THE JOURNAL OF NAVIGATION (2014), 67, 845-868. © The Royal Institute of Navigation 2014
doi:10.1017/S0373463314000162

Refined Collision Risk Model
for Oceanic Flight Under Longitudinal

Distance-Based Separation in
ADS-C Environment

Ryota Mori

(Electronic Navigation Research Institute, Tokyo, Japan)
(E-mail: r-mori@enri.go.jp)

Currently, the 30 nautical mile (nm) minimum longitudinal separation standard is applied on
oceanic routes under the Automatic Dependent Surveillance-Contract (ADS-C) environ-
ment. However, the periodic position report should be provided at least every ten minutes in
Japanese airspace based on previous safety analysis. The position report is usually sent via
satellite connection, so less frequent position reports would reduce connection costs by
airlines. Since the previous safety analysis estimates the risk of collision conservatively, this
paper proposes a refinement of the collision risk model by considering the dependency
between two closely separated aircraft. The result shows that the periodic position report
interval can be extended without infringing safety.
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1. INTRODUCTION. As air traffic increases with global economic growth,
more efficient aircraft operation is expected, including the reduction of the required
separation between aircraft. However, this means the reduction of the safety margin
too, and it should be proven that the new procedure is sufficiently safe. This work
concentrates on the longitudinal separation on oceanic routes, which has previously
been defined by time-based separation only, but a distance-based separation to
shorten the longitudinal separation can also be applied with recent aircraft equipment.
Distance-based separation is applied only when the aircraft has the Automatic
Dependent Surveillance-Contract (ADS-C) system (RTCA SC-170, 1992) installed
and is Required Navigation Performance (RNP)4/RNP10 (ICAO, 2008) certified.
RNP4/RNP10 is the certification to assure the horizontal position accuracy. If the
aircraft has the ADS-C system installed, this system automatically sends the current
information at a specific interval. This position report is called the periodic position
report, and its report frequency directly affects safety.
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In the Fukuoka Flight Information Region (Japanese FIR), the minimum 30 nm
longitudinal separation (distance-based separation) was introduced in 2008 as a trial
with the condition that a pair of aircraft has RNP4 certification and can use ADS-C.
This procedure is expected to be officially operated in 2014 or 2015. Before the intro-
duction of this new procedure, a safety analysis was conducted and an additional
constraint was applied for implementation. The constraint is that the periodic position
report by ADS-C should be obtained at least every ten minutes. Therefore, the
periodic position report interval of all aircraft certified by RNP4 is currently set to
ten minutes in Fukuoka FIR. Although the shorter position report interval reduces
the risk of collision, the ADS-C position report is usually sent via satellite connection.
The frequent position report means that an aircraft has to use the satellite connection
more often, and an airline has to endure extra costs. Therefore, the position report
interval should be as long as possible without infringing safety.

To prove safety, the risk of collision is numerically estimated and the results are
compared to the target value. The idea to calculate risk of collision was first developed
by Reich (1966). Although this model is stationary, it can calculate the risk of collision
by a very simple form. However, when considering distance-based separation, a non-
stationary model, i.e. a time-dependent model, is required so the model presented in
this paper is based on the Hsu model (Hsu, 1981). This model was also extended to
cross-track and unequal RNP aircraft pairs (Anderson and Lin, 1996; Anderson,
2005). Recently, Observed Navigation Performance (ONP) has been used instead of
the RNP value to estimate more accurate risk of collision (Barry and Aldis, 2013). In
the North Atlantic region (NAT), on the other hand, a shorter separation standard
with ADS-C was recently introduced, where the risk of collision has been estimated
based on Reich’s stationary model in accordance with the conventional time-based
separation (Smith et al., 2012). However, some characteristics of ADS-C position
reports, e.g. unsynchronized position reports, have been carefully considered and
implemented in the calculation. Although there are many extensions of the model, the
basic assumptions still hold. However, the author suggests that some of these assump-
tions might be too conservative, and the risk of collision can be calculated more
accurately by reconsidering these assumptions. Here, the target of the conservative
assumption is the independency of the navigation errors between two aircraft.
Although Global Positioning System (GPS) position error is assumed to be
independent, the navigation accuracy between position reports is affected mainly by
the wind estimation error. Under longitudinal distance-based separation, two aircraft
are separated by a minimum of 30 nm, which means that both aircraft fly under a
similar wind environment. Therefore the wind estimation error between aircraft is
assumed to be dependent, and it is expected that the risk of collision can be calculated
more accurately by considering this factor.

To clarify, the main point of this paper is to refine the collision risk model in order
to estimate the collision risk more accurately by considering the existing conservative
assumptions. The existing assumptions are often disregarded, but this work inves-
tigates the basics behind the existing assumptions to identify those which cause an
overestimate of the risk of collision. As a result, the extension of the periodic position
report interval can be expected, which reduces the satellite connection cost. This kind
of procedure change usually requires operational changes too, but this case does not
change the operation at all, so it is easy to implement as a new procedure. The current
collision risk model is reviewed first, and the assumption of this dependency is
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investigated by actual flight data. Then, the current model is improved to accom-
modate the dependency, and the obtained risk of collision is compared between the
current model and the proposed model.

2. CONVENTIONAL CALCULATION METHOD.

2.1.  Overview of air traffic control flow. Before the conventional calculation
method is introduced, an overview of air traffic control flow under distance-based
separation is given. This separation standard is applied on oceanic routes. When an
aircraft flies on a certain route, it has to be separated from other aircraft vertically or
horizontally by the safety margin. Here, only the longitudinal separation is con-
sidered. The applied longitudinal separation standard differs by aircraft equipment,
and there are two separation standards, time-based separation and distance-based
separation. The reduction of time-based separation has been studied in previous
research (Mori, 2011; 2012) so here distance-based separation is discussed. In the
NAT region, a shorter time-based separation has recently been introduced with
ADS-C and Controller-Pilot Data-Link Communications (CPDLC) aircraft (NAT,
2013), but the basic concept is similar to the distance-based separation explained here.

When distance-based separation is applied, ADS-C is required. ADS-C is an on
board device which sends data automatically to the air traffic controller, and is usually
operated via a satellite connection. The data sent includes the current aircraft position,
future predicted aircraft position, and other basic data (e.g. airspeed). There are
basically two timings to send data via ADS-C. First, the aircraft sends data at a con-
stant interval, and this data is called a periodic position report. Second, the data is sent
when the aircraft passes a waypoint. Therefore, the longest interval between two
position reports is the periodic position report interval, but sometimes more frequent
position reports are sent. Compared to High Frequency (HF) voice communication,
the ADS-C message is automatically sent, which reduces the workload of both pilots
and controllers. In addition, ADS-C messages include various data that helps the
controller but there is a delay in data sending, and the data sent might not be moni-
tored in real time even if the data is sent. With these characteristics taken into account,
the risk of collision is calculated.

Another condition to apply distance-based separation is that the aircraft is certified
by RNP4 or RNP10. RNP4 aircraft can fly more accurately than RNP10, and
this certification affects the separation standard. Consider a pair of aircraft applying
distance-based separation. If both aircraft are RNP4 certified, the separation
minimum is set to 30 nm, otherwise it is 50 nm. In addition to the difference of the
separation standard, the periodic position report interval also differs between RNP4
aircraft and RNP10 aircraft; it is currently set to ten minutes for RNP4 aircraft and
27 minutes for RNP10 aircraft in the Fukuoka FIR. ICAO indicates the maximum
periodic position report intervals for each RNP, and the Air Navigation Service
Provider can determine the intervals within these ranges. According to ICAO PANS-
ATM (ICAO, 2007), the maximum periodic report interval shall be 14 minutes for
RNP4 aircraft and 27 minutes for RNP10 aircraft. However, based on the result of the
previous safety analysis, ten minutes’ periodic report interval is mandatory for RNP4
aircraft in Japan. Obviously, shorter periodic report intervals reduce the risk of col-
lision, but frequent periodic report interval also means higher costs of data exchange,
therefore aircraft operation costs increase. Therefore, the longest periodic report
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interval which suffices for the required maximum collision risk is desirable. In this
research, only the 30 nm separation standard is considered.

2.2.  Risk of collision and its calculation by conventional method. The term
“sufficiently small collision risk” was mentioned in Section 1 and here the method that
determines this is presented. ICAO instructs that the risk of collision is calculated
quantitatively, and it should be proven that the risk of collision is less than the target
level of safety (TLS). The value of TLS is also set by ICAO, and 5-0x 10~ is used for
longitudinal distance-based separation. There is a common methodology to calculate
the risk of collision for longitudinal distance-based separation, so it is introduced first.
The basic idea of the conventional method is described in Hsu (1981), Anderson and
Lin (1996) and the pre-implementation safety analysis is described in Fujita (2008).
From the next paragraph, there are many parameters defined for the calculation, and
the Appendix provides a summary of parameters for easier understanding.

Firstly, the Reich collision risk model is introduced (Reich, 1966). This model
calculates the probability of mid-air collision between two aircraft in a very simple
form. It assumes that an aircraft is a box, and the collision happens when two boxes
overlap. This model was first used for the reduction of longitudinal separation from
15 minutes to ten minutes for the NAT track system (NATSPG, 1978). Although this
model assumes steady states, i.e. the error does not change with time, this assumption
holds at en-route level flight phase and this model is widely used for collision risk
estimation especially on a Performance Based Navigation (PBN) flight. When the
longitudinal separation is considered, the risk of collision is calculated as the product
of three-dimensional risk of collision.

_ ey oy

where P,, P,0) and P.(0) are the longitudinal, lateral and vertical overlap prob-
abilities. v,, v, and v. are average longitudinal, lateral, and vertical relative speeds of
an aircraft pair. 1,, A, and A are the average aircraft length, wingspan and fuselage
height, respectively. When considering longitudinal separation, P, is a key parameter
and the problem is how to calculate P,. The other parameters can be assumed to be
constant.

P, is affected by many factors, but here two major factors are considered first, i.e.
the nominal separation (x) and the controller intervention buffer time (7). Even if
minimum 30 nm separation is considered, not all aircraft apply exactly 30 nm sep-
aration, and there are many aircraft applying 31 nm, 32 nm,. .. separation. The longer
nominal separation reduces the collision probability, so the actual situation should
be considered. When separation violation happens, the controller tries to resolve the
conflict. However, even if the controller notices the aircraft potential conflict, the
aircraft cannot resolve the conflict in real time, so z describes the required time to
resolve conflict after the controller notices the separation violation. 7 is mathematically
defined as the duration from the time when the periodic report should be obtained
to the time when the conflict is totally resolved by controller’s and pilot’s actions.
Large r means that two aircraft get closer unintentionally, and the collision probability
increases. The value of 7 depends on the case, and it is explained in detail in
Section 3.2.3. Considering these two factors, P, is calculated by the following
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Figure 1. Separation and position report image.

expression as in Equations (4) and (5) in Fujita’s work (Fujita, 2008).

Py = EdX)E(1)P(x,7) )

where E(x) and E,(7) are the relative frequency of the nominal separation being x and
the required time to resolve conflict being z P,(x,7) is the longitudinal overlap
probability when x and 7 are constant. If a stationary model is assumed, P,(x,7) is
constant, but here the time-dependent model is applied and calculated as shown in the
next paragraph.

In order that a controller can assure longitudinal separation, ADS position reports
and predicted position reports are used. The controller has to confirm that the
minimum separation is assured between aircraft, but the position report interval is
large (ten or 27 minutes) as explained in the last section, so the current separation
should be calculated based on the previous position report and the prediction for the
next position report, as shown in Figure 1. The black aircraft image indicates the
reported position and its time, and the shadowed aircraft image indicates the future
predicted position and its time. The periodic position report interval is defined as 7,
and the T, is the gap of the reporting time between two aircraft. The position report is
not synchronized (i.e. T, is not usually equal to zero), so the position report is not
obtained at the same time for all aircraft. Therefore, for the controller to understand
the current separation, the current position is linearly interpolated between the
obtained position and the predicted position, as shown by dotted lines. At each time,
the red line indicates the separation between aircraft, and the controller has to assure
that this separation should be greater than the required minimum separation.
However, this separation is interpolated so it differs from the “actual” separation. The
difference between the separation the controller notices (defined as nominal
separation) and the actual separation is defined as the position prediction error, i.e.
the difference between the current reported position and the predicted position
estimated by the data sent before, also as shown in Figure 1. Aircraft are in conflict
when the position prediction error is the same as the nominal separation. From here
on, the position prediction error, not the actual separation, is considered to calculate
the risk of collision.
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Consider two RNP4 certified aircraft flying at the same flight level and the same
route. It is assumed that the position report is obtained by periodic report only, which
leads to conservative risk estimation. The preceding aircraft is denoted by Aircraft 1,
and the following aircraft is denoted by Aircraft 2. The following assumptions are
applied to calculate the risk of collision.

(1) The position report also includes some error due to, for example, GPS position
estimation error and the error of each aircraft is denoted by x; and x,.

(2) The position prediction error of each aircraft increases linearly and its rate is
vy and v,, which are defined as speed prediction error. This speed prediction
error can be obtained from the position prediction error divided by the duration
between the current ADS-C message and the ADS-C message used for pre-
diction. The duration is usually the same as 7. ¢ is the time, and =0 is the
time when Aircraft 1 obtains the latest position report. Under this condition, the
position prediction error e is calculated based on the following expression as in
Fujita’s work (Fujita et al., 2006; Fujita, 2008). Negative position prediction
error indicates separation decrease.

¢ = Ax + AX (1) 3)
AX = X| — X2 4
Wt—v(T—To+1) 1<T,

AX (1) =
vit—n(t—Ty) t = Tg

)

Ax is the relative position prediction error coming from the initial position error and is
constant with time. AX(?) indicates the relative position prediction error which varies
with time. e is the total relative position prediction error, and it can be divided into
time dependent AX(7) and non-time dependent Ax. Ax is composed of the initial
position estimation error, which is independent of the aircraft, so the relative error is
just the difference of each initial position error. As for AX(¢), each aircraft has an
independent speed prediction error, so the position prediction error varies with time.
According to Smith et al. (2012), the largest risk of collision is obtained when T, =0,
and the stationary model can be applied when 7,=0. However, the time-dependent
model is applied here to avoid any conservative assumptions. The relative position
prediction error is calculated by the difference of position prediction error of each
aircraft. However, the position report is not synchronized between the aircraft, so the
position prediction error of Aircraft 2 is changed before and after the position report
as described in Equation (5).

Here, fi(e;v1,v2,1, T,, T) is defined as the probability density function of e assuming
that all five parameters are constant. When all five parameters are constant, AX(?) is
also constant, 5o f\(e;vy,v2,t, Ty, T) can be written by the following form using g;(x) and
g>(x) which are the probability density functions of the initial position error of Aircraft
1 and 2. It is assumed that the initial position error is independently distributed.

Sxesvi, v, t, Ty, T) = (g1 % g2)(AX () (6)

where g * g» indicates the convolution of g;(x) and g,(x) functions. Then, P.(x,7) is
given by the following expression. The idea is based on Hsu’s work (Hsu, 1981) and is
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Table 1. Parameters and functions required to calculate the risk of collision.

Parameters/
functions Value used Value Source
A 0-040 nm B777-300ER
Ay 0-035 nm B777-300ER
Az 0-010 nm B777-300ER
Vy 100 kt EMA handbook (ICAO APAC, 2010)
vy 5-0 kt NATS LTIP Report (Smith et al., 2012)
V. 1-5 kt NATS LTIP Report (Smith et al., 2012)
Py0) 1-0 NATS LTIP Report (Smith et al., 2012)
P.(0) 0-48 NATS LTIP Report (Smith et al, 2012)
() Explained in Sec. 3.2.1
exp(—|x]/0-1) GPS position error assumed.

2.0-1
g(x) exp(—|x|/1-335) Non-GPS position error assumed.

2.1.335
E.(x) Explained in Section 3.2.2
E(7) Explained in Section 3.2.3
a 0-1 Conservative estimation.

extended by Anderson and Lin (1996). The following expression is formed by
Fujita (2008):

T T+t 0 00
Px<x,r>=J @J di J fv(vl)dvlJ Fi(va)dvs

0 T 0 T+‘L' _oo
—Xx+Ay

X J d(AX)g1 * g(AX (& v1, v2, Tg, T)) (N
—X—Ay

where f,(v) indicates the probability density function of speed prediction error. Here, it
is assumed that the speed prediction error of two aircraft is independently distributed.
There are five integrals, and the last integral shows the longitudinal overlap condition
where the relative position prediction error comes between —x —A, and —x+/1,, as
the nominal separation is x. However, AX(¢) is a function with five parameters, and
T is constant while the others are variables. Therefore, the other four parameters are
distributed with a probability density function. T, is a gap parameter and it is random
between 0 and 7, i.e. the probability density function is a uniform distribution. As for
t, the collision can occur anytime before the conflict is resolved, i.e. the collision
can happen between t=0 and =T+ 7 is the controller intervention buffer defined
before. As for v; and v,, the probability density function follows f,(v).

Using the above expressions, the risk of collision can be calculated.

2.3.  Parameter Description. In order to calculate the risk of collision, many
parameters and probability density functions have to be set as explained in the pre-
vious chapter. However, some of the parameters do not affect the risk of collision so
much, and they are determined in advance according to other documents. All para-
meters needing to be set are summarised in Table 1. All values set here are chosen
conservatively.
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Figure 2. NOPAC routes.

As for the probability density functions of the initial position error, this depends on
the aircraft equipment. When the aircraft has GPS installed, the initial position error is
small, but otherwise it is large. RNP4 aircraft usually have GPS and Japan certificates
RNP4 aircraft only with GPS. However, GPS is not necessarily mandatory for RNP4
certification according to ICAOQ, so here it is assumed that 10% of aircraft do not have
GPS installed. Under such a mixture of equipment, the final risk of collision is cal-
culated by the following form based on Fujita (2008), using the value o which indicates
the ratio of aircraft installing GPS.

Nussorat = (1 = @)>Nun(GPS, GPS) + 20(1 — )N,(GPS, nonGPS)
+ 0* N(nonGPS, nonGPS) ®)

3. CALCULATION OF RISK OF COLLISION ON OCEANIC ROUTES.

3.1. Data Acquisition and Airspace Considered. Before introducing the new cal-
culation method, the current risk of collision is calculated based on the conventional
method. This time, NOPAC (NOrth PACific) routes in Fukuoka FIR are chosen as a
target airspace, as shown in Figure 2. NOPAC routes are located north east of Japan,
and are the busiest oceanic routes in Fukuoka FIR. NOPAC consists of five routes,
but this time, the three busiest northern routes are considered. R220 and R580 are
westbound only and A590 is eastbound only. ADS-C data was obtained between
April 2010 and June 2013 via the Oceanic Data Processing (ODP) system installed in
Japan, and a total of 115,028 data sets are obtained. To calculate the required
parameters, the following criteria are applied to isolate improper data.

e The position report data is removed when the aircraft is changing flight level or
flying below 29000 ft.
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Figure 3. Relative frequency of speed prediction error.

e The position report data is removed when the aircraft deviates from the nominal
path by more than 5 nm.

e The predicted position is removed when the flight level of the predicted position is
different from the reported flight level.

e The position report data is removed when the estimated ground speed from the
previous position is greater than 800 kt or less than 200 kt.

e The predicted position is removed when the ground speed from the current
position to the predicted position is greater than 800 kt or less than 200 kt.

3.2. Probability density functions obtained from data. According to Table 1,
three probability density functions have to be set from the data. Each function will be
obtained as follows.

3.2.1. f,(v) Probability density function of speed prediction error. Speed
prediction error can be easily obtained from the data. Here, the data for which the
position report interval is 27 minutes is used. To obtain the probability density
function, a certain distribution function must be assumed, and here Laplace (double-
exponential) distribution is used as expressed by the following equation.

f i iy = SRE D ©)
This distribution function is widely used in the field of safety analysis, and it is a
longer-tailed distribution and provides a more conservative result than a normal dis-
tribution. The Laplace distribution has a log-linear tail, while the normal distribution
has a log-quadric tail. There are two parameters in the function, and they are usually
estimated based on the obtained data. When fitting probability density function, the
maximum likelihood estimation is often used. Let each speed prediction error be v,.
Two parameters are optimized by maximizing the following log likelihood.

> _log(f (viipe. 1) (10)

By optimizing these parameters, £= —2-18, 1=6-85 are obtained. Figure 3 shows
the obtained data and the fitted distribution function. The figure shows that the
function fits the data well, but the tail of the distribution seems to be a bit higher than
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Figure 4. Duration of nominal separation for a pair of both RNP4 aircraft.

that of a Laplace distribution. In order to confirm that the obtained data can be
modelled by Laplace distribution, the kurtosis is obtained. The kurtosis is the value
that describes the degree of tail of the distribution. A large kurtosis indicates that the
distribution has a wide distribution. The kurtosis of the Laplace distribution is 3-0,
while the kurtosis of the obtained data is 3-14, which means that the obtained dis-
tribution is slightly wider than the Laplace distribution. Next, it is validated whether
the values of kurtosis are significantly different. It is assumed that the obtained data is
based on the Laplace distribution with obtained parameters, and 56,488 data sets are
picked up 1000 times. In each iteration, the kurtosis is calculated and 95% confidence
interval of the kurtosis is calculated. According to the result, 95% confidence interval
of the kurtosis is between 2-90 and 3-33, and the obtained kurtosis is within this range.
Therefore, it is concluded that the obtained data follows the Laplace distribution, and
the obtained parameters are used.

32.2. E.(x) Relative frequency of nominal separation. Relative frequency of
nominal separation can also be obtained easily from the data. In each position report,
the nearest preceding aircraft distance is calculated. Until the next position report, it is
assumed that the obtained distance is maintained. Figure 4 shows the relative fre-
quency of nominal separation to 200 nm where both aircraft are RNP4 certified.
Although there are many aircraft which have more than 200 nm separation, it is as-
sumed that all aircraft have less than 200 nm separation and the relative frequency is
calculated, which leads to conservative risk estimation. According to the figure, sep-
aration less than 50 nm is rarely used, mainly because the number of RNP4 certified
aircraft is still low. However, the ratio of aircraft RNP4 certified is gradually
increasing, and there will be more chances to apply 30 nm separation in the future.

Once a new procedure is implemented, it is used for a long time. Therefore, the
frequency of nominal separation should account for future traffic increase, too. In the
future, it is expected that all aircraft will apply distance-based separation, not time-
based separation, and all aircraft will have a certificate of RNP4, not RNP10. In
addition, the traffic volume will rise to 1-5 times current levels in the next 20 years
in Japan according to CARATS, the Japanese future plan (Civil Aviation Bureau,
Japan, 2010). Considering this, the future traffic levels should be assumed.

However, it is difficult to estimate the future traffic, and Smith et al. (2012) propose
that the nominal separation is modelled by a Gamma distribution. However, here it is
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Figure 5. Comparison of relative frequency between actual data and model estimation for a pair of
RNP4 aircraft. (minimum 30 nm separation is applied).

estimated based on the current nominal separation data and future traffic volume
of RNP4 aircraft. Figure 4 shows that the relative frequency of nominal separation
increases from zero to a certain level, and it is almost flat after that. Therefore, the
relative frequency of the nominal separation is assumed to be modelled by the
following equation:

0 x < Xy
E_future(x) = § yo(x — X0)/X1 — Xo Xo < x < xi (11)
Yo x; < x <200 nm

where x is the nominal separation, and x, indicates the minimum separation. x; and y,
are the parameters of the model. To determine these two parameters, two equations
are necessary. One equation comes from the fact that the total relative frequency is one
by the following equation:

200
J Ex_future(x)dx =1 (12)
0

The other equation is based on the average nominal separation, defined as the
average when the nominal separation is 100 nm or less. If the average nominal
separation (x,,.) is obtained, the following equation can be derived:

fol 0 XEx_future(x)dx
100 = xave (1 3)
JO Ex_ﬁnure (x)dx

Using these two equations, two parameters are obtained.

In Figure 4, the average nominal separation is 78-28 nm. Since the two parameters
are obtained with the average nominal separation, the estimated traffic is compared to
the actual traffic in Figure 5. The controller seems to avoid separation of 30 nm now
because this is in a trial phase, so the minimum separation X is set to 40 nm according
to the data. The model agrees well with the data. In order to confirm that this model is
valid, the same approach is applied to 50 nm separation as shown in Figure 6. Under
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Figure 7. Relationship between flight time of RNP4 aircraft and average nominal separation.

50 nm separation, the average nominal separation is 82:04 nm, and the minimum
separation is set to 50 nm. Figure 6 also shows a good agreement between the obtained
data and the model. Therefore using this model, once the average nominal separation
is found, the relative frequency of the nominal separation is obtained.

Next, the average nominal separation is estimated for the future traffic. Actually,
the number of RNP4 aircraft has almost tripled in the last three years. This is due to
the shift from RNP10 to RNP4, and the increase of equipage rate of ADS-C (from
time-based separation to distance-based separation). According to the latest infor-
mation, the ratio of aircraft with ADS-C and RNP4 is about 61% among all aircraft
flying on oceanic routes. The author assumes that the average nominal separation is
dependent on flight time of RNP4 aircraft, and the relationship between them for each
month is shown in Figure 7. The flight time is shown in log-scale. This figure shows
that the longer flight time tends to show a smaller average nominal separation. Here,
this relationship is modelled by log-linear regression, and the average nominal
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Figure 8. Comparison of relative frequency between current actual data and future traffic estimate.

separation in the future is estimated. The average flight time of RNP4 aircraft in the
latest month is 3135 hours. If all aircraft are assumed to have both RNP4 and ADS-C,
the flight time of RNP4 aircraft will be 3135/0-:61 = 5139 hours. In addition, as a 50%
increase in the future traffic is assumed, the flight time of RNP4 aircraft in the future
will be 7709 hours. According to the regression equation, the future average nominal
separation will be 70-31 nm. Based on this value, the relative frequency of the nominal
separation is obtained. The obtained parameters are as follows: xy=30, x; =51-52,
10=0-00626. The obtained relative frequency of the nominal separation is considered
as the future traffic from now. Figure 8 shows the relative frequency of future traffic
and current traffic. Short nominal separation is applied more often in the estimated
future traffic. This relative frequency will be used for the risk estimation.

3.2.3. E.(t) Relative frequency of required time to resolve conflict. Even if the
controller notices the separation violation, the controller will only inform the aircraft
of the violation, and the aircraft has to take an action to resolve it. Therefore, its effect
is considered in the calculation by considering the value of z. Although aircraft have
Traffic alert and Collision Avoidance System (TCAS) installed that has a function to
resolve conflict, the risk of collision estimation does not consider this function, i.e. it is
assumed that TCAS is not active. In addition, the position report is sent via satellite
connection, and it has some latency. It is difficult to estimate how long it takes to re-
solve conflict after the controller notices, but here like the previous studies (PARMO,
2012; Australia, 2000), the required actions are listed in Figure 9 and the duration of
each action is assigned. Note that the flow of the conflict resolution is changed to
accommodate Japanese operation.

As for the periodic position reports, the controller sometimes cannot obtain the
position report due to connection failure, for example. In such a case, if the message
is not obtained for three minutes from the expected time, this situation is called
“overdue”, and a controller has to take an action to get the aircraft’s information. The
reasons for overdue are twofold. The first reason comes from the downlink latency.
Even if the aircraft sends data, there is a delay until it arrives at the controller, which is
called downlink latency. The second reason is that the aircraft does not send the
position report at the periodic position report interval. The number of overdue events
is determined from the data to occur with a probability of 0-01293, which will be
reflected in the calculation.
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Figure 9. Conflict resolution flow.

The controller action flow in the case of loss of separation detection is summarised
in Figure 9. Orange rectangles indicate the probability of each action, and the red text
indicates the duration of each action. If a potential conflict happens, an ADS message
is assumed to be obtained in 30 s with probability of 1 —f. f is the probability of an
overdue event. When an ADS message is obtained, it takes 15 seconds for the con-
troller to notice the potential conflict, makes a digital message for collision avoidance
for 15 seconds, and sends a digital message via a digital connection called CPDLC.
However, the CPDLC message sometimes does not reach the pilot within three
minutes with the probability of y. The message is assumed to reach the pilot in 90's
with probability of 1 —y. When the CPDLC message is obtained, the pilot takes
30 seconds to start controlling the aircraft. Even if the aircraft is controlled, it takes
75 seconds to resolve conflict due to the aircraft weights and inertia. Following this
flow, the conflict is resolved.

If the controller does not confirm that the aircraft gets the CPDLC message within
three minutes, the controller will abort using the CPDLC and will try to contact the
pilot via voice HF communication. This is assumed to take 300 s. After that, the same
actions are executed and the conflict is resolved.

When an overdue happens, the controller tries to make a CPDLC message to
request the aircraft to send the position report for 15 seconds, and sends it to the pilot.
However, here it is assumed that in the case of an overdue event CPDLC is mal-
functioning with a probability of 0-5. If the CPDLC message is sent within three
minutes to the pilot, the flow will go back to normal. If the CPDLC message is not sent
within three minutes, the controller tries to contact the pilot via HF communication,
and goes back to the normal flow. £ is set to 0-01293 as explained earlier, and y is set to
0-003 according to the past analysis (Fujita, 2008). To summarize, there are three
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Table 2. Values of E(7).

7[s] Event routes Relative frequency
255 Al>Bl 0-98410
645 Al>B2 0-00300
510 A2>Cl1>BI 0-00643
780 A2>C2 0-00645
900 A2>C1>B2 0-00002

Table 3. Risk of collision for each periodic position report interval based on current traffic.

Periodic position report Risk of collision based on Risk of collision based on
interval [minutes] current traffic [x10~°] future traffic [x10~ 7]
10 0-079 1-6

11 0-14 2-8

12 0-26 49

13 0-46 87

14 0-82 15

TLS 50

probabilistic events, and there are five event routes to resolve conflicts. By following
the arrows from the top, the duration and the probability can be calculated. The
obtained values of E,(z) and each event route are shown in Table 2.

3.3.  Calculation Results. Based on the above data analysis, the risk of collision is
calculated. This time, to evaluate 30 nm distance-based separation, E,(x) consists of
the data where both aircraft have RNP4 certification. The periodic position report
interval is changed from ten minutes (current) to 14 minutes (maximum). Table 3
shows the calculation result. This result shows that risk of collision under ten minutes
periodic position report interval is much lower than the TLS, and the risk of collision
under 14 minutes periodic position report interval also meets the TLS. However, this
does not automatically mean that 14 minutes periodic position report interval can be
applied in the current situation, because the risk of collision should consider future
traffic growth as shown in Figure 8. Based on this assumption, the risk of collision is
calculated and the result is also shown in Table 3. According to the result, the risk of
collision is greater than the TLS when the position report interval is 13 minutes or
more, which infers that the periodic position report interval cannot reach 14 minutes.
However, some of the assumptions in the conventional calculation method are too
conservative, which might overestimate the risk of collision. In the next section,
a refined calculation method is proposed to estimate the risk of collision more
accurately.

4. REFINED CALCULATION METHOD TO ESTIMATE RISK OF
COLLISION.

4.1. Conservative assumptions in the conventional calculation method. There
are many parameters in the models, but the largest impact is given by the speed
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Figure 10. Standard deviation of the speed prediction error in each position report interval.

prediction error, i.e. f,(v). f,(v) has a simple form, as it includes the following
two assumptions.

(a) The speed prediction error is independent of the position report interval.
(b) The speed prediction errors of a pair of aircraft are independent.

Assumption (a) also assumes that the position prediction error increases linearly with
time, but there is no proof stated. In the previous section, the speed prediction error
was obtained only for the periodic position report of 27 minutes, so the risk of
collision can be changed if the speed prediction error varies with time.

In terms of the assumption (b), the cause of the prediction error should be con-
sidered. There are many causes of this, but one of the largest factors is wind condition.
If the wind prediction and the actual wind differ, the prediction error will increase.
However, a pair of aircraft fly on the same flight level and the same route, so it is
possible that the prediction error between the pair is not independent.

To investigate assumption (a), the standard deviation (SD) of the speed prediction
error with time is examined, and is shown in Figure 10. There are many interesting
results shown.

First, the SD is large when the position report interval is less than five minutes.
However, it does not mean that the speed prediction error is the largest in this period,
but the position report is obtained in this period by the aircraft which deviates more
than 5nm laterally, because the position report interval is switched to five minutes
when an aircraft deviates by more than 5nm laterally. In addition, the speed pre-
diction error is calculated by the position prediction error divided by time, so the speed
prediction error is large if the time accuracy is low. Therefore, the speed prediction
error when the position report interval is less than five minutes is ignored in the
analysis.

Second, the prediction error of RNP4 aircraft is lower than that of RNP10 aircraft.
30 nm separation can be applied by RNP4 aircraft only, so it is better to use RNP4
aircraft data only. However, the periodic position report interval of RNP4 aircraft
is currently set to ten minutes, and little data is available when the position
report interval is more than ten minutes. In the case of a collision, the elapsed time
from the latest available position report will be likely to be more than the periodic
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Figure 11. Calculation of the relative speed prediction error of two aircraft.

position report interval. Therefore, the data from all aircraft is used for the speed
prediction error, which is more conservative than using the data from RNP4
aircraft only.

Third, the SD of the speed prediction error varies with time when the position
interval is more than five minutes. According to the figure, the speed prediction error
tends to increase with time. Therefore, the use of data with the position report interval
of 27 minutes leads to a conservative estimation. If these facts are reflected in the
calculation method, the risk of collision will be reduced.

To investigate assumption (b), first, it should be considered how the two speed
prediction errors are compared, because the position report timings differ between
aircraft. To account for the correlation of speed prediction errors of two aircraft,
it is reasonable to consider the relative speed prediction error v; — v,, and this relative
speed prediction error greatly affects the risk of collision. To calculate the relative
speed errors of two aircraft, they should be compared in the same time window.
Figure 11 shows the image of position reports and their speed prediction errors of
two aircraft. ;; indicates the time of jth position report sent by ith aircraft. The speed
prediction error can be defined between two position reports, and v; ;. indicates the
speed prediction error of ith aircraft between ¢;; and ¢, ;. In this situation shown in
this figure, the speed prediction error between ¢, and ¢, can be calculated by the
following expression.

vi23(h2 — 1) +vi_12(f21 — 1 2)
01 = VD00 = : — V212 (14)
’ ha—112

Even if Aircraft 1 has two or more position reports between #,; and ¢ », the relative
speed prediction error can be calculated in the same way.

Since the relative speed prediction error (v;—w,) is calculated, the correlation
between both errors is investigated. If two aircraft are sufficiently separated, their
position and thus wind conditions differ significantly. In this research, the risk of
collision for short separation (30 nm) is discussed, so the data of the pair which are
closely separated are used. Here, the data where the distance between two aircraft is
less than 100 nm is used.
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Figure 12. Relative frequency of v; — v, and v, + v, when the position report interval is 27 minutes.

In addition, according to assumption (a), both v; and v, vary with time, so it is
expected that v; — v, also depends on the position report interval. Like the calculation
of f,(v) only, the data when the position report interval is 27 minutes is used.
To investigate the correlation, an orthogonal component of v; — v,, i.e. v; + 5, is also
considered. If v; and v, are independent, v; — v, and v;+v, should have the same
distribution. Figure 12 shows the relative frequency of v; — v, and v; +v,. This figure
clearly shows that v; — v, has a narrower distribution than v, +v,. The SD of v; + v, is
also about 1-5 times larger than that of v;—v,. This means that v; and v, are
dependent.

With these two factors taken into consideration, it is expected that the risk of
collision will be reduced and estimated more accurately.

4.2. Refined Calculation Method. To implement the two factors explained in the
last chapter, the calculation method should be refined. First, assumption (b) is
considered. To consider the relative speed prediction error, Equation (7) is replaced by
the following expressions:

T dT. T+t dt 0o 00 —X+Ay
Pi(x, 1) = J —gJ J du J dw J d(AX)
0 T 0 T + T 0 Xy

—00

. Ty, T) )fv+(u)fv_(W)lJ(u, wl  (15)

u+w u—w

V2 V2

X g1 %@ (AX (l;

_0vi,vm) v 4+, B Bl

dww) T2 N
and f,+(u) and f,_(w) indicate that the probability density function of u and w,
respectively. The u-w coordinate system is an orthogonal rotational transformation of
v1 — v, coordinate system, so |J(u,w)|=1.

However, there is one problem regarding the probability density function. If f, . (u)
and f,_(w) are modelled by the Laplace distribution, f,(v) should be possible to be
calculated by the convolution of f,+ (1) and f, _ (w). However, the convolution of these
two functions does not match the Laplace distribution. The convolution of two

where J(u,w) is a Jacobian matrix, and J(u, w)
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Figure 13. Probability density function of Convoluted Function and Laplace Distribution.
functions can be calculated by the following expressions:

Jfﬁ(u)f;_(w)du = Jf;,+<u>f;,_<ﬁv1 — w)du = fiy % fi-(V201) = f,(v/21)

Ss) = fog * fr-(v1)

=< Ay Y >exp(—|v1—ﬂ+_#_|/,1+)

PR 47,
n A n A exp(—|vi —py —p_|/22) (16)
A it 4

To investigate the shape of the convoluted function, the following substitutions
are assumed: 1+ =221 and A_ =1 and x_ =u+ =0. The probability density function of
£,(v)) is shown in Figure 13. The Laplace distribution where A = /4> + (21)* = /54
is also shown so that the SD of the convoluted function and Laplace distribution is set
the same. As seen from the figure, both functions have similar shapes. Both functions
are almost log linear with v. The difference is found in the value around 0 and the tail.
However, the reason why the Laplace distribution is chosen as the function describing
the speed prediction error in the conventional method is that the Laplace distribution
is a long-tailed distribution for conservative estimation, and there is no proof that the
speed prediction error should follow the Laplace distribution. Therefore, if the speed
prediction error has a similar form to the Laplace distribution, it is reasonable to
model both u and w by the Laplace distribution.

Next, assumption (a) is considered. v; and v, are dependent on the position report
interval, so it is expected that # and w are also dependent on time. Figure 14 shows the
SD of u and w for each position report interval. The number of the obtained data sets
is small except for the ten and 27 minutes position report interval, so they oscillate
between the position report intervals. However, some trends are observed. The SD of
u is almost constant throughout the position report interval. As for w, the SD tends to
decrease gradually with the increase of the position report interval. Consequently,
it is assumed that 2, and A_ are changed linearly with the position report interval.
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Therefore, the following equations are assumed:
Ay = Aoy + ayAt
+ + T+ a+ (17)
Ao =Ao— +a_At

where At indicates the position report interval with the unit of minutes. To fit the
model, as for u, three parameters (lg+, a+, 1+ ) have to be set. Let u; and ¢; be the ith
data of u and position report interval. The parameters are optimized to maximize the
following expression via the maximum likelihood estimation.

> log(f (uis iy dox + ax 1) (18)
The obtained parameters are summarised as follows:
Aoy = 5256, ay = 0-0543, u, = —2-919
Ao— = 4960, a_ = —0-0188, u_ = —0-182

(19)

According to the result, the deviation of u increases with time, and that of w decreases
with time, as seen also in Figure 14. To confirm the result, Figure 15 shows
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Table 4. Difference of risk of collision between calculation methods for each periodic position report
interval based on future traffic.

Periodic position Risk of collision calculated by Risk of collision calculated by
report conventional method based refined method based on
interval [minutes] on future traffic [x10~7] future traffic [<107°]

10 1-6 0-12

11 2-8 0-21

12 49 0-36

13 87 0-63

14 15 11

TLS 5:0

the obtained fitted model on Figure 12. Both models fit the actual data well, and
it is concluded that the parameters are well estimated. Besides, the increase of
the speed prediction error (v;; shown in Figure 10) with time can also be explained
such that the increase of u contributes the increase of v, not contributed by w.

However, the larger error of both u and w leads to a higher risk of collision,
although the error of w affects the risk of collision more. Considering the fact that the
collision is likely to happen when the time to the latest position report is more than the
periodic position report interval, the decrease of SD of w with time means the risk of
collision is estimated low. There is no proof that the distribution of w tends to decrease
with time, so this time for the conservative risk estimation A_ is assumed to be
constant and its value is used at the position report interval being ten minutes
(periodic position report interval), i.e. 4960+ 10X (—0-0188)=4-772. In the same
way, for the conservative risk estimation A, uses the data when the position report
interval is 27 minutes, i.e. 5:256+27 X 0-0543 =6-722.

4.3.  Calculation of Risk of Collision Using the Refined Method. Using the values
obtained in Section 4.2, the risk of collision is calculated based on Equation (15). The
results are summarised in Table 4. Only the conditions mentioned in Section 4.2
are changed from the conventional method. The results show that in each periodic
position interval, the risk of collision estimated by the refined method is obtained
about ten times less than that by the conventional method. Even if 14 minutes position
report interval is applied based on future traffic, the risk of collision is lower than the
TLS. This result indicates that 14 minutes periodic position report interval can be
introduced even if traffic volume increases and 30 nm separation standard is applied
more often.

4.4. Estimation of Data Exchange Cost Saving. Since the benefit of the extension
of the periodic position report interval is the data exchange cost saving, here the
expected saving is estimated. First, the number of the periodic position reports is
obtained. This extension of interval is applied not only to the considered routes but
also to all aircraft in the Fukuoka FIR, so all aircraft in this FIR are considered.
According to the latest monthly information, ten minutes periodic position reports
were sent 3,550 times on average per day, about 1-3 million times per year. If the
position report is extended from ten minutes to 14 minutes, the number of position
reports will decrease roughly by 4/14 times, so about 370,000 data exchanges will be
reduced. If a single data exchange is assumed to cost one dollar, about 370,000 dollars
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can be saved per year. Under future traffic assumptions, the cost savings will be up to
910,000 dollars per year. Although this cost saving might seem small, this cost saving
effect will last as long as the 30 nm separation standard exists, so there is no reason
that the position report interval is kept low unnecessarily. Besides, if the position
report interval is extended worldwide by using the proposed method, further data
exchange costs will be reduced.

5. CONCLUSIONS. This paper has considered the extension of periodic
position report interval on oceanic flights to reduce data exchange cost. An extension
would result in a reduced safety margin, so it should be proven that the new procedure
is sufficiently safe quantitatively. However, the conventional collision risk model did
not guarantee safety for the new procedure, because many factors are conservatively
assumed. Therefore, this paper proposed an extension of the conventional model to
estimate the risk of collision more accurately, and proved that the extension of
periodic position report interval could be introduced safely, which in turn showed that
the current periodic position report interval is unnecessarily demanding in safety
terms. The corresponding annual cost benefit is estimated to be about 370,000 dollars
in the Fukuoka FIR. A similar method can be applied to any airspace, and it is
expected that the periodic position report interval can be extended safely worldwide in
the future, which will reduce further data exchange costs. Finally, currently, a new
20 nm longitudinal separation standard has been discussed in ICAO, and the proposed
method will help to introduce this separation standard, too.
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APPENDIX: PARAMETERS AND FUNCTIONS DESCRIPTIONS.

Parameters/
Functions Descriptions

N, Risk of collision per flight hour.
P, Longitudinal overlap probability.
P.(x,7) Longitudinal overlap probability when the nominal separation (x) and controller intervention
buffer (z) are constant.
P,(0) Lateral overlap probability.
P_(0) Vertical overlap probability.
Vy Average longitudinal relative speed.
vy Average lateral relative speed.
v, Average vertical relative speed.
Ax Average aircraft length.
Ay Average aircraft wingspan.
Az Average aircraft fuselage height.
x Nominal longitudinal separation.
T Controller intervention buffer.
E(x) Relative frequency of nominal separation.
E(7) Relative frequency of controller intervention buffer.
X1, Xo GPS position estimation error of aircraft 1 and 2.
vy, V2 Speed prediction error of aircraft 1 and 2.
T Periodic position report interval.
T, Gap of the reporting time between two aircraft.
t Time.
e Relative position prediction error. (= Ax+AX(z))
Ax Relative position prediction error coming from initial position error.
AX(1) Relative position prediction error which varies with time.
file) Probability density function of position prediction error.
JEQ) Probability density function of speed prediction error.
o Aircraft ratio without GPS.
g1(x), g2(x)  Probability density function of initial position error of aircraft 1 and 2.
p Probability of overdue event occurrence.
y Probability of CPDLC uplink message not reaching to the pilot within 3 minutes.
u Vi +n
V2

https://doi.org/10.1017/S0373463314000162 Published online by Cambridge University Press


https://doi.org/10.1017/S0373463314000162

868 RYOTA MORI VOL. 67

AprpENDIX (Cont.)

Parameters/
Functions Descriptions

w i —n

V2
ya ) Probability density function of u.
fo—(w) Probability density function of w.
u Parameter of Laplace distribution.
A Parameter of Laplace distribution.

Xave Average of nominal separation when the nominal separation is 100 nm or less.
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