we have been designing time-varying queuing
network models to propose integrated departure and surface operations as part of a holistic
framework [17]. In this way, future works extend the proposed model-based methods
and their general applications in ATM, and could have an even wider range in future
mobility systems.

6. Conclusions

This paper proposed a novel modeling and simulation framework for composing ideal
patterns of time-varying air traffic. Assuming FRA operation in the ASEAN airspace, a
series of FTS experiments were conducted to identify clusters of potential hotspot areas.
Features of air traffic were also analyzed to understand the characteristics of air traffic
complexity in an FIR of ASEAN airspace. Based on the analysis through the simulation
results, we designed a queuing network model that consisted of multiple time-varying
fluid queues. It enabled us to segregate interfered air traffic at the hot spot area towards
composing ideal traffic patterns. To evaluate the effectiveness of untangling the air traffic
complexity through the proposed queuing network approach, another series of FTS sim-
ulation experiments were conducted. As a result, it successfully reduced the maximum
45% of air traffic conflicts in the target hotspot clusters by controlling the aircraft departure
time in two major traffic flows. These results justified that ATFM functions could be ad-
dressed to realize better ATS provision in ASEAN FRA operation. Our conceptual approach
contributed to designing the interplay of functions that ASEAN partners would have to
consider when introducing FRA operation. Lastly, we discussed the future extension of our
proposed model-based approach. Towards realization of ASEAN FRA operation, further
efforts would be aimed at balancing local effects of hotspot reduction in the wider regional
network in the ASEAN airspace. Not only departure controls, but also strategic arrival
traffic flow control would be one of the other options. This paper focused on the FRA
operation in the ASEAN airspace; however, the proposed model-based method is generally
applicable to controlling time-varying air traffic. The proposed modeling framework will
be generally applied to designing future air traffic management and mobility systems.
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