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Executive Summary 

I 
This study provides a risk assessment of latera l en route separation between Area 
Navigation (RNAV) routes with separation for both opposite-direction and same
direction traffic and conventional Very High Frequency (VHF) Omnidirectiona l Range 
(VOR) routes, with and without turns. The study estimates the risk ofcollision of en 
route RNAV aircraft flying adjacent to conventiona l VOR routes (in the cases of both 
opposite-direction and same-direction tracks) when the a ircraft of interest is flying 
adj acent to only one other track (i.e., on an outer track) and when the aircraft of interest is 
fly ing between two tracks (i.e. , on an inner track). 

The study also addresses the risk of aircraft on RNA V routes that penetrate Special Use 
Airspace (SUA) . 

The ana lysis is based on two previous studies, [ l] and [2], and on the United States 
Standard for Tern1inal Instrument Procedures (TERPS) [3], Chapter 17 material on 
conventional route construction criteria. 

The study uses the statistical distributions developed in [ I] and [2] and the en route turn 
performance specified for RNAV-equipped aircraft in the Radio Technical Conunission 
for Aeronautics (RTCA) 00-236 [4] to model the like lihood of adjacent aircraft 
intersecting laterally. It also models and estimates the likelihood of aircraft on parallel, 
high altitude routes with turns becoming adjacent and thus risking collision. Using those 
models, it estimates the probability of collision. 

The study develops a genera l risk model that can be used to detem1ine the probability of 
collision between a ircraft on conventional VOR routes and a ircraft su itably equipped 
with a RNAV Flight Management System (F MS) on parallel, adjacent inner or outer 
routes laterally separated by any track-to-track distance, longitud inally separated by any 
distance, flying in the opposite or same direction, with straight segments or turns. 

This study develops risk estimates for scenarios in which the target aircraft's route lies 
between two other routes and for scenarios in which the target a ircraft's route lies 
adjacent to just one other route. The study shows that the target level of safety of 1.0 E­
08 collisions per hour of flight is met for some (but not all) changeover point (COP) 
d istances from the VOR fac il ity when the track-to-track separation is 8 nautical mi les 
(NM). Due to the angular nature of the VOR latera l error and flight technical error (FTE) 
fo r larger COP distances from the VOR fac ili ty, I 0, 12, or 14 NM track-to-track 
distances are required for the hourly collision rate to meet the target level of safety. 

The minimum RNAV track d istance from a Special Use Airspace was found to be 4 NM. 

­

This study is a follow-up study to the study Analysis ofArea Navigation (RNA V) En Route Separation 
along Adjace111 Straight Segments with Radar S111Teillance (Phase I) and utilizes its results. 

iii 
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1.0 Introduction 

This section of the report describes the purpose and structure of this document, and 
provides a description of the problem. 

1.1 Purpose and Structure of This Document 

The purpose of this study is to provide a risk assessment of latera l en route separation 
between conventional Very High Frequency (VHF) Omnidirectional Range (VOR) routes 
and parallel Area Navigation (RNAV) routes with both opposite-direction and same­
direction traffic under radar survei llance. The study estimates the risk ofcoll ision 
between aircraft on conventional routes and RNAV routes flying adjacent, parallel 
straight tracks and tracks with turns (in the case ofboth opposite-direction and same­
direction turns). The study examines the case when the a ircraft of interest is flying 
adjacent to on ly one other track (i.e., on an outer track) and when the a ircraft of interest is 
flying between hvo tracks (i.e ., on an inner track). See Figure 1.1.1. 

Fiaure 1.1.1 Parallel Routes: RNAV with Conventional Tracks 

..Nominal.RNAV. trnck.................... ......~ .. ... .... ... ... .. . .............r............................ 

8 th rough 14 nm 

.•i':1.Qmin~.r.Qm:cmism;uJrn1;J,. .......~.~.............................................l............................. 


1.2 Statement of the Problem 

Specifically, th is study seeks to use the lateral track deviation of typical RNAV-equ ipped 
aircraft on en route segments with turns greater than 15° and a ircraft on conventional 
tracks to detem1 ine the probability of collision of two aircraft with given track-to-track 
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separation distances of 8 through 12 nautical mi les (NM) under radar surveillance, with 
both inner and outer tracks, and with the aircraft fly ing in the same or opposite direction. 

This analysis assumes the following turn completion perfonnance for RNAV aircraft 
authorized for Q-routes. The Flight Management System (FMS) or simi lar equipment, 
e.g., Flight Management Computer (FMC), computes a turn radius based on ground 
speed and a software-deternlined bank angle (typically a function of amount of turn, 
altitude, and aircraft characteristics). From the computed turn radius, a turn initiation 
start point is then detem1ined to provide a smooth, seamless transition between route 
segments. Throughout the tum, the FMS provides guidance to an autopi lot or a fl ight 
director to automatically affect the turn transition. Radio Techn ical Corrunission for 
Aeronautics (RTCA) D0-236 [4] , paragraph 3.2.5.4 provides a performance boundary for 
the fly-by transition area based upon max imum ground speed assumptions and typical 
bank angle assumptions for RNAV a ircraft for both high (above flight level [FL] 195) 
and low a ltitude transitions. While D0-236 relates primarily to Required Navigation 
Performance (RNP) systems, the fly-by tum transition boundaries are considered and 
assumed to be representative of RNAV systems which provide command gu idance 
throughout a tum transition. Furthe1111ore, this study assumes that all RNA V a ircraft 
approved for Q-route operation can comply with the D0-236 fly-by tum performance, 
regardless if they are FMS-equ ipped. 

This ana lysis assumes that conventional aircraft fo llow routes whose boundaries are 
described in the United States Standard for Tenninal Instrument Procedures (TERPS) [3]. 

For su itably equipped RNAV a ircraft, as referenced in AC 90-100 [5] and D0-236 [4], 
flying RNAV routes and aircraft flying conventional VOR routes, this study answers the 
fo llowing general question: 

What is the risk of an RNA V aircraft fly ing a high altitude (i.e., FL 180 and above) en 
route track segment colliding with an aircraft fly ing a conventional, parallel, adjacent, 
VOR-based en route track, as a function of the following variables: 

• 	 Track-to-track route separation 
• 	 Longitudina l separation with in a route 
• 	 Angle of tum 
• 	 Density of turns a long a route 
• 	 Whether adjacent aircraft are flying in the same or opposite direction as the 

a ircraft at risk2 

• 	 Whether the aircraft at risk is flying an inner route or an outer route3 

2 
The aircraft at risk is the one for which we are assessing the risk ofcoll ision with another aircraft. 

3 On an outer track, the aircraft at risk fli es a route adjacent to only one other route. On an inner track, it 
flies between two other routes. 

2 
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We answer this genera l question by looking at this specific question: 

What turn angles and tum dens ities (if any) would allow the target level ofsafety to be 
met at 8 NM, 10 NM, 12 NM, and 14 NM separation between the RNAV and 
conventional routes? 

2.0 Study Methodology 

This section of the report provides a description ofall of the scenarios used in the study, 
and summarizes the data used in this study. 

2.1 Model Description 

We describe the ri sk model in tenns of four scenarios: Scenario I, straight tracks (i.e., 
with turns of no more than 15°); Scenario 2, tracks with turns greater than 15° and RNAV 
tracks inside YOR-based tracks; Scenario 3, tracks with turns greater than 15° and YOR­
based tracks inside RNAV tracks; and Scenario 4, RNAV tracks adjacent to Special Use 
Airspace (SUA). 

Scenario I (Straight Tracks) 

This scenario addresses straight en route track segments with turns ofno more than 15°. 
There can be parallel, adj acent straight tracks with a ircraft on those tracks flying either 
opposite-direction or same-direction routes. The aircraft at risk can be on an outer track 
or an inner track, and can be on either the conventional route or the RNA V route. The 
a ircraft are assumed to be under radar survei llance. The calcu lations for this scenario are 
based on various changeover point4 (COP) distances from the YOR. See Figures 2.1 .1 
through 2.1 .3. 

The specific Test Criterion Violation (TCY) for this scenario is the combined lateral, 
longitudinal, and vertica l conjunction of the t\vo aircraft. This conjunction is modeled by 
centers of gravity of the aircraft converging within their mean wingspan laterally, within 
their mean lengths longitudinally, and within their mean heights vertically. 

4 
A changeover point is a point between navigation faci lit ies along en route segments at which the pilot 

using the route should "change over'' the navigation equipment to receive course guidance from the facility 
ahead instead of the one behind. Sec Figures 2.1.2 and 2.1.3. 

3 
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In the previous studies ((1] and [2]), we made several assumptions about the RNAV 
aircraft: 

• 	 The aircraft latera l, longitudinal, and vertical deviations are independent. 
• 	 The aircraft length and width are both approx imately 0.03 NM (182 feet). 
• 	 The probabi lity of aircraft on adjacent tracks being at the same altitude is I . 
• 	 The aircraft is contained laterally within 2 NM of the straight track 95% of the 

time. 

This last assumption is based on the AC 90-100 en route requirement. We used a 
statistical distribution to model the latera l track deviation that wou ld provide 95% 
conta inment. The specific distribution used is a mixed Johnson Sa/Double-Exponential 
distribution. This distribution satisfies both theoretical and empirical reasonableness 
tests. Theoretically, the distribution models a combination of core (typical) latera l 
deviation behavior and tail (atypical) lateral deviation behavior. Empirically, the 
distribution is conservative as compared to the results of the tl1ree empirical studies ([6] , 
[7] , and [8]). 

For conventional routes, we add two more assumptions: 

• 	 The aircraft is contained laterally within a given angular projection initiating from 
the YOR faci lity 95% of the time. See Figure 2.1 .2. 

• 	 Because of radar survei llance intended to prevent adjacent en route aircraft from 
approaching closer than 5 NM, the aircraft are assumed to fly within 4 NM of 
their nominal tracks 95% of the time while in the vicinity of aircraft on adjacent 
RNAV routes. 

The probability ofa TCV fo r this scenario is the sum of the probabilities of three 
mutually exclusive events: side-to-side (Cs), top-to-bottom (C,), or nose-to-nose5 (C,,) 
collision between aircraft on adjacent tracks. 

5 Or nose-to-tail for same-direction adjacent aircrafi 

4 
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Fi ure 2.1.1 Scenario 1 
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Figure 2.1.2 Conventional Route Boundaries (COPS 51 NM) 
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Fiaure 2.1.3 Conventional Route Boundaries (COP > 51 NM) 
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That is, 
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P(TCV) = P(Cs) + P(C,) + P(C,,). (l) 

In the previous study [ I ], th is TCV probability was shown to have a value given by the 
equation, 

P(TCV) = Py(sy{~+I], (2) 

where Py(Sy) is the probability of a lateral overlap of the two a ircraft on the two routes, 
and Sy is the track-to-track distance assumed. 

To find Pi,..S;.), let the lateral positions of the aircraft be g iven by the variables y, and y2 
respectively. The aircraft are assumed to be in latera l overlap when their centers of 
gravity are within),. That is, when lY2 - yiJ < ),. Therefore, the probability of lateral 
overlap, 

P,i{S,v) = P([y2- YiI< 11.). (3) 

But, P(lY2- y d < ).) = P(-). < y2 - y , < ).). This probability can be found by integrating the 
Probabi lity Density Function (PDF) describing (y2 - y 1) between - 11. and),. 

6 
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The PDF describing (y2- y 1) is the convolution of the two PDFs of the two variables, y2 
and -y1• The PDF for the variable y 1 is that of the criterion-based distribution for RNA V 
route lateral deviation developed in [ 1]. The PDF for the variable y2 is that of the 
conventional route lateral deviation and is developed in Appendix A, Conventiona l Route 
Lateral Deviation Distribution. Appendix B, Statistical Distributions Used in the Study, 
gives the details for the convolution of these two PDFs and of the integration that yields 
the PDF for the latera l overlap probability, Py(Sy)6. (See Equation (B4).) Table 2.1.1 
gives the latera l overlap probability, Py(Sy), fo r each of the values of track-to-track 
separation, Sy: 8, 10, 12, and 14 NM and COP distances based on th is distribution. 

Table 2.1.1 Scenario 1 Overlap Probabilities, PJSJ, bv Track-to-Track Distance and COP 
s, COP Distance 

(NM) 10 20 30 40 50 60 70 80+ 
8 8.5E-15 2.3E-14 1.1 E-13 1.1E-10 2.0E-08 5.4E-08 1.4E-07 5.9E-07 
10 1.1E-17 3.0E-17 1.4E-16 3.8E-15 1.?E-11 5.4E-09 6.4E-08 1.5E-07 
12 1.4E-20 3.8E-20 1.?E-19 2.9E-18 2.5E-15 6.4E-12 5.5E-10 1.4E-09 
14 1.8E-23 5.0E-23 2.2E-22 3.?E-21 2.5E-19 4.0E-15 2.0E-12 5.4E-12. ..
The notation E-09 denotes 10 , that 1s, ten to the negative ninth power . 

Since the target level of safety fo r these en route operations is specified in terms of the 
number of collisions per hour of flight, the TCV rate must be converted to the units of 
collisions per hour of flight. To convert, we multiply the TCY rate by the expected 
number of encounters ofadjacent aircraft per hour of fl ight. If we assume a mean ground 
speed of V knots (for opposite-direction aircraft), a mean passing speed oft:,. V knots (for 
same-direction aircraft), and a mean traffic separation of d NM, then in one hour an 
aircraft will encounter 2 V/d other aircraft on an opposite-direction track and!:,. Vld aircraft 
on a same-direction track. 

Therefore, the hourly collision rate, C, for this scenario can be determined from the single 
equation, 

2V ~V [ 1 ]
C(Sy, V,D.V,d,no,ns) = (dn + dnJ ..Ji+ 1 Py (S y) (4)0 

where no is the number ofopposite-direction tracks adjacent to the target aircraft track 
(the va lues of n0 can be 0, I, or 2), and ns is the number ofsame-direction tracks adjacent 
to the target aircraft track (the values ofns can a lso be 0, 1, or 2, but subject to 1 ::: n0 + ns 
::: 2, since the target track cannot be adjacent to more than two other tracks). 

Table 2.1.2 gives hourly collision rates, C, for aircraft on adjacent conventional and 
RNAV tracks for various track-to-track separation values, Sy, and for one same-direction 
adjacent track. These values are calculated assuming V =500 knots, D.V = 100 knots, and 

6 P>(Sy) is actually determined by averaging the values obtained from Equation (84) for each member of the 
family of distributions corresponding to the ten distances from the VOR: 0, 5, 10, . .. , 40, 45 NM. 

7 
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d = 5 NM. The values in bold face are those that meet the more stringent 1.0 E-09 target 
level of safety. 

T a bl e 2 1 2 H I OUrlY C o II" 1s. 1on R . ates, 5cenano 1 0 ne 5 ame-' 11acent Trackirect1on Ad" 
S v COP Distance 

(NM) 10 20 30 40 50 60 70 80+ 
8 2.9E-13 7.9E-13 3.7E-12 3.6E-09 6.8E-07 1.8E-06 

10 3.SE-16 1.0E-15 4.7E-15 1.3E-13 5.9E-10 1.8E-07 2.2E-06 5.2E-06 
12 4.SE-19 1.3E-18 5.9E-18 9.9E-17 8.6E-14 2.2E-10 1.9E-08 4.7E-08 
14 6.0E-22 1.7E-21 7.6E-21 1.2E-19 8.6E-18 1.4E-13 6.7E-11 1.SE-10 

Table 2.1.3 gives hourly collision rates, C, for aircraft on adjacent conventional and 
RNAV tracks for various track-to-track separation values, Sy, and for one opposite ­
direction adjacent track. These values are calcu lated assumi ng V = 500 knots, 11 V = I 00 
knots, and d = 5 NM. 

Table 2.1.3 Hourlv Collision Rates, Scenario 1, One Oooosite-Direction Adjacent Track 
S v COP Distance 

(NM) 10 20 30 40 50 60 70 80+ 
8 2.9E-12 7.9E-12 3.7E-11 3.6E-08 6.8E-06 1.8E-05 

10 3.SE-15 1.0E-14 4.7E-14 1.3E-12 5.9E-09 1.8E-06 2.2E-05 5.2E-05 
12 4.SE-18 1.3E-17 5.9E-17 9.9E-16 8.6E-13 2.2E-09 1.9E-07 4.7E-07 
14 6.0E-21 1.7E-20 7.6E-20 1.2E-18 8.6E-17 1.4E-12 6.7E-10 1.8E-09 

Table 2.1.4 gives hourly collision rates, C, fo r aircraft on adjacent conventional and 
RNAV tracks for various track-to-track separation values, S.v, and for two same-direction 
adjacent tracks. These values are calcu lated assuming V = 500 knots, 11 V = l 00 knots, 
and d = 5 NM. 

Table 2 1 4 H our1vI CoII"1s1on. Rates, 5cenano . 1 T WO 5 ame-D"irect1on Ad11acent "
' Tracks

S v COP Distance 
(NM) 10 20 30 40 50 60 70 80+ 

8 5.SE-1 3 1.6E-12 7.4E-12 7.3E-09 1.4E-06 3.7E-06 
10 7.SE-16 2.0E-15 9.4E-15 2.6E-13 1.2E-09 3.7E-07 4.4E-06 1.0E-05 
12 9.6E-19 2.6E-18 1.2E-17 2.0E-1 6 1.7E-13 4.4E-10 3.8E-08 9.4E-08 
14 1.2E-21 3.4E-21 1.SE-20 2.SE-19 1.7E-17 2.SE-13 1.3E-10 3.7E-10 

T he values in the tables in bold face type indicate where the target level ofsafety of 1.0 
E-08 col lisions per hour of flight is met. 

Scenario 2 (Tracks with T urns Greater than 15°, RNAV Track Inside Conventional) 

As in the previous study [2), we assume that the degree of tum lies between 15° and 70°. 
For adjacent RNA V and conventional en route tracks there are two cases: RNA V inside 
and RNAV outside (see Figures 2. 1.4 and 2. 1.5). 

8 
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This scenario treats the case in which the RNAV track lies inside the conventional track 
on the tum. 

Fi ure 2.1.4 RNAV Track Inside Conventional Track on Turn 

Conventional Route 

/ ;A{~:: ~:::· ···········. ... ·············... 

Fi ure 2.1.5 RNAV Track Outside Conventional Track on Turn 

In this case, the turning area protection for conventional en route turns lies exclusively to 
the outside of the tum (see [3]) and the protection area for RNAVen route turns lies 
exclusively to the inside of the turn (see [2]). As Figure 2.1.6 indicates, since the 

9 
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conventional tum is based on a fix interception and the RNA V turn is based on a fly-by 
fix, the nominal paths for aircraft flying these tracks are, even in the worst case, no closer 
together laterally than the correspond ing straight tracks. 

Fi ure 2.1.6 RNAV and Conventional Nominal Paths on Turn 

Assumed RNAV Path 

However, in some cases, the conventional aircraft may not fly the nominal interception 
fix path, but may start the turn early. We have on ly anecdotal information concern ing 
this situation, but no objective data. As a result, we assume that there is not significant 
risk from conventional track a ircraft turning early because the well-established 
conventional turn areas do not protect only the outside of the turn. As a conservative 
approach, however, we apply the methodology of [2] assuming that the conventiona l 
aircraft treat the fix as a fly-by transition similar to that of RNA V aircraft. We a lso 
assume that any extreme early turns on the conventional track are mitigated by radar 
survei Ilance. 

The tables in Appendix C, Coll ision Rates by Turn Angle, Track Separation, COP 
Distance, Track Direction, and Number ofTums per Hour of Flight (RNAV Track Inside 
Conventional), summarize the estimated coll ision rates for turns (per hour of fl ight) of 
track-to-track separation of 8, 10, 12, and 14 NM; COP distances of 10, 20, 30, 40, 50, 
60, 70, and 80 or more NM; tum angles of20°, 30°, 45°, 60°, and 70°; and same-direction 
or opposite-direction adjacent track configuration. In each table, the RNA V track is 
assumed to lie inside the conventional track (see Figure 2.1 .6). The values in bold face 
are those that meet the more stringent 1.0 E-09 target level of safety. 

These results are sununarized in Section 3, Results and Conclusions. 
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Scenario 3 (Tracks with Tums Greater than 15°, RNA V Track Outside Conventional) 

This scenario treats the case in wh ich the RNA V track lies outside the conventional track 
on the turn. Since the conventional tum relies on a fix , we estimate the probabili ty of 
aircraft overlap on this type of tum by assuming that the conventional aircraft turns above 
the expected D0-236 track by 1 NM. That is, because we lack specific data, we 
conservatively calculate the probability of aircraft overlap as in Scenario 2, except that 
we assume during the turn the conventional aircraft is l NM c loser to the RNA V aircraft 
than when the RNAV aircraft is on the inside of the turn (Scenario 2). The assumption 
used here is that the use of the RNA V tum geometry together with the extra l NM buffer 
provides a reasonably accurate model of the techniques used by the majority of pilots 
executing conventional en route turns (in which, in fact, the tum is typically anticipated 
by the pilot). 

The tables in Appendix D, Co llision Rates by Tum Angle, Track Separation, COP 
Distance, Track Direction, and Number ofTums per Hour of Fl ight (RNAV Track 
Outside Conventional), summarize the estimated coll ision rates for turns (per hour of 
flight) of track-to-track separation of 8, 10, 12, and 14 NM; COP distances of IO, 20, 30, 
40, 50, 60, 70, and 80 or more NM; tum angles of 20°, 30°, 45°, 60°, and 70°; and same­
direction or opposite-direction adjacent track configuration. ln each table, the RNA V 
track is assumed to lie outside the conventiona l track. The values in bold face are those 
that meet the more stringent 1.0 E-09 target level of safety. 

These resu lts are summarized in Section 3, Results and Conclusions. 

Scenario 4 (RNAV Tracks Adjacent to Special Use Airspace) 

Based on FAA Order 7 1 l 0.65, Section 3 "Specia l Use and ATC Assigned Airspace" 
[l l ], paragraph 9-3-2 Separation Minima (b), air traffic controllers are to provide radar 
separation of three mi les from a peripheral boundary of Specia l Use Airspace. This 
separation applies to aircraft on conventional and RNAV routes under radar surveillance. 

Suppose an RNA V route was placed along the boundary of an SUA. How far should the 
nomina l route track be set from the boundary? 

Table 2.1.5 summarizes two cases: 95% and 90% containment assumed within I NM of 
the nominal flight path with the lateral deviations following a nom1al distribution, similar 
to that of the Q-route data [8] , about the nominal path 7. To compute the hourly rate of 
boundary penetration, we assume a typical ground speed of 500 knots and that the aircraft 
lateral error behavior becomes independent every 5 NM (a conservative assumption). 

7 The Q-route data show a tighter lateral error distribution than these assumptions. Therefore, we take these 
assumptions to be conservative. Also, we assume that the radar surveillance will typically prevent the 
traffic on the route from !lying closer than 3 NM to the boundary, so that the aircraft are contained with I 
NM or the nominal !light path most of the time (say, 90% or 95% of the time). 
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The values in bold face are those that meet the more stringent J.0 E-09 target level of 
safety. 

Table 2.1.5 RNAV SUA Risk (No Turns) 
95% Containment within 1 NM of 90% Containment within 1 NM of 

Nominal Fliaht Path Nominal Flight Path 
Separation: Probability of Probability of 

RNAV Track to a Boundary Hourly Rate of Boundary a Boundary Hourly Rate of Boundary 
SUA(NM) Penetration Penetration Penetration Penetration 

3 9.9 E-10 9.9 E-08 4.4 E-07 4.4 E-05 
4 2.2 E-15 2.2 E-13 2.4 E-11 2.4 E-09 
5 0 0.0 E+OO 7.3 E-17 7.3 E-15 

These calculations indicate that, under the assumptions given, a 4 NM lateral separation 
between the SUA boundary and the nominal RNA V flight path without turns results in 
fewer than 2.70 E-09 penetrations per hour of flight. 

for RNAV routes adjacent to SUA with geomet1y requiring turns, there are two cases. 
The first case treats a concavity in the SUA with an adjacent RNA V route (see figure 
2.1.7). In this case, the anticipated track during the tum lies at the greater distance from 
the SUA boundary than the track before or after the tum. Therefore, the risk of 
penetration of the SUA is no greater than if there were no tum. In this case, Table 2.l.5 
may be used as a set of upper bounds on the hourly rate of penetration with concave SUA 
turns. 
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The second case treats a convexity in the SUA with an adjacent RNA V route (see Figure 
2.1.8). In this case, the antic ipated track during the tum lies at the smaller distance from 
the SUA boundary than the track before or after the tum. Table 2. 1.6 gives the average 
value of this sma ller distance between the SUA boundary and the anticipated RNAV 
track, Yavg, for various tum angles assum ing the initia l distance between the RNAV route 
and the SUA is 4 NM. 

Table 2.1.6 RNAV Anti . t d T c1oa e rac k/SUA t1s ance for Various Angles of Turn 
Anale Vavn 

oo 4.00 NM 
15° 3.74 NM 
20° 3.54 NM 
30° 3.18 NM 
45° 2.82 NM 
60° 2.50 NM 
70° 2.31 NM 

o· 
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Table 2. 1.7 summarizes the case of95% containment assumed within 1 NM of the 
nominal fl ight path with the lateral deviations fo llowing a normal distribution about the 
nominal path for convex SUA turns of various angles. 

Tab le 2.1.7 RNAV SUA Penetration Risk (Various Turn Angles 95% Containm ent) 
Number of Turns per Hour of Flight 

Angle 0 1 2 3 4 5 
15 2.2E-15 2.8E-15 3.3E-15 4.1E-15 5.0E-15 6.0E-15 
20 2.2E-15 3.?E-15 5.8E-15 9.2E-15 1.5E-14 2.3E-14 
30 2.2E-15 6.2E-15 1.?E-14 4.5E-14 1.2E-13 3.1E-13 
45 2.2E-15 9.8E-15 4.1E-14 1.6E-13 6.4E-13 2.4E-12 
60 2.2E-15 1.4E-14 8.6E-14 4.9E-13 2.7E-12 1.4E-11 
70 2.2E-15 1.8E-14 1.3E-13 9.2E-13 5.9E-1 2 3.6E-11 

Table 2. 1.8 summarizes the hourly rate of bounda1y penetration based on the values 
found in Table 2.1. 7 (95% containment). To compute the hourly rate of boundary 
penetration, we assume a typical ground speed of 500 knots and that the aircraft latera l 
error behavior becomes independent every 5 NM (a conservative assumption). The 
va lues in bold face are those that meet the more stringent 1.0 E-09 target level ofsafety. 

Table 2.1.8 RNAV SUA Hourlv Penetration Rate (Various Turn Angles, 95% Contai nment) 
Number of Turns per Hour of Flight 

Angle 0 1 2 3 4 5 
15 2.2E-13 2.BE-13 3.3E-13 4.1E-13 5.0E-13 6.0E-13 
20 2.2E-13 3.7E-13 5.BE-13 9.2E-13 1.SE-12 2.3E-12 
30 2.2E-13 6.2E-13 1.7E-12 4.SE-12 1.2E-11 3.1E-11 
45 2.2E-13 9.SE-13 4.1 E-12 1.6E-11 6.4E-11 2.4E-10 
60 2.2E-13 1.4E-12 8.6E-12 4.9E-11 2.7E-10 1.4E-09 
70 2.2E-13 1.SE-12 1.3E-11 9.2E-11 5.9E-10 3.6E-09 

2.2 Summary of Data Used 

Th is section provides a description of the data used on aircraft traveling on both RNA V 
routes and conventional routes. 

Data on RNAV Route Aircraft 

The RNAV route a ircraft data for this study are used to va lidate the risk models, but the 
models themselves are based on values specified in the documents AC 90-100 and D0­
236. 

AC 90-I 00 specifies a value for track-keeping accuracy for RNAV aircraft approved for 
Q-route operations. This criterion is the basis for the lateral deviation model used in the 
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present study. D0-236 specifies worst-case boundaries for turns. These criteria are the 
bases for this study's turn path definition model. 

We used three empirical stud ies, [6], [7], and [8], to validate the RNAV aircraft track­
keeping accuracy distributions developed. 

Data on Conventional Route Aircraft 

We based the distributions for conventiona l a ircraft track-keeping accuracy on two 
stud ies: 

• 	 [9] A study that quantified a conventiona l flight technical en-or (FTE) using a 
family ofJohnson Su distributions (for lateral deviations at various distances from 
the VOR fac ility) 

• 	 [10) A study that quantified conventional navigational system error (NSE) (using 
YOR faci lit ies and aircraft sensors) using nom1al distributions 

We combined the distributions from these two studies to arrive at a total system erTor for 
lateral deviation of conventional en route aircraft. This provided a family of 
distributions, one member for each ofseveral distances from the VOR fac ility. 

These combined conventiona l lateral error distributions were used together with the 
RNA V lateral en·or distribution to arrive at a probability of lateral overlap between an 
aircraft on a conventional route and an aircraft on an adjacent RNA V route. 

3.0 Results a nd Conclusions 

This section summarizes the key results of the scenario risk eva luations, and the 
conclusions of the study. 

In Scenario I, we compared the risk of hourly collision of aircraft on RNA V and 
conventional routes with the target level of safety established for the study ( 1.0 E-08 
coll isions per hour of flight) and for the more stringent target level of safety from the 
FAA Safety Management System Manual, v 1.1. Since the lateral navigational and flight 
technical errors of the conventional route depend on the distance of the COP from the 
VOR faci li ty, the risk of collision must be g iven in ten11S of this COP distance. 

For Scenarios 2 and 3, the results are more difficu lt to summarize. Appendices C and D 
describe the results of various combinations of turn angle, track separation, COP 
distance, track direction, and number of turns per hour of flight. Appendix C addresses 
the configuration with the RNA V track on the inside; Appendix D addresses the 
configuration with the RNA V track on the outside. 
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For Scenario 4, the probability of SUA penetration by an aircraft on an adjacent RNAV 
route is estimated to be less than 1.0 E-08 when the RNAV track is 4 NM or more from 
the SUA boundary. lt is less than 1.0 E-09 when the RNA V track is 4 NM or more from 
the SUA boundary assuming 95% containment within I NM of the nom.inal flight path 
and when the RNAV track is 5 NM or more from the SUA boundary assuming 90% 
containment within I NM of the nomina l flight path . (See Table 2. 1.5.) 

16 




Analysis of RNAV En Route Separation with Conventional Routes Including Turns and 

Special Use Airspace 


DOT-FAA-AFS-440-26 .fanuarv 2007 


Appendix A: Conventional Route Lateral Deviation Distribution 

The random variable Y2 that represents the conventional route lateral deviation is itse lf the 
sum of two random variables: the lateral error due to FTE, y2F, and the lateral error due 
to NSE,Y2N. 

The distribution PDF fo r the random variable,y2F, the conventiona l lateral FTE, is taken 
from the study [9]. In that paper, the PDF was found to be from a Johnson Su 
distribution: 

where -oo < x < oo, -oo < y < oo, -oo < e < oo, '1 > 0, A> 0. The location parameter is e. The 
scale parameter is A. The shape (including skewness) parameters are y and ri . Since the 
FTE is angular, the parameter values change as the aircraft moves away from the VOR. 
At 40 NM, the values (for lateral distances in meters) are: y = -0.28539, ri = 1.6796, e = ­
300.094, and A= 1893.1183. 

The distribution PDF for the random variable,y2,v, the conventional latera l NSE, is taken 
from the study [ I0]. ln that paper, the PDF was found to be from a normal distribution: 

(A2) 


At 40 NM, the values (for lateral distances in meters) are: µ =0 and cr = 1939.8. 

Therefore, the PDF for the total lateral deviation is the convolution of these two PDfs. 
That is, 

f 2 (u) = 
«>

ff2,.. (y)f2.v (u - y)dy . (A3) 
- >") 

This funct ion,h(u), is actually a family of distributions whose members are found by 
evaluating the parameters at appropriate distances from the VOR. 
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Appendix B: Statistical Distributions Used in the Study 

RNAV Route Lateral Deviation Distribution 

(The Mixed JohJ1Son SB and Double-Exponential Distribution PDF from [ 1]) 

1~cx{-'''1]+(1-a) '/;- cx{-.!.[,,2111(( ) 
2

})],t:<x<t:+..l.x-t: 
W ,l v2Jr (x-t:)(-x+ t: +A) 2 - x+ t: + ,l (B 1)

fi(x)= 

~ex{-1-~ J,x ~ t:.or.x 2:: t:+ A
26 ..l. 

The Convolution of Variables )'2 and y, and the Probability of lY2 - yd < W 

The PDF describing (y2 - y 1) is the convolution of the two PDFs of the two variables,y2 

and -y ,. The convolution of two variables y2 and +y1 is defined as the integral 

., 

/(u) = f J;(y,)f2 (u- y 1 )cry,, (B2) 

where u =y , +Y2. Ifjj andh are PDFs ofy, andy2, then/is the PDF of 11 =y 1+ y2. 

Also, if the PDF ofy1 is symmetric about zero, then the convolution ofy2 andy1 is 
equ ivalent to the convolution ofy2 and -y, . Therefore,fis also the PDF of u =y2- y 1• 

This means that the probability of lY2 - y , I< Wis the integral of/between -Wand W. 
That is, 

P( lY2- Yd< W ) = 
II'

ff(x)cfr. (B3) 
-IV 

But.f(x) is defined in (2) whereJi is the Mixed Johnson SB and Double-Exponential 
distribution PDF defined in (Bl). That is, the PDF for the RNAY en route lateral 
dev iations from [I] andh is the PDF for the conventional route lateral deviations derived 
in Appendix A. Therefore, 

w (0 

P([y2-yd < W) = f fJ;(y,)f2 (x-y ,)dy1dx (84) 
-JV -a, 

whereJi andhare defined above. 
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Appendix C: Collision Rates by Turn Angle, Track Separation, COP Distance, 

Track Direction, and Number of Turns per Hour of Flight 


(RNA V Track Inside Conventional) 


20° Turns 

Collision Rates for 20° Turns 
RNAV Inside, 0-10 NM COP Number of Turns 
Track-to-Track Track 

Seoaration (NM) Direction 0 1 2 3 4 5 
8 Same 2.9E-13 3.2E-13 3.4E-13 3.7E-13 3.9E-13 4.2E-13 
8 Oooosite 2.9E-12 3.2E-12 3.SE-12 3.8E-12 4.1E-12 4.3E-12 
10 Same 3.8E-16 4.1E-16 4.4E-1 6 4.7E-16 5.0E-16 5.3E-16 
10 Oooosite 3.8E-15 4.1E-15 4.SE-15 4.8E-15 5.2E-15 5.6E-15 

Collision Rates for 20° Turns 
RNAV Inside, 10-20 NM COP Number of Turns 
Track-to-Track 

Seoaration /NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 8.0E-13 8.7E-13 9.3E-13 1.0E-12 1.1E-12 1.1E-12 
8 Opposite 8.0E-12 8.8E-12 9.SE-12 1.0E-11 1.1E-11 1.2E-11 
10 Same 1.0E-15 1.1E-15 1.2E-15 1.3E-1 5 1.4E-15 1.4E-15 
10 Opposite 1.0E-14 1.1E-14 1.2E-14 1.3E-14 1.4E-14 1.SE-14 

Collision Rates for 20° Turns 
RNAV Inside, 20-30 NM COP Number of Turns 
Track-to-Track 

Separation (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 3.7E-12 4.0E-12 4.3E-12 4.6E-12 5.0E-12 5.3E-12 
8 Opposite 3.7E-11 4.0E-11 4.4E-11 4.8E-11 5.1E-11 5.SE-11 
10 Same 4.7E-15 5.1E-15 5.SE-15 5.9E-15 6.3E-1 5 6.7E-15 
10 Opposite 4.7E-14 5.2E-14 5.6E-14 6.1E-14 6.SE-14 6.7E-14 

Collision Rates for 20° Turns 
RNAV Inside, 30-40 NM COP Number of Turns 

Track-to-Track 


Separation (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 3.6E-09 4.6E-09 5.5E-09 6.5E-09 7.4E-09 8.3E-09 
8 Opposite 3.6E-08 4.8E-08 5.9E-08 7.0E-08 8.2E-08 9.3E-08 
10 Same 1.3E-13 1.4E-1 3 1.6E-1 3 1.8E-13 1.9E-13 2.1 E-13 
10 Opposite 1.3E-12 1.SE-12 1.6E-12 1.8E-12 2.0E-1 2 2.2E-12 
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Collision Rates for 20° Turns 
RNAV Inside, 40-50 NM COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 6.8E-07 7.3E-07 7.7E-07 8.2E-07 8.6E-07 9.0E-07 
8 Oooosite 6.8E-06 7.3E-06 7.8E-06 8.3E-06 8.8E-06 9.3E-06 
10 Same 6.1E-10 6.SE-10 7.5E-10 8.2E-10 8.9E-10 9.6E-10 
10 Oooosite 6.1 E-09 6.9E-09 7.7E-09 8.SE-09 9.3E-09 1.0E-08 
12 Same 8.6E-14 9.SE-14 1.1E-13 1.2E-13 1.3E-13 1.5E-13 
12 Opposite 8.6E-13 1.0E-12 1.1E-12 1.3E-12 1.4E-12 1.4E-12 

Collision Rates for 20° Turns 
RNAV Inside, 50-60 NM COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 8.6E-14 9.SE-14 1.1E-13 1.2E-13 1.3E-13 1.4E-13 
8 Oooosite 8.6E-13 1.0E-12 1.1E-12 1.3E-12 1.4E-12 1.5E-12 
10 Same 1.8E-07 1.9E-07 2.0E-07 2.1 E-07 2.2E-07 2.4E-07 
10 Opposite 1.8E-06 2.0E-06 2.1 E-06 2.2E-06 2.3E-06 2.4E-06 
12 Same 2.2E-10 2.4E-10 2.6E-10 2.SE-10 3.1E-10 3.3E-10 
12 Oooosite 2.2E-09 2.4E-09 2.7E-09 2.9E-09 3.2E-09 3.SE-09 

Collision Rates for 20° Turns 
RNAV Inside, 60-70 NM COP Number of Turns 
Track-to-Track 

Seoaration (NM\ 
Track 

Direction 0 1 2 3 4 5 
10 Same 2.2E-06 2.3E-06 2.4E-06 2.SE-06 2.6E-06 2.7E-06 
10 Oooosite 2.2E-05 2.3E-05 2.4E-05 2.SE-05 2.7E-05 2.8E-05 
12 Same 1.9E-08 2.0E-08 2.1 E-08 2.2E-08 2.3E-08 2.4E-08 
12 Oooosite 1.9E-07 2.0E-07 2.1 E-07 2.2E-07 2.4E-07 2.SE-07 
14 Same 6.7E-11 7.1E-11 7.6E-11 8.0E-11 8.5E-11 9.0E-11 
14 Oooosite 6.7E-10 7.2E-10 7.7E-10 8.3E-10 8.SE-10 9.3E-10 

Collision Rates for 20° Turns 
RNAV Inside, 70-80 NM COP Number of Turns 
Track-to-Track 

Seoaration (NM\ 
Track 

Direction 0 1 2 3 4 5 
10 Same 5.2E-06 5.SE-06 5.7E-06 6.0E-06 6.2E-06 6.SE-06 
10 Opposite 5.2E-05 5.SE-05 5.8E-05 6.1E-05 6.4E-05 6.6E-05 
12 Same 4.7E-08 5.0E-08 5.2E-08 5.SE-08 5.8E-08 6.0E-08 
12 Oooosite 4.7E-07 5.0E-07 5.3E-07 5.6E-07 5.9E-07 6.2E-07 
14 Same 1.9E-10 2.0E-10 2.1E-10 2.2E-10 2.3E-10 2.4E-10 
14 Opposite 1.9E-09 2.0E-09 2.1 E-09 2.2E-09 2.3E-09 2.4E-09 
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30° Turns 

Collision Rates for 30° Turns 
RNAV Inside, 0-10 NM COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 2.9E-13 5.4E-1 3 7.9E-13 1.0E-12 1.3E-12 1.SE-12 
8 Oooosite 2.9E-12 5.7E-12 8.4E-1 2 1.1E-11 1.4E-11 1.7E-11 
10 Same 3.SE-16 6.SE-16 9.SE-16 1.3E-15 1.6E-15 1.9E-15 
10 Opposite 3.SE-15 7.1E-15 1.0E-14 1.4E-14 1.7E-14 2.0E-14 

Collision Rates for 30° Turns 
RNAV Inside, 10-20 NM COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 8.0E-13 1.SE-12 2.2E-12 2.9E-12 3.SE-12 4.2E-12 
8 0Poosite 8.0E-12 1.6E-11 2.3E-11 3.1E-11 3.SE-11 4.6E-11 
10 Same 1.0E-15 1.SE-15 2.7E-15 3.SE-15 4.3E-15 5.1E-15 
10 Opposite 1.0E-14 1.9E-14 2.SE-14 3.SE-14 4.7E-14 5.6E-14 

Collision Rates for 30° Turns 
RNAV Inside, 20-30 NM COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 3.7E-12 6.SE-12 1.0E-11 1.3E-11 1.6E-11 1.9E-11 
8 Opposite 3.7E-11 7.2E-11 1.1E-1 0 1.4E-10 1.SE-10 2.1E-10 
10 Same 4.7E-15 8.SE-15 1.2E-14 1.6E-14 2.0E-14 2.4E-14 
10 Oooosite 4.7E-14 8.9E-14 1.3E-1 3 1.7E-1 3 2.2E-13 2.6E-13 

Collision Rates for 30° Turns 
RNAV Inside, 30-40 NM COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 3.6E-09 5.2E-08 1.0E-07 1.5E-07 2.0E-07 2.5E-07 
8 Oooosite 3.6E-08 6.3E-07 1.2E-06 1.8E-06 2.4E-06 3.0E-06 
10 Same 1.3E-13 3.7E-13 6.2E-13 8.6E-1 3 1.1E-12 1.3E-12 
10 Opposite 1.3E-12 4.1E-1 2 6.9E-12 9.7E-12 1.3E-11 1.SE-11 

Collision Rates for 30° Turns 
RNAV Inside, 40-50 NM COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 6.8E-07 9.7E-07 1.3E-06 1.5E-06 1.8E-06 2.1 E-06 
8 Oooosite 6.8E-06 9.9E-06 1.3E-05 1.6E-05 1.9E-05 2.2E-05 
10 Same 6.1E-10 1.4E-09 2.2E-09 2.9E-09 3.7E-09 4.5E-09 
10 Oooosite 6.1E-09 1.5E-08 2.4E-08 3.2E-08 4.1 E-08 5.0E-08 
12 Same 8.6E-14 2.SE-13 4.1 E-13 5.SE-13 7.4E-13 9.0E-13 
12 Opposite 8.6E-13 2.7E-12 4.6E-12 6.SE-1 2 8.4E-1 2 1.0E-11 
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Analysis of RNA V En Route Separation with Conventional Routes Including Turns and 

Special Use Airspace 
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Collision Rates for 30° Turns 
RNAV Inside, 50-60 NM COP Number of Turns 
Track-to-Track 

Seoaration INMl 
Track 

Direction 0 1 2 
3.0E-06 
3.0E-05 
2.9E-07 
3.0E-06 

3 4 5 
8 Same 1.9E-06 

1.9E-05 
1.8E-07 
1.8E-06 
2.2E-1 0 
2.2E-09 

2.8E-06 
2.8E-05 
2.4E-07 
2.4E-06 
4.4E-10 
4.7E-09 

3.3E-06 3.5E-06 3.9E-06 
8 Oooosite 

Same 
3.3E-05 
3.5E-07 
3.6E-06 

3.5E-05 
4.0E-07 
4.1E-06 

3.9E-05 
4.5E-07 10 

10 Oooosite 
Same 

4.7E-06 
12 6.6E-10 

7.2E-09 
8.SE-10 1.1E-09 1.3E-09 

1.5E-08 12 Oooosite 9.6E-09 1.2E-08 

Collision Rates for 30° Turns 
RNAV Inside, 60-70 NM COP Number of Turns 
Track-to-Track 

Seoaration INMl 
Track 

Direction 0 1 2 3 4 5 
10 Same 2.2E-06 

2.2E-05 
2.8E-06 
2.9E-05 

3.4E-06 
3.5E-05 

4.1 E-06 4.7E-06 5.3E-06 
10 Onnosite 4.2E-05 4.9E-05 

4.8E-08 
5.5E-05 
5.5E-08 12 Same 1.9E-08 

1.9E-07 
2.6E-08 3.3E-08 4.0E-08 

12 Qnnosite 2.7E-07 3.4E-07 4.2E-07 5.0E-07 5.8E-07 
2.4E-10 
2.6E-09 

14 Same 6.7E-11 1.0E-10 1.3E-10 
1.4E-09 

1.7E-10 
1.8E-09 

2.0E-10 
2.2E-09 14 Onnosite 6.7E-10 1.0E-09 

Collision Rates for 30° Turns 
RNAV Inside, 70-80 NM COP Number of Turns 
Track-to-Track 

Separation (NMl 
Track 

Direction 0 1 2 3 4 5 
10 Same 5.2E-06 6.7E-06 8.2E-06 9.7E-06 1.1E-05 1.3E-05 
10 Oooosite 5.2E-05 6.8E-05 8.4E-05 1.0E-04 1.2E-04 1.3E-04 
12 Same 4.7E-08 6.5E-08 8.2E-08 1.0E-07 1.2E-07 1.3E-07 
12 Oooosite 4.7E-07 6.6E-07 8.5E-07 1.0E-06 1.2E-06 1.4E-06 
14 Same 1.9E-10 

1.9E-09 
2.SE-10 
2.8E-09 

3.7E-10 4.6E-10 5.SE-10 6.4E-10 
14 Onnosite 3.8E-09 4.8E-09 5.8E-09 6.8E-09 
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45° Turns 

Collision Rates for 45° Turns 
RNAV Inside, 0-10 NM COP Number of Turns 
Track-to-Track 

Seoaration (NM\ 
Track 

Direction 0 1 2 3 4 5 
8 Same 2.9E-13 9.7E-1 3 1.7E-12 2.3E-12 3.0E-12 3.7E-12 
8 Onnosite 2.9E-12 1.1E-11 1.9E-11 2.7E-11 3.SE-11 4.3E-11 

4.1E-15 
4.7E-14 

10 Same 3.SE-16 1.1E-15 
1.2E-14 

1.9E-15 
2.1E-14 

2.6E-15 
3.0E-14 

3.3E-15 
3.SE-1410 Opposite 3.SE-15 

Collision Rates for 45° Turns 
RNAV Inside, 10-20 NM COP Number of Turns 
Track-to-Track 

Seoaration (NM\ 
Track 

Direction 0 1 2 3 4 5 
8 Same 8.0E-13 2.7E-12 4.SE-12 6.4E-12 8.3E-12 1.0E-11 
8 Oooosite 8.0E-12 3.0E-11 5.1E-11 7.3E-11 9.SE-11 1.2E-10 
10 Same 1.0E-15 3.0E-15 5.1E-15 7.1E-15 9.1E-15 1.1E-14 
10 Opposite 1.0E-14 3.4E-14 5.SE-14 8.1 E-14 1.0E-13 1.3E-13 

Collision Rates for 45° Turns 
RNAV Inside, 20-30 NM COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 3.7E-12 1.2E-11 2.1E-11 2.9E-11 3.SE-11 4.7E-11 

5.3E-10 
5.2E-14 
5.9E-13 

8 Qnnosite 3.7E-11 1.4E-10 
1.4E-14 

2.4E-10 
2.3E-14 

3.4E-10 
3.3E-14 

4.3E-10 
4.2E-14 
4.9E-13 

10 Same 4.7E-15 
10 Onnosite 4.7E-14 1.6E-13 2.7E-13 3.SE-13 

Collision Rates for 45° Turns 

RNAV Inside, 30-40 NM COP 
 Number of Turns 
Track-to-Track Track 

Seoaration (NMl Direction 0 1 2 3 4 5 
8 Same 3.6E-09 4.4E-07 8.9E-07 1.3E-06 1.8E-06 2.2E-06 
8 Opposite 3.6E-08 6.3E-06 1.2E-05 1.9E-05 2.5E-05 3.1 E-05 
10 Same 1.3E-13 1.0E-12 1.9E-12 2.SE-12 3.6E-12 4.SE-12 
10 Onnosite 1.3E-12 1.2E-11 2.3E-11 3.SE-11 4.6E-11 5.7E-11 

Collision Rates for 45° Turns 
RNAV Inside 40-50 NM COP Number of Turns 
Track-to-Track Track 

Seoaration (NM\ Direction 0 1 2 3 4 5 
8 Same 6.8E-07 1.2E-06 1.8E-06 2.3E-06 2.8E-06 3.4E-06 
8 Onnosite 6.8E-06 1.3E-05 1.9E-05 2.5E-05 3.0E-05 3.6E-05 
10 Same 6.1E-10 2.6E-09 4.7E-09 6.7E-09 8.7E-09 1.1 E-08 
10 Oooosite 6.1 E-09 3.0E-08 5.4E-08 7.8E-08 1.0E-07 1.3E-07 
12 Same 8.6E-14 5.SE-13 1.0E-12 1.SE-12 1.9E-12 2.4E-12 
12 Onnosite 8.6E-13 6.6E-12 1.2E-11 1.SE-11 2.4E-11 2.9E-11 
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Collision Rates for 45° Turns 
RNAV Inside, 50-60 NM COP Number of Turns 
Track-to-Track 

Separation (NM\ 
Track 

Direction 0 1 2 3 4 5 
8 Same 1.9E-06 2.2E-06 2.4E-06 2.7E-06 3.0E-06 3.2E-06 

3.2E-05 
6.1 E-07 

8 Oooosite 1.9E-05 2.2E-05 2.4E-05 
3.5E-07 

2.7E-05 
4.4E-07 

3.0E-05 
5.2E-07 10 Same 1.8E-07 2.7E-07 

10 Onnosite 1.8E-06 2.7E-06 3.6E-06 4.6E-06 5.5E-06 6.4E-06 
12 Same 2.2E-10 7.3E-10 1.2E-09 1.7E-09 2.3E-09 2.8E-09 
12 Onnosite 2.2E-09 8.2E-09 1.4E-08 2.0E-08 2.6E-08 3.2E-08 
14 Same 1.4E-13 3.SE-1 3 5.7E-13 7.SE-13 1.0E-12 1.2E-1 2 
14 Onnosite 1.4E-12 4.0E-12 6.6E-12 9.2E-12 1.2E-11 1.4E-11 

Collision Rates for 45° Turns 
RNAV Inside, 60-70 NM COP Number of Turns 
Track-to-Track 

Separation (NM\ 
Track 

Direction 0 1 2 3 4 5 
10 Same 2.2E-06 3.3E-06 4.5E-06 

4.8E-05 
5.7E-06 6.8E-06 8.0E-06 
6.0E-05 
5.9E-08 

7.3E-05 8.6E-05 10 Oooosite 2.2E-05 3.5E-05 

7.2E-08 
8.0E-07 

8.6E-08 12 Same 1.9E-08 3.2E-08 4.6E-08 
12 Qnnosite 1.9E-07 3.4E-07 4.9E-07 6.4E-07 9.5E-07 
14 Same 6.7E-11 1.3E-10 1.9E-10 2.6E-10 3.2E-10 

3.6E-09 
3.SE-10 
4.3E-09 14 Oooosite 6.7E-10 1.4E-09 2.1 E-09 2.9E-09 

Collision Rates for 45° Turns 
RNAV Inside, 70-80 NM COP Number of Turns 
Track-to-Track 

Seoaration (NM\ 
Track 

Direction 0 1 2 3 4 5 
10 Same 5.2E-06 8.0E-06 1.1 E-05 1.3E-05 1.6E-05 1.9E-05 
10 Oooosite 5.2E-05 8.3E-05 1.1E-04 1.4E-04 1.?E-04 

1.8E-07 
2.0E-04 

12 Same 4.?E-08 8.0E-08 1.1 E-07 1.4E-07 2.1 E-07 
2.3E-06 
1.0E-09 

12 Oooosite 4.?E-07 
1.9E-10 

8.4E-07 
3.SE-10 

1.2E-06 
5.2E-10 

1.6E-06 
6.SE-10 

1.9E-06 
8.4E-1014 Same 

14 Oooosite 1.9E-09 3.8E-09 5.?E-09 7.6E-09 9.5E-09 1.0E-08 
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60° Turns 

Collision Rates for 60° Turns 
RNAV Inside, 0-10 NM COP Number of Turns 
Track-to-Track 
Separation (NM) 

Track 
Direction 0 1 2 3 4 5 

8 Same 2.9E-13 1.SE-12 2.6E-12 3.SE-12 5.0E-12 6.2E-12 
8 Opposite 2.9E-12 2.0E-11 3.7E-11 5.4E-11 7.1 E-11 8.SE-11 
10 Same 3.SE-16 1.4E-15 2.SE-15 3.6E-15 4.7E-15 5.7E-15 
10 Opposite 3.SE-15 2.0E-14 3.6E-14 5.2E-14 6.SE-14 8.4E-14 

Collision Rates for 60° Turns 
RNAV Inside, 10-20 NM COP Number of Turns 
Track-to-Track 

Separation (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 8.0E-13 4.0E-12 7.2E-12 1.0E-11 1.4E-11 1.7E-11 
8 Opposite 8.0E-12 5.SE-1 1 1.0E-1 0 1.SE-10 1.9E-10 2.4E-10 
10 Same 1.0E-15 4.0E-15 6.9E-1 5 9.SE-15 1.3E-14 1.6E-14 
10 Oooosite 1.0E-14 5.4E-14 9.SE-1 4 1.4E-13 1.9E-13 2.3E-13 

Collision Rates for 60° Turns 
RNAV Inside, 20-30 NM COP Number of Turns 
Track-to-Track 

Separation (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 3.7E-12 1.SE-11 3.3E-11 4.SE-11 6.3E-11 7.7E-11 
8 Opposite 3.7E-11 2.SE-10 4.6E-10 6.SE-10 8.9E-10 1.1 E-09 
10 Same 4.7E-1 5 1.SE-14 3.2E-14 4.SE-14 5.9E-14 7.3E-14 
10 Oooosite 4.7E-14 2.SE-13 4.SE-13 6.6E-1 3 8.6E-13 1.1E-12 

Collision Rates for 60° Turns 
RNAV Inside, 30-40 NM COP Number of Turns 
Track-to-Track 

Separation (NM} 
Track 

Direction 0 1 2 3 4 5 
8 Same 3.6E-09 1.6E-06 3.2E-06 4.8E-06 6.4E-06 8.0E-06 
8 Opposite 3.6E-08 4.0E-05 8.0E-05 1.2E-04 1.6E-04 2.0E-04 
10 Same 1.3E-13 1.7E-12 3.2E-1 2 4.7E-12 6.3E-1 2 7.SE-12 
10 Opposite 1.3E-12 3.0E-11 5.SE-11 8.7E-11 1.2E-10 1.4E-10 

Collision Rates for 60° Turns 
RNAV Inside, 40-50 NM COP Number of Turns 
Track-to-Track 
Separation (NM) 

Track 
Direction 0 1 2 3 4 5 

8 Same 6.8E-07 1.4E-06 2.1E-06 2.9E-06 3.6E-06 4.3E-06 
8 Oooosite 6.8E-06 1.6E-05 2.4E-05 3.3E-05 4.2E-05 5.1E-05 
10 Same 6.1E-10 3.6E-09 6.6E-09 9.6E-09 1.3E-08 1.6E-08 
10 OPPosite 6.1E-09 5.1E-08 9.7E-08 1.4E-07 1.9E-07 2.3E-07 
12 Same 8.6E-14 6.SE-1 3 1.3E-12 1.9E-12 2.4E-12 3.0E-12 
12 Opposite 8.6E-1 3 1.1 E-11 2.2E-11 3.2E-11 4.3E-11 5.3E-11 
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Collision Rates for 60° Turns 
RNAV Inside, 50-60 NM COP Number of Turns 
Track-to-Track 

Seoaration (NM\ 
Track 

Direction 0 1 2 3 4 5 
8 Same 1.9E-06 2.2E-06 2.4E-06 2.7E-06 3.0E-06 3.2E-06 
8 Opposite 1.9E-05 2.2E-05 2.4E-05 2.7E-05 3.0E-05 3.2E-05 

10 Same 1.8E-07 2.8E-07 3.8E-07 4.8E-07 5.8E-07 6.8E-07 
10 Oooosite 1.8E-06 3.0E-06 4.1E-06 5.2E-06 6.3E-06 7.SE-06 
12 Same 2.2E-10 8.4E-10 1.SE-09 2.1 E-09 2.7E-09 3.3E-09 
12 Opposite 2.2E-09 1.2E-08 2.2E-08 3.1 E-08 4.1E-08 5.1E-08 
14 Same 1.4E-1 3 3.SE-13 5.7E-13 7.BE-13 1.0E-12 1.2E-12 
14 Oooosite 1.4E-12 5.1 E-12 8.SE-12 1.3E-11 1.6E-11 2.0E-11 

Collision Rates for 60° Turns 
RNAV Inside, 60-70 NM COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
10 Same 2.2E-06 3.7E-06 5.1 E-06 6.6E-06 8.1E-06 9.6E-06 
10 Opposite 2.2E-05 4.1E-05 6.0E-05 7.9E-05 9.8E-05 1.2E-04 
12 Same 1.9E-08 3.4E-08 5.0E-08 6.SE-08 8.1E-08 9.6E-08 
12 Opposite 1.9E-07 4.0E-07 6.2E-07 8.3E-07 1.0E-06 1.3E-06 
14 Same 6.7E-11 1.3E-10 1.9E-10 2.6E-10 3.2E-10 3.SE-10 
14 Oooosite 6.7E-10 1.6E-09 2.6E-09 3.6E-09 4.SE-09 5.SE-09 

Collision Rates for 60° Turns 
RNAV Inside, 70-80 NM COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
10 Same 5.2E-06 8.7E-06 1.2E-05 1.6E-05 1.9E-05 2.3E-05 
10 Oooosite 5.2E-05 9.7E-05 1.4E-04 1.9E-04 2.3E-04 2.8E-04 
12 Same 4.7E-08 8.SE-08 1.2E-07 1.6E-07 2.0E-07 2.3E-07 
12 Oooosite 4.7E-07 9.9E-07 1.SE-06 2.0E-06 2.6E-06 3.1E-06 
14 Same 1.9E-10 3.SE-10 5.2E-10 6.BE-10 8.4E-10 1.0E-09 
14 Oooosite 1.9E-09 4.4E-09 6.9E-09 9.4E-09 1.2E-08 1.4E-08 
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70° Turns 

Collision Rates for 70° Turns 
RNAV Inside, 0-10 NM COP Number of Turns 
Track-to-Track 

Separation (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 2.9E-13 1.SE-12 2.SE-12 4.0E-12 5.2E-12 6.SE-12 
8 Oooosite 2.9E-12 2.7E-11 5.0E-11 7.4E-11 9.SE-11 1.2E-10 
10 Same 3.SE-16 1.3E-15 2.3E-15 3.2E-15 4.2E-15 5.1E-15 
10 Oooosite 3.SE-15 2.3E-14 4.3E-14 6.3E-14 8.2E-14 1.0E-13 

Collision Rates for 70° Turns 
RNAV Inside, 10-20 NM COP Number of Turns 
Track-to-Track 

Separation (NMl 
Track 

Direction 0 1 2 3 4 5 
8 Same 8.0E-13 4.2E-12 7.6E-12 1.1E-11 1.4E-11 1.SE-11 
8 Oooosite 8.0E-12 7.3E-11 1.4E-10 2.0E-1 0 2.7E-10 3.3E-10 
10 Same 1.0E-15 3.6E-15 6.2E-15 8.SE-15 1.1E-14 1.4E-14 
10 Oooosite 1.0E-14 6.4E-14 1.2E-13 1.7E-13 2.2E-13 2.SE-13 

Collision Rates for 70° Turns 
RNAV Inside, 20-30 NM COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 3.7E-12 1.9E-11 3.SE-11 5.0E-11 6.6E-11 8.1 E-11 
8 Oooosite 3.7E-11 3.3E-10 6.3E-10 9.2E-10 1.2E-09 1.SE-09 
10 Same 4.7E-15 1.7E-14 2.9E-14 4.1E-14 5.3E-14 6.SE-14 
10 Oooosite 4.7E-14 3.0E-13 5.4E-13 7.9E-13 1.0E-12 1.3E-12 

Collision Rates for 70° Turns 
RNAV Inside, 30-40 NM COP Number of Turns 
Track-to-Track 

Seoaration INMl 
Track 

Direction 0 1 2 3 4 5 
8 Same 3.6E-09 1.SE-06 3.6E-06 5.SE-06 7.3E-06 9.1E-06 
8 Oooosite 3.6E-08 9.3E-05 1.9E-04 2.8E-04 3.7E-04 4.6E-04 
10 Same 1.3E-1 3 1.4E-12 2.7E-12 3.9E-12 5.2E-12 6.4E-12 
10 Oooosite 1.3E-12 4.0E-11 8.0E-11 1.2E-10 1.6E-10 2.0E-10 

Collision Rates for 70° Turns 
RNAV Inside, 40-50 NM COP Number of Turns 
Track-to-Track 

Separation (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 6.8E-07 1.4E-06 2.2E-06 2.9E-06 3.7E-06 4.4E-06 
8 Oooosite 6.8E-06 1.7E-05 2.7E-05 3.8E-05 4.8E-05 5.8E-05 
10 Same 6.1E-10 3.2E-09 5.9E-09 8.SE-09 1.1E-08 1.4E-08 
10 Opposite 6.1E-09 6.1 E-08 1.2E-07 1.7E-07 2.3E-07 2.8E-07 
12 Same 8.6E-14 4.7E-13 8.6E-13 1.2E-12 1.6E-12 2.0E-12 
12 Opposite 8.6E-13 1.2E-11 2.4E-11 3.SE-11 4.7E-11 5.BE-11 

27 




Ana lysis of RNAV En Route Separation with Conventional Routes Including Turns and 

Special Use Airspace 


DOT-FAA-AFS-440-26 January 2007 


Collision Rates for 70° Turns 
RNAV Inside, 50-60 NM COP Number of Turns 
Track-to-Track 

Seoaration (NM} 
Track 

Direction 0 1 2 3 4 5 
8 Same 1.9E-06 2.4E-06 2.7E-06 3.0E-06 3.2E-06 
8 Oooosite 1.9E-05 2.2E-05 2.4E-05 2.7E-05 3.0E-05 3.2E-05 
10 Same 1.SE-07 2.SE-07 3.7E-07 4.7E-07 5.6E-07 6.5E-07 
10 Oooosite 1.SE-06 3.0E-06 4.2E-06 5.4E-06 6.6E-06 7.SE-06 
12 Same 2.2E-10 6.6E-10 1.1E-09 1.5E-09 2.0E-09 2.4E-09 
12 Opposite 2.2E-09 1.3E-08 2.3E-08 3.3E-08 4.4E-08 5.4E-08 
14 Same 1.4E-13 2.5E-13 3.7E-13 4.9E-13 6.0E-13 7.2E-13 
14 Oooosite 1.4E-12 4.BE-12 8.2E-12 1.2E-11 1.SE-11 1.BE-11 

Collision Rates for 70° Turns 
RNAV Inside, 60-70 NM COP Number of Turns 
Track-to-Track 

Seoaration (NM} 
Track 

Direction 0 1 2 3 4 5 
10 Same 2.2E-06 3.6E-06 4.9E-06 6.3E-06 7.6E-06 9.0E-06 
10 Opposite 2.2E-05 4.3E-05 6.SE-05 8.6E-05 1.1E-04 1.3E-04 
12 Same 1.9E-08 3.1 E-08 4.3E-08 5.5E-08 6.7E-08 7.9E-08 
12 Oooosite 1.9E-07 4.1 E-07 6.4E-07 8.6E-07 1.1E-06 1.3E-06 
14 Same 6.7E-11 1.1E-10 1.4E-10 1.BE-10 2.2E-10 2.6E-10 
14 Opposite 6.7E-10 1.6E-09 2.SE-09 3.4E-09 4.3E-09 5.2E-09 

Collision Rates for 70° Turns 
RNAV Inside, 70-80 NM COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
10 Same 5.2E-06 8.4E-06 1.2E-05 1.SE-05 1.SE-05 2.1 E-05 
10 Oooosite 5.2E-05 1.0E-04 1.5E-04 2.0E-04 2.6E-04 3.1 E-04 
12 Same 4.7E-08 7.7E-08 1.1E-07 1.4E-07 1.6E-07 1.9E-07 
12 Oooosite 4.7E-07 1.0E-06 1.6E-06 2.1 E-06 2.7E-06 3.2E-06 
14 Same 1.9E-10 2.9E-10 3.9E-10 4.9E-10 5.9E-10 6.9E-10 
14 Opposite 1.9E-09 4.2E-09 6.6E-09 8.9E-09 1.1E-08 1.4E-08 
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Appendix D: Collision Rates by Turn Angle, Track Separation, COP Distance, 

Track Direction, and Number of Turns per Hour of Flight 


(RNAV Track Outside Conventional) 


20° Turns 

Collision Rates for 20° Turns 
RNAV Outside, 0-10 NM COP Number of Turns 

Track-to-Track Track 
Separation (NM) Direction 0 1 2 3 4 5 

8 Same 2.9E-13 1.6E-12 2.9E-12 4.3E-12 5.6E-12 2.9E-11 
8 Oooosite 2.9E-12 1.7E-11 3.1 E-11 4.6E-11 6.0E-11 3.0E-10 
10 Same 3.SE-16 2.1E-15 3.SE-15 5.SE-15 7.2E-15 1.SE-14 
10 Oooosite 3.SE-15 2.2E-14 4.0E-14 5.9E-14 7.7E-14 1.9E-13 

Collision Rates for 20° Turns 
RNAV Outside,10-20 NM 

COP Number of Turns 
Track-to-Track Track 

Separation (NM) Direction 0 1 2 3 4 5 
8 Same 8.0E-13 4.4E-12 8.0E-12 1.2E-11 1.SE-11 1.SE-11 
8 Oooosite 8.0E-12 4.7E-11 8.6E-11 1.2E-10 1.6E-10 1.SE-10 
10 Same 1.0E-15 5.7E-15 1.0E-14 1.SE-14 2.0E-14 2.4E-14 
10 Oooosite 1.0E-14 6.0E-14 1.1E-13 1.6E-13 2.1E-13 2.4E-13 

Collision Rates for 20° Turns 
RNAV Outside, 20-30 NM 

COP Number of Turns 
Track-to-Track Track 

Separation {NMl Direction 0 1 2 3 4 5 
8 Same 3.7E-12 2.0E-11 3.7E-11 5.3E-11 7.0E-11 8.3E-11 
8 Oooosite 3.7E-11 2.1E-10 3.9E-10 5.7E-10 7.SE-10 8.7E-10 
10 Same 4.7E-15 2.6E-14 4.SE-14 6.9E-14 9.1E-14 1.3E-13 
10 Oooosite 4.7E-14 2.SE-13 5.1E-13 7.SE-13 9.SE-13 1.4E-12 

Collision Rates for 20° Turns 
RNAV Outside, 30-40 NM 

COP Number of Turns 
Track-to-Track Track 

Separation (NM) Direction 0 1 2 3 4 5 
8 Same 3.6E-09 2.1E-06 4.3E-06 6.4E-06 8.SE-06 9.6E-06 
8 Oooosite 3.6E-08 2.6E-05 5.1 E-05 7.7E-05 1.0E-04 1.6E-04 

10 Same 1.3E-13 3.3E-12 6.4E-12 9.SE-12 1.3E-11 3.3E-11 
10 Oooosite 1.3E-12 3.7E-11 7.2E-11 1.1E-10 1.4E-10 3.SE-10 
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Collision Rates for 20° Turns 
RNAV Outside, 40-50 NM 

COP Number of Turns 
Track-to-Track 

Separation (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 6.8E-07 1.5E-06 2.2E-06 3.0E-06 3.8E-06 4.4E-06 
8 Opposite 6.8E-06 1.5E-05 2.3E-05 3.1 E-05 3.9E-05 4.5E-05 
10 Same 6.1E-10 5.4E-09 1.0E-08 1.5E-08 2.0E-08 2.4E-08 
10 Oooosite 6.1E-09 5.8E-08 1.1E-07 1.6E-07 2.1E-07 2.4E-07 
12 Same 8.6E-14 1.BE-12 3.SE-12 5.2E-12 6.9E-12 8.6E-12 
12 Opposite 8.6E-13 2.0E-11 3.9E-11 5.BE-11 7.7E-11 8.6E-11 

Collision Rates for 20° Turns 
RNAV Outside, 50-60 NM 

COP Number of Turns 
Track-to-Track 

Separation (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 1.9E-06 1.?E-06 1.6E-06 1.4E-06 1.3E-06 1.9E-06 
8 Opposite 1.9E-05 1.7E-05 1.6E-05 1.4E-05 1.3E-05 1.9E-05 
10 Same 1.8E-07 3.0E-07 4.1 E-07 5.3E-07 6.4E-07 1.8E-07 
10 Oooosite 1.BE-06 3.0E-06 4.2E-06 5.4E-06 6.5E-06 1.8E-06 
12 Same 2.2E-10 1.6E-09 3.0E-09 4.5E-09 5.9E-09 7.2E-09 
12 Opposite 2.2E-09 1.?E-08 3.3E-08 4.8E-08 6.3E-08 2.2E-09 

Collision Rates for 20° Turns 

RNAV Outside, 60-70 NM 


COP 
 Number of Turns 

Track-to-Track 


Separation (NM) 
Track 

Direction 0 1 2 3 4 5 
10 Same 2.2E-06 4.2E-06 6.1E-06 8.1E-06 1.0E-05 2.2E-05 
10 Opposite 2.2E-05 4.3E-05 6.3E-05 8.4E-05 1.0E-04 2.2E-04 
12 Same 1.9E-08 4.7E-08 7.5E-08 1.0E-07 1.3E-07 1.9E-07 
12 Oooosite 1.9E-07 4.9E-07 7.9E-07 1.1 E-06 1.4E-06 1.9E-06 
14 Same 6.7E-11 2.4E-10 4.1E-10 5.9E-10 7.6E-10 9.7E-10 
14 Opposite 6.7E-10 2.5E-09 4.4E-09 6.2E-09 8.1E-09 9.6E-09 

Collision Rates for 20° Turns 
RNAV Outside, 70-80 NM 

COP Number of Turns 
Track-to-Track 

Separation (NM) 
Track 

Direction 0 1 2 3 4 5 
10 Same 5.2E-06 9.9E-06 1.5E-05 1.9E-05 2.4E-05 3.2E-05 
10 Opposite 5.2E-05 1.0E-04 1.5E-04 2.0E-04 2.5E-04 3.2E-04 
12 Same 4.?E-08 1.2E-07 1.8E-07 2.5E-07 3.2E-07 4.7E-07 
12 Oooosite 4.?E-07 1.2E-06 1.9E-06 2.6E-06 3.4E-06 4.7E-06 
14 Same 1.9E-10 6.3E-10 1.1 E-09 1.5E-09 2.0E-09 2.6E-09 
14 Opposite 1.9E-09 6.7E-09 1.1E-08 1.6E-08 2.1 E-08 2.7E-08 
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30° Turns 

Collision Rates for 30° Turns 
RNAV Outside, 0-10 NM COP Number of Turns 

Track-to-Track 
Separation (NM) 

Track 
Direction 0 1 2 3 4 5 

8 Same 2.9E-1 3 8.1E-12 1.6E-11 2.4E-11 3.1 E-11 3.9E-11 
8 Opposite 2.9E-12 8.BE-11 1.7E-10 2.6E-10 3.4E-10 4.3E-10 
10 Same 3.BE-16 9.9E-15 1.9E-14 2.9E-14 3.BE-14 4.BE-14 
10 Opposite 3.BE-15 1.1E-1 3 2.1E-13 3.2E-13 4.2E-13 5.3E-13 

Collision Rates for 30° Turns 
RNAV Outside, 10-20 NM 

COP Number of Turns 
Track-to-Track 

Separation (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 8.0E-13 2.2E-11 4.3E-11 6.4E-11 8.6E-11 1.1E-10 
8 Oooosite 8.0E-12 2.4E-10 4.7E-10 7.0E-10 9.4E-10 1.2E-09 

1.3E-13 10 Same 1.0E-15 2.7E-14 5.3E-14 7.9E-14 1.1E-13 
10 Oooosite 1.0E-14 3.0E-13 5.BE-13 8.7E-13 1.2E-12 1.4E-12 

Collision Rates for 30° Turns 
RNAV Outside, 20-30 NM 

COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 3.7E-12 1.0E-10 2.0E-10 2.9E-10 3.9E-10 4.BE-10 
8 Oooosite 3.7E-11 1.1E-09 2.1 E-09 3.2E-09 4.2E-09 5.3E-09 
10 Same 4.7E-15 1.3E-13 2.SE-13 3.7E-13 4.9E-13 6.1E-13 
10 Oooosite 4.7E-14 1.4E-12 2.7E-12 4.0E-12 5.4E-12 6.7E-12 

Collision Rates for 30° Turns 

RNAV Outside, 30-40 NM 


COP 
 Number of Turns 

Track-to-Track 
 Track 

Separation (NM) Direction 0 1 2 3 4 5 
8 Same 3.6E-09 1.8E-06 3.6E-06 5.5E-06 7.3E-06 9.1 E-06 
8 Oooosite 3.6E-08 9.3E-05 1.9E-04 2.8E-04 3.?E-04 4.6E-04 
10 Same 1.3E-13 5.7E-11 1.1E-10 1.7E-10 2.3E-10 2.BE-10 
10 Oooosite 1.3E-12 6.7E-10 1.3E-09 2.0E-09 2.7E-09 3.4E-09 
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Collision Rates for 30° Turns 
RNAV Outs ide, 40-50 NM 

COP Number of Turns 
Track-to-Track 

Seoaration /NMl 
Track 

Direction 0 1 2 3 4 5 
8 Same 6.8E-07 2.3E-06 3.9E-06 5.6E-06 7.2E-06 8.8E-06 
8 Oooosite 6.8E-06 2.4E-05 4.0E-05 5.7E-05 7.4E-05 9.0E-05 
10 Same 6.1E-10 2.6E-08 5.1 E-08 7.6E-08 1.0E-07 1.3E-07 

1.4E-0610 Oooosite 6.1E-09 2.8E-07 5.SE-07 8.2E-07 1.1 E-06 
12 Same 8.6E-14 1.SE-11 2.9E-11 4.4E-1 1 5.9E-11 7.3E-1 1 
12 Oooosite 8.6E-13 1.?E-1 0 3.3E-10 5.0E-10 6.6E-10 8.3E-10 

Collis ion Rates for 30° Turns 
RNAV Outs ide, 50-60 NM 

COP Number of Turns 
Track-to-Track 

Seoaration /NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 1.9E-06 2.3E-06 2.6E-06 2.9E-06 3.3E-06 3.7E-06 
8 Oooosite 1.9E-05 2.3E-05 2.6E-05 3.0E-05 3.3E-05 3.8E-05 
10 Same 1.8E-07 3.3E-07 4.8E-07 6.2E-07 7.7E-07 9.2E-07 

9.1 E-0610 Oooosite 1.8E-06 3.3E-06 4.8E-06 6.2E-06 7.7E-06 
12 Same 2.2E-1 0 6.8E-09 1.3E-08 2.0E-08 2.7E-08 3.3E-08 
12 Oooosite 2.2E-09 7.4E-08 1.SE-07 2.2E-07 2.9E-07 3.6E-07 

Collision Rates for 30° Turns 
RNAV Outs ide, 60-70 NM 

COP Number of Turns 
Track-to-Track 

Seoaration /NMl 
Track 

Direction 0 1 2 3 4 5 
10 Same 2.2E-06 7.7E-06 1.3E-05 1.9E-05 2.4E-05 3.0E-05 
10 Oooosite 2.2E-05 8.0E-05 1.4E-04 2.0E-04 2.5E-04 3.1E-04 
12 Same 1.9E-08 1.1E-07 2.0E-07 2.9E-07 3.8E-07 4.7E-07 
12 Oooosite 1.9E-07 1.2E-06 2.1 E-06 3.1 E-06 4.1 E-06 5.0E-06 
14 Same 6.?E-11 7.2E-10 1.4E-09 2.0E-09 2.7E-09 3.3E-09 
14 Oooosite 6.?E-1 0 7.7E-09 1.SE-08 2.2E-08 2.9E-08 3.6E-08 

Collision Rates for 30° Turns 
RNAV Outside, 70-80 NM 

COP Number of Turns 
Track-to-Track 

Seoaration /NMl 
Track 

Direction 0 1 2 3 4 5 
10 Same 5.2E-06 1.8E-05 3.1 E-05 4.4E-05 5.7E-05 7.0E-05 
10 Oooosite 5.2E-05 1.9E-04 3.3E-04 4.6E-04 6.0E-04 7.3E-04 
12 Same 4.7E-08 2.6E-07 4.8E-07 7.0E-07 9.2E-07 1.1 E-06 
12 Oooosite 4.7E-07 2.8E-06 5.1E-06 7.4E-06 9.8E-06 1.2E-05 
14 Same 1.9E-10 1.8E-09 3.5E-09 5.1E-09 6.8E-09 8.4E-09 
14 Oooosite 1.9E-09 2.0E-08 3.8E-08 5.5E-08 7.3E-08 9.1E-08 
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45° Turns 

Collision Rates for 45° Turns 
RNAV Outside, 0-10 NM COP Number of Turns 

Track-to-Track Track 
Seoaration (NM) Direction 0 1 2 3 4 5 

8 Same 2.9E-13 2.1 E-11 4.2E-11 6.4E-11 8.SE-11 1.1E-10 
8 Opposite 2.9E-12 2.SE-10 4.9E-10 7.3E-10 9.7E-10 1.2E-09 
10 Same 3.SE-16 2.4E-14 4.7E-14 7.1E-14 9.4E-14 1.2E-13 
10 Oooosite 3.BE-15 2.7E-13 5.SE-13 8.2E-13 1.1E-12 1.4E-12 

Collision Rates for 45° Turns 
RNAV Outside, 10-20 NM 

COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 8.0E-13 5.BE-11 1.2E-10 1.7E-10 2.3E-10 2.9E-10 
8 Opposite 8.0E-12 6.7E-10 1.3E-09 2.0E-09 2.6E-09 3.3E-09 
10 Same 6.SE-14 1.3E-13 1.9E-13 2.6E-13 3.2E-13 6.SE ­ 14 
10 Opposite 7.SE-13 1.SE-12 2.2E-12 3.0E-12 3.7E-12 7.SE-13 

Collision Rates for 45° Turns 

RNAV Outside, 20-30 NM 


COP Number of Turns 
Track-to-Track Track 

Seoaration (NM) Direction 0 1 2 3 4 5 
8 Same 3.7E-12 2.6E-10 5.2E-10 7.SE-10 1.0E-09 1.3E-09 
8 Opposite 3.7E-11 3.0E-09 6.0E-09 9.0E-09 1.2E-08 1.SE-08 
10 Same 4.7E-15 3.0E-13 6.0E-1 3 8.9E-13 1.2E-12 1.SE-12 
10 Oooosite 4.7E-14 3.SE-12 6.9E-12 1.0E-11 1.4E-11 1.7E-11 

Collision Rates for 45° Turns 
RNAV Outside, 30-40 NM 

COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 3.6E-09 1.8E-06 3.6E-06 5.5E-06 7.3E-06 9.1E-06 
8 Opposite 3.6E-08 9.3E-05 1.9E-04 2.8E-04 

8.9E-10 
3.7E-04 
1.2E-09 

4.6E-04 
1.5E-09 10 Same 1.3E-13 3.0E-10 6.0E-10 

10 Opposite 1.3E-1 2 3.9E-09 7.9E-09 1.2E-08 1.6E-08 2.0E-08 
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Collision Rates for 45° Turns 
RNAV Outside, 40-50 NM 

COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 6.8E-07 2.8E-06 4.9E-06 7.0E-06 9.1E-06 1.1 E-05 
8 Opposite 6.8E-06 2.8E-05 5.0E-05 7.2E-05 9.3E-05 1.2E-04 
10 Same 6.1E-10 5.6E-08 1.1E-07 1.7E-07 2.2E-07 2.8E-07 
10 Oooosite 6.1E-09 6.3E-07 1.2E-06 1.9E-06 2.5E-06 3.1 E-06 
12 Same 8.6E-14 4.0E-11 7.9E-11 1.2E-10 1.6E-10 2.0E-10 
12 Opposite 8.6E-13 4.SE-10 9.6E-10 1.4E-09 1.9E-09 2.4E-09 

Collision Rates for 45° Turns 
RNAV Outside, 50-60 NM 

COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
3.7E-06 8 Same 1.9E-06 2.3E-06 2.6E-06 2.9E-06 3.3E-06 

8 Opposite 1.9E-05 2.3E-05 2.6E-05 3.0E-05 3.3E-05 3.8E-05 
10 Same 1.8E-07 3.2E-07 4.5E-07 5.8E-07 7.2E-07 8.5E-07 
10 Opposite 1.8E-06 3.1E-06 4.4E-06 5.7E-06 7.0E-06 8.3E-06 
12 Same 2.2E-10 1.3E-08 2.6E-08 3.9E-08 5.1 E-08 6.4E-08 
12 Opposite 2.2E-09 1.5E-07 2.9E-07 4.4E-07 5.8E-07 7.2E-07 
14 Same 1.4E-13 1.2E-11 2.3E-11 3.SE-11 4.6E-11 5.SE-11 
14 Opposite 1.4E-12 1.4E-10 2.SE-10 4.2E-10 5.6E-10 7.0E-10 

Collision Rates for 45° Turns 

RNAV Outside, 60-70 NM 


COP Number of Turns 
Track-to-Track Track 

Seoaration (NM) Direction 0 1 2 3 4 5 
10 Same 2.2E-06 1.1 E-05 2.0E-05 2.9E-05 3.8E-05 4.8E-05 
10 Opposite 2.2E-05 1.2E-04 2.2E-04 3.2E-04 4.2E-04 5.1E-04 
12 Same 1.9E-08 1.7E-07 3.3E-07 4.8E-07 6.4E-07 7.9E-07 
12 Opposite 1.9E-07 1.9E-06 3.6E-06 5.3E-06 7.1E-06 8.8E-06 
14 Same 6.7E-11 1.2E-09 2.3E-09 3.4E-09 4.6E-09 5.7E-09 
14 Opposite 6.7E-1 0 1.3E-08 2.6E-08 3.9E-08 5.2E-08 6.5E-08 

Collision Rates for 45° Turns 
RNAV Outside, 70-80 NM 

COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
10 Same 5.2E-06 2.7E-05 4.8E-05 6.9E-05 9.1 E-05 1.1 E-04 
10 Opposite 5.2E-05 2.8E-04 5.2E-04 7.5E-04 9.8E-04 1.2E-03 
12 Same 4.7E-08 4.2E-07 7.9E-07 1.2E-06 1.5E-06 1.9E-06 
12 Opposite 4.7E-07 4.6E-06 8.7E-06 1.3E-05 1. 7E-05 2.1 E-05 
14 Same 1.9E-10 3.0E-09 5.9E-09 8.7E-09 1.2E-08 1.4E-08 
14 Opposite 1.9E-09 3.4E-08 6.6E-08 9.8E-08 1.3E-07 1.6E-07 

34 




Analysis of RNAV En Route Separation with Conventional Routes Including Turns and 

Special Use Airspace 


DOT-FAA-AFS-440-26 Ja,rnan• 2007 

60° Turns 

Collision Rates for 60° Turns 
RNAV Outside, 0-10 NM COP Number of Turns 

Track-to-Track 
Separation (NM) 

Track 
Direction 0 1 2 3 4 5 

8 Same 2.9E-13 3.9E-11 7.SE-11 1.2E-10 1.6E-10 1.9E-1 0 
8 Oooosite 2.9E-12 5.SE-10 1.1E-09 1.7E-09 2.2E-09 2.SE-09 
10 Same 3.SE-16 3.7E-14 7.3E-14 1.1E-13 1.SE-13 1.SE-13 
10 Oooosite 3.SE-1 5 5.4E-13 1.1E-12 1.6E-12 2.1E-12 2.7E-12 

Collision Rates for 60° Turns 
RNAV Outside, 10-20 NM 

COP Number of Turns 
Track-to-Track 

Separation /NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 8.0E-13 1.1E-10 2.1E-10 3.2E-10 4.2E-10 5.3E-10 
8 Opposite 8.0E-12 1.SE-09 3.0E-09 4.SE-09 6.0E-09 7.SE-09 
10 Same 1.0E-15 1.0E-1 3 2.0E-13 3.0E-1 3 4.0E-13 5.0E-1 3 
10 Oooosite 1.0E-14 1.SE-12 2.9E-12 4.4E-12 5.9E-12 7.3E-12 

Collision Rates for 60° Turns 
RNAV Outside, 20-30 NM 

COP 
Track-to-Track Track 

Separation (NM) Direction 0 1 

Number of Turns 

2 3 4 5 
8 Same 3.7E-12 4.SE-10 9.SE-10 1.4E-09 1.9E-09 2.4E-09 
8 Oooosite 3.7E-11 6.7E-09 1.3E-08 2.0E-08 2.7E-08 3.4E-08 
10 Same 4.7E-15 4.7E-1 3 9.3E-13 1.4E-12 1.9E-12 2.3E-12 
10 Oooosite 4.7E-14 6.SE-12 1.4E-11 2.0E-11 2.7E-11 3.4E-11 

Collision Rates for 60° Turns 

RNAV Outside, 30-40 NM 


COP 
 Number of Turns 

Track-to-Track 
 Track 


Separation INMI 
 Direction 0 1 2 3 4 5 
8 Same 3.6E-09 1.8E-06 3.6E-06 5.5E-06 7.3E-06 9.1 E-06 
8 Oooosite 3.6E-08 9.3E-05 1.9E-04 2.8E-04 3.7E-04 4.6E-04 
10 Same 1.3E-13 7.0E-10 1.4E-09 2.1 E-09 2.8E-09 3.5E-09 
10 Opposite 1.3E-12 1.5E-08 3.0E-08 4.5E-08 6.0E-08 7.5E-08 
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Collision Rates for 60° Turns 

RNAV Outside, 70-80 NM 


COP 
 Number of Turns 

Track-to-Track 
 Track 

Seoaration (NM) Direction 0 1 2 3 4 5 
10 Same 5.2E-06 3.3E-05 6.0E-05 8.7E-05 1.1E-04 1.4E-04 
10 Oooosite 5.2E-05 3.9E-04 7.2E-04 1.1 E-03 1.4E-03 1.7E-03 
12 Same 4.7E-08 4.9E-07 9.3E-07 1.4E-06 1.SE-06 2.3E-06 
12 Opposite 4.7E-07 6.2E-06 1.2E-05 1.SE-05 2.4E-05 2.9E-05 
14 Same 1.9E-10 3.2E-09 6.3E-09 9.3E-09 1.2E-08 1.SE-08 
14 Opposite 1.9E-09 4.SE-08 8.SE-08 1.3E-07 1.7E-07 2.2E-07 
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Collision Rates for 60° Turns 
RNAV Outside, 40-50 NM 

COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 6.SE-07 3.0E-06 5.3E-06 7.7E-06 1.0E-05 1.2E-05 
8 Oooosite 6.SE-06 3.1 E-05 5.SE-05 8.0E-05 1.0E-04 1.3E-04 
10 Same 6.1E-10 8.0E-08 1.6E-07 2.4E-07 3.2E-07 4.0E-07 
10 Oooosite 6.1 E-09 1.1E-06 2.1E-06 3.2E-06 4.3E-06 5.3E-06 
12 Same 8.GE-14 5.SE-11 1.1E-10 1.7E-10 2.2E-10 2.SE-10 
12 Oooosite 8.GE-13 9.1E-10 1.SE-09 2.7E-09 3.7E-09 4.6E-09 

Collision Rates for 60° Turns 
RNAV Outside, 50-60 NM 

COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 1.9E-06 2.3E-06 2.6E-06 2.9E-06 3.3E-06 3.7E-06 
8 Oooosite 1.9E-05 2.3E-05 2.6E-05 3.0E-05 3.3E-05 3.SE-05 
10 Same 1.SE-07 3.0E-07 4.2E-07 5.4E-07 6.6E-07 7.SE-07 
10 Oooosite 1.SE-06 2.9E-06 3.9E-06 5.0E-06 6.0E-06 7.1 E-06 
12 Same 2.2E-10 1.6E-08 3.2E-08 4.SE-08 6.3E-08 7.9E-08 
12 Oooosite 2.2E-09 2.2E-07 4.3E-07 6.SE-07 8.6E-07 1.1 E-06 
14 Same 1.4E-13 1.3E-11 2.GE-11 3.9E-11 5.1E-11 6.4E-11 

1.1E-09 14 Oooosite 1.4E-12 2.2E-10 4.3E-10 6.SE-10 8.GE-10 

Collision Rates for 60° Turns 
RNAV Outside, 60-70 NM 

COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
10 Same 2.2E-06 1.4E-05 2.SE-05 3.7E-05 4.SE-05 6.0E-05 
10 Oooosite 2.2E-05 1.6E-04 3.1 E-04 4.SE-04 5.9E-04 7.3E-04 
12 Same 1.9E-08 2.0E-07 3.9E-07 5.SE-07 7.6E-07 9.SE-07 
12 Oooosite 1.9E-07 2.6E-06 5.0E-06 7.SE-06 9.9E-06 1.2E-05 
14 Same 6.7E-11 1.3E-09 2.SE-09 3.7E-09 4.9E-09 6.1E-09 
14 Oooosite 6.7E-10 1.SE-08 3.SE-08 5.2E-08 6.9E-08 8.7E-08 
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Collision Rates for 70° Turns 

RNAV Outside, 30-40 NM 


COP 
 Number of Turns 

Track-to-Track 
 Track 

Seoaration (NM) Direction 0 1 2 3 4 5 
8 Same 3.6E-09 1.8E-06 3.6E-06 5.SE-06 7.3E-06 9.1 E-06 
8 Opposite 3.6E-08 9.3E-05 1.9E-04 2.8E-04 3.7E-04 4.6E-04 
10 Same 1.3E-13 6.6E-10 1.3E-09 2.0E-09 2.6E-09 3.3E-09 
10 Opposite 1.3E-12 2.SE-08 5.1E-08 7.6E-08 1.0E-07 1.3E-07 
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70° Turns 

Collision Rates for 70° Turns 
RNAV Outside, 0-10 NM COP Number of Turns 
Track-to-Track 

Separation (NM) 
Track 

Direction 0 1 2 3 4 5 
2.2E-10 8 Same 2.9E-13 4.SE-11 8.9E-11 1.3E-10 1.SE-10 

8 Oooosite 2.9E-12 8.2E-10 1.6E-09 2.SE-09 3.3E-09 4.1E-09 
10 Same 3.SE-16 3.6E-14 7.1E-14 1.1 E-13 1.4E-13 1.SE-13 
10 Opposite 3.SE-15 7.0E-13 1.4E-12 2.1E-12 2.SE-12 3.SE-12 

Collision Rates for 70° Turns 

RNAV Outside, 10-20 NM 


COP Number of Turns 
Track-to-Track Track 

Seoaration (NM) Direction 0 1 2 3 4 5 
8 Same 8.0E-13 1.2E-10 2.4E-10 3.6E-10 4.SE-10 6.0E-10 
8 Opposite 8.0E-12 2.2E-09 4.4E-09 6.6E-09 8.SE-09 1.1 E-08 
10 Same 1.0E-15 9.SE-14 1.9E-13 2.9E-13 3.9E-13 4.9E-13 
10 Oooosite 1.0E-14 1.9E-12 3.SE-1 2 5.7E-12 7.6E-12 9.SE-12 

Collision Rates for 70° Turns 
RNAV Outside, 20-30 NM 

COP Number of Turns 
Track-to-Track 

Seoaration (NM) 
Track 

Direction 0 1 2 3 4 5 
8 Same 3.7E-12 5.4E-10 1.1 E-09 1.6E-09 2.2E-09 2.7E-09 
8 Opposite 3.7E-11 9.9E-09 2.0E-08 3.0E-08 4.0E-08 4.9E-08 
10 Same 4.7E-15 4.SE-13 9.0E-13 1.3E-12 1.SE-12 2.2E-12 
10 Opposite 4.7E-14 8.SE-12 1.SE-11 2.6E-11 3.SE-11 4.4E-11 



Analysis of RNA V En Route Separation with Conventional Routes Including Turns and 

Special Use Airspace 


DOT-FAA-AFS-440-26 January 2007 


Collision Rates for 70° Turns 
RNAV Outside, 40-50 NM 

COP Number of Turns 
Track-to-Track Track 

Separation (NM} Direction 0 1 2 3 4 5 
8 Same 6.8E-07 3.1E-06 5.4E-06 7.8E-06 1.0E-05 1.3E-05 
8 Opposite 6.8E-06 3.2E-05 5.?E-05 8.1E-05 1.1E-04 1.3E-04 
10 Same 6.1E-10 7.8E-08 1.5E-07 2.3E-07 3.1E-07 3.9E-07 
10 Opposite 6.1E-09 1.3E-06 2.6E-06 3.9E-06 5.2E-06 6.5E-06 
12 Same 8.6E-14 4.3E-11 8.SE-11 1.3E-10 1.7E-10 2.1E-10 
12 Opposite 8.6E-13 1.1E-09 2.1E-09 3.2E-09 4.3E-09 5.3E-09 

Collision Rates for 70° Turns 
RNAV Outside, 50-60 NM 

COP Number of Turns 
Track-to-Track 

Separation (NM} 
Track 

Direction 0 1 2 3 4 5 
8 Same 1.9E-06 2.3E-06 2.6E-06 2.9E-06 3.3E-06 3.7E-06 
8 Oooosite 1.9E-05 2.3E-05 2.6E-05 3.0E-05 3.3E-05 3.SE-05 
10 Same 1.SE-07 3.0E-07 4.3E-07 5.5E-07 6.?E-07 7.9E-07 
10 Oooosite 1.SE-06 2.SE-06 3.7E-06 4.7E-06 5.6E-06 6.6E-06 
12 Same 2.2E-10 1.4E-08 2.7E-08 4.0E-08 5.4E-08 6.7E-08 
12 Oooosite 2.2E-09 2.4E-07 4.7E-07 7.1 E-07 9.4E-07 1.2E-06 
14 Same 1.4E-13 8.1E-12 1.6E-11 2.4E-11 3.2E-11 4.0E-11 
14 Oooosite 1.4E-12 2.2E-10 4.3E-10 6.4E-10 8.6E-10 1.1E-09 

Collision Rates for 70° Turns 

RNAV Outside, 60-70 NM 


COP Number of Turns 
Track-to-Track 

Seoaration INM) 
Track 

Direction 0 1 2 3 4 5 
10 Same 2.2E-06 1.4E-05 2.5E-05 3.6E-05 4.8E-05 5.9E-05 
10 Oooosite 2.2E-05 1.SE-04 3.SE-04 5.1 E-04 6.7E-04 8.4E-04 
12 Same 1.9E-08 1.8E-07 3.4E-07 5.0E-07 6.6E-07 8.2E-07 
12 Oooosite 1.9E-07 2.SE-06 5.5E-06 8.1E-06 1.1 E-05 1.3E-05 
14 Same 6.7E-11 9.4E-10 1.8E-09 2.7E-09 3.6E-09 4.4E-09 
14 Oooosite 6.7E-10 1.SE-08 3.5E-08 5.2E-08 6.9E-08 8.6E-08 

Collision Rates for 70° Turns 
RNAV Outside, 70-80 NM 

COP Number of Turns 
Track-to-Track 

Separation (NM) 
Track 

Direction 0 1 2 3 4 5 
10 Same 5.2E-06 3.2E-05 5.9E-05 8.6E-05 1.1E-04 1.4E-04 
10 Opposite 5.2E-05 4.4E-04 8.2E-04 1.2E-03 1.6E-03 2.0E-03 
12 Same 4.?E-08 4.3E-07 8.2E-07 1.2E-06 1.6E-06 2.0E-06 
12 Opposite 4.7E-07 6.?E-06 1.3E-05 1.9E-05 2.6E-05 3.2E-05 
14 Same 1.9E-10 2.4E-09 4.6E-09 6.8E-09 9.0E-09 1.1 E-08 
14 Oooosite 1.9E-09 4.SE-08 8.8E-08 1.3E-07 1.?E-07 2.2E-07 
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