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1. INTRODUCTION

1.1 The surveillance using data link technology, which is called ADS-C (Automatic Dependent Surveillance - Contract), becomes more available. ADS-C aircraft transmit the position measured by on-board systems at constant interval. The longitudinal and lateral separation minimum for ADS-C aircraft pairs are expected to be reduced to meet the growing air traffic in oceanic airspaces.  Reduction of separation minima may reduce the level of safety and it is necessary to confirm that the risk remains to be tolerable after the implementation of reduced separation minima. (ICAO Annex 11 Para 2.27)
1.2 In general, many indicators can be utilized to estimate the safety.  When we consider the collision risk of aircraft, the expected number of fatal accidents per flight hour is utilized as a risk index. In the safety assessment, we first determine the target level of safety (TLS). In this paper, TLS is 5.0x10-9[fatal accidents /flight hour].  If the collision risk estimation does not exceed TLS, we conclude that the risk caused from the reduction of separation minima is tolerable.
1.3 We assumed the followings in the assessment.
Main Assumptions
1. Distribution of nominal longitudinal separation of aircraft pairs

A simulation was conducted to predict the nominal separation under the reduced separation using the FDPS data collected from December 2006 to November 2007.

2. Longitudinal and lateral navigation accuracy

The traffic in the airspace in consideration is a mixture of two different types of aircraft. One is GPS equipped aircraft (corresponding to RNAV 0.3) and the other has RNAV 4 navigation performance. The proportion of GPS-equipped ADS-C aircraft was 49.83% according to FDPS data. The following model was utilized to model longitudinal and lateral navigation accuracies.
Longitudinal: Double Exponential Distribution, Parameters are found from the RNAV-values.

Lateral: Probability distribution models which were derived from the observation data. ([6], [7])
3. Position estimation error under ADS-C environment (corresponding to the speed estimation error)
It is estimated from the observation data collected at Kobe aeronautical satellite center. ([9])
4. Time required for uplink messages

Observation data collected from March 2007 to February 2008.

5. The time required necessary to resolve a potential collision except time required for uplink is assumed to be 2 and half minutes. ([5])
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Figure 1: NOPAC ATS route system
2. Result
2.1 Table 1 and Figure 2 show the result of collision risk estimation using the CPDLC uplink performance table provided by Japan Civil Aviation Bureau. Red numbers in Table 1 meet the TLS. The collision risk estimation in April 2007 is larger than the other months because the maximum observed time required for uplink was 9 minutes and 51 seconds and is much larger than the other months (The maximums in the other months are about 5-7 minutes.). 
2.2 The table indicates that the collision risk estimation meets the TLS even in the worst month if the position reporting time interval is 10 minutes. 
Table 1: Collision Risk [fatal accidents/flight hour]
	Position reporting time interval

(minutes)
	March

2007
	April

2007
	May

2007
	June

2007
	July

2007
	August

2007

	5
	1.07E-10
	2.55E-10
	1.07E-10
	1.09E-10
	1.10E-10
	1.08E-10

	6
	1.17E-10
	4.16E-10
	1.17E-10
	1.22E-10
	1.23E-10
	1.18E-10

	7
	1.43E-10
	7.11E-10
	1.43E-10
	1.57E-10
	1.57E-10
	1.46E-10

	8
	2.08E-10
	1.22E-09
	2.09E-10
	2.44E-10
	2.39E-10
	2.15E-10

	9
	3.83E-10
	2.10E-09
	3.84E-10
	4.62E-10
	4.46E-10
	3.97E-10

	10
	8.68E-10
	3.65E-09
	8.69E-10
	1.03E-09
	9.88E-10
	8.97E-10

	11
	2.18E-09
	6.48E-09
	2.18E-09
	2.50E-09
	2.40E-09
	2.24E-09

	12
	5.52E-09
	1.19E-08
	5.53E-09
	6.11E-09
	5.92E-09
	5.64E-09

	13
	1.34E-08
	2.26E-08
	1.34E-08
	1.44E-08
	1.41E-08
	1.36E-08

	14
	3.02E-08
	4.32E-08
	3.02E-08
	3.19E-08
	3.13E-08
	3.06E-08


	Position reporting time interval

(minutes)
	September

2007
	October

2007
	November

2007
	December

2007
	January

2008
	February

2008

	5
	1.12E-10
	1.11E-10
	1.06E-10
	1.06E-10
	1.07E-10
	1.06E-10

	6
	1.27E-10
	1.25E-10
	1.14E-10
	1.13E-10
	1.15E-10
	1.14E-10

	7
	1.64E-10
	1.59E-10
	1.33E-10
	1.32E-10
	1.38E-10
	1.35E-10

	8
	2.48E-10
	2.38E-10
	1.84E-10
	1.81E-10
	1.96E-10
	1.89E-10

	9
	4.50E-10
	4.34E-10
	3.25E-10
	3.20E-10
	3.54E-10
	3.40E-10

	10
	9.69E-10
	9.44E-10
	7.39E-10
	7.31E-10
	8.02E-10
	7.76E-10

	11
	2.32E-09
	2.28E-09
	1.92E-09
	1.91E-09
	2.05E-09
	2.00E-09

	12
	5.71E-09
	5.64E-09
	5.02E-09
	5.00E-09
	5.26E-09
	5.21E-09

	13
	1.36E-08
	1.35E-08
	1.24E-08
	1.24E-08
	1.29E-08
	1.28E-08

	14
	3.04E-08
	3.02E-08
	2.86E-08
	2.86E-08
	2.94E-08
	2.93E-08
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Figure 2: Collision Risk [fatal accidents/flight hour]

2.3 The purpose of this paper is the safety assessment prior to the implementation. The traffic under the reduced separation minimum is predicted by a fast-time simulation. In this simulation, many assumptions were adopted and it is expected that there are much or less difference between the predicted traffic and the actual traffic after the implementation. Therefore, it is necessary to conduct the safety assessment after the implementation using the real traffic data.

3. description of the methdology
3.1 In conducting the quantitative safety assessment, the collision risk and the TLS are compared. In this case, the estimation of collision risk is inevitable. However, there exist many factors which should be taken into account in the estimation, namely, the CNS technology in consideration, the navigation error, structure of ATS route, aircraft size and shape, aircraft speed, and so on. 

3.2 In this paper, we first find the collision risk of aircraft pairs whose nominal separations are given using the theory and technique on the probability and numerical calculation. Secondly, we predict the distribution of nominal separations under the reduced separation minimum. Finally, we get the final estimation of the collision risk combining two results.
4. Fast-time simulation to predict nopac traffic
4.1 The nominal traffic flow (without considering navigation error, position prediction error and so on) under the reduced separation minimum are predicted using the FDPS data of aircraft flying on the west-bound ATS route R220 and R580 during December 2006 and November 2007. Remark that the position errors as well as the nominal separation are taken into consideration. The airspace in consideration consists of two segments NIPPI (NUBDA and OMOTO(ONEMU. FDPS data contains the flight plan, the actual waypoints which aircraft flew over, estimated time of arrival of these waypoints, the altitude, the speed etc. 
4.2 We first extract the data of aircraft which actually passed one of the waypoints NIPPI, NUBDA, OMOTO and ONEMU. Secondly, we estimate the altitude and speed expected by the aircraft operator at the waypoints NIPPI, NOGAL, NUBDA, OMOTO, OPULO and ONEMU using the data in Field 15 of the flight plan. In case when the expected speed is described in Mach, we convert it to knots assuming the ICAO Standard Atmosphere. Table 2 and Table 3 show the expected altitude and speed, respectively.
4.3 Table 4 shows the time separation of the aircraft at the FIR boundary. In the calculation of Table 4, we do not consider the routes and altitudes of the leading aircraft and the following aircraft. 
4.4 We also find the distribution of the velocity of the wind at 300hPa, 250hPa and 200hPa constant pressure surfaces (corresponding to FL300, FL340 and FL390, respectively) above Sendai City, which is the nearest observation point to NOPAC, using the data obtained from [8]. The mean and the standard deviation are 53.35m/sec and 11.76 m/sec, respectively.

Table 2: Expected Altitude
	NIPPI/OMOTO

（ft）
	NOGAL/OPULO

（ft）
	NUBDA/ONEMU

（ft）
	proportion

	36000
	36000
	36000
	18.07%

	38000
	38000
	38000
	12.18%

	34000
	34000
	34000
	8.51%

	40000
	40000
	40000
	5.74%

	37000
	37000
	37000
	4.26%

	35000
	35000
	35000
	4.07%

	39000
	39000
	39000
	3.57%

	32000
	32000
	32000
	3.10%

	34000
	36000
	36000
	2.72%

	36000
	38000
	38000
	2.54%


Table 3: Expected Velocity
	Velocity (knots)
	proportion

	482
	20.96%

	476
	19.85%

	488
	15.67%

	471
	4.85%

	493
	4.51%

	459
	2.90%

	465
	2.73%

	492
	1.69%

	490
	1.55%

	489
	1.55%


Table 4: the time separation of the aircraft at the FIR boundary
	Separation (min)
	proportion

	0
	11.57%

	1
	8.29%

	2
	7.26%

	3
	6.49%

	4
	5.74%

	5
	5.09%

	6
	4.62%

	7
	3.83%

	8
	3.63%

	9
	3.09%


4.5 We simulate the traffic flow under the reduced separation minimum using the above distribution. We determine when the new aircraft enter into the airspace in consideration and the route/altitude/speed of this aircraft successively.
· We first determine the time separation of the leading aircraft and the new comer at the boundary randomly according to the distribution given in Table 4.

· All aircraft expect to fly on R220. The expected altitudes at all waypoints are determined randomly according to the observed distribution in Table 2.

· The expected speed at each flight level is determined randomly according to the observed distribution (ex. Table 3).

· We assume that the wind in the airspace in consideration is always a tail wind. The velocity of the speed follows Gaussian distribution with mean =  53.35m/sec and standard deviation = 11.76 m/sec. The velocity of speed is updated randomly every 3 hours in the simulation time.

· If the aircraft flies as determined at previous steps and is expected to violate 30NM longitudinal separation, aircraft flies so. We assume that all aircraft flies at the constant speed without any error and change their flight level instantaneously. If the determined path is expected to violate the separation minimum, we determine the flight path in the same way. Even if we calculate flight path 20 times and cannot find the path which does not violate the separation minimum, we assume that the aircraft choose the adjacent R580 and does not take into the statistic.

4.6 We conduct the one-year simulations 5 times. Figure 4 shows the average of the results. The horizontal axe represents the nominal longitudinal separation of aircraft and the vertical axe represents the proportion of flight time.


[image: image4]
Figure 3: Flow Chart of Simulation (Determine the nominal route/altitude/speed of aircraft entering into Fukuoka FIR.)
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Figure 4: Simulation Result (Nominal separation)

5. collision risk formula
5.1 To surveillance aircraft operation, air traffic controllers should know the aircraft position. ADS-C aircraft transmit their position measured by the on-board sensor such as GPS periodically via data link communication (e.g. SATCOM via INMARSAT, MTSAT etc.). They also transmit their future position calculated by FMS (Flight Management System) with them. ATC systems predict the current aircraft position interpolating/extrapolating the reported position and the future position provided by the aircraft.
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Figure 5: Basic Concept of ADS-C

5.2 Strictly speaking, the positions of targets displayed on the ATC console are not identical to the actual aircraft positions because the reported position and the position predicted by FMS have more or less measurement and prediction errors. Consequently, the position comprehension error by ATC (which is the gap between the actual aircraft position and the position where ATC considers that the aircraft is) tends to grow till ATC receives the next position report. Figure 6 shows the time-dependence of the position comprehension error. In this paper, we call the position comprehension error by ATC ‘position error’ simply.


[image: image7]
Figure 6: Image of ATC position comprehension error
5.3 Consider successive aircraft pair flying on the same route at the same flight level. The nominal separation denotes the separation which ATC considers that the aircraft pair has. ATC systems estimate the aircraft position from the reported position and the future position predicted by FMS. 

5.4 Let T be the report time interval, (T be the gap between the reporting time of two aircraft and t be the elapsed time from the reception of the last message transmitted by the first aircraft (Figure 7). The notation x1 and x2 denote the position error of the reported positions of the aircraft pair. The notation v1 and v2 denote the estimated longitudinal speeds of two aircraft, which is described precisely in the next chapter. Then the longitudinal position error is given by
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where fx(d;v1,v2,t, ∆T,T) is the probability density function of d assuming that variables v1,v2,t, ∆T and T are constant.

[image: image9]
Figure 7:  Relation among variables in Equation (1)

5.5 Then the longitudinal overlap probability of a typical aircraft pair is given by the following formula:
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Table 5: Parameters in Equation (2) 
	parameter
	description

	Px(x;()
	Longitudinal overlap probability. Average probability that a typical aircraft pair which is nominally x NM separated on the same route at the same flight level overlaps in the longitudinal dimension.

	fv(v)
	Probability density function of longitudinal speed prediction errors. It is determined by the accuracy of position prediction by the aircraft, the performance of the ground ATC system interpolation/extrapolation function and so on.

	fd(x;v1,v2,t,(T)
	Probability density function of longitudinal position errors d at the given v1,v2,t and (T. It is calculated from equation (1).

	T
	Reporting interval of ADS position report.

	(
	Time required for the resolution of a potential collision.

	(x
	Average aircraft length


5.6 Then the collision risk is estimated by the following formula:
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Table 6: Parameters in Equation (3) 

	parameter
	description

	Nax(x; ()
	Collision risk of a typical aircraft pair on the same route at the same flight level whose nominal separation is x (NM). Remember that ( is time required for the resolution of a potential collision.

	Py(0)
	Lateral overlap probability. Probability that an aircraft pair on the same route overlaps in the lateral dimension.

	Pz(0)
	Vertical overlap probability. Probability that an aircraft pair in the same flight level overlaps in the vertical dimension.

	vrx(x)
	Average longitudinal relative velocity of aircraft pairs with their nominal separation = x which are about losing their longitudinal separation.

	vry
	Average lateral relative velocity of aircraft pairs on the same route.

	vrz
	Average vertical relative velocity of aircraft pairs at the same flight level.

	(y
	Average aircraft length

	(z
	Average aircraft wingspan


5.7 We get the following formula taking into account the distribution of nominal separations.
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Table 7: Parameters in Equation (4) 

	parameter
	description

	Nax(()
	Collision risk of a typical aircraft pair on the same route at the same flight level. Remember that ( is time required for the resolution of a potential collision.

	Ex(x)
	Relative frequency of longitudinal nominal separations for successive aircraft pairs on the same route at the same flight level


The time required necessary to resolve a potential collision except time required for uplink is assumed to be 2 and half minutes (Table 8). Experience tells that the time required to uplink has large range. Therefore, we first calculate the collision risks for given ( and we take the average of these collision risks. Table 9 shows an example of uplink performance table which is utilized in the collision ris
Table 8: Time required to resolve a potential collision[5].
	[image: image1.emf] 

Components 
	Value (seconds)

	Screen update time/controller conflict recognition
	30

	Controller message composition
	15

	CPDLC uplink
	(

	Pilot reaction
	30

	Aircraft inertia plus climb
	75

	Total
	150+(


Table 9: Required Time for CPDLC Uplink
	item
	April 2007 (Worst Case)

	No. of messages
	28410

	Maximum
	00:09:51

	X(10(s)
	18295
	64.4%
	64.4%

	10(s)<X(20(s)
	7668
	27.0%
	91.4%

	20(s)<X(30(s)
	1378
	4.9%
	96.2%

	30(s)<X(60(s)
	752
	2.6%
	98.9%

	60(s)<X(90(s)
	143
	0.5%
	99.4%

	90(s)<X(120(s)
	54
	0.2%
	99.6%

	120(s)<X(180(s)
	35
	0.1%
	99.7%

	X>180(s)
	85
	0.3%
	100%


5.8 The average collision risk in the airspace is given by the following formula.
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Table 10: Parameters in Equation (5) 
	parameter
	description

	Nax
	The average collision risk in the airspace in consideration

	E((()
	The relative frequency of time required to resolve a potential collision


5.9 Equation (5) assumes that all aircraft in the airspace have the identical navigation performance. In reality, GPS aircraft and the other aircraft have different navigation performance. The longitudinal overlap probability is determined by the longitudinal navigation performance etc, and the lateral overlap probability is determined by the lateral navigation performance. The collision risk of the airspace in which the fleet has different navigation performances is given by the following formula:
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(6)
Table 11: Parameters in Equation (6) 
	parameter
	description

	Nax
	Collision risk of the airspace under ADS-C environment

	Nax(GPS, GPS)
	Collision risk calculated by Equation (6) under the assumption that both aircraft 1/2 have the navigation accuracy of GPS-equipped aircraft

	Nax(GPS, nonGPS)
	Collision risk calculated by Equation (6) under the assumption that aircraft 1 has the navigation accuracy of GPS-equipped aircraft and aircraft 2 has the navigation accuracy of non-GPS-equipped aircraft

	Nax(nonGPS, nonGPS)
	Collision risk calculated by Equation (6) under the assumption that both aircraft 1/2 have the navigation accuracy of non-GPS-equipped aircraft

	(
	Proportion of GPS-equipped ADS aircraft


6. Collision risk parameters
Lateral Overlap Probability Py(0): 
In general, Py(0) becomes large as the aircraft in consideration has better lateral navigation performance. The collision risk is large when Py(0) is large when we consider a longitudinal separation minimum. The actual performance of aircraft is much better than the requirement. The collision risk calculated based on the requirement value causes an underestimation of the risk. Hence, we use the probability model which is derived form the observation data.
 The distribution of lateral deviations of non-GPS aircraft follows double double exponential (DDE) distribution[6]. 
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(7)
Here, ((1=0.818(NM)、(2=50(NM)、α=0.000124.

 On the other hand, the distribution of lateral deviations of GPS aircraft follows the mixture of a Gaussian distribution and the double exponential distribution[7]. 
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(8)
Here, σ=0.0232(NM)、(=0.0380(NM)、α=0.00564.
The lateral overlap probability for GPS aircraft pairs is given by PyGG (0)=0.669, the lateral overlap probability for pairs of a GPS aircraft and a non-GPS aircraft is given by PyGn (0)=0.0381 and the lateral overlap probability for non-GPS aircraft pairs is given by Pynn (0)=0.0196.
Vertical Overlap Probability Pz(0): 
  Since we do not have reliable data on the vertical overlap probability, we utilized the well-used value.  Pz(0)=0.5380[2],[3]
Longitudinal reported position error: 
 We need longitudinal reported position error to find the longitudinal overlap probability. It corresponds to x1 and x2 in Equation (1). They are assumed to follow the following double exponential distribution. 
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(9)
It is expected that GPS aircraft and non-GPS aircraft have different longitudinal reported position error distribution. We assumed that GPS aircraft meet 95% containment condition of RNAV 0.3 and the other aircraft meet 95% containment condition of RNAV 4. For GPS aircraft, (=0.3/2.996=0.100, and for the other aircraft, (=4/2.996=1.335.
Longitudinal speed prediction error: 
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Figure 8:  Definition of speed prediction error
Consider successive two ADS-C messages transmitted by a single aircraft. Let t1 be the time instance when the first message was transmitted and let t2 be the time instance when the second message was transmitted. ATC systems predict the aircraft position from the position report and the optional messages coupled with the position report till the next position report. The position prediction error is defined as the difference of the reported position at t2 from the predicted position at t2 estimated from the ADS-C message transmitted at t1. The speed prediction error is the position prediction error divided by (t2-t1). The longitudinal speed prediction error is the projection of the speed prediction error onto the route direction (Fig. 8).
We assumed that the longitudinal speed prediction error follows the double exponential distribution with scale parameter (=7.439knots[9].
Average aircraft size: 
We assumed that (x=0.036NM, (y=0.032NM and (z=0.010NM according to [4].
Average aircraft relative velocity: 
We assumed that vry=20knots and vrz=1.5knots. It is impossible to find vrx(x) from the observation by the definition of vrx(x). Hence, we only consider the case where the aircraft position report is simultaneous. We so not consider the aircraft length, the position error and so on for simplicity. If an aircraft pair loses their separation = x (T+() hours later, their relative speed is x/(T+(). Hence we assume that vrx(x) = x/(T+(). 
Relative Frequency of nominal longitudinal separation of an aircraft pair on the same route at the same flight level Ex(x): 
 We utilize the simulation result introduced in Figure 4.
Relative Frequency of time required to resolve a potential collision E(((): 
Calculated from Table 8 and the observed distribution of required time to uplink messages (ex. Table 9)
Proportion of GPS equipage 
Calculated from FDPS collected in September 2007. We only use the data of aircraft flying over NIPPI, OMOTO, PASRO, AKISU and CUTTE. (=0.4983.
7. conclusion
7.1 This report introduces the methodology and the result of pre-implementation safety assessment of the 30NM longitudinal separation minimum in the oceanic airspace. We predict the distribution of nominal longitudinal separation in NOPAC under the 30NM longitudinal separation minimum from the traffic data in Fukuoka FIR. Therefore, if there is no dramatic change in the expected trajectory described in the flight plan after implementation, it is reasonably expected that the collision risk does not exceed the TLS under the 30NM longitudinal separation minimum in case where the reporting time interval is 10 minutes.
7.2 In the pre-implementation safety assessment, we conduct the fast-time simulation to predict the traffic flow under the reduced separation minimum. The safety assessment should be conducted using the real traffic data after the implementation. If it turned out that the collision risk did not meet the TLS after the implementation, we should mitigate the risk by some action such as the reduction of the reporting time interval.
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