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1. INTRODUCTION

1.1 The longitudinal separation minimum for non ADS-C (Automatic Dependent Surveillance - Contract) aircraft pairs without mach number technique application is 15minutes by 5.4.2.2.1 in PANS-ATM[1].  The reduction of separation minima to 10 minutes is now discussed in the Pacific airspace. Since the reduction of separation minimum is the change of procedures which may affect the safety operation, the safety assessment is required. (ICAO Annex 11, Para. 2.27)
1.2 Longitudinal navigation performance of today’s aircraft is much better than that of aircraft at the time when 15 minutes separation minimum was implemented.  The probability that a following aircraft overtakes a leading aircraft has decreased. On the other hand, the probability that an overtaking aircraft give rise to a collision has increased because the height-keeping performance and path-keeping performance of aircraft have been improved. As a result, we have no idea on whether the collision risk has been improved or not.

1.3 This paper first review the collision risk model for the time-based separation. Secondly, the correlation between initial time separation at the entry waypoint and the gain/loss distribution. Finally, we give the safety assessment result for 10-minutes separation minimum for aircraft pairs which mach numbers are not assigned.
2. Collision risk model
2.1 Collision risk is the expected number of fatal accidents per flight hour due to loss of longitudinal separation. Since two aircraft are involved in one collision, we count 2 accidents for 1 collision. The notation Nax denotes the collision risk in this paper. 
2.2 The collision risk formula is as follows. Readers can find the description of the notations in Table 1.
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Table 1 : collision risk parameters
	parameter
	description

	Py(0)
	Lateral overlap probability. The probability that a typical aircraft pair on the same route overlap laterally.

	Pz(0)
	Vertical overlap probability. The probability that a typical aircraft pair at the same flight level overlap vertically

	(x
	Longitudinal overlap probability. The probability that a typical aircraft pair on the same route at the same flight level overlap longitudinally.

	vrx
	Mean longitudinal velocity of an aircraft pair which is about losing their longitudinal separation.

	vry
	Mean lateral velocity of an aircraft pair on the same route.

	vrz
	Mean vertical velocity of an aircraft pair at the same flight level.

	(x
	Mean aircraft length

	(y
	Mean wing span

	(z
	Mean aircraft height


2.3 Consider a successive aircraft pair heading the compulsory reporting point B and leaving the compulsory reporting point A on the same route at the same flight level. We assume that the aircraft leading at the waypoint A passed over A at the time t1A and passed over B at the time t1B. The notations t2A and t2B denote the time when the other aircraft passed over A and B, respectively. Time separations (with sign) are defined by
TA = t2A(t1A





(2)

TB = t2B(t1B.





(3)

Gain between A and B, which is denoted by GAB, is defined by 

GAB=TB(TA.





(4)
On the other hand, loss between A and B, which is denoted by LAB, is defined by
LAB=TA(TB= ( GAB.




(5)
2.4 We assume that aircraft fly at the constant speed in this paper. The following aircraft overtakes the leading aircraft once if and only if TB(0, namely, LAB(TA. Therefore, we get the following formula. The descriptions of the parameters are in Table 2.
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Table 2 : longitudinal overlap probability parameters
	parameter
	Description

	T
	Mean time required for aircraft to travel through the airspace in consideration.

	Ex(t)
	Distribution of initial time separation of aircraft. The number of aircraft pairs whose initial time separation = t divided by the total number of aircraft pairs.

	Px(t)
	Probability that LAB(t, namely, the aircraft pairs whose loss values are more than or equal to t divided by the total number of aircraft pairs.


3. gain/loss distribution
3.1 The airspace in consideration is the route system which consists of NIPPI-NUBDA segment in R220, OMOTO-ONEMU segment in R580, PASRO-POXED segment in A590, AKISU-ADGOR segment in R591 and CUTEE-CALMA segment in G344 (Ref. Fig. 1). These points are compulsory reporting points.

[image: image4]
Figure 1 : NOPAC (North Pacific) route system
3.2 We found the Gain/Loss distribution and the initial time separations distribution of aircraft pairs flying in the airspace in consideration from March 2006 to September 2007. FDPS (Flight Data Processing System) data set is utilized for the analysis. It contains call sign, equipments, actual time and the altitude over waypoints and the flag which shows whether the mach number technique is applied or not in each segment. In HF position reporting, air traffic controller inputs the actual time over waypoint into ODP (Oceanic air traffic Data Processing system) and ODP transmits this data to FDPS. On the other hand, in automatic position reporting by ADS-C or position reporting by CPDLC (Controller Pilot Data Link Communication), ODP automatically transmits the actual time over waypoint to FDMS.
3.3 The purpose of this paper is to estimate the collision risk under the 10-minutes longitudinal separation for aircraft pair without mach number assignment. Therefore, we should not utilize the data of aircraft pairs to which the time-based separation minimum for mach number assignment or the distance-based separation for ADS-C aircraft pairs is applied. We use the data set of aircraft pairs which passed the initial waypoint at the same flight level and satisfy the following conditions:
· Two aircraft does not change their altitude on the segments.

· Mach numbers are not assigned for both aircraft.

· No aircraft passed through the same altitude from the leading aircraft passed over the intermediate/final waypoint till the following aircraft passed over the intermediate/final waypoint.

· Initial time separation of aircraft pairs is not less than 15 minutes. (To exclude ADS aircraft pairs. Time-based separation minimum is assumed to be applied to an ADS aircraft pair whose initial time separation is not less than 15 minutes.)

· Initial time separation of aircraft pair is not more than 60 minutes.
3.4 The number of aircraft pair satisfying the above conditions is 13,355. Figure 2 shows the gain/loss distribution for all aircraft pairs (square marks). An exponential distribution seems to fit the empirical distribution well. It does not contradict to [2], [3] and [4]. The diamonds in Figure 2 are the gain/loss distribution of CEP (Central East Pacific) aircraft in 1970s to which mach numbers are assigned[2]. 
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Figure 2 : Gain/Loss Distribution
3.5 When the gain is not more than -10 (the loss is not less than 10), aircraft pair overlaps in the longitudinal dimension when the 10 minutes separation minimum is implemented. Hence today’s NOPAC aircraft pairs without mach number technique application is proven to have a better performance to keep the longitudinal separation than old-day’s CEP aircraft pairs using mach number technique if the diamonds lie above the squares in the case where Gain ( -10. The square lies above the diamond when gain = -13, but there is no square in the case where gain = -14 and the square in gain = -13 is above the diamond in the case where gain=-14. Therefore, it is concluded that today’s NOPAC aircraft pairs have a better performance to keep the longitudinal separation than old-day’s CEP aircraft pairs.
3.6 7,870 aircraft pairs in 13,355 pairs flew on A590 and the number of aircraft pairs which flew on R220 was 3,617 in 13,355. The chi-square test was conducted for three data sets, i.e. all aircraft pairs, A590 aircraft pairs and R220 aircraft pairs, to check the dependency of initial time separations with gains. It turned out that they are not independent with 95% probability. Independence was also observed in [4].
3.7 A590 ATS route is eastbound and aircraft on A590 continues their flight for long duration after passing over PASRO. They should keep separation during the long flight not to violate the separation minimum. Do air traffic controllers admit an aircraft pair to fly at the same flight level if the leading aircraft is expected to be slower than the following aircraft and their time separation is small? In this case, air traffic controllers tend to issue the speed control or ascending/descending when the separation at PASRO is small even if the separation meets the separation minimum. Therefore the gain/loss distribution is expected to have a bias when the initial time separation is small.
3.8 Figure 3 shows the average of gain with respect to initial time separation and Figure 4 shows the standard deviation of gain with respect to initial time separation. Straight lines in the figures are the linear　approximation by least square method. The average tends to decrease and the standard deviation tends to increase. The averages in A590 ATS route are larger than the other when initial time separation is small. The same trend is found in all NOPAC routes because the large amount in whole data set comes from A590. The standard deviation in NOPAC in initial time separation = 15 min is very small, but this number is incredible because the number of small is only 6.
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Figure 3 : Average of Gain/Loss Distribution (15 min ( Initial Time Separation ( 60 min)
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Figure 4 : Standard Deviation of Gain/Loss Distribution (15 min ( Initial Time Separation ( 60 min)

3.9 The growth rates of the averages from 15 minutes to 18 minutes, from 19 minutes to 30 minutes and from 31 minutes to 60 minutes seem different. Figure 5, 6 and 7 shows the average and the standard deviation in each interval. The linear approximations in these figures seem to fit better than Figure 3.
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Figure 5 : Average and Standard Deviation of Gain/Loss Distribution 

(15 min ( Initial Time Separation ( 18 min)
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Figure 6 : Average and Standard Deviation of Gain/Loss Distribution 

(19 min ( Initial Time Separation ( 30min)
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Figure 7 : Average and Standard Deviation of Gain/Loss Distribution 

(31 min ( Initial Time Separation ( 60min)

4. Collision risk estimation (separation between compulsory reporting points = 660NM)
4.1 We will find the values of all parameters in Table 1 except (x and the average duration T required to fly through a segment. The vertical overlap probability Pz(0), the average sizes of aircraft (x, (y and (z, and the relative velocities vry and vrz are the same as [5]. The percentage of GPS aircraft flying in the observed airspace from February 2006 to September 2007 was 30.43%. The author found that Py(0) = 0.088 applying the same methodology introduced in [5] taking into account the GPS equip rate.
4.2 The separation between compulsory reporting points in the observed airspace is about 660 NM. It takes T=1.375 hours to fly from a compulsory reporting point to another if the average aircraft speed is assumed to be 480knots. The notation vrx is defined as the average longitudinal velocity of an aircraft pair which is about losing their longitudinal separation. Since aircraft rarely overtake their leading aircraft, it is impossible to find the vrx value by the observation. We assume that vrx is the average velocity of aircraft which has a 10 minutes separation with its leading aircraft and overtakes its leading aircraft at the next compulsory reporting point. The leading aircraft passes over the next fix (1.375-10/60)=1.208 hours after the following aircraft passes over the first fix. Since the longitudinal distance separation 480x10/60=80NM is lost for 1.208 hours, the relative longitudinal speed of the aircraft pair is 80/1.208=66.2knots.
4.3 We get the following table.

Table 3 : collision risk model parameters
	parameter
	value

	Py(0)
	0.088

	Pz(0)
	0.538

	vrx
	66.2knots

	vry
	20knots

	vrz
	1.5knots

	(x
	0.036NM

	(y
	0.032NM

	(z
	0.010NM

	T
	1.375hours


4.4 The frequency of small gains (large losses) occurrence increases as initial time separation becomes larger (Figure 3 and 4). Since an overtaking occurs only when the loss value is larger than the initial time separation, it is expected that the estimation of Gain/Loss distribution in the short initial time separation using the data in the large initial time separation leads an overestimation of the collision risk. Hence, we do not apply the gain/loss distribution given in Figure 2 irrespective of initial time separation, but we use the different gain/loss distribution for each initial time separation value.
4.5 We assume that the gain/loss distribution always follow an double exponential distribution with mean = m and scale parameter = (. The probability density function is given by
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The standard deviation of this distribution is 
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 and the longitudinal overlap probability P(t) is given by
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when t>m.
4.6 The linear approximation in Figure 5 through Figure 7 is given by the following formula. Remark that this formula is only valid for 15 minutes longitudinal separation minimum.
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(10)
4.7 What will the gain/loss distributions become if the separation minimum is reduced to 10 minutes?  We consider two different assumptions. 

4.8 The following formulae are pessimistic because the gain/loss distribution in the case where initial time separation = 15+t under 15 minute separation minimum is identical to the gain/loss distribution in the case where initial time separation = 10+t under 10 minute separation minimum.
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4.9 On the other hand, the following formulae are rather optimistic because the gain/loss distribution shrinks as the same manner given in the first lines of Equation (9) and (10).
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4.10 Table 3 shows the frequency of the observed initial time separation.

Table 4 : collision risk model parameters
	Initial time separation
	No. of aircraft pairs
	Ex(t)

	15
	37
	0.002771

	16
	114
	0.008538

	17
	212
	0.015878

	18
	287
	0.021495

	19
	353
	0.026438

	20
	411
	0.030782

	syncopated

	59
	196
	0.014679

	60
	165
	0.012358

	Total
	13352
	1


4.11 If the reduced separation minimum is implemented, traffic flow is expected to change and the distribution of initial time separations will change. It is difficult to predict the future traffic in detail. We use the same methodology to predict the future traffic as [3]. Namely the observed separation will be reduced by 5 minutes. Then 
Ex,10(t)=Ex,15(t+5)




(15)
where Ex,10(t) and Ex,15(t) gives the distribution of initial separations under 10 minutes and 15 minutes separation minima, respectively.
4.12 The collision risk was estimated using equations (1), (6), (8), (11)-(14) and Table 3 and 4 Table 5 summarizes the results. The collision risk is 2.42x10-8 [fatal accidents/flight hour] and does not meet the TLS (5.0x10-9) even if we adapt the optimistic assumption. Therefore, it is not concluded that the airspace remains to be safe under 10-minutes separation minimum. 

Table 5 : collision risk model parameters
	Assumption
	Mean and standard deviation of Gain/Loss distribution
	Collision risk estimation
	Comparison with TLS

	Pessimistic
	Equations (10) and (11)
	1.15x10-7
	Not satisfied

	Optimistic
	Equations (12) and (13)
	2.42x10-8
	Not satisfied


4.13 Performance of aircraft to keep the longitudinal separation becomes finer, and the probability that the following aircraft overtakes the leading aircraft becomes lower. However, because the path-keeping performance and the height-keeping performance become better, the probability that the collision occurs once the following aircraft overtakes the leading aircraft. As a result, the collision risk does not meet TLS under the reduced longitudinal separation.
5. Collision risk estimation (separation between compulsory reporting points = 330NM)
5.1 In this chapter, we estimate collision risks under the assumption that the separation between compulsory reporting points becomes half. We use the same data set as the previous chapters because the middle waypoints between compulsory reporting points in Figure 1 are not compulsory reporting points and there are no reliable data on the estimated time of arrival at these waypoints. 
5.2 We use the almost all parameter values given in Table 3. Remark that the time required to fly between compulsory reporting points, which is denoted by T, is reduced by half. Hence T = 0.6875. As a result, the relative longitudinal speed vrx also change its value. 

Table 6 : collision risk model parameters
	parameter
	value

	Py(0)
	0.088

	Pz(0)
	0.538

	vrx
	153.6knots

	vry
	20knots

	vrz
	1.5knots

	(x
	0.036NM

	(y
	0.032NM

	(z
	0.010NM

	T
	0.6875hours


5.3 We estimate the gain/loss distribution of observed data. The gain/loss seems to be half if the separation between the compulsory reporting points becomes half. We prove this fact. Consider a successive aircraft pair heading the waypoint B and leaving the waypoint A. The waypoint C is just at the middle point between A and B. We assume that the aircraft leading at the waypoint A passed over A at the time t1A and passed over B at the time t1B. The notations t2A and t2B denote the time when the other aircraft passed over A and B, respectively. Then the leading aircraft and the following aircraft pass over the waypoint C at time 
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, respectively. Then the separation between two aircraft at the waypoint C is given by
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under the assumption that aircraft fly at constant speed between waypoints. Since the gain value between A and B is given by 

GAB=TB－TA





(17)

the gain value between A and C is given by

GAC=TC－TA.





(18)

Transform the equation (14) using equations (1), (2), (12) and (13), then we get
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We have proven that the gain/loss values are reduced by half if the separation between compulsory reporting points becomes half.
5.4 Figure 3 and 4 show that the frequency of small gains (large losses) occurrence increases as initial time separation becomes larger. It comes from that air traffic controllers tend to pay much attention on relative speed and issue the flight level change or speed control to aircraft when the following aircraft seems to break the separation minimum. If the separation between compulsory reporting points becomes half, air traffic controllers may not issue the speed control or ascending/descending even if the relative speed is the same because aircraft does not break the separation minimum. Since equations (11)-(14) is the results of these ATC actions, if we assume that the gain/loss distribution has the half mean and half standard deviation of the right hands of these equation, it leads an underestimation of the risk.
5.5 Air traffic controllers are expected to pay more attention on relative speed when the initial time separation is small. Since almost all aircraft pairs in the 13,355 observed pairs have large initial separations, if we use the distribution given in Figure 2 irrespective of initial time separations, the risk is not underestimated.
5.6 Since the mean of gain value for the 13,355 observed pairs is 0.04178 minutes and the standard deviation is 2.141 minutes. Therefore, the expected mean and the standard deviation of the gain/loss distribution under the condition that the separation between the compulsory reporting points becomes half are 0.04178/2=0.02029 and 2.141/2=1.071, respectively. We get the following formulae.
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We apply the same analysis on the aircraft pair flying A590 and R220, respectively. The followings are results.
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Because of the small amount of data set, we did not conduct the same analysis for the other routes in NOPAC.

5.7 The distribution of initial time separation is expected to remain if the number of compulsory reporting points is doubled. Hence the same distribution is also utilized for the estimation of collision risks in this case.
5.8 The collision risk was estimated using equations (1), (6), (8), (20)-(25) and Table 5 and 6 Table 7 summarizes the results. The highest collision risk in the table is 1.93x10-9 [fatal accidents/flight hour] and meet the TLS (5.0x10-9). Therefore, it is concluded that the airspace remains to be safe under 10-minutes separation minimum if new compulsory reporting points are installed at the middle points between current compulsory reporting points. 

Table 7 : collision risk model parameters
	ATS routes
	Mean and standard deviation of Gain/Loss distribution
	Collision risk estimation
	Comparison with TLS

	NOPAC
	Equations (20) and (21)
	9.89x10-10
	satisfied

	A590
	Equations (22) and (23)
	9.89x10-10
	satisfied

	R220
	Equations (24) and (25)
	1.93x10-9
	satisfied


6. conclusion
6.1 The probability that a following aircraft in NOPAC without assignment of mach number overtakes a leading aircraft becomes lower in comparison with the 1970’s CEP aircraft to which mach number technique is applied.  On the other hand, the path-keeping performance and the height-keeping performance have been improved and the probability that the overtaking aircraft makes a collision becomes higher. The collision risk under 10-minutes separation is 2.42x10-8 [fatal accidents/flight hour] even if we adopt an optimistic assumption. It does not meet the target level of safety 5.0x10-9. 
6.2 In Japanese NOPAC, the separation between current compulsory reporting points is 660NM. The collision risk estimation is conducted under the assumption that new compulsory reporting points are installed at the middle points between current compulsory reporting points. The collision risk was at most 1.93x10-9 [fatal accidents/flight hour] in this case. Therefore, it is concluded that the airspace remains to be safe under 10-minutes separation minimum if new compulsory reporting points are installed at the middle points between current compulsory reporting points.
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