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ABSTRACT

We studied a methodology for flight trajectory optimization, and also the workloads of air
traffic control officers (ATCOs). Case studies were conducted through simulations for flight
trajectory optimization. The aircraft model was A320-200s, which is pre-dominantly utilized in
Southeast Asia for short to medium range flights. Fuel savings were computed for selected
routes, and were compared with that of existing operations and flights simulations, which
revealed significant fuel savings. The research also determined the coefficients of ATCOs’
workloads and demonstrated dynamic sectorization in selected airspace of Southeast Asia. It
was found that dynamic sectorization was more efficient than static sectorization in balancing
the workloads of ATCOs, reducing the standard deviation by 50% and the balance of
workloads among sectors by 12.9%.
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1. INTRODUCTION

Because of developing economies and emerging markets in Asia Pacific, compared to other
regions, this region has faster air transport growths (Tee and Zhong, 2018). One study
reported in this paper is an introductory step forward for Southeast Asia, due to the limited
studies in air traffic management in this region until recent years (Zhong et al., 2017).
Experimental constants and multipliers used in conventional algorithms governing trajectory-
based optimization might not be possible for the computation of the modified algorithm in this
paper. This was overcome, which yielded a good approximation, as shown by the results of
the study presented in section 2. For selected routes in Southeast Asia, significant fuel savings

could be computed compared with existing operations and flights simulations.

Air traffic control officers (ATCOs) ensure the safety of aircraft and smooth traffic flow, and
one major factor that determines their workloads is the sectorization of airspace (Kopardekar
et al., 2007). A larger sector results in increased ATCOs’ workloads due to increased aircraft
entry rates and time to monitor conflicts. ATCOs’ routine workloads are also affected by the
way the airspace sectors are partitioned (Trong et al., 2016). With an increasing demand for
air travel in Southeast Asia (Phyoe et al., 2016; Raheja and Zhong, 2018), it is even more
important to ensure that ATCOs are not overloaded (Majumdar and Ochieng, 2002). The
growth in air traffic volumes has resulted in an increasing strain on air transport systems, and
the airspace capacity is closely related to ATCOs’ workloads (Zhong et al., 2016). Unexpected
poor weather conditions such as heavy storms or ashes from volcano eruptions may lead to
airport closures and changes in flight paths (Sheth et al., 2013; Xie and Zhong, 2016a; Lim
and Zhong, 2018).

The current method to manage the increasing demand is to divide the airspace into more
sectors, so that ATCO workloads can be manageable. However, small sectors result in more
resource fragmentation. There is a size limit for a very small sector to be further subdivided
(Foo and Zhong, 2017). One approach to address this issue is dynamically sectorizing the

airspace and keeping the ATCO workloads manageable (Foo and Zhong, 2018).

With a decrease in workloads of ATCOs for monitoring and control, they can better handle
strategic control problems and manage traffic under bad weather conditions (Amin et al., 2013;
Xie and Zhong, 2016b). Thus, in the second part of this work, various values of the coefficients
were used to study how they affected the imbalance of workloads and the standard deviation
in static and dynamic sectorization. Lastly, as dynamic sectorization has not been implemented

in Southeast Asia, this work also examined if the application of dynamic sectorization to
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selected airspace of Southeast Asia could better balance the workloads of ATCOs and lower

the standard deviation throughout various times of the day, as detailed in section 3.

2. STUDY OF FLIGHT TRAJECTORY OPTIMIZATION

The foundation begins with the derivation of the atmospheric properties, which contributes to
subsequent aerodynamic calculations and lateral optimization in the relevant altitude wind
fields. The input of the weather conditions is automated from a weather model built. The only
necessary user input would be the beginning flight altitude for the cruising phase.
Subsequently through the application of an aircraft model constructed from Base of Aircraft
Database (BADA), the aerodynamic properties are derived. The computation leads to an
altitude optimization, which then is coupled with the lateral optimization in an iterative process
until results converge. The number of the iterative process is based on the user’s input of

waypoints. At least 7 waypoints are used for convergence (Sun, 2016).

The cost function (Equation 1) proposed by Ng et al. (2012) is adopted.

J= f:f [Cc + CF(m,h, V)] dt (1)
C; represents the cost coefficient of time, one of the key considerations for airliners in terms
of operational functionality. The cost coefficient of fuel, C¢, is the key consideration of this
study. As the aircraft model under study is A320-200s, which has turbofan engines, the
important relationship of altitude, Mach nhumber and velocity of a turbofan is accounted for
(Roth and Mavris, 2001; Turgut et al., 2009):

o Specific Fuel Consumption (SFC) is near constant with altitude.
o SFC increases with an increase in free stream velocity.
o SFC increases with an increase in Mach number.

The optimization form proposed by Ng et al., is the derivative of fuel consumed with respect

to altitude changes resulting in Equation 2 (Ng et al., 2012):

df  Crer _ dSFC dD
i — — 2
ah~ 1000 P "an TSFCR) 2)

Journal of Air Transport Studies, Volume 10, Issue 1, 2019 Page 72



Referring to Equation 2, changes of SFC with altitude are set to be zero (% = 0), as per

discussed using the turbofan’s performance characteristic, and only the latter term is to be
considered (Ng et al., 2011; Ng et al., 2012).

A reduction in drag with respect to altitude would be the key premise for consideration in
lateral optimization. Therefore, through cross-product, this key relationship can be obtained

as shown in Equation 3 (Sun, 2016).

dD _ dD dp

an " dp dn (3)

% is not zero, as density changes with altitude based on the ISA model adopted (which can

be found in the later part of this section). Therefore, Z—l; = 0 for Z—i =0 (Ng etal., 2011; Ng et

al., 2012). This would result in the focus being on Z—Z, which produces Equation 4 (Sun, 2016):
dD

1
7 EpVZS(CDO +KCP) 4)

A modification done was replacing the experimental constants used in Ng's original equation,
which were obtained through a pre-existing dataset. Replacing this limitation with an empirical
formula, the Oswald’s efficiency (referring to K'in Equation 4) for large commercial transport

aircraft was calculated and found to be in the range of 0.83-0.85 (Nita and Scholz, 2012).

The range for consideration is only at steady level flight, in which cruising occurs (n=1). This

would result in the governing aerodynamic equations (Equations 5 to 8) (Sun, 2016).

L=W=mg (5)
2mg
C, = V2 Cro (6)
dpD 1 2mg 2 (7)
D 2 (=<
ap = 2PV S oo +neAR'(5V2p L") )
ab _1 V2SCp, + ! CZ,SV? L 4mig”, 0 (8)
dp — 2 Do " eAR "0 meAR’ SVZpZ) -

The papers from (Ng et al., 2011; Ng et al., 2012) showed a relationship, which is expressed

in Equation 9:
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4m’g’K 1
Cpo S2V4

p? 9)

Another modification made by Sun (2016) alters Equation 9 into Equation 10:

4m?g*K 1,
1 ‘szya P (10)
Cpo *+ 5 g Clo

Sun (2016) has added the additional constant that accounts for the zero lift coefficients. This
is not prominent for symmetrical airfoils. However, as the exact nature of commercial airlines

airfoils is unknown, it is more reasonable to assume a non-symmetrical general case.

A third modification was made by Sun (2016) on the initial condition provided by Ng et al.
(refer to Equation 2). This modification was necessary because of the difference in
atmospheric models adopted. Sun has adopted the ISA model presented by Cavcar (2000),
and the ideal gas model has been applied to Equation 11 (Sun, 2016).

df qﬂ< dD P)_o

ah = 1000\ ¢ 0 RT

AT (11)

dp dD af _
Crer, SFC and 2, are all not zero. Therefore, - 0 for - = 0.
This produces the altitude optimization equation that was presented by Ng et al. The equation
has been modified by Sun (2016) to include the lift coefficient at zero angle of attack, and

thus is a generalized equation applicable to even non-symmetric airfoils.

It has been found through experimental results as presented by Ng et al. in Equation 12, that
fuel consumption is a logarithmic function of the square of density, which is co-related to the
minimum drag to altitude ratio found in the above equations (Ng et al., 2011; Ng et al., 2012).

f=1n(p? (12)

The fuel consumption model presented has been modified to Equation 13 (Sun, 2016) by

substituting Equation 10 into Equation 12.

£ =In 4m?g?K 1 )
=In .
CDo-l- 1 CZ S2y4 (13)
emAR ~Lo

Equation 13 is a generalized equation, which can be used for any airfoil available, symmetrical

or non-symmetrical. Therefore, the optimum altitude is found using Equation 14 or 15.
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At or below Tropopause (11,000 m) (Ng et al., 2012):

__—fKTR N\ 1000T
hoptimum = <1 - eZ(g+KTR)p(2,> ( 6.5 0) (14)

Where Ky refers to the temperature gradient associated with that at or below Tropopause.

Above Tropopause (11,000 m) (Ng et al., 2012):

Roptimum = j;;)—gt:‘:’ + 11000 (15)

A flight simulator group from Singapore Virtual Airlines Group and Singapore VACC helped to
conduct the simulations (Sun, 2016). Different pilots piloted the flights from Singapore to
Cambodia, to ensure that regardless of the human element involved, the System Optimization
could still provide a flight route to achieve minimum fuel consumed. The simulations used
Microsoft Flight Simulator X, with weather condition inputs taken from Active Sky Next for FSX.
Three flights flew under actual current flight routes being flown by airline operators (termed
Control). Three flights flew using trajectory solutions with the modified method (termed Model
1) (Sun, 2016). Three flights flew using trajectory solutions with the original method (termed
Model 2) (Ng et al., 2012). The aircraft model used was an A320-200 at the maximum take-
off weight with a 180-pax capacity.

The trajectory solution produced by Model 1 represents a closer approximation to the altitude
flown in the simulation studies, resulting in a better prediction in fuel savings. A higher altitude
results in a lower atmospheric density, which reduces drag and thus indirectly contributes to
better fuel savings. The variation of the simulated flight altitude is a natural occurrence due

to wind gust experienced.

Control flight 1, experiment flight 1 (Model 1) and experiment flight 1 (Model 2) correspond
to the same pilot; the only deviation is in terms of route taken. This is the same for flight sets
2 and 3. Maximum take-off weight was set at 77,000 kg. The fuel to be uploaded in respect
to the payload accommodated was not specified, providing the pilots with the freedom to
decide the amount of fuel to be uploaded. This was done so as to mimic real-life situations,
providing the pilots with the flexibility of fuel-onboard (FOB). As it was conducted only on
A320s, the variation in fuel-onboard only affected the range of the aircraft and not the overall
fuel efficiency (Airbus, 2005). As such, the only requirement imposed for the decision of FOB
for the simulator pilots was being sufficient to arrive at the destination and maintain an

emergency reserve for any holding if applicable.
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In all three cases shown in Figure 1, Model 1 trajectory solution resulted in the least fuel
consumed. It yielded 300-1020 kg fuel savings per flight. Flight route trajectories created by
Model 2 yielded 280-930 kg fuel savings.

Figure 1: Simulated fule consumed
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In Figure 2, the predicted fuel savings calculated with the algorithms are compared with the
simulated flight fuel savings. Model 1, compared with the simulated flights, yields a better

prediction. The improvement reduces the gap between the predicted and simulated results.
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Figure 2: Predicted fuel savings compared with the simulated flight fuel savings
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The differences between predicted and simulated fuel savings are shown in Figure 3. Model 1
provides a better prediction, and the differences in all 6 flights are 0.18-8.85%. In the case
of Model 2, the differences are 3.78—-18.04%. The modifications done for Model 1 can reduce
the difference between simulated and predicted results. The ability of the algorithm to predict
fuel consumed would help pilots utilizing a program to determine how much fuel to upload,
reducing excess weight from excess fuel uploaded. A reduction in weight would lead to greater

fuel savings in return.

As flights from Singapore to Cambodia occur on a daily basis, the fuel savings multiplied over
a time period can result in a significant amount. Based on ICAO Carbon Emission methodology,
an aircraft with a passenger capacity of 180, flying from Singapore to Cambodia, produces
21207.6 kg of carbon emission per flight (International Civil Aviation Organization, 2014; Sun,
2016). A reduction in fuel consumed over the course of a year would lead to a significant

amount of reduction in carbon emission.

Journal of Air Transport Studies, Volume 10, Issue 1, 2019 Page 77



Figure 3: Differences between predicted and simulated fuel savings
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3. STUDY OF ATCO WORKLOADS

In this study, the state of equipment is treated as a constant, as the study is conducted with
the comparison in the same country’s airspace and the states of equipment in the various
control centers are assumed to be similar (Ong, 2016). The workload experienced by ATCOs
would only be affected by the situation in the airspace.

Therefore, the total workload experienced by ATCOs would be the combination of the
following three components (Wang et a/., 2010): (1) Monitoring workload, WLy, onitoring — This
is the workload for monitoring flights in a sector and checking the trajectories of the aircraft
in the sector. Monitoring workload depends on the air traffic and is proportionate to the
number of flights within the sector throughout certain duration. (2) Coordination workload,
W Lcooraination — This is the workload for coordinating during takeover or handover of flights
to or from adjacent sectors. This can be information exchange between two controllers of
adjacent sectors or between the controller and a pilot. (3) Conflict resolution workload,
WlLcongiice — This is the workload to monitor two or more aircraft crossing a waypoint in

opposite directions. This workload is proportional to the number of crossing aircraft.
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The total workload of an ATCO is therefore (Li et al., 2009):

WLtotal = aWLmonitoring + .BWLcoordination + yWLconflict (16)
a>0,8>0,y>0.

Where a is the monitoring coefficient, B is the coordination coefficient, and vy is the conflict
resolution coefficient. The coefficients a, g and y are from the empirical study of air traffic
workloads. However, because of the lack of data from relevant authorities, we assume the
monitoring coefficient « to be 0.1. g and y are plotted against the imbalance to find the
optimal value where the change of imbalance is less than 0.5%. In this article, the unit of
W Lot Would be based on the number of flights within the sector. Upon calculation of WL;y:a:,

the weight matrix W is then created as follows (Von Luxburg, 2007).
W = Wij) ij=1,..n (17)
If w;; = 0, there are no flights over the flight route, and this means a;; = 0.

After the sectorization of the airspace, we determine the performance of the sectorization by
comparing two properties, the coefficient of sector workload balancing and the standard
deviation. To determine if the workloads of the various sectors are balanced, we compare the
imbalance of workloads among the sectors, c,4;, Which is defined as (Li et al., 2010)

Wlmax— Wlmin

18
ax— it x 100%. (18)

Cpal =

Where WL,,,, is the maximum sector workload and WL,,;, is the minimum sector workload.
Hence, ¢, is the maximum difference among the sector workloads. The smaller this value is,

the more balanced the sector workloads are.

The standard deviation percentage, o, is defined as (Savai et al., 2010)

S I (WLi—p) 2 (19)
= X 100%.

g =
Average Workload

Where u is the mean of the workloads of all the sectors. The standard deviation percentage,
o measures how the workloads of the sectors deviate from the mean workload. The smaller

this value is, the more balanced the sector workloads are.

The demand for air travel in Vietham has been increasing in recent years. ATCOs in Hanoi FIR

have to deal with an average of 30 to 35 flights per hour (Thanh Nien News, 2016). In this
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section, we do not consider military airports and flights, due to the lack of such flight
information. Hanoi FIR is located north of Ho Chi Minh FIR and has three active airports, two
international airports with larger traffic and one domestic airport. To ensure that proper
measures can be taken to sectorize the airspace efficiently, it is important to get the optimal
coefficients. In 2015, Hanoi FIR was sectorized into three sectors (Vietham Aeronautical

Information Centre, 2015).

The numbers of flights across various air routes were collected from FlightStats and matched
to the numbering system of the nodes. Some of the air routes have zero flight and are not
recorded (FlightStats, 2016).

Using the numbers of flights in Hanoi FIR for the whole day and the actual sectorization, we
could find the imbalance of sectors, c,,; with the various values of g and y. The optimal value,
where the change of imbalance was less than 0.5%, was then noted (Ong, 2016). The
numbers of flights were then used to analyze how the imbalance of workloads among the
sectors and standard deviation changed, as the coefficient of coordination, g and coefficient
of conflict resolution, y changed. Figure 4 shows how the dynamic sectorization (Ong, 2016)

of Hanoi FIR changes throughout the day based on the optimal coefficients achieved.

The imbalance of the sector workload and the standard deviations for the dynamic and actual
sectorization with the optimal coefficients and other coefficients are then plotted in Figs. 5

and 6 respectively. The average values of ¢;,; and ¢ are tabulated in Table 1.

In Figs. 5 and 6, the red lines represent the imbalance of workload among the sectors and
the standard deviations with the coefficients of g = 0.31 and y = 0.55. The green lines are
drawn with the coefficients of # = 0.1 and y = 0.1 and the blue lines are drawn with the
coefficients of p = 2 and y = 2. The thicker lines represent the readings from the dynamic
sectorization, while the thinner lines represent the readings from the actual sectorization (in
2015) of Hanoi FIR.
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Figure 4: Dynamic sectorization of Hanoi FIR
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Figure 5: Graph of c,,; for both dynamic and actual sectorization
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Figure 6: Graph of ¢ for both dynamic and actual sectorization
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Table 1: Average values of ¢y, and o
Dynamic Dynamic Dynamic Actual Actual Actual
sectorization | sectorization | sectorization | sectorization | sectorization | sectorization
withp=0.31|withp=0.1| withg=2 |withp=0.31|withg=0.1| withpg=2
andy=0.55| andy=0.1 andy=2 |andy=0.55| andy=0.1 andy =2
Average
Cpar (Y0) 22.4 23.1 22.7 35.7 36.6 34.5
Average 13.9 14.1 14.0 25.6 25.9 24.4
o (%)
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From Figs. 5 and 6 and Table 1, we note that ¢,,; and ¢ are constantly lower for dynamic
sectorization than that for the actual sectorization with the 3 groups of values of coefficients.
Average c,,; is improved by 13.3% and o is improved by 8 flights for the results with the
coefficients of B = 0.31 and y = 0.55. ¢,y is improved by 13.5% and o is improved by 3
flights for the results with the coefficients of g = 0.1 and y = 0.1. ¢, is improved by 11.8%
and o is improved by 30 flights for the results with the coefficients of g =2 and y = 2.
Comparing c,,; and o for the actual sectorization with the various coefficients, we see that
average cp,; is the highest at 36.6% when g = 0.1 and y = 0.1, 35.7% when g = 0.31 and
y = 0.55 and the lowest at 34.5% when g = 2 and y = 2. Based on the results for the actual
sectorization, it seemed that the higher the coefficients, the more efficient the sectorization
would be. However, when we take into account the average o, we see that when g = 2 and
y = 2, o is significantly higher at 60 flights, compared to 15 flights and 6 flights when g =
0.31 and y = 0.55 and g = 0.1 and y = 0.1 respectively. When comparing the ¢,,; and o for
dynamic sectorization with the various coefficients, we see that average ¢, ,; is the lowest at
22.4% when g = 0.31 and y = 0.55, 22.7% when g8 = 2 and y = 2 and the highest at 23.1%
when g =0.1 and y =0.1 (Ong, 2016). Hence, the results show the importance of
determining the optimal coefficients of coordination and conflict resolution with the assumed
value of the coefficient of monitoring. Using the optimal coefficients would result in a more
balanced workload among the sectors for the dynamic sectorization. The dynamic
sectorization is better than actual sectorization for balancing the workload among sectors
throughout the day, with an improvement of an average of 12.9% in the imbalance of

workload among the sectors and 50% in the standard deviation.

As discussed in section 1, dynamic sectorization has not been implemented in Southeast Asia.
Besides dynamic sectorization, other methods such as direct route airspace in this region can
be also researched. In the direct route environment, there was a reduction in the ATCO's
workload, because of fewer conflicts and lesser time spent in the sector (Aneeka and Zhong,
2018). Researchers in universities can be solution providers but are usually not decision
makers for air transport systems. The implementation of these advanced approaches needs
the support and approval from the decision makers. The research on air transport
management in this region is still hot enough. One challenge in this region might be the
difficulty in finding collaborators in the aviation industry. However, the stakeholders can be
expected to be even more supportive to researches, after more solutions to real-world

problems are published (Zhong, 2018).
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4. SUMMARY

We studied flight trajectory optimization. Fuel savings were computed for selected routes and
were compared with that of existing operations and flights simulations. The results obtained
from the trajectories solutions provided by Model 1 resulted in a range of 300-1020 kg of fuel
reduced per flight. For dynamic sectorization of Hanoi FIR, using the optimal coefficients
resulted in the lowest imbalance of workload among the sectors, proving the importance of
determining the optimal coefficients. Dynamic sectorization of airspace is consistently more
advantageous than actual and static sectorization in terms of improving imbalance of workload

among sectors and standard deviation.
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