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Abstract

The efficiency in Japanese airspace is assessed
to identify the airborne phase that requires inten-
sive improvement. In this study, the efficiency is
measured based on fuel-burn. Since it is consid-
erably difficult to obtaining actual detailed data,
the fuel-burn is estimated from the trajectories.
For the estimation, the BADA (Base of Aircraft
Data) table is used.

First, actual fuel-burn data and the estimation
results are compared to validate the fuel-burn es-
timation model. Then, applying the estimation
model to actual trajectory, fuel-burn is examined.
Based on the estimation results, fuel-burn is com-
pared among airborne phases.

1 Introduction

To accommodate the increase in air traffic de-
mand, ATM has significantly improved its per-
formance in the last few decades. However, since
a higher quality of ATM service is required, fur-
ther ATM performance improvement programs
are being implemented.[1], [2]. To improve ATM
performance in an effective manner, identifica-
tion of bottlenecks is indispensable. Implement-
ing intensive improvement of the bottlenecks,
ATM performance should be enhanced. To iden-
tify the bottlenecks, ATM performance assess-
ment is required.

Since ATM has, by definition, multiple ob-
jectives to accomplish, its performance must be
assessed through multiple viewpoints. ICAO (In-
ternational Civil Aviation Organization) has de-
fined Key Performance areas comprised of 11

areas[3]. ’Efficiency’, which is one of the KPI
for ATM operation performance, is focused on in
this paper.

Among the indexes, efficiency is measured
based on excess fuel-burn. In European airspace,
it was assessed that potential efficiency resided
mainly in a horizontal en-route flight path[4].
Since airspace is being managed differently in
each region, the aspect of the efficiency could be
different in each airspace. Thus, the efficiency in
Japanese airspace should be assessed.

This paper is comprised of two parts. Since
there is considerable difficulty in obtaining actual
data, the fuel-burn needs to be estimated. There-
fore, the estimation model based on the BADA
table is built for this study. Comparing with a
small set of the actual fuel-burn data, the estima-
tion results are validated.

Then, the estimation model is applied to
actual trajectories on a Japanese representative
route and excess fuel-burn is estimated. Based on
the estimation results, efficiencies are compared
among airborne phases.

2 The Fuel-burn Estimation

2.1 The Estimation Model

The estimation model was built based on the
BADA 3.8 table. BADA is a collection of ASCII
files which includes performance summary ta-
bles. In the table, climb, cruise and descent fuel-
burn per unit-time at each flight level are defined
for a wide variety of aircraft types[5].

Comparing current altitude with the last alti-
tude, the model determined flight profile (climb,
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Table 1 The Number of Flight Samples

Type Sample #

B738 5

B763 16

B772 32

cruise and descent). Then, for the combination of
current altitude and flight profile, the model ex-
tracted fuel-burn from the BADA table for each
time-period. Accumulating the extracted value,
fuel-burn for the entire flight was computed.

2.2 Validation of the Estimation Results

For the validation of the model, small sets of ac-
tual fuel-burn and trajectory data were obtained.
The obtained samples covered three types of air-
craft; Boing 737-800 (B738), Boeing 767-300
(B763) and Boeing 777-200 (B772). Table 1
shows the number of the data set for each aircraft
type.

To measure the estimation error, the fuel-burn
error ∆Ei for aircraft i is defined as follows;

∆Ei = (Ei −Ai)/Ai (1)

where Ei is the estimated fuel-burn and Ai is
the actual fuel-burn.

Fig. 1 shows the box-plots of the ∆E for
each aircraft type. In this figure, the lower hinge
represents the value of the first quartile (Q1)
whereas the upper hinge represents the value
of the third quartile (Q3). The upper whisker
represents the highest value within the range of
Q3+1.5×(Q3−Q1), whereas the lower whisker
represents the lowest value within the range of
Q1− 1.5× (Q3−Q1). From the figure, it was
observed that the ∆E for B763 demonstrated a
wider spread, which implied that the estimation
for B763 was less accurate than the others.

On the other hand, the ∆E for the other air-
craft type demonstrated a small convergence. For
instance, the hinges for B772 ranged from 0.2 %
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to 3.9%, which meant the range between (Q3−
Q1) was only 3%. For B738, although the data
size was extremely small, ∆E also demonstrated
a small convergence.

To study the estimation error in detail, three
phases (climb, cruise and descent) were defined.
TOC (Top Of Climb) and TOD (Top of Descent)
were used as the breakpoints of the phases. For
each of the phases, the fuel-burn error ∆Eb

i , ∆Ec
i

and ∆Ed
i for aircraft i were computed as follows;

∆Eb
i = (Eb

i −Ab
i )/Ab

i (2)
∆Ec

i = (Ec
i −Ac

i )/Ac
i (3)

∆Ed
i = (Ed

i −Ad
i )/Ad

i (4)

where Eb
i , Ec

i and Ed
i were the estimated fuel-

burn for each phase and Ab
i , Ac

i and Ad
i were the

actual fuel-burn. Ei in (1) is the sum of Eb
i , Ec

i
and Ed

i .
Fig. 2, Fig. 3 and Fig. 4 show the box-plots

of ∆Eb, ∆Ec and ∆Ed respectively. The median,
hinges and whiskers are represented in the same
manner as in Fig. 1. From the figures, it was
observed that the fuel-burn difference on the de-
scent phase tended to be more spread than the
other phases. ∆Ed , particularly for B763, tended
to be spread and the medians were much less than
zero. To improve the estimation accuracy, the de-
scent phase needs to be focused on.

From the validation results, it was demon-
strated that, for the aircraft type B763, the ac-
curacy requires improvements for all the phases.
On the other hand, for the other aircraft types,
although the accuracy in the descent phase was

deteriorated, the model demonstrated estimation
accuracy to some extent.

3 Comparisons of the Efficiency

3.1 Efficiency Measurement

Based on the estimation model, the airborne ef-
ficiency is assessed. The efficiency is measured
based on the excess fuel-burn from the optimal
trajectory.

Knorr et al. measured the flight efficiency as
follows[6]. Let Fi be the actual fuel-burn of air-
craft i and Opt be the fuel-burn of the optimal tra-
jectory. Flight distance of the optimal trajectory
is unimpeded and the optimal trajectory does not
contain level-flight before TOC and after TOD.

The excess fuel-burn ∆Fi for aircraft i is rep-
resented as

∆Fi = Fi −Opt (5)

Defining OptV (d) as the fuel-burn function
for flight distance d with vertically optimization
and d0 as the unimpeded flight distance, equa-
tion(5) can be represented as

∆Fi = Fi −OptV (d0) (6)

Furthermore, let di be the the actual flight dis-
tance of aircraft i. Then, equation (6) can be rep-
resented as:

∆Fi = (Fi −OptV (di))

+(OptV (di)−OptV (d0))
(7)

The first part in equation (7) is the vertical
component. It represents excess fuel-burn from
the vertically optimized trajectory for the actual
flight distance of aircraft i.

The second part is the horizontal component.
It represents excess fuel-burn from the unim-
peded flight distance.

In this paper, the vertical component is rep-
resented as ∆Fvi and the horizontal component is
represented as ∆Fhi . As a result, equation (5) can
be represented as
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∆Fi = ∆Fvi +∆Fhi (8)

The idea from Knorr et al. described above
is used in this study. Since lower excess fuel-
burn corresponds to better efficiency, ∆Fv and
∆Fh should be decreased.

3.2 The Computation Method

In this study, trajectory is divided into three ar-
eas. The area within a radius of 40 NM of the
departure airport is defined as the departure ter-
minal area; the phase within a radius of 100NM
of the arrival airport is defined as the arrival ter-
minal area. The area between the two terminal
areas is defined as the en-route area.

For the departure and arrival terminal areas,
both ∆Fh (horizontal excess fuel-burn) and ∆Fv
(vertical excess fuel-burn) are examined. For the
en-route areas, ∆Fh is examined.

To compute ∆Fh, actual flight distance da is
converted into time-amount tha as follows.

tha =
da

vc
(9)

Here, vc represents the ground speed on the
actual cruise altitude. In equation (7), the tra-
jectories are assumed to be vertically optimized
in the horizontal component. Thus, the ground
speed of the actual cruise altitude is used. Apply-
ing the flight-time tha to the BADA table for the
cruise altitude, fuel-burn Fha is obtained.

In the departure and arrival terminal areas, the
unimpeded flight distance d0 is determined based
on actual flight distance. For each departure run-
way, the first quartile is measured and used as d0.
In the same manner, the first quartile of the flight
distance in the arrival terminal area is used as d0
for each arrival runway.

Because radar vectors are used in the desti-
nation airport, the standard routes do not play
important roles. The shortest flight distance for
each departure/arrival runway could be used as
d0. However, since it is not assured that the flight
path corresponding to the shortest flight distance

is feasible to all the aircraft, the first quartile is
used instead of the shortest distance.

d0 is converted into time-amount ths as fol-
lows.

ths =
d0

vc
(10)

Applying the flight time ths to the BADA table
for the cruise altitude, fuel-burn Fhs is obtained.

Finally, ∆Fh is computed as follows.

∆Fh = Fha −Fhs (11)

Since some of the di are shorter than d0 by
definition, ∆Fh might take a negative value. In
this case, ∆Fh is regarded as zero value.

In the en-route area, the planned-route dis-
tance is applied as d0. The flight could be vec-
tored to a short-cut course in the en-route area.
As a result, ∆Fh takes a negative value. In this
case, ∆Fh is regarded as zero value.

For the computation of ∆Fv, the length of ac-
tual level-flight segment dl is measured and it is
converted into time-amount tvaas follows.

tva =
dl

va
(12)

Here, va is the ground speed on the level-
flight segment. For simplicity, the level-flight al-
titude is assumed to be uniformly 10,000 ft in the
departure terminal area and 16,000ft in the arrival
terminal area. Applying the flight time tva to the
BADA table for the assumed altitude, fuel-burn
Fva is obtained.

On the other hand, dl is converted into an-
other type of time-amount tvc as follows.

tvc =
dl

vc
(13)

Here, vc is the ground speed on the actual
cruise altitude of each aircraft. Applying tvc to
the BADA table for the cruise altitude, fuel-burn
Fvc is obtained. Fvc corresponds to the fuel-burn
in which all the level-flight segments are shifted
to the cruise altitude.
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B772 38%

B738 15%

Others 48%

Fig. 5 The Percentages of the Aircraft Types in
the Data

∆Fv is regarded as the reducible fuel-burn if
all the level-flight segments are shifted to the
cruise altitude and it is computed as follows.

∆Fv = Fva −Fvc (14)

In the computation of ∆Fv, trajectories under
the altitude of 5,000 ft in the arrival terminal area
are not excluded.

3.3 Data Set

As a principle route in Japanese airspace, the
route from Fukuoka (RJFF) to Tokyo (RJTT)
was selected and trajectories on this route were
analyzed. In this analysis , RDP (Radar
Data Processing system) and ARTS (Automated

Table 2 Runway Usage in the Analyzed Data

Runway Flight #

Departure
16 822

34 290

Arrival

16 142

22 317

34 653

140

120

100

80

60

40

20

0

Av
e.

 o
f Δ

F 
(k

g)

Dep. (Hor.) Dep. (Ver.) En-route Arr. (Hor.) Arr. (Ver.)

ΔFh
FΔ v

ΔFh

ΔFh

FvΔ

Fig. 6 A Comparison of the ∆F

Radar Terminal System) data were obtained and
merged.

The ARTS data covered the trajectories
within a radius of around 70NM of the destina-
tion airport (Tokyo); the RDP data covered the
rest of the trajectories. The recording intervals
were10 seconds in RDP and 4 seconds in ARTS.

In total, 45 days (13 days in 2007, 6 days in
2009, 6 days in 2010, 20 days in 2011) worth of
data were gathered. Based on the validation re-
sults in 2.2, the aircraft types of B738 and B772
were selected and 1,112 flights were analyzed .
Fig. 5 shows the percentages of the analyzed air-
craft type to the total traffic volume on the route.

At Fukuoka Airport, Runway16 and Run-
way34 were used as the departure runways. Run-
way 16L, Runway 22, Runway 23, Runway 34L
and Runway 34R were used as the arrival run-
ways at Tokyo Airport. For simplicity, Run-
way 22 and Runway 23 were grouped together as
Runway 22; Runway 34L and Runway 34R were
grouped together as Runway 34.

In addition, for the estimation of vertical ef-
ficiency, level-flight had to be detected from the
trajectories. A level-flight segment was defined
as more than three consecutive points with an al-
titude difference of less than 100 feet. In case the
points were recorded in ARTS data, the altitude
threshold was set to 40 feet instead of the 100
feet to correspond to the different recording time
interval.
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3.4 Computation Results

Fig. 6 represents a comparison of the averaged
excess fuel-burn among the areas. In the chart,
the excess fuel-burn in the terminal areas were
computed as weighted averages of the depar-
ture/arrival runways. It was observed that the ex-
cess fuel-burn in the departure terminal area was
much lower than the other phases. It was implied
that the potential benefit in this area was much
less than the others. Also, it was observed that
the excess fuel-burn in the arrival terminal area
was higher than the others.

In the terminal areas, depending on the run-
way configurations, the excess fuel-burn could
demonstrate different values. Table 2 represents
the number of the analyzed flights for each de-
parture/arrival runways. Fig. 7 and Fig. 8 re-
spectively represent comparisons of the ∆Fh and
∆Fv among the runways. The horizontal dotted
line represents ∆Fh in the en-route area. It should
be noted that the radii of departure and arrival ter-
minal areas were large enough to absorb the ef-
fect of flight distance caused by different runway
configuration.

In Fig. 7, it was observed that regardless of
departure runway configuration, ∆Fv took almost
the constant value. At the same time, in Fig. 8, it
was observed that, depending on the runway con-
figurations, the ∆Fh varied in the arrival terminal
area. In spite of the variation, ∆Fh in the arrival
terminal area always exceeded the one in the en-
route area.

3.5 Discussion

To investigate the magnitude of the excess fuel-
burn, the ratio of ∆F is computed horizontally
and vertically.

First, the percentages of vertical excess fuel-
burn are shown in Fig. 9. In the figure, the per-
centage of ∆Fv to Fva in the departure and arrival
terminal areas are shown. The percentages were
rather high. It was due to the speed increase ac-
companying the altitude shift. In the computation
of ∆Fh, level -flight altitude was shifted to cruise
altitude. As a result, time-amount tvc and fuel-
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Fig. 11 Examples of the Analyzed Trajectory

burn ∆Fv spent for the level-flight shift was much
less than actual values.

It should be noted that although the percent-
age was high, as shown in Fig. 6, the absolute
value of ∆Fv in the departure terminal area was
rather small. On the other hand, although the per-
centage was smaller, the absolute value in the ar-
rival terminal area was much higher than the de-
parture terminal area.

The percentages of horizontal excess fuel-
burn are shown in Fig. 10. In the figure, the per-
centages of ∆Fh to Fha are compared among the
airborne phases. It was observed that the percent-
age in the arrival terminal area was higher than
the others. The percentage in the en-route area
was is around 2%, which was a very small num-
ber.

In Fig. 10, the percentage for the entire flight
is also shown. ∆Fh and Fha were summed among
the areas. The ratio of the sum of ∆Fh to the sum
of Fha was around 4 % for the entire flight.

To investigate the factor of the flight distance
stretch in the en-route area, the actual trajectory
was examined. Fig. 11 represents examples of
the actual trajectory. The circle represents the
arrival terminal area. The figure shows that the
arrivals were vectored within the arrival terminal
area. At the same time, it was observed that the
arrivals were vectored outside the circle.

The vectors outside as well as in the arrival
terminal area were due to the merging for the
destination airport. This figure implies the pos-
sibility that the stretch in the en-route area can be

mainly attributed to the arrival merging. In that
case, the stretch in the en-route area can be re-
duced by alleviation of the merging, that is the
main factor of horizontal efficiency deterioration
in the arrival terminal area.

From the analysis results, it was observed that
the potential benefit was mainly deposited in the
arrival terminal area.

4 Conclusion

In this paper, basic study of the efficiency in
Japanese airspace was shown. First, for the pur-
pose of validation, actual fuel-burn data and esti-
mation results were compared. Except for the air-
craft type of B763, the validation results demon-
strated accuracy to some extent.

Then, applying the estimation model to actual
trajectory of a Japanese representative city pair,
fuel-burn was estimated. Based on the estimation
results, excess fuel-burn was computed for each
of the airborne areas. From the computation re-
sults, the arrival terminal area proved to require
intensive efficiency improvement. In addition, it
was implied that the excess flight distance in the
en-route area was mainly attributed to the arrival
merging.

It should be emphasized that this study is in
the primal stage. To comprehend the airborne ef-
ficiency in Japan, it is required to apply the anal-
ysis method to the other routes. At the same time,
the accuracy of the level flight detection algo-
rithm should be examined. In addition, the def-
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inition of unimpeded flight distance needs to be
further studied.

Improvements are also required on the fuel-
burn estimation model. In particular, because
the estimation accuracy proved to be rather de-
teriorated, estimation for the aircraft type B763
should be intensively examined.

It is without doubt that continuous applica-
tion of the efficiency study can assist in monitor-
ing and controlling efficiency and consequently
offer significant insights into future ATM im-
provements.
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