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Summary

This paper contains the safety assessment for the implementation of the 50 nautical mile (NM) longitudinal separation standard in Sectors 10 and 11 in the Anchorage Oceanic Flight Information Region (FIR).  The safety assessment presented in this document includes information verifying that the Automatic Dependent Surveillance (ADS) requirements of ICAO Document 4444, as they pertain to application of the 50 NM longitudinal separation standard, are satisfied in the Anchorage Oceanic FIR.  
A relatively small number of proximate ADS aircraft pairs were observed in the six month data sample.  Due to the small number of proximate aircraft pairs, a conservative estimate of an important collision risk model was used in this safety assessment.  The estimate of longitudinal collision risk for ADS aircraft operating in Anchorage Oceanic airspace with a 50 NM longitudinal separation standard is 3.83 x 10-9 fatal accidents per flight hour.  This value satisfies the Target Level of Safety (TLS) value applicable to judging the safety of the longitudinal separation standard, 5.0 x 10-9 fatal accidents per flight hour due to the loss of planned longitudinal separation.  The FAA will continue to collect data and evaluate the risk estimate associated with the 50 NM longitudinal separation standard in the Anchorage Oceanic FIR.  A much larger sample of observed ADS proximate aircraft pairs are needed to develop a higher confidence in the risk estimate for the system.
1.
Introduction
1.1 In March 2007, the FAA introduced the Ocean21 oceanic automation system into full-time operation in Sectors 10 and 11 at the Anchorage Air Route Traffic Control Center (ZAN).  The purpose of this paper is to present the safety assessment for the application of the 50 nautical mile (NM) longitudinal separation standard in Sectors 10 and 11 in the Anchorage Oceanic FIR.
2 Discussion

2.1 Attachment A of this working paper contains the safety assessment report for the application of the 50 NM longitudinal separation standard in Anchorage oceanic airspace.
3.
Action by the meeting
3.1 The meeting is invited to note the information provided in this paper.
3.2 The meeting is further invited to examine the results of the analysis which show that, with the data available to date, the safety criterion for application of 50 NM longitudinal separation in Anchorage oceanic airspace is satisfied.  
- END -
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1.
Introduction

1.1. In October 2005, the U.S. Federal Aviation Administration (FAA) introduced the Ocean21 oceanic automation system into full time operation at the Oakland Air Route Traffic Control Center (ZOA).  In November 2005, the FAA implemented the 50 NM longitudinal separation standard in the Oakland Oceanic Flight Information Region (FIR).  This implementation was made possible with the introduction of the Ocean21 system and improvements made in the communication, navigation, and surveillance systems by the airspace users and service providers.  The 50 NM longitudinal separation standard is available for suitably equipped aircraft in the Oakland FIR.  

1.2. In March 2007, the FAA introduced the Ocean21 oceanic automation system into full-time operation in sectors 10 and 11 at the Anchorage Air Route Traffic Control Center (ZAN).  The purpose of this document is to present the safety assessment for the application of the 50 NM longitudinal separation standard in Sectors 10 and 11 in the Anchorage Oceanic FIR.

2. Background
2.1. The requirements for implementation of a 50 NM longitudinal separation standard using automatic dependent surveillance (ADS) are listed in Section 5.4.2.6 of reference 1.  Among them are that aircraft must be approved to Required Navigation Performance (RNP)-10 and have direct controller-pilot communications (DCPC).  The ADS service must operate with a maximum periodic reporting interval no greater than 30 minutes.  ADS requirements are specified in Chapter 13 of reference 1.

2.2. Reference 2 contains more detailed background information pertaining to the analyses justifying application of the 50 NM longitudinal separation standard.

2.3. The safety assessment presented in this document includes information verifying that the ADS requirements of reference 1, as they pertain to application of the 50 NM longitudinal separation standard, are satisfied in the Anchorage Oceanic FIR.  In addition, this document provides comparisons of important parameter values in the target airspace to those of reference 2 used in development of the requirements for safe application of the 50 NM longitudinal separation standard under the general assumptions of RNP-10 navigational performance and the use of controller-pilot data link communication (CPDLC) and ADS.

3. Description of the Anchorage FIR 

3.1. Figure 1 shows the location of the Anchorage oceanic airspace.  The western boundary of the Anchorage Oceanic FIR borders the Fukuoka FIR.  Air Traffic Services (ATS) for the Fukuoka FIR are provided by the Japan Civil Aviation Bureau (JCAB) Air Traffic Management Center (ATMC).  The southern boundary of the Anchorage Oceanic FIR borders the Oakland FIR.  The U.S. FAA is the ATS provider for the Oakland FIR.  The northern boundary of the Anchorage Oceanic FIR borders airspace controlled by the Russian Federation.  

3.2. The data used for the analysis of traffic movements within the Anchorage Oceanic FIR were obtained from Ocean21 archived data, from March through August 2007.  
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Figure 1.  Anchorage Airspace
3.3. The principle traffic flows within the Anchorage FIR are contained on the North Pacific (NOPAC) Route System.  This route system is comprised of five main airways used by aircraft traveling between North America and northern Asia.  

3.4. Figure 2 presents the percentage of ADS traffic observed at each of the five main airways crossing the Fukuoka/Anchorage FIR boundary.  
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Figure 2.  Percent of ADS Traffic by Airway Fix/Route in the Anchorage Oceanic FIR – March – August 2007

3.5. Three of the five main airways in the NOPAC are one-way routes.  Airway R220 and R580 are westbound routes.  Airway R590 is an eastbound route.  The remaining two routes, R591 and G344, allow for bi-directional traffic using flight level allocation rules.  The westbound route R220 has the largest percent of ADS traffic in the Anchorage Oceanic FIR with 40.75 percent.  

3.6. An average of 440 flights per day operate within the Anchorage FIR.  Twenty-two percent of the flights utilize ADS for position reporting.  The total number of unique ADS aircraft operations observed in Anchorage oceanic airspace from March through August 2007 was 17,294.  The proportions of ADS aircraft traveling eastbound and westbound were 40.53 and 59.47 percent, respectively.  

4. Operators and Aircraft Types Eligible for the Longitudinal Separation Reduction 

4.1. As noted above, an operator and aircraft must have State approval for RNP-10 operations, and be equipped with CPDLC and ADS in order to be eligible for application of the 50 NM longitudinal separation standard.  
4.2. Appendix A contains the operator-aircraft type combinations from flights utilizing ADS to report position within the Anchorage Oceanic FIR from March to August 2007.  This subset of traffic represents the operations eligible for 50 NM longitudinal separation within the Anchorage Oceanic FIR.  The percentages listed in Appendix A represent the proportions of operations for the respective operator-aircraft type combinations.  

4.3. Table 1 displays the proportions of aircraft types observed using ADS for position reporting in the Anchorage FIR.  The top 2 aircraft types, B747-400 and B777-200, represent approximately 66 percent of the operations of those utilizing ADS in the Anchorage Oceanic FIR.  The top 3 aircraft types represent nearly 85% of operations and the top 5 types represent more than 95% of them.  

	Aircraft Type
	Count
	Proportion in Airspace

	B744
	6370
	45.55%

	B772
	2881
	20.60%

	MD11
	2613
	18.68%

	B773
	1054
	7.54%

	A332
	419
	3.00%

	A343
	204
	1.46%

	A345
	154
	1.10%

	B763
	124
	0.89%

	B742
	80
	0.57%

	A346
	44
	0.31%

	K35R
	20
	0.14%

	A333
	9
	0.06%

	B741
	4
	0.03%

	C5
	4
	0.03%

	B737
	2
	0.01%

	C130
	1
	0.01%

	C135
	1
	0.01%

	GLF5
	1
	0.01%


Table 1.  Aircraft Types Utilizing ADS in Anchorage Oceanic FIR
5. Safety Assessment Methodology
5.1. In accordance with the requirements and guidance of references 1 and 2, the safety assessment described in this document consists of estimating the risk of collision which will pertain when the 50 NM longitudinal separation standard is applied in the Anchorage Oceanic FIR and comparing this risk to the specified Target Level of Safety (TLS).  
5.2. As stated in reference 3, Attachment B, Paragraph 3.2.1, the value of the TLS which applies to the longitudinal dimension is 5 x 10-9 fatal accidents per flight hour.  

5.3. Estimation of collision risk in this safety assessment is carried out using the general collision risk model.  No explicit derivations of the model form will be provided in this safety assessment.  The interested reader is referred to the portions of reference 7 cited below for the technical details of the assumptions and mathematical details of the model. 

5.4. Longitudinal Risk Model

5.4.1. The generalized form of the longitudinal collision risk model applicable to assessing the risk, the number of accidents per flight hour, Nax, associated with a 50 NM longitudinal separation standard is given in reference 7.  Assuming that flight is on the same ground track, this generalized form becomes
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(1)

where the individual parameters of the longitudinal collision risk model and their definitions are given in Table 2.  

	Term
	Definition

	Pz(0)
	Probability of vertical overlap of airplanes assigned to the same flight level

	Py(0)
	Probability of lateral overlap of airplanes assigned to the same route

	(x
	Average aircraft length

	(y
	Average aircraft wingspan (or width)

	(z
	Average aircraft height with undercarriage retracted
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	Average absolute relative along-track speed between aircraft pairs
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	Average absolute relative cross-track speed between aircraft pairs
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	Average absolute relative vertical speed between aircraft pairs

	M
	Minimum initial longitudinal separation distance (50 NM) between airplanes assigned to the same flight path

	M
	Maximum of the maximum decrease of initial separation, for all pairs of consecutive airplanes assigned to the same flight path

	T
	Average time to cross the oceanic airspace

	Nax
	Number of accidents per flight hour due to the loss of planned longitudinal separation
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	Joint probability density function of initial separation and maximum decrease  of separation for a pair of consecutive airplanes assigned to the same flight path


Table 2.  Longitudinal Collision Risk Model Parameters
5.4.2. Further interpretation of the parameters in Table 2 will be given later in this document.  The next section describes the sources of data used to estimate several of these parameters.  

6. Data Sources Used for the Safety Assessment

6.1. Several data sources were used to assist in conducting the safety assessment.  These data sources provide insight into the operations of the Anchorage Oceanic FIR, and support the estimation of values for several of the parameters shown in Table 2. 

6.2. Safety Databases

6.2.1. A group of FAA databases, collectively called the National Airspace Incident Monitoring System (NAIMS), contains information regarding all reported instances of operational errors made by flight crews or air traffic controllers, with such reports being compulsory for FAA personnel witnessing such errors.  In addition, the U.S. National Aeronautics and Space Administration (NASA) administers the Aviation Safety Reporting System (ASRS), a database of similar incident reports, with reporting being non-compulsory and the identity of reporters being kept anonymous.

6.2.2. The Technical Center assembled all reports from NAIMS and ASRS for the period March 2006 through August 2007 for use in the safety assessment.

6.3. Ocean21 Archived Data
6.3.1. As noted earlier, the Ocean21 automation system became fully operational on 1 March 2007.  Since this time, the system operations experts at Anchorage Oceanic Center have provided the Technical Center with all of the archived Ocean21 operations data.  These data are available for the period March through August 2007.  These data consist of all the flight plans, plus the high frequency (HF), CPDLC, and ADS communication messages provided from the comprehensive data reduction and analysis capabilities of Ocean21.  

6.3.2. A key difference between many safety assessments conducted to support implementation of previous changes to oceanic horizontal-plane separation minimum and the safety assessment described in this document is the explicit account taken of a controller decision-support system to reduce risk.  In this document, the system consists of aids provided by Ocean21 – such as conflict probe and a display of accurate aircraft position - and the information supplied to this automation system by CPDLC and ADS.

6.3.3. Table 3 describes the types of ADS uplink messages; Tables 4A and 4B cover ADS downlink messages.  Each table provides the names of the various message types, the corresponding three-letter identifiers used as shorthand, and descriptions of the messages.  In addition, for some message types, there are brief examples of the contents.

6.3.4. As was noted in the Background section of this document, safe introduction of the 50 NM longitudinal separation minimum requires, in accordance with reference 1, that CPDLC and ADS be operational in the airspace and that the ADS function have certain properties.  In particular, there is the requirement for a 30-minute periodic ADS reporting rate, and a request for a position update if a periodic ADS position report is delayed by three minutes or more.

6.3.5. The message types in Table 3 demonstrate that Ocean21 is capable of full compliance with these requirements.

6.3.6. Entry four in the table (identifier PER) establishes the contents of the basic ADS message (identifier BAS – see table 4A) to be transmitted by an aircraft when engaged in an ADS contract.  Ocean21 detection of RNP-10 approval in an aircraft’s flight plan results in transmission of a PER message setting the ADS periodic reporting rate (identifier ITV) to 27 minutes.  
6.3.7. Ocean21 monitors automatically the interval between receipt of BAS reports for each aircraft under contract.  Should an ADS message be overdue by more than 3 minutes relative to the value of ITV established with the aircraft, Ocean21 automatically sends a PER uplink message with ITV=0, thus requiring that the aircraft transmit a BAS message immediately.

	Message Type
	Identifier
	Description

	Cancel ADS contract number N with an aircraft
	CCR
	Identifies Ocean21-initiated ADS contract number to be cancelled with an aircraft

	Cancel all contracts and terminate ADS connection
	CTC
	Cancels all contracts with an aircraft and terminates ADS connection

	Contract number N has total and type of events included
	EVT
	Contains the total number of contracts and the listing of types and parameters of events in the contract (for example, waypoint reports, lateral deviation bound, and vertical rate bound)

	Contract number parameters
	PER
	Identifies various ADS reporting parameters to be included in the basic (BAS) periodic report to be provided automatically by an aircraft at a fixed interval (for example, the reporting interval in seconds, whether or not aircraft-referenced, earth-referenced or meteorological information is to be included in the downlink message – see table 5A for details of the information)


Table 3.  ADS Uplink Message Types and Descriptions

	Message Type
	Identifier
	Description

	ADS disconnect
	
	Disconnect ADS and provide reason for breaking connection (for example, “ADS Disconnect:  Normal disconnect”)

	Acknowledge
	ACK
	Acknowledge an ADS uplink message (for example, “ACK:  Request for contract 2”)

	Basic Periodic Report 
	BAS
	Contains aircraft position report and other information specified in the periodic contract – see PER message in table 3 – (for example,

  Position report

 “BAS:

  Pos = lat/long

  Alt = n1 feet

  Time = hh:mm:ss

  Multiple NAV units

  Accuracy < 0.25 nm

  TCAS is ON”

 Next and next+1 waypoints:

 “PRR:

  Pos = lat/long

  Alt = n2 feet

  ETA= hh:mm:ss  

  Pos = lat/long

  Alt = n3 feet

  Earth-referenced current flight data:

 “ERF: 

  Track = m degrees

  GS (groundspeed) = v knots

  VR (vertical rate) = k ft/min

   Aircraft-referenced current flight data:

 “ARF: 

   Heading = n degrees

   Speed = r Mach

   VR (vertical rate) = k ft/min

   Meteorological data

  “MET: 

  Wind dir = j degrees

  Wind spd = r knots

  Temp = d C


Table 4A.  ADS Downlink Message Types and Descriptions

	Message Type
	Identifier
	Description

	Lateral deviation
	LDC
	Report of a lateral deviation from planned routing greater than that specified in the event contract – PER, table 5  (for example,

 “LDC:

   Pos = lat/long

   Alt = n1 feet

   Time = hh:mm:ss

   Multiple NAV units

   Accuracy < 0.25 nm

   TCAS is ON”)

	Negative Acknowledgment
	NAK
	Negative acknowledgment; provides a reason for negative ACK (for example,

 “NAK:

   Request for contract 0 is rejected due to duplicate request number”)

	Vertical rate change
	VRC
	Contains aircraft position and vertical rate change greater than set in event contract – EVT table 5 – (for example,

“VRC:

  Pos = lat/long

  Alt = n1 feet

  Time = hh:mm:ss

  Multiple NAV units

  Accuracy < 0.25 nm

  TCAS is ON”

 ERF: 

  Track = m degrees

  GS (groundspeed) = v knots

  VR (vertical rate parameter) = i ft/min”)

	Waypoint change
	WPC
	Contains position report of aircraft as it crosses a defined waypoint in its flight plan– EVT, table 5 – (for example,

 “WPC:

  Pos = lat/long

  Alt = n1 feet

  Time = hh:mm:ss

  Multiple NAV units

  Accuracy < 0.25 nm

  TCAS is ON”

 PRR:

  Pos = lat/long

  Alt = n2 feet

  ETA= hh:mm:ss  

  Pos = lat/long

  Alt = n3 feet”)


Table 4B.  ADS Downlink Message Types and Descriptions - Concluded

6.3.8. The Ocean21 archived data also contains the filed flight plans and the HF and CPDLC messages from all the flights operating within the Anchorage Oceanic FIR.  An example of each is shown in Table 5.  

	Message Type
	Example from Ocean21 Archived Data

	HF Position Report
	FI CAL005/OV 35N150W 0155 F320/EO 33N160W 0256/NP 32N170W

	CPDLC Position Report
	POSITION REPORT Pos: 2504N14325W
Time: 0018
Alt: F390
Next Fix: FABBO
Time at Next Fix: 0056
Next Fix Plus One: FANTO
Time at Destination: 0227
Temp: -52 C
Winds: 300 Degrees at: 032 Knots
Speed: M084
ReportedWaypointPosition : FADER
ReportedWaypointTime: 0016
ReportedWaypointAltitude: F390
DEVIATING R 001 NM OF ROUTE

	ICAO File Flight Plan
	FPL-UAL830-IS 

-B772/H-SXWDHIJRYZ/CD

-RJGG0655

-N0497F330 DCT CBE DCT KAZKI DCT KZE/M084F330

 DCT PETAL OTR14 VACKY OTR13 SEALS DCT 35N150E/M084F350

 35N160E 37N170E 40N180E 42N170W 42N160W/M084F370

 42N150W 42N140W 41N130W DCT UNVER/N0482F370

 DCT ENI J|143 PYE GOLDN4

-KSFO0827 KOAK

-EET/KZAK0217 KZOA0739 

 REG/N798UA SEL/ASFK DAT/SV NAV/RNP10 RALT/RJAA PMDY PACD CYVR 

 RMK/TCAS EQUIPPED 180 MIN ACFT


Table 5.  Examples of Archived Data from Ocean21: ICAO Filed Flight Plans, HF, CPDLC Messages

7. Characteristics of the Anchorage Oceanic Airspace

7.1. This section will provide further information on the flights eligible for the 50 NM longitudinal separation in the Anchorage Oceanic FIR.  Figures 1 and 2, provided in Section 3 of this document, describe the location of the Anchorage Oceanic airspace and the observed ADS traffic loading on the five primary routes during the five months of traffic data examined.  

7.2. There was a larger proportion of traffic traveling westbound when compared to the proportion of traffic traveling eastbound in the Anchorage Oceanic FIR.  It was noted in paragraph 3.6 that the proportion of ADS aircraft traveling eastbound and westbound was 40.53 and 59.47 percent, respectively.

7.3. Initial Separation of Aircraft Pairs at the Boundary of the Anchorage Oceanic FIR  

7.3.1. Aircraft packing in the Anchorage Oceanic FIR is important to risk estimation.  Definitive information on aircraft packing is gained from the history of inter-aircraft separations on entering the Anchorage FIR.  
7.3.2. Times of crossing into the Anchorage Oceanic FIR, available from the archived Ocean21 data, were examined for the period March through August 2007.  The Ocean21 data used for this analysis contained aircraft positions derived from ADS position reports.  Therefore, both flights in the proximate aircraft pair were ADS flights.  Two flights are considered a proximate pair if both use ADS, their entry positions were within 15 NM of each other, they were at the same flight level, and their entry times were within 19 minutes of each other.  These time intervals were organized into one-minute bins and are presented in Figure 3.  The precision of the position times were to the second.  The midpoint of each one-minute bin is 30 seconds.  Each initial separation bin includes the values in the sequence [x,y).  For example, the notation [10,11) and [11,12) can be used to indicate which initial separation values are included in the 10-minute and 11-minute initial separation bins, respectively.  
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Figure 3.  Relative Frequency Distribution of Time Differences between Proximate ADS Aircraft Pairs Crossing the ZAN FIR Boundary

7.3.3. Additionally, the separation between proximate ADS aircraft entering the Anchorage Oceanic FIR was observed in terms of distance.  The distance intervals were organized into bins of 1 NM and presented in Figure 4.  The distances between aircraft pairs were produced by interpolating between the ADS reports to determine the location and time of aircraft at common points.  The resulting distances were computed as great circle distances between the airplanes at the moment the trailing aircraft crossed the common point.  

[image: image10.jpg]Percent of Total

30

25

o
S

o

=

05

00

ZAN Oceanic Airspace Initial Separation for ADS Aircraft
I I I

50 100 150

Initial Separation (nrm)





Figure 4.  Relative Frequency Distribution of Initial Separation between Proximate ADS Aircraft Pairs Crossing the Anchorage Oceanic FIR Boundary

8. Analysis of Data Retrieved from Safety Databases 
8.1. As noted previously, the NAIMS and ASRS safety databases were examined for the period 1 March 2006 through 31 July 2007 in a search for events of possible importance to the application of the 50 NM longitudinal separation minimum.  The search criteria used in this examination were made broad deliberately in order to minimize the possibility of missing such events.  As a consequence, all Pacific oceanic reports from NAIMS were examined initially for the stated period.  Search criteria for ASRS reports were “link,” “screen,” “ocean,” “CPDLC,” “FANS” and “Pacific.”  The inclusion of “screen” in the search criteria was intended to capture all reports of possible problems with using the display forming part of the FANS flight deck suite, which had been identified as a problem with the use of FANS equipment in the latter 1990’s.

8.2. The data sources produced 2 incident reports, both from NAIMS – relating to longitudinal events.  These reports, providing details of the events are shown in table 6.
	Report Number
	Date
	Facility
	Sector
	Systematic Random
	Cause

	ZANC07D003
	3/14/2007
	ZAN
	
	Random
	ATC loop error – ATC altered incorrect parameter in Ocean21 system – the aircraft entered adjacent FIR 20 minutes earlier than expected

	ZANC07D004
	4/16/2007
	ZAN
	10
	Systematic
	Transfer Error – no transfer information provided to adjacent facility


Table 6.  Summary of Reports from NAIMS and ASRS Databases Reviewed in Connection with Safety Assessment

8.3. Reports of these types will continue to be monitored by the FAA Technical Center and reported to the FAA Oceanic Separation Reduction Working Group (OSRWG) for consideration.  
9. Data Collected from Ocean21 Archives

9.1. As will be recalled from the description of Ocean21 operation in the Anchorage Oceanic FIR in Section 6.3, the system became fully operational on 1 March 2007 after undergoing extensive preparation.  Anchorage automation specialists have provided the Technical Center with all data archived from the system for the period 1 March through 31 July 2007 for use in conducting the safety assessment.  

9.2. Overview of Ocean21-Recorded ADS Downlink Messages

9.3. The ADS downlink message provides a “pseudo-radar” picture of aircraft position at the update rate specified in an ADS contract.  At least implicitly, requirements for ADS in listed references 1 and 2 refer to this fundamental ADS message.  As a result, it is valuable to examine Ocean21 data sources in order to observe its occurrence.
9.4. Figure 5, using data from the Ocean21 system, shows aircraft locations obtained from ADS Basic Periodic Reports transmitted in March 2007.  The locations of the five primary airways are apparent in Figure 5.  The reader will note that many positions shown in Figure 5 are external to the Anchorage Oceanic FIR.  None of these external data has influenced the safety assessment process.  
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Figure 5. ADS-C Basic Periodic Reports Positions Obtained from Archived Ocean21 Data – March 2007

10. Message Transit Times for ADS Messages

10.1. Delay between aircraft position determination and receipt of the corresponding ADS position report is important in the application of reduced horizontal-plane separation standards.  However, references 1 and 2 do not list extensive criteria for such performance.  The FANS Interoperability Team has set goals – not requirements – for various data link performance measures.

10.2. One such measure is delay time of all downlink messages, both ADS and CPDLC.  The Team’s goals for this performance measure are that 95 percent of the messages be received within 60 seconds and 99 percent be received within 180 seconds.  Figures 6 and 7 provide the performance of the ADS-only downlink in the Anchorage FIR from March through August 2007. 
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Figure 6.  Percent of ADS-C Downlink Messages with Transit Times ≤ 60 Seconds
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Figure 7.  Percent of ADS-C Downlink Messages with Transit Times ≤ 180 Seconds

10.3. The FAA has examined similar data contained in Figures 6 and 7 from the Oakland FIR since the introduction of the ADS-based separation standards in November 2005.  The FAA has determined that the availability of datalink communication services in the airspace is the largest concern for ADS-based separations.  Because the availability of the datalink communication services is critical to the application of ADS-based separation standards, the FAA will continue to monitor the performance of the datalink communication services in the Oakland and Anchorage FIRs.  

10.4. Since the implementation of ADS-based separation standards in the Oakland FIR, the FAA has observed periods of poor performance in the datalink communication services.  During these periods, the FAA temporarily discontinued the use of ADS-based separation standards in the Oakland FIR.  The use of ADS-based separation standards in the Oakland FIR was severely limited after the communication service was found to exhibit inadequate reliability.  

11. Ocean21 Decision-Support Features Important to the Application of the 50 NM Longitudinal Separation Standard
11.1. The Ocean21 system provides many enhancements to the application of air traffic control in the Anchorage FIR.  Several of these are particularly important to use of the 50 NM longitudinal separation minimum during the operational trial.  The data collected in this study were taken under conditions where the Ocean21 system was present.  It is not possible to separate the effect of the air traffic control automation and decision support tools from the data.  Therefore, it can be concluded that the Ocean21 system (or similar functioning system) must also be present when applying the reduced separation minimum. 
11.2. Ocean21 Display

11.2.1. The system aids controller situational awareness and decisions using a full-color display which provides important descriptive data for each aircraft, including indications of separation minima which may be approved for the aircraft.  The display presents the full geographic extent of the controller’s area of responsibility, as well as adjacent areas.
11.3. Ocean21 Conflict Probe

11.3.1. Upon receipt of an ADS report from an aircraft, or controller request for examination of a modification to an aircraft’s current flight plan, the system automatically looks for conflicts between aircraft trajectories, or violations of applicable separation standards, between the aircraft and all others in the airspace, using a preset interval look-ahead time.  If a conflict is uncovered, the controller is notified on the Ocean21 display by means of flashing colored leader lines from the two aircraft in conflict, with intersection of the lines at the projected point of conflict.  The probe is informed not only by previously received ADS position reports from all aircraft under air traffic control, but also by meteorological forecasts which are updated appropriately to the latest version received at the Anchorage FIR.
12. Parameters For the Longitudinal Risk Model

12.1. Aircraft length, wingspan and height - (x, (y and (z
12.2. These are the dimensions of the slab referenced above.  The length, wingspan and height of the average aircraft observed in the Anchorage Oceanic FIR are obtained from the aircraft types listed in Table 1 of this document.  The length, wingspan, and height of the average aircraft are obtained using a weighted average based on the proportion of aircraft types observed in the airspace (see Table 1).  Table 7 shows the details, the average aircraft length, wingspan, and height, expressed in nm, are 0.03618, 0.03278 and 0.01013, respectively.

	Aircraft Type
	Proportion in Airspace
	Length, λx
	Wingspan, λy
	Height, λz

	B744
	45.55%
	0.03816
	0.03480
	0.01048

	B772
	20.60%
	0.03441
	0.03290
	0.01000

	MD11
	18.68%
	0.03307
	0.02806
	0.00968

	B773
	7.54%
	0.03988
	0.03290
	0.00998

	A332
	3.00%
	0.03105
	0.03256
	0.00939

	A343
	1.46%
	0.03437
	0.03256
	0.00909

	A345
	1.10%
	0.03665
	0.03426
	0.00923

	B763
	0.89%
	0.02967
	0.02569
	0.01229

	B742
	0.57%
	0.03816
	0.03220
	0.01044

	A346
	0.31%
	0.04067
	0.03426
	0.00934

	K35R
	0.14%
	0.02241
	0.02154
	0.00686

	A333
	0.06%
	0.03437
	0.03256
	0.00909

	B741
	0.03%
	0.03816
	0.03220
	0.01044

	C5
	0.03%
	0.04066
	0.03666
	0.01069

	B737
	0.01%
	0.01816
	0.01932
	0.00678

	C130
	0.01%
	0.01609
	0.02181
	0.00637

	C135
	0.01%
	0.02781
	0.02154
	0.00686

	GLF5
	0.01%
	0.01587
	0.01539
	0.00425


Table 7.  Size of ADS Aircraft Observed in the Anchorage Oceanic FIR

12.3. Probability That Two Aircraft Assigned to the Same Flight Level Are in Vertical Overlap: Pz(0)
12.3.1. The probability of vertical overlap required to estimate longitudinal risk is that associated with two co-altitude aircraft.  The value used in this safety assessment, 0.538, has been used previously for other Pacific risk assessments and reflects the positive effect of the RVSM on height-keeping performance.

12.4. The Average Relative Vertical Speed of Two Aircraft Assigned to the Same Flight Level: 
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12.4.1. As has been the case in all recent safety assessments conducted to support separation changes in the Pacific and North Atlantic, the value used in this document is 1.5 knots.  This value also reflects the effect of the RVSM on height-keeping performance.

12.5. The Average Relative Along-Track Speed Between Aircraft on Same Direction Routes: 
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12.5.1. The value estimated from a 1995 North Atlantic sample of 11,429 proximate same-direction aircraft pairs was 13 knots.  This value is used in recent safety assessments conducted to support separation changes in the Pacific and North Atlantic.  

12.6. Probability That Two Aircraft Assigned to the Same Route Are in Lateral Overlap: Py(0), and Relative Across-Track Speed of Two Aircraft Assigned to the Same Route 
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12.6.1. The use of GPS in determining aircraft position produces highly accurate results.  In turn, these accurate position estimates produce smaller lateral errors from course and lower across-track velocities.  Smaller lateral errors produce higher values of Py(0), thus increasing the risk of collision in the event that airplanes lose their assigned longitudinal separation.  This “navigation paradox” – improvements in navigation in one dimension increase collision risk in another – is well known.  Its presence in the application of 50 NM separation minima is found in the estimation of longitudinal risk.
12.6.2. The FAA Technical Center made estimates of Py(0) for varying percentages of GPS-equipped aircraft in connection with implementation Pacific RVSM.  If all aircraft in Pacific airspace were of B747-400 size and equipped with GPS, the estimated value of Py(0) would be 0.67  In contrast, if there were no GPS-equipped aircraft in the airspace, the value would be only 0.019.  The value of Py(0) assuming 100-percent GPS equipage has been used in assessing a conservative longitudinal risk.
12.6.3. As has been the case in all recent safety assessments conducted to support separation changes in the Pacific and North Atlantic, the value of the average absolute relative cross track speed, 
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, used in this document is 5 knots.

12.7. Probability of a Longitudinal Overtake

12.7.1. The remaining factor in Equation (1), 
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, represents the probability that a randomly chosen pair of consecutive airplanes, assigned to the same flight path, experiences a longitudinal overtake.  The function f is the joint probability density function of the initial separation distance between the airplanes and the maximum decrease in separation between them during their oceanic crossing.  Reference 7 contains the derivation of this probability for continuous functions.  

12.7.2. Distribution of Initial Longitudinal Separation

12.7.2.1. The initial longitudinal separation distribution observed between ADS aircraft pairs in the Anchorage Oceanic FIR is shown in Figure 4.  The majority of the data in the empirical distribution begins around 80-nm, which is approximately equivalent to 10-minutes if the average aircraft speed is taken to be 480 knots.  When evaluating the longitudinal collision risk for airspace in which a new separation standard is considered, the initial separation data is typically “shifted” to begin at the new separation minimum.  In this case, the empirical distribution is “shifted” to the left, so that the data begins at 50 NM, for use in the 50 NM longitudinal safety assessment.  

12.7.3. Distribution of the Maximum Decrease in Longitudinal Separation

12.7.3.1. Actual information on the way in which co-altitude aircraft are spaced longitudinally is observed from the traffic movement samples.  Proximate ADS aircraft pairs in the Ocean21 data were identified in the Anchorage Oceanic FIR.  A candidate pair was separated by 19 minutes or less somewhere during its transit across the Anchorage Oceanic FIR and must have progressed through at least two consecutive fixed latitude/longitude bands.  In addition, pairs that started at the same flight level and then climbed and sometime later achieved the same flight level were considered, even if there was an intermediate, instantaneous time where the aircraft pair were not at the same flight level.  For computational purposes, closely separated aircraft were identified and their relative spacing was tracked as long as they were linked through common waypoints.  To summarize the gain/loss performance of a given pair, the value associated with the last common point was used.  Using this approach, the data represent aircraft pairs that were actually longitudinally separated throughout the airspace.  This method for identifying aircraft pairs is similar to that used in the study supporting 10-minutes longitudinal separation without the use of Mach speed assignment contained in reference 4.  A measure of the actual gain/loss performance was obtained that reflects its intended use.
12.7.3.2. This analysis differs from the studies described in references 5 and 6 where aircraft were paired that were separated by larger amounts of time (as much as 60 minutes) and some of which also admitted pairs to the sample that were not operating at the same flight levels.  
12.7.3.3. The current longitudinal separation standard for aircraft operating in the Anchorage Oceanic FIR is 15-minutes.  On April 12, 2007 Anchorage Oceanic FIR initiated an operational-trial for the 10-minute longitudinal separation standard without mandatory assigned Mach number.  Figure 8 shows the analysis results for the proximate aircraft pairs in terms of time.  The vertical axis shows the change in separation between the aircraft pair.  A positive value indicates an increase in longitudinal separation and a negative value indicates a decrease in longitudinal separation between the aircraft pair.  The horizontal axis displays the initial separation between the aircraft pair.  The direction of travel for each aircraft pair is indicated in Figure 8 with a red “e” and a blue “w” for eastbound and westbound, respectively.  
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Figure 8.  Separation Change (Gain/Loss) for Pairs of ADS Aircraft Vs Initial Separation in Terms of Time

12.7.3.4. Some effects of the operational-trial for the 10-minute longitudinal separation without mandatory Mach number assignment are evident in Figure 8.  The expected direction of travel for aircraft participating in the operational trial for the 10-minute longitudinal separation without mandatory Mach assignment within the Anchorage Oceanic FIR is the eastbound direction.  This is due to the 15-minute longitudinal or 10-minute with assigned Mach number longitudinal separation standard for aircraft entering the adjacent FIR located on the western border of the ZAN airspace.  The range of the overall separation change observed for eastbound aircraft in Figure 8 is much smaller than the same range for westbound aircraft.  This smaller range in separation change has been observed in similar data collected in the Oakland FIR.  The reasons for the smaller change in separation are varied, but likely are related to closer ATC management techniques and better, more automated traffic monitoring tools supported by improved communications.  This is descriptive of an active ATC environment, despite the application of procedural rules.

12.7.3.5. The analysis results for the proximate aircraft pairs in terms of distance are shown in Figure 9.  Figure 9 displays the longitudinal separation change for each aircraft pair meeting the proximate aircraft pair criteria described in paragraph 12.7.3.1.  The vertical axis in Figure 9 represents the separation change in terms of distance (nm) between aircraft pairs.  Positive values indicate a gain in longitudinal separation and negative values indicate a loss in longitudinal separation between the aircraft pair.  The horizontal axis in Figure 9 represents the initial separation between the aircraft pair in terms of distance (nm).  Additional information is provided in Figure 9 which highlights the direction of travel for each aircraft pair observed in the sample.  The red “e” represents the change in separation observed from an aircraft pair traveling in the eastbound direction.  The blue “w” represents the change in separation observed from an aircraft pair traveling in the westbound direction.  
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Figure 9.  Separation Change (Gain/Loss) for Pairs of ADS Aircraft Vs Initial Separation in Terms of Distance

12.7.3.6. It is noted that the data shown in Figure 9 is drawn from operations reflecting the current 15-minute longitudinal separation standard.  Some of the eastbound aircraft pairs shown in Figure 9 may be participating in the 10-minute longitudinal separation standard operational trial mentioned earlier.  The change in separation in terms of distance (Figure 9) has a larger range than the change in separation in terms of time (Figure 8).  This is because the metric allows for an increase in precision in the calculations.  Typically, the average aircraft speed is estimated as 480 knots, or 8-nm per minute.  Using these values for the average aircraft speed, every minute of separation change displayed in Figure 8 would be equivalent to an 8-nm separation change observed in Figure 9.  

12.7.3.7. The separation change data is need to estimate the probability of an overtake.  In other airspaces where ATC are required to assign a Mach number to aircraft, such as the North Atlantic Oceanic airspace, the separation change data are typically “folded” for evaluation of the longitudinal collision risk.  By folding the separation change data, it is assumed that changes in separation between aircraft pairs are random; therefore the gain and loss data are combined to form a one-sided distribution.  This assumption is not made when evaluating the longitudinal risk for airspace in which controllers utilize automated decision support tools, such as those provided by the Ocean21 system, and the aircraft surveillance is enhanced by ADS-C.  For such airspace, it is assumed that the active ATC environment affects the separation gain or loss between an aircraft pair and that effect is not symmetric.  Our ATC experts have said that if the initial longitudinal separation is small or close to the minimum, ATC will order the pair so that the lead aircraft is the faster one.  If it is expected that the trailing aircraft would overtake the lead aircraft, ATC would apply control restrictions or another form of separation such as vertical or lateral separation to the aircraft pair.  Evidence of an active ATC environment is observed in Figures 8 and 9, in that larger gains in longitudinal separation were observed for several aircraft pairs with smaller initial separations.  

12.7.3.8. The maximum decrease in separation for each aircraft pair is determined from the separation change data.  If observed separation changes between an aircraft pair were positive the maximum decrease of separation was zero.  If any separation change between a pair was observed to be negative, the maximum decrease of separation was recorded.  Figure 10 presents the maximum decrease in separation versus the initial separation between ADS aircraft pairs observed in the data sample.  The red “e” represents the maximum decrease observed from an aircraft pair traveling in the eastbound direction.  The blue “w” represents the maximum decrease observed from an aircraft pair traveling in the westbound direction.  The initial separation distances between aircraft pairs were placed into 1-nm bins.
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Figure 10.  Maximum Decrease in Separation for Pairs of ADS Aircraft Vs Initial Separation in Terms of Distance

12.7.3.9. There were 878 proximate ADS aircraft pairs observed in the data.  An overall gain in longitudinal separation was observed in 490 aircraft pairs or approximately 56 percent of the proximate pairs.  These data can be seen in Figure 10 where the decrease in separation is equal to zero.  The remaining 44 percent of the aircraft pairs experienced a decrease in longitudinal separation.  Figure 10 shows the range of the loss data to vary with the initial separation.  Large maximum decreases in separation were observed for some aircraft pairs with large initial separations.  These cases show the ATC awareness of the erosion in separation, and the restraint in action until or unless the pair threatens to erode the separation minimum, and are therefore considered to be additional evidence of an active ATC environment.  

12.7.3.10.   As mentioned earlier, the probability of a longitudinal overtake is an integral of the joint probability density function of an aircraft pair’s initial separation distance and maximum decrease in separation.  Appendix B contains the empirical histogram in tabular form of the data presented in Figure 10.  Many of the cells in the table contained in Appendix B contain no data.  Numerous data are required to accurately populate a true bivariate density such as the one contained in Appendix B.  As mentioned earlier, in the six months of data examined, only 878 ADS aircraft pairs were observed, of which only 388 aircraft pairs experienced a decrease in separation.  

12.7.3.11.   Due to the small number of observed proximate ADS aircraft pairs in the data, a conservative estimate of the bivariate distribution for the decrease in separation is made for this safety assessment.  This conservative estimate makes use of two key observations of the data shown in Figures 8 and 9.  The first key observation is the noticeable split in the separation change between aircraft pairs as the initial separation increases.  When the initial separation is close the minimum, an increase in separation is more likely than a decrease, as mentioned earlier this is an indication of tactical ATC.  The second observation is the initial separation range in which it appears tactical ATC is being applied.  The data presented in Figures 9 and 10 show the range of initial separation of interest begins at the minimum separation and ends at approximately 110-nm.  It is believed that this initial separation range between the minimum and approximately 110-nm represents the area in which tactical ATC is applied.  It also coincides with the area most critical to the risk estimation.  
12.7.3.12.   Conservative Estimate of the Bivariate Distribution for the Overtake Probability
12.7.3.12.1. The bivariate distribution for the overtake probability considers both the initial separation and the change in separation between each proximate aircraft pair.  The use of a bivariate probability distribution for the overtake probability assumes the two variables, initial separation and the change in separation, are not independent.  The conservative estimation of the change in separation variable was made using the data observed from aircraft pairs that experienced a decrease in separation and were initially separated by a distance less than 108-nm.  These data were fit to an exponential distribution with a mean of λ = 1 /4.263.  
12.7.3.12.2. The conservative estimation of the initial separation variable was made using the data observed from all 878 proximate aircraft pairs.  The initial separations were placed into 1-nm bins.  Each 1-nm bin includes the values in the sequence [x,y).  For example, the notation [50,51) and [51,52) can be used to indicate which initial separation values are included in the 50 NM and 51-nm initial separation bins, respectively.  The empirical initial separation distribution was shifted to begin at the 50 NM minimum longitudinal separation.  
12.7.3.12.3. In addition, the probability that a decrease in separation would occur for a pair of aircraft initially separated by less than 108-nm was determined.  This probability was computed from all the observed aircraft pairs in the data as a simple binomial proportion.  A binomial proportion is used to represent events that have two possible outcomes.  In this case, there were a total of 218 aircraft pairs with initial separation less or equal to 108-nm.  Of these 218 aircraft pairs, 145 pairs experienced an increase in separation and 73 pairs experienced a decrease in separation.  These values yield the binomial probability for an aircraft pair with initial separation ≤ 108-nm to have an observed decrease in separation as 73/218 or 0.335.  The complement of this value, 145/218 or 0.665, represents the binomial probability for an aircraft pair with initial separation ≤ 108-nm to have an observed increase in separation.  The latter of the two binomial probabilities given was used in each 1-nm bin to account for the probability that a decrease in separation would occur.  Appendix C contains the details of this conservative estimate to the bivariate probability density.
12.7.3.13. The conservative estimate of the longitudinal overtake probability is 2.57 x 10-9. 
12.7.4. More data need to be collected to populate the true bivariate probability distribution for the Anchorage oceanic FIR.  The FAA Technical Center will continue to monitor these data and populate the bivariate distribution related to the ADS-based longitudinal separation standard in the Anchorage oceanic FIR.  
12.8. The factor which represents the average time two aircraft are in longitudinal overlap, given that an overtake occurs is represented by 
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.  The average time to cross the Anchorage Oceanic airspace, T, is estimated as 0.89 hours.  

12.9. Table of longitudinal collision risk parameters

12.9.1. Table 8 contains a summary of the collision risk model parameters used in the safety assessment for the 50 NM longitudinal separation in Anchorage oceanic airspace.

	Parameter 

Symbol
	Parameter Definition
	Parameter

Value
	Source for Value
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	Average absolute relative along track speed between aircraft on same direction routes
	13 knots
	Estimated from a 1995 North Atlantic sample of 11,429 proximate same-direction aircraft pairs

	
[image: image24.wmf]y

&


	Average absolute relative cross track speed
	5 knots
	Used in Pacific and North Atlantic safety assessments
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	Average absolute relative vertical speed of an aircraft pair that have lost all vertical separation
	1.5 knots
	Used in Pacific and North Atlantic safety assessments
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	Average aircraft length
	0.03618 nm
	Weighted average based on 6 month traffic sample
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	Average aircraft wing-span
	0.03278 nm
	Weighted average based on 6 month traffic sample

	
[image: image28.wmf]z

l


	Average aircraft height with undercarriage retracted.
	0.01013 nm
	Weighted average based on 6 month traffic sample
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	Probability that two aircraft which are nominally at the same level are in vertical overlap.
	0.538
	Value used in Pacific RVSM safety assessments

	Py(0)
	Probability that two aircraft assigned to the same route are in lateral overlap
	0.67
	Conservative value assuming all aircraft were of B747-400 size and equipped with GPS
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	Probability of longitudinal overtake
	2.57 x 10-9
	Conservative Estimate from 6 month sample of ADS proximate pairs in Anchorage oceanic airspace

	T
	Average time to cross Anchorage oceanic airspace
	0.89
	Average time estimated from 6 month traffic sample


Table 8.  Collision Risk Parameters for 50 NM Longitudinal Safety Assessment in Anchorage Oceanic FIR

13. Estimation of Longitudinal Risk and Comparison to the TLS
13.1. Using the parameter values defined in section 12 and the longitudinal collision risk model stated in equation (1), the estimate of longitudinal collision risk for ADS aircraft operating in Anchorage Oceanic airspace with a 50 NM longitudinal separation standard is 3.83 x 10-9 fatal accidents per flight hour.  

13.2. This value satisfies the TLS value applicable to judging the safety of the longitudinal separation standard, 5.0 x 10-9 fatal accidents per flight hour due to the loss of planned longitudinal separation.

13.3. There were 878 proximate ADS aircraft pairs observed in the data.  An increase in longitudinal separation was observed in 56 percent of the proximate aircraft pairs.  The remaining 44 percent of the aircraft pairs experienced a decrease in longitudinal separation.  The data collected reveal evidence of tactical ATC being applied in cases where the initial separation between aircraft pairs is close to the minimum.  Analyses of these data show that one of the effects of applied tactical ATC is that increases in separation are more likely than decreases in separation between aircraft pairs with initial separations close to the minimum standard.  

13.4. The largest decrease in longitudinal separation observed in the data was 27-nm.  This particular decrease occurred between an aircraft pair with initial separation equal to 145-nm.  The analyses also revealed these cases, in which large decreases in separation were observed for some aircraft pairs with large initial separations.  These cases show the ATC awareness of the erosion in separation, and their restraint in action until or unless the pair threatens to erode the separation minimum, and are therefore considered to be additional evidence applied tactical ATC.  

13.5. Due to the small number of proximate ADS aircraft pairs observed in the six month data sample, a conservative estimate of an important collision risk model was used in this safety assessment.  The FAA Technical Center will continue to collect data and evaluate the risk estimate associated with the 50 NM longitudinal separation standard in the Anchorage oceanic FIR.  A much larger sample of observed ADS proximate aircraft pairs are needed to develop a higher confidence in the risk estimate for the system.  
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Appendix A:

ADS Operations in Anchorage Oceanic Airspace (March – August 2007)

	Operator
	Actype
	Count
	Proportion in Sample

	AAL
	B772
	706
	5.05%

	AAR
	B744
	1
	0.01%

	AAR
	B772
	85
	0.61%

	ACA
	A333
	4
	0.03%

	ACA
	A343
	113
	0.81%

	ACA
	A345
	18
	0.13%

	ACA
	B772
	7
	0.05%

	ACA
	B773
	68
	0.49%

	AJV
	B763
	20
	0.14%

	AMX
	B772
	7
	0.05%

	ANA
	B744
	5
	0.04%

	ANA
	B763
	104
	0.74%

	ANA
	B772
	27
	0.19%

	ANA
	B773
	771
	5.51%

	CAL
	A343
	91
	0.65%

	CAL
	B744
	2083
	14.89%

	CCA
	B744
	3
	0.02%

	CES
	A346
	15
	0.11%

	COA
	B772
	360
	2.57%

	CPA
	A346
	25
	0.18%

	CPA
	B744
	1050
	7.51%

	CSN
	B744
	3
	0.02%

	CSN
	B772
	3
	0.02%

	DAL
	B772
	156
	1.12%

	EVA
	B744
	833
	5.96%

	EVA
	B773
	163
	1.17%

	FDX
	MD11
	1509
	10.79%

	HDA
	B744
	18
	0.13%

	IGA
	B737
	2
	0.01%

	IGA
	GLF5
	1
	0.01%

	JAL
	B742
	31
	0.22%

	JAL
	B744
	1311
	9.37%

	KAL
	B772
	356
	2.55%

	KAL
	B773
	14
	0.10%

	MAS
	B744
	31
	0.22%

	NCA
	B742
	46
	0.33%

	NCA
	B744
	1
	0.01%

	NWA
	A332
	419
	3.00%

	NWA
	A333
	5
	0.04%

	OHK
	B744
	9
	0.06%

	QFA
	B744
	1
	0.01%

	SIA
	A345
	103
	0.74%

	SIA
	B744
	140
	1.00%

	SIA
	B772
	58
	0.41%

	SIA
	B773
	38
	0.27%

	SQC
	B744
	392
	2.80%

	State
	C130
	1
	0.01%

	State
	C135
	1
	0.01%

	State
	C5
	4
	0.03%

	State
	K35R
	20
	0.14%

	THA
	A345
	33
	0.24%

	THA
	A346
	4
	0.03%

	UAL
	B744
	487
	3.48%

	UAL
	B772
	1117
	7.99%

	UPS
	B741
	4
	0.03%

	UPS
	B742
	3
	0.02%

	UPS
	B744
	2
	0.01%

	UPS
	MD11
	1104
	7.89%


Appendix B: Maximum Decrease in Separation by Initial Separation - Empirical Data
	
	
	
	Initial Separation

	Lower Limit of Cell
	Upper Limit of Cell
	Midpt of Cell
	66
	69
	70
	72
	73
	77
	78
	79
	80
	81
	82
	84
	85
	86
	87
	88
	89
	90
	91
	92
	93
	94
	95
	96
	97
	98
	99
	100

	0
	0.99
	0.5
	1
	1
	1
	1
	1
	1
	2
	3
	5
	6
	3
	3
	3
	5
	2
	1
	1
	5
	8
	6
	2
	3
	5
	7
	4
	10
	5
	11

	1
	1.99
	1.5
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	1
	0
	0
	0
	0
	0
	1
	1
	0
	0
	1
	3
	0
	0
	0
	0
	0
	1

	2
	2.99
	2.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	1
	1
	0
	0
	0
	0
	0
	2
	2
	0
	1
	2

	3
	3.99
	3.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	3
	0
	0
	1
	0
	2
	1

	4
	4.99
	4.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0

	5
	5.99
	5.5
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	1
	0
	0
	1
	0
	0
	0
	0
	0
	0
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	1
	0
	0
	0
	0

	17
	17.99
	17.5
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0

	18
	18.99
	18.5
	0
	0
	0
	0
	0
	0
	0
	1
	2
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0

	19
	19.99
	19.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0

	20
	20.99
	20.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0

	21
	21.99
	21.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	22
	22.99
	22.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0

	23
	23.99
	23.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	24
	24.99
	24.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	25
	25.99
	25.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0

	26
	26.99
	26.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	27
	27.99
	27.5
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	
	
	
	19
	15
	12
	15
	13
	10
	10
	14
	11
	10
	10
	7
	7
	7
	11
	10
	5
	4
	3
	6


	
	
	
	Initial Separation

	Lower Limit of Cell
	Upper Limit of Cell
	Midpt of Cell
	161
	162
	163
	164
	165
	166
	167
	169
	170
	171
	174
	175
	176
	179
	180
	Loss Total

	0
	0.99
	0.5
	1
	2
	1
	2
	3
	2
	3
	0
	1
	0
	2
	1
	1
	0
	0
	490

	1
	1.99
	1.5
	0
	0
	1
	0
	1
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	54

	2
	2.99
	2.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	38

	3
	3.99
	3.5
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	45

	4
	4.99
	4.5
	1
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	42

	5
	5.99
	5.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	38

	6
	6.99
	6.5
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	22

	7
	7.99
	7.5
	0
	2
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	31

	8
	8.99
	8.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	21

	9
	9.99
	9.5
	0
	0
	1
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	18

	10
	10.99
	10.5
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	1
	0
	16

	11
	11.99
	11.5
	1
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	12

	12
	12.99
	12.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	10

	13
	13.99
	13.5
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	1
	0
	9

	14
	14.99
	14.5
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	8

	15
	15.99
	15.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	2

	16
	16.99
	16.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	3

	17
	17.99
	17.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	2

	18
	18.99
	18.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	6

	19
	19.99
	19.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	2

	20
	20.99
	20.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1

	21
	21.99
	21.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1

	22
	22.99
	22.5
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	2

	23
	23.99
	23.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1

	24
	24.99
	24.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	1
	0
	2

	25
	25.99
	25.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1

	26
	26.99
	26.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	27
	27.99
	27.5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1

	
	
	
	3
	4
	3
	5
	5
	3
	4
	2
	2
	1
	2
	2
	1
	3
	1
	878


Appendix C

Conservative Estimate of the Bivariate Probability Distribution for a Longitudinal Overtake

	1-nm Bin (x)
	“Shifted” Initial Separation Proportion
	Probability of a Decrease in Separation > x (Using data from aircraft pairs with initial sep. ≤ 108-nm and an observed separation decrease)
	Binomial Proportion of aircraft pairs with initial separations ≤ 108-nm and observed decreases in separation
	Overtake Probability

	0
	0.0000
	2.346E-01
	0.3349
	0.000E+00

	50
	0.0011
	1.890E-06
	0.3349
	7.209E-10

	51
	0.0000
	1.495E-06
	0.3349
	0.000E+00

	52
	0.0000
	1.182E-06
	0.3349
	0.000E+00

	53
	0.0011
	9.351E-07
	0.3349
	3.566E-10

	54
	0.0011
	7.396E-07
	0.3349
	2.821E-10

	55
	0.0000
	5.849E-07
	0.3349
	0.000E+00

	56
	0.0011
	4.626E-07
	0.3349
	1.764E-10

	57
	0.0011
	3.659E-07
	0.3349
	1.396E-10

	58
	0.0000
	2.894E-07
	0.3349
	0.000E+00

	59
	0.0000
	2.289E-07
	0.3349
	0.000E+00

	60
	0.0000
	1.810E-07
	0.3349
	0.000E+00

	61
	0.0023
	1.432E-07
	0.3349
	1.092E-10

	62
	0.0023
	1.132E-07
	0.3349
	8.637E-11

	63
	0.0034
	8.956E-08
	0.3349
	1.025E-10

	64
	0.0068
	7.083E-08
	0.3349
	1.621E-10

	65
	0.0068
	5.602E-08
	0.3349
	1.282E-10

	66
	0.0046
	4.431E-08
	0.3349
	6.759E-11

	67
	0.0000
	3.504E-08
	0.3349
	0.000E+00

	68
	0.0034
	2.772E-08
	0.3349
	3.171E-11

	69
	0.0046
	2.192E-08
	0.3349
	3.344E-11

	70
	0.0068
	1.734E-08
	0.3349
	3.967E-11

	71
	0.0023
	1.371E-08
	0.3349
	1.046E-11

	72
	0.0046
	1.084E-08
	0.3349
	1.654E-11

	73
	0.0057
	8.577E-09
	0.3349
	1.636E-11

	74
	0.0080
	6.784E-09
	0.3349
	1.811E-11

	75
	0.0091
	5.365E-09
	0.3349
	1.637E-11

	76
	0.0068
	4.243E-09
	0.3349
	9.711E-12

	77
	0.0046
	3.356E-09
	0.3349
	5.120E-12

	78
	0.0103
	2.654E-09
	0.3349
	9.111E-12

	79
	0.0068
	2.099E-09
	0.3349
	4.804E-12

	80
	0.0103
	1.660E-09
	0.3349
	5.699E-12

	81
	0.0103
	1.313E-09
	0.3349
	4.508E-12

	82
	0.0137
	1.039E-09
	0.3349
	4.754E-12

	83
	0.0103
	8.215E-10
	0.3349
	2.820E-12

	84
	0.0205
	6.497E-10
	0.3349
	4.460E-12

	85
	0.0091
	5.139E-10
	0.3349
	1.568E-12

	86
	0.0068
	4.064E-10
	0.3349
	9.300E-13

	87
	0.0091
	3.214E-10
	0.3349
	9.807E-13

	88
	0.0148
	2.542E-10
	0.3349
	1.260E-12

	89
	0.0091
	2.011E-10
	0.3349
	6.135E-13

	90
	0.0125
	1.590E-10
	0.3349
	6.672E-13

	91
	0.0171
	1.258E-10
	0.3349
	7.195E-13

	92
	0.0171
	9.947E-11
	0.3349
	5.691E-13

	93
	0.0148
	7.867E-11
	0.3349
	3.901E-13

	94
	0.0125
	6.222E-11
	0.3349
	2.610E-13

	95
	0.0239
	4.921E-11
	0.3349
	3.942E-13

	96
	0.0114
	3.892E-11
	0.3349
	1.484E-13

	97
	0.0068
	3.078E-11
	0.3349
	7.045E-14

	98
	0.0182
	2.435E-11
	0.3349
	1.486E-13

	99
	0.0103
	1.926E-11
	0.3349
	6.610E-14

	100
	0.0148
	1.523E-11
	0.3349
	7.551E-14

	101
	0.0159
	1.205E-11
	0.3349
	6.432E-14

	102
	0.0194
	9.527E-12
	0.3349
	6.177E-14

	103
	0.0148
	7.535E-12
	0.3349
	3.736E-14

	104
	0.0182
	5.959E-12
	0.3349
	3.637E-14

	105
	0.0159
	4.713E-12
	0.3349
	2.517E-14

	106
	0.0114
	3.728E-12
	0.3349
	1.422E-14

	107
	0.0080
	2.948E-12
	0.3349
	7.871E-15

	108
	0.0159
	2.332E-12
	0.3349
	1.245E-14

	Total Sum
	2.574E-09
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