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7.8 Since the entire route system experiences , we can re-express its total accident rate

(from the loss of two separation standards of planned lateral separation) in traditional terms as

.

From 7.5 and 7.6 we know that each , and each ,

so that:

each ,

and each  .

Substituting these terms into the sum above, we re-express the total accident rate, in accidents per flight hour,
as

,

which is exactly the result expected from applying the Reich model.

7.9 Paragraphs 7.2 through 7.8 derive analogues of most of the significant formulae of sections 3 and 5 for
the case in which co-altitude flight paths are separated by twice the route system’s minimum lateral separation.
The same reasoning can be used to derive analogous formulae for the case in which co-altitude flight paths are
separated by some other multiple of the route system’s minimum lateral separation. Without repeating the
derivations, we simply list the definitions of symbols and the principal results for the case in which the flight
paths are separated by s multiples of the minimum lateral separation for any integer s between 1 and n�1:

 � the number of proximate pairs consisting of an aeroplane assigned to Pi,j and an aeroplane

assigned to Pi,j+s
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p(s)  � the total number of proximate pairs obtained from routes separated by a distance equal to s multiples of the lateral separation minimum

O(s) � the occupancy that would be computed by counting only proximate pairs (of aeroplanes) from
co-altitude paths separated by s separation standards

O(s) � 

p(s)

R(s)

O(s) = R(s)O

C(s) � the product of the lateral overlap probability for routes separated by s multiples of the lateral
separation minimum, the vertical overlap probability, the longitudinal overlap probability for
proximate aeroplanes, and the sum of reciprocals of passing times
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 � the accident rate for paths Pk,l and Pk,l+s , expressed in accidents per flight hour;

.

8.    CONCLUSION

8.1 The formulae derived in sections 3, 5, and 6 give analysts the tools needed to compute the accident rates
of individual components of oceanic route systems. The distribution of traffic on some of the most heavily used
route systems is known to be markedly non-uniform, and results obtained from applying these formulae will
allow decision-makers to consider not only an entire route system’s accident rate, but also the rates of the most
heavily used flight paths, routes and flight levels.

8.2 Furthermore, the formulae derived in section 7 give analysts the ability to account for risk due to the
loss of planned lateral separations equal to all integer multiples of the separation minimum and thereby more
accurately compute a route system’s total lateral risk.

— — — — — — — — — — — — 
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Attachment A to Appendix 14

CONSISTENCY WITH ICAO GUIDANCE

A.1 The Air Traffic Services Planning Manual (Doc 9426) includes a discussion of the “steady state flow
model” of occupancy (Part II, Section 2, Chapter 4, Appendix C). The present Attachment A to Appendix 14
demonstrates that the steady state flow model infers the same occupancy multiplier derived in section 3 of
Appendix 14. The notation used in Doc 9426 differs from that used in Appendix 14, and the reader should not
assume that symbols used in Attachment A to Appendix 14 have the same meanings they have in Appendix 14
proper, unless they are specifically identified as having those meanings. In particular, subscripts in Doc 9426
— and in the first part of Attachment A— reverse the order of route and flight level used in the body of
Appendix 14. Moreover, Doc 9426 uses symbols “T” and “f ” whose meanings are entirely different from those
of the “T” and “f ” used in the body of Appendix 14.

A.2 Doc 9426 posits a system of t parallel routes operating on  f  flight levels. The traffic flow on the path
at route i and flight level j is mi,j aircraft per hour. Each route has length L NM, and the average speed of the
aircraft on each route is V kt. The system is observed for T hours. Aircraft on adjacent paths and the same flight
level are considered proximate when they are longitudinally within Sx NM of each other. During the T hours
in which the system is observed, Ty denotes the total time during which aircraft pairs are proximate, H denotes

the total number of flight hours, and Ey  denotes the system’s occupancy. Table A-14-5 shows how the

symbols in Doc 9426 correspond to those in the body of Appendix 14.

Table A-14-5.    Use of symbols

Symbol in
Doc 9426

Symbol in
Appendix 14 Meaning

t n Number of routes

f m Number of flight levels

mi,j Traffic flow, in aircraft per hour, on route i at flight level j

T Average time, in hours, needed to fly an oceanic route

T 24 Time, in hours, during which the system is monitored

Flight time, in hours, corresponding to a proximity interval

Ey O Occupancy
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A.3. On average, it takes each aircraft  hours to pass through the system. Therefore, the path at route

i and flight level j experiences  flight hours per hour and a total of  flight hours during the

T hours of system monitoring. Adding the contributions of all the flight paths, we find that the entire system

experiences  H  flight hours during the T hours of monitoring.

A.4 If 2 � i � t, then the path at route i and flight level j has an adjacent path, at route i�1 and flight level

j, whose flow is  aircraft per hour and which holds, on average,  aircraft. The average interval

between aircraft on the adjacent path is . Within a longitudinal distance

Sx of an aircraft flying on the path at route i and flight level j, we expect to find  that

 aircraft on the adjacent path. During the  hours in which the aircraft on route

i and flight level j flies through the system, it experiences (on average)  hours of proximity time.

Since mi,jT aircraft use the path at route i and flight level j during the monitoring period, that path experiences 

hours of proximity time with its lower-numbered adjacent path (during that period). Adding the proximity times

of all the paths, we find that the entire system generates  hours of proximity time

during the monitoring period.

A.5 Doc 9426 then computes the route system’s occupancy, Ey, by the equation

Ey .

A.6 Consider a single pair of adjacent paths at the same flight level, viz. the paths at routes l and l+1, on

flight level k. As was shown in A.3, during the monitoring period those paths respectively generate 

flight hours and  flight hours for a total of  flight hours. As was shown in A.4,
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during the monitoring period they experience  proximity hours

proximity hours. Dividing twice the proximity time by the total flight hours yields the pair’s occupancy:

.

A.7 Using the results of A.5 and A.6, we now see that the ratio of the path pair’s occupancy to the entire
system’s occupancy can be written as

 .

A.8 Each mi,jT in Doc 9426 is equivalent to fj,i in the notation used in the body of this appendix. The number
of routes is called “t” in Doc 9426 and “n” in the body of this appendix; and the number of flight levels is called
“f “ in Doc 9426 and “m” in this appendix. Rewriting the ratio of occupancies using the notation from this
appendix, we find the ratio to be

.

A.9 We can then rewrite the sum of products in the denominator as

 =  =  =  = ,

and we also rewrite the total number of flights in the system during the monitoring period as
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.

Substituting these expressions into the ratio of occupancies, we rewrite the ratio as

.

We then recall that in the notation in the body of this appendix, , so that we can also write the

ratio as

.

Dividing the numerator and denominator by  and remembering that , we finally rewrite the ratio

of occupancies as

,

which is exactly the definition of Mk,l in 3.7 (QED).

— — — — — — — —
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Attachment B to Appendix 14 

UPPER BOUNDS FOR OCCUPANCY

B.1 This attachment uses the notation from the Air Traffic Services Planning Manual, as described in A.1
and A.2.

B.2 In occupancy computations the distance Sx NM is often taken to be the distance covered by an aeroplane

moving at V kt during a time period equal to the minimum longitudinal separation. That is,  hours is viewed

as the minimum longitudinal separation. The maximum flow on each path is then the reciprocal of the minimum

separation, i.e.  (flights) per hour.

B.3 Paragraph A.5 expresses Ey, the route system’s occupancy, as

,

which can be rewritten as

, or as , or as .

B.4 Since all of the flows are non-negative and the maximum flow rate  is positive, the three sums that

appear in this last expression for Ey contain only non-negative terms. Therefore, the sums are necessarily non-

negative. Since  for all i = 2, ..., t and all j = 1, ..., f, the second sum in the denominator,

 is greater than or equal to the numerator, .  A fortiori, the entire denominator

is greater than or equal to the numerator, and the quotient is less than or equal to 1. Thus Ey � 4.

B.5 Figure A-14-1 depicts one flight level in a system of seven heavily loaded parallel routes. The
horizontal lines on the figure represent the flight paths, and the small rectangular boxes represent aeroplanes
flying along them. The aeroplanes are all moving at the same speed, 480 kt (8 NM per minute), and the
minimum longitudinal separation is 15 minutes, which thus corresponds to a distance of 120 NM. The
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Figure A-14-1.    Proximity pairings for seven routes,
with proximity time = longitudinal separation minimum

aeroplanes on each path are spaced at just slightly more than that distance, i.e. 123 NM apart. As indicated in
1.1, aeroplanes on adjacent paths (at the same flight level) are said to be proximate whenever their positions
(in the longitudinal sense) are separated by no more than 15 minutes of flying time. Thus, in the figure two
aeroplanes are proximate as long as their respective horizontal position coordinates are within 120 NM of each
other. Each of the intervals marked on route 1 represents 41 NM, so two aeroplanes are proximate as long as
their horizontal positions differ by one or two intervals. The diagonal line segments on the figure connect
proximate aeroplanes, and it is clear that (except for the aeroplanes at the left and right margins of the figure)
every aeroplane on the interior routes is proximate to four others, while every aeroplane on the outermost routes
is proximate to two others. Each diagonal line segment represents a unique proximate pair. Since every
aeroplane on an interior route is a member of four distinct pairs, but there are two aeroplanes per pair, we expect
that the interior routes will contribute twice as many pairs as flights. It is only the effect of the outermost routes
that keeps the entire system’s ratio of pairs to flights from reaching 2 and keeps the occupancy (which is twice
that ratio) from reaching 4. If the system consisted of infinitely many parallel routes and all of them were
interior routes, the occupancy computed for a fully loaded system would then reach the upper bound of 4
(derived in B.4).

B.6 We make this observation more precise by noting that in a fully loaded route system the flow on each

path is  flights per hour, and thus over T  hours each path experiences  flights and 

flight hours, each route experiences  flight hours, and the entire route system experiences  flight

hours. There are 2 outer routes, each of which contributes the same number of proximity hours as flight hours,



Appendix 14.  Estimating occupancy and the rate of accidents due to the loss of planned
lateral separation for the individual components of a system of parallel routes 143

No. 1

30/8/02

and there are t�2 interior routes, each of which contributes twice as many proximity hours as flight hours.

Therefore, the system exhibits a total of  proximity hours and an occupancy of

.

As t (the number of routes) increases, the occupancy approaches 4 from below.

B.7 In B.3 we found that Ey, the route system’s occupancy, is

.

If the system consists of exactly two routes, i.e. if t = 2, we can rewrite the occupancy as

.

For each flight level  j,  is greater than or equal to each of the flows  and , and so 

and . Therefore, each of the sums in the denominator is greater than or equal to the

numerator, whence the entire quotient is less than or equal to 1/2, and Ey is less than or equal to 4 � (1/2) = 2.

B.8 Figure A-14-2 is similar to Figure A-14-1, but depicts only two heavily loaded routes. As in
Figure A-14-1, each diagonal line segment represents a unique proximate pair of aeroplanes. It is clear from the
figure that each aeroplane belongs to two pairs, while each pair consists of two aeroplanes, so except for an
extra aeroplane shown at one or the other margin, the number of pairs equals the number of flights. Thus, in
a maximally loaded system of two routes, we expect the ratio of pairs to flights to equal 1, and the occupancy,
Ey, to equal 2. Note that the formula derived at the end of B.6 remains valid when t = 2, since it gives Ey = 4 �
(4/2) = 4 – 2 = 2.

B.9 The NAT OTS proximity criterion of 15 minutes was probably chosen prior to 1981 when 15 minutes
was the minimum longitudinal separation in that route system. However, since 1981 the NAT OTS has used
10 minutes as its longitudinal minimum, and thus the maximum possible flow on any of its paths has increased

from four aircraft per hour to six aircraft per hour. In the notation used above,  hours corresponds to the
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15-minute separation minimum, and so the 10-minute minimum can be written as  hours, and the

corresponding maximum flow rate as its reciprocal,  (flights) per hour. Following the method in B.3 and

B.4, we recall that

Ey  

.

We then note that  for all i = 2, ..., t  and all  j = 1, ...,  f , and so the second sum in the denominator,

 is greater than or equal to the numerator, . A fortiori, the entire denominator

is greater than or equal to the numerator, whence the quotient is less than or equal to 1, and Ey � 6.

B.10 Figure A-14-3 illustrates a single flight level in a system of three heavily loaded parallel routes. (More
routes would have been depicted if the software used to prepare the figure had been capable of showing them).
In this case each interval marked along route 1 represents 27 NM, and consecutive aeroplanes on each path are
longitudinally separated by three such intervals, i.e. by 81 NM, which is just slightly greater than the distance
(of 80 NM) corresponding to the minimum separation of 10 minutes. Since the proximity criterion remains
15 minutes of flying time (which corresponds to 120 NM), aeroplanes on adjacent routes are proximate if their
longitudinal position coordinates are separated by one, two, three or four intervals, i.e. by 27, 54, 81 or 108 NM.
As in Figures A-14-1 and A-14-2, the diagonal line segments connect proximate pairs, and it is clear from the
figure that every aeroplane on the interior route is proximate to six others, while every aeroplane on the outer
routes is proximate to three others. Since each interior route contributes six pairs per aeroplane, but every pair
consists of two aeroplanes, the interior routes contribute three times as many pairs as flights. Again, it is only
the influence of the outermost routes that keeps the occupancy from reaching its theoretical maximum of 2 � 3
= 6.

B.11 If the system consists of just two routes (i.e. if t = 2), we can rewrite the occupancy derived in B.9 as

Ey .
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Figure A-14-2.    Proximity pairings for two routes,
with proximity time = longitudinal separation minimum
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Figure A-14-3.    Proximity pairings for three routes,
with proximity time = 1.5 × longitudinal separation minimum
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Figure A-14-4.    Proximity pairings for two routes,
with proximity time = 1.5 × longitudinal separation minimum

For each flight level j,  is greater than or equal to each of the flows  and , and so

 and  Therefore, each of the sums in the denominator is greater than

or equal to the numerator, whence the entire quotient is less than or equal to 1/2, and Ey is less than or equal to
6 � (1/2) = 3.

B.12 Figure A-14-4 is similar to Figure A-14-3, but illustrates a system of just two routes. It is clear from
the figure that each aeroplane belongs to three pairs, while each pair consists of two aeroplanes, so except for
an extra aeroplane shown at one or the other margin, the number of pairs equals 3/2 the number of flights. Thus,
in a fully loaded system of two routes, in which the proximity criterion is 3/2 the minimum longitudinal
separation, the ratio of proximity time to flight time is expected to equal 3/2, and the occupancy, Ey, to equal 3.

B.13 Paragraphs B.9 through B.12 demonstrate the effect of using a proximity criterion, , that is 3/2 of

the longitudinal separation minimum. More generally, it is clear that another ratio could be substituted for 3/2,
and the arguments used in B.9 and B.11 would then yield maximum occupancy values corresponding to that
particular ratio. Indeed, let q denote the ratio of proximity criterion to longitudinal separation minimum.
Replacing the factor 3/2 by q, in B.9 and B.11, and repeating the arguments of those paragraphs, we find that
4q is an upper bound on the occupancy of all multi-route systems, and 2q is an upper bound on the occupancy
of systems that consist of exactly two routes.
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B.14 Imagine (as in B.6) a fully loaded route system in which the proximity time, , divided by the

separation minimum, equals q. Then the separation minimum is  hours, and the traffic flow on each path

is its reciprocal,  (flights) per hour. Thus, over T  hours, each path experiences  flights and

 flight hours, each route experiences  flight hours, and the entire route system

experiences  flight hours. Since there are q separation intervals per proximity interval, every aeroplane

in the system is (on average) proximate to q aeroplanes on each of the routes adjacent to its own. Thus every
aeroplane on an interior route is proximate to 2q others, and every aeroplane on the two outermost routes is
proximate to q others. Each of the t�2 interior routes therefore contributes 2q proximity hours per flight hour,
while the two outer routes contribute q proximity hours per flight hour. Thus the system exhibits a total of

 proximity hours

and an occupancy of

 .

As t increases, this expression approaches 4q from below, and when t = 2, the expression simplifies to 2q. Thus,

in general, the least upper bound for the occupancy of a t-route system is .



Appendix 15
NAVIGATION PERFORMANCE REQUIREMENTS FOR THE

INTRODUCTION OF 30 NM LATERAL SEPARATION
IN OCEANIC AND REMOTE AIRSPACE

1.    INTRODUCTION

This appendix presents a method for estimating the risk of collision due to the loss of planned lateral separation
in a system of parallel routes having 30 NM between adjacent routes. It considers several different systems of
parallel routes and, for each system, derives a navigational performance requirement that must be met in order
for the system to operate with no more than the internationally accepted target level of safety (TLS) of 5 × 10�9

accidents per flight hour. In order to eliminate unnecessary verbiage, this appendix does not repeatedly state
that such accidents are due to the loss of planned lateral separation. Unless the text specifically refers to the loss
of another form of separation, all mention of accidents, accident rates or collision rates refers to those caused
by the loss of planned lateral separation.

2.    A LIMIT ON TYPICAL
NAVIGATIONAL ERRORS

2.1 In establishing standard values of required navigation performance (RNP) for aeroplanes using oceanic
route systems, the RGCSP considered the probability that aeroplanes assigned to adjacent parallel routes have
laterally overlapping positions. This lateral overlap probability, which is a major determinant of a route
system’s accident rate, varies with the navigational accuracy of the fleet using the system, and the navigational
accuracy can be characterized by a limit on 95 per cent of the typical lateral errors experienced by the fleet’s
aeroplanes. In examining the functional dependence of lateral overlap probability on this “95 per cent
containment limit”, the RGCSP observed that over a fairly large range of values, reductions in the containment
limit lead to significant reductions in the overlap probability. However, once the containment limit decreases
to approximately one-sixth of the separation between the routes, further decreases yield only negligibly small
reductions in overlap probability. Thus, if an airspace management authority wishes to establish an RNP for
the fleet using a system of parallel routes, it should not ask operators to exhibit better lateral performance than
that which produces a 95 per cent containment limit equal to one-sixth of the separation.

2.2 In order to avoid a proliferation of RNP standards, the RGCSP initially established only two such
standards for oceanic flight, RNP 20 and RNP 12.6. It later added RNP 10. For en-route flights over continental
airspace, the RGCSP adopted RNP 1, RNP 4 and, for a portion of European airspace, RNP 5.
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2.3 In recent years some airspace management authorities have expressed an interest in establishing oceanic
route systems having 30 NM between adjacent parallel routes. In order for such a system to operate safely, its
fleet needs to exhibit lateral performance equivalent to (or better than) RNP 5. However, it is also important
to remember that many aeroplanes approved for RNP 5 in continental airspace may not be able to operate at
that accuracy in oceanic airspace because their RNP 5 performance may depend on the use of ground-based
navigation aids (NAVAIDS). In recent years many new long-range aeroplanes (such as those equipped with
Boeing’s “FANS-1” package) have been granted RNP 4 approvals, and it is likely that those aeroplanes will
be the first to operate on oceanic route systems having 30 NM separation between adjacent parallel routes.

3.    LIMITS ON THE RATE OF
ATYPICAL LATERAL ERRORS

3.1 In the present section several possible configurations of parallel routes are examined. For each
configuration a representative set of occupancies (occupancy being a measure of exposure to risk) ranging from
0 to 2 is considered. For each occupancy the maximum tolerable rate of atypical lateral errors corresponding
to the TLS of 5 × 10�9 accidents per flight hour is computed. The accident rate is estimated by applying the
well-known Reich model for parallel routes, and in so doing the model’s traditional notation is used. The
meanings of the model’s parameters are shown in Table A-15-1, as are values typical of one particular oceanic
airspace in the mid- to late 1990s. It is important to remember that fleet characteristics vary from one airspace
to another and also change over time. Similar computations for another airspace should use the parameter values
expected to prevail there during the time period in which the relevant separation is to be applied.

In the simplest cases, involving two flight paths at the same altitude, the Reich model gives the accident rate

as  accidents per flight hour when the routes carry traffic in the same direction

and as  accidents per flight hour when the routes carry traffic in opposite

directions.

3.2 As was noted above, the lateral overlap probability, Py(S)y, varies significantly with typical navigational
accuracy when the 95 per cent containment limit exceeds one-sixth of the separation between the routes being
considered. When the containment limit is less than a sixth of Sy, the lateral overlap probability becomes nearly
constant with respect to typical navigational accuracy, but it does vary (almost) linearly with �, the fleet’s rate
of atypical lateral errors.

3.3 Analysts generally use a double double exponential (DDE) density function to characterize a fleet’s
lateral errors so that they can thereby describe both typical and atypical errors. The DDE function is often
written in the form

.

It is thus a weighted sum of two double exponential densities (also called DE or “first Laplace” densities), the
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first of which describes typical errors, and the second of which describes atypical errors. Each of the parameters

 and  is  times the standard deviation of its respective DE density. The weighting parameter � is the

proportion of time during which an “average” aeroplane is committing an atypical error.

3.4 We consider a pair of parallel routes separated by Sy NM and assume that the lateral errors of the
aeroplanes using both routes can be characterized by the same DDE density function  f. If we randomly select
two aeroplanes, one from those assigned to each route, then Py(Sy), the probability that the two chosen
aeroplanes are in lateral overlap, is approximately

Of the three terms enclosed in rectangular brackets in this expression for Py(Sy), the first (describing “core-core
interaction”) dominates when the 95 per cent containment limit of the fleet’s typical errors exceeds Sy/5. When
the 95 per cent containment limit is less than Sy/6, the third term (describing “core-tail interaction”) dominates,
generally contributing more than 99 per cent of the value of Py(Sy). 

3.5 After choosing a value of same-direction or opposite-direction occupancy, we apply the appropriate
formula from the end of 3.1 to derive the value of � at which Py(Sy) is small enough for the accident rate to
equal the TLS. In other words, when the routes carry traffic in the same direction, we find the value of � at
which 

,

and when they carry traffic in opposite directions, the value of � is found at which

.

Using the constants given in Table A-15-1, we find that when the routes carry traffic in the same direction, we

seek the value of � for which , and when they carry traffic in opposite directions, we seek

the value of � for which .
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Table A-15-1.    Meanings of the Reich model parameters

Symbol Meaning Value

Average aircraft length 0.0348 NM

Average aircraft width 0.031 NM

Average aircraft height 0.0089 NM

Distance within which aircraft assigned to different routes are considered
to be longitudinally proximate

120 NM

Average aircraft speed 480 kt

Average longitudinal passing speed of same-direction aircraft assigned to
different routes

13 kt

Average lateral passing speed of aircraft assigned to different routes 75 kt

Average vertical passing speed of aircraft assigned to the same flight level 1.5 kt

Probability that two aircraft assigned to the same flight level are in
vertical overlap

0.5

Probability that two aircraft assigned to routes separated by Sy are in
lateral overlap

Same-direction lateral occupancy

Opposite-direction lateral occupancy

14 80.73

15 087.05

3.6 Figure A-15-1a illustrates two parallel routes separated by 30 NM, carrying traffic in the same direction.
Figure A-15-1b shows how the maximum tolerable value of � varies with the same-direction occupancy of the
route pair.

3.7 Figure A-15-2a also shows a pair of parallel routes separated by 30 NM, but they are carrying traffic
in opposite directions. Figure A-15-2b shows how the maximum tolerable value of � varies with the pair’s
opposite-direction occupancy. Though the curves in Figures A-15-1b and A-15-2b appear similar, it is important
to remember that the numerator 2.29 × 10�9, used for the opposite-direction example, is an order of magnitude
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30 NM

Figure A-15-1a.    A pair of parallel routes
carrying traffic in the same direction
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Figure A-15-1b.    Maximum acceptable value of alpha

smaller than the numerator 2.33 × 10-8 used for the same-direction case, and so the maximum tolerable values
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30 NM

Figure A-15-2a.    A pair of parallel routes
carrying traffic in the opposite direction

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

3.5E-05

3E-05

2.5E-05

2E-05

1.5E-05

1E-05

5E-06

0

Al
ph

a

Opposite-direction occupancy

Route separation = 30 NM
TLS = 5E-9

Figure A-15-2b.    Maximum acceptable value of alpha



154 Manual on Airspace Planning Methodology for the Determination of Separation Minima

No. 1

30/8/02

of � shown in Figure A-15-2b are an order of magnitude smaller than the corresponding values shown in
Figure A-15-1b. In particular, note that the scales of the vertical axes in the two figures differ by an order of
magnitude. (When the fleet using the route system exhibits typical lateral errors whose 95 per cent containment
value is less than Sy/6, Py(Sy) varies (almost) directly with �. As was shown in 3.5, Py(Sy) varies inversely with
occupancy. Thus we expect � also to vary inversely with occupancy, and indeed Figures A-15-1b and A-15-2b
both look like hyperbolas of the form constant/x.)

3.8 The computations of maximum acceptable values of � assume that the fleet’s typical performance just
satisfies RNP 4. Thus 95 per cent of typical lateral deviations are assumed to be less than 4 NM. It follows that
the parameter �1 has the value 4/[�ln(.05)] = 1.3352. The parameter �2 is taken to equal Sy, the distance between
the routes — i.e. 30 NM. This is a conservative value in that it maximizes the lateral overlap probability Py(Sy).

3.9 Figure A-15-3a shows four parallel routes, with traffic moving in the same direction on all of them. For
ease of reference, the routes are labelled consecutively as R1, R2, R3 and R4. We assume three flight levels in
this example, and we assume a traffic distribution in which the lowest flight level carries 1/4 of the traffic, the
middle level carries 5/12 of it, and the upper level carries the remaining 1/3. On each flight level, R1 carries
1/12 of the traffic, R2 carries 1/3 of it, R3 carries 5/12 of it, and R4 carries the remaining 1/6. Thus the example
reflects a concentration of traffic on the system’s central routes, as is sometimes observed in practice. 

3.10 Appendix 14 derives formulae for the occupancies and accident rates of all pairs of flight paths in such
a system, as well as for collections of pairs of flight paths. Figure A-15-3b is based on an analysis that first
applies the formulae of that appendix to compute accident rates, and then varies �, the rate of atypical errors,
to find the value that produces an accident rate equal to the TLS of 5 × 10�9 accidents per flight hour. The figure
shows the values of � corresponding to (adjacent flight path) occupancies ranging from 0.1 to 2.0. The analysis
supporting Figure A-15-3b differs from most estimates of accident rates (such as those on which
Figures A-15-1b and A-15-2b are based) in that it includes not only the rate of accidents due to the loss of
planned separation between aeroplanes assigned to adjacent routes, but also the rate of accidents from
aeroplanes assigned to non-adjacent routes. In the example used to generate Figure A-15-3b, the inclusion of
non-adjacent routes increases the accident rate by almost a seventh and reduces the maximum acceptable � by
almost 13 per cent. The example suggests that while accident rates generated from non-adjacent routes
constitute a minor contribution to the total rate, that contribution is still far from being negligible or
insignificant.

3.11 The analysis mentioned in 1.1 was based on a system of seven parallel routes operating on seven flight
levels. It was modelled after the North Atlantic Organized Track System (NAT OTS) as it operated in the mid-
1990s, prior to the implementation of a reduced vertical separation minimum (RVSM) of 1 000 feet. An earlier
attempt to estimate the maximum acceptable values of � in such a system, discussed at the spring 1995 meeting
of RGCSP WG/A, had even attempted to account for the concentration of traffic on the system’s central routes
and central flight levels, but its analysis of the effect of the concentration was not correct. Applying the results
of Appendix 14 is expected to remedy the errors of the earlier analyses.

3.12 Figure A-15-4 graphs the results of an analysis similar to the one that supports Figure A-15-3b. We
assume a system of seven parallel routes on seven flight levels, and we take the distribution of traffic on the
individual flight paths to be the distribution observed for eastbound NAT OTS traffic on 15 August 1994 (the
same distribution used in the spring 1995 analysis). The maximum acceptable values of � shown in
Figure A-15-4 are somewhat smaller than the corresponding values shown in Figure A-15-3b, which are
themselves somewhat smaller than those shown in Figure A-15-1b. In the analysis supporting Figure A-15-4,
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Figure A-15-3a.    Four parallel routes carrying traffic
in the same direction

we find that the rate of accidents due to collisions between aeroplanes assigned to (co-altitude) adjacent flight
paths constitutes slightly more than 75 per cent of the total accident rate. Aeroplanes assigned to paths separated
by twice the minimum lateral separation account for another 20 per cent of the total; those assigned to paths
separated by three times the minimum distance contribute more than 4 per cent; and those assigned to paths
separated by four times the minimum distance contribute most of the remaining 1 per cent. Thus it can once
again be seen that aeroplanes assigned to non-adjacent paths make a significant contribution — nearly 25 per
cent in this case — to the route system’s total accident rate.

3.13 Recall that the RNP of the airspace determines the parameter �1 of the DDE density function and that
we have assumed the most conservative value for the parameter �2. The analyses supporting Figures A-15-1b,
2b, 3b, and 4 derive the maximum tolerable values of �, the rate of atypical lateral errors, under which the given
route systems and occupancies can satisfy the TLS of 5 × 10�9 accidents per flight hour. The three parameters,
�, �1 and �2, completely determine the DDE density function used to describe aircraft performance that just
meets the TLS.

3.14 The North Atlantic (NAT) minimum navigation performance specification (MNPS) also states aircraft
performance requirements in terms of three parameters. The first of them is a limit on the standard deviation
of lateral track-keeping errors. The second, usually denoted �, is a limit on the proportion of total flight time
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spent more than half of a separation standard away from the route centre line, i.e. a limit on the rate of gross
lateral errors. The third, called �, is a limit on the proportion of flight time spent in the immediate vicinity of
an adjacent route’s centre line. In the MNPS, the “immediate vicinity” is taken to mean the 20-NM-wide band
that covers all points within 10 NM of the centre line. In the present analysis, for which adjacent routes have
only 30 NM separation between their centre lines, the “immediate vicinity” is taken to mean the 12-NM-wide
band covering all points within 6 NM of the adjacent route’s centre line. Fortunately, it is not difficult to
translate values of �, �1 and �2 into corresponding values of the three parameters used in the NAT MNPS. The
limit on the standard deviation of lateral track-keeping errors is logically equivalent to an RNP, and values for
� and � can be obtained by integrating the DDE density function over appropriate intervals or, equivalently,
by computing differences of the DDE distribution function evaluated at appropriate points.

3.15 The NAT MNPS requires typical navigation equivalent to RNP 12.6, while (as indicated above) a
system having a 30 NM lateral separation minimum is likely to operate with RNP 4. Table A-15-2 shows the
values of � that are graphed in Figure A-15-4 (i.e. the maximum tolerable rates of atypical errors for a one-way
route system that has seven routes and seven flight levels, has a minimum lateral separation of 30 NM and
typically has a traffic distribution resembling that of the eastbound NAT OTS on 15 August 1994).
Table A-15-2 also shows the � and � values corresponding to each value of �. Even at the lowest occupancy
shown in the table, i.e. at 0.1, these � and � values are considerably more stringent than the values given in the
NAT MNPS, where � = 5.3 × 10�4 and � = 1.3 × 10�4.

4.    MEANS OF REDUCING THE RATE OF
GROSS LATERAL ERRORS

Several improvements in avionics, communication systems and air traffic control systems that were to be
implemented during the late 1990s were expected to significantly reduce the rate of gross lateral errors and
thereby enable reductions in lateral separations. In order to determine whether the proposed systems did indeed
have the potential to eliminate oceanic gross errors, researchers from the United States Federal Aviation
Administration’s Flight Standards Service carefully examined each of the “Table A” and “Table B” errors
entered into the database of the North Atlantic Central Monitoring Agency (NAT CMA) between 1986 and
1993. Their examination revealed that the proposed improvements had the potential to eliminate approximately
95 per cent of the listed gross errors. While this result confirmed the potential benefit of pursuing the proposed
implementations, it will be necessary to confirm that the various subsystems which are intended to contribute
to error reduction actually operate as planned. It is also worth noting that any new system has the potential to
cause previously unforeseen errors, and since some of the new systems are highly complex, it may be extremely
difficult to determine the causes of such errors.

5.    APPLICATION CONSIDERATIONS

5.1 Each oceanic airspace has characteristics that distinguish it from others, such as the number and length
of its routes, and the dimensions, speeds, and navigational characteristics of the aeroplanes that use it. The
quantitative results reported in section 3 are derived from typical values of the parameters that are significant
in collision risk analyses, but they should not be viewed as applicable to all oceanic airspace. Nonetheless, it
would not be difficult to replicate those analyses with the values found to be applicable to any particular route
system.
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Table A-15-2.    Eta and zeta values computed from
double double exponential (DDE) distribution function

Lambda1 = 1.3352
Lambda2 = 30

Half lambda2 =
Half separation = 15

Outer zeta limit = 36

Inner zeta limit = 24

Occupancy Maximum alpha Eta Zeta

0.1 2.29E-04 1.52E-04 3.40E-05
0.2 1.15E-05 8.27E-05 1.70E-05
0.3 7.53E-05 5.95E-05 1.13E-05
0.4 5.72E-05 4.79E-05 8.50E-06
0.5 4.58E-05 4.10E-05 6.80-06
0.6 3.82E-05 3.64E-05 5.67-06
0.7 3.27E-05 3.30E-05 4.86-06
0.8 2.86E-05 3.06E-05 4.25-06
0.9 2.54E-05 2.86E-05 3.78-06
1.0 2.29E-05 2.71E-05 3.40-06
1.1 2.08E-05 2.58E-05 3.10-06
1.2 1.91E-05 2.48E-05 2.84-06
1.3 1.76E-05 2.39E-05 2.62-06
1.4 1.63E-05 2.31E-05 2.43-06
1.5 1.52E-05 2.25E-05 2.27-06
1.6 1.43E-05 2.19E-05 2.13-06
1.7 1.34E-05 2.14E-05 2.01-06
1.8 1.27E-05 2.09E-05 1.89-06
1.9 1.20E-05 2.05E-05 1.80-06
2.9 1.14E-05 2.01E-05 1.71-06

5.2 Appropriate values for some of the parameters used in collision risk analyses can be gathered through
surveys of operators; others can be found through examinations of radar-reported aircraft positions; still others
may be obtained from careful sorting of the data recorded on flight-progress strips. While some of the processes
involved in determining parameter values are labour-intensive and may require weeks or months of effort, most
can be accomplished within a reasonable time period. Gross errors, however, occur quite infrequently, and thus
an airspace management authority that wishes to determine whether its route system’s gross-error rate is
acceptably low may need to monitor the system over a period of several years and establish a database such as



Appendix 15.  Navigational performance requirements for the introduction of 
30 NM lateral separation in oceanic and remote airspace 159

No. 1

30/8/02

that of the NAT CMA. Of course, if the database is not well-maintained — in particular, if it does not include
all of the gross errors that occur in the airspace — then the authority may mistakenly conclude that its route
system can operate safely with smaller separations than are warranted by the system’s true (but unknown) rate
of gross errors.

6.    CONCLUSION

Section 3 considers four different examples of route systems having a 30 NM separation between adjacent co-
altitude flight paths. For each of those systems, it derives the maximum rate of atypical errors that can be
tolerated for each level of occupancy if the system is to meet a TLS of 5 × 10�9 accidents per flight hour.



Appendix 16
A METHOD OF DERIVING PERFORMANCE

STANDARDS FOR AUTOMATIC DEPENDENT
SURVEILLANCE (ADS) SYSTEMS

1.    INTRODUCTION

An airspace management authority planning to implement an ADS system may wish to establish performance
standards for the system before it embarks upon the preparation of detailed specifications and other procurement
documents. This appendix suggests a procedure for obtaining five significant performance standards:

pw — the minimum acceptable probability that the system prevents a waypoint-insertion lateral
error;

pn — the minimum acceptable probability that the system prevents a preventable non-waypoint-
insertion lateral error;

P(A) — the minimum acceptable probability that the sequence of actions referred to in this
appendix as an “ADS cycle” is completed;

t — a maximum acceptable time for completion of an ADS cycle; and

m — the minimum acceptable probability that an ADS cycle is completed in time t, given that
it is completed.

The procedure is based on two important characteristics of ADS systems: their operation of route conformance
functions and their use of event contracts.

2.    OBTAINING VALUES OF pw AND pn 

2.1 The first step in the procedure assumes that the airspace management authority maintains (or has
access to) a monitoring system that records the gross lateral errors committed by the fleet of aeroplanes that use
its routes. For example, the Central Monitoring Agency (CMA) of the United Kingdom’s National Air Traffic
Services maintains statistics on the performance of the North Atlantic fleet; the United States Federal Aviation
Administration’s Asia-Pacific Approvals Registry and Monitoring Organization (APARMO) performs a similar
function for the Pacific fleet; and Spain’s Aena operates the South Atlantic Monitoring Agency (SATMA).
Although the monitoring system may be employed for various other purposes, the procedure described here is
chiefly concerned with its ability to determine a route system’s rate of gross lateral errors r. One would usually
expect r to be derived empirically and to describe a prevailing rate, but in some contexts it might indicate
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an expected future rate, as long as its value could be justified on reasonable analytic grounds. The rate r might
be low enough to permit safe operations under current conditions, but be too high for the route system to operate
safely after the implementation of a projected change, such as a reduction in the lateral separation between
adjacent parallel routes. The implementation of ADS might be needed in order to reduce the gross error rate
to an acceptable level.

2.2 Thus the airspace management authority also needs to select a maximum tolerable gross error rate
�R.  �R is the maximum tolerable probability that after the implementation of ADS a randomly chosen flight
is committing a gross error.

2.3 An examination of gross error data, such as those maintained by the CMA, may suggest a rate of errors
attributable to failures of navigation systems. It is reasonable to expect that whenever air traffic controllers are
not informed of such a failure, the crew of the affected aeroplane is also unaware of it for, in most cases, if the
crew were aware of it, it would notify its servicing ATC unit. If the flight crew has not been informed of a
failure, then the navigation system itself, and all aircraft subsystems with which it communicates, must have
been unable to detect the failure. The CMA normally requests an investigation of each NAT gross lateral error
that comes to its attention, and it retains a record of the cause of the error. If other monitoring agencies do
likewise, then a typical airspace management authority should have access to data that will enable it to estimate
the fraction, fu, of all gross lateral errors in its airspace caused by undetectable failures of navigation systems.
Since airborne ADS units cannot detect these failures, the ADS system will be unable to prevent the resulting
errors, and the fleet’s rate of errors after the implementation of ADS will be at least rfu. If rfu > �R, then the
implementation of ADS will not by itself be capable of reducing the system’s gross error rate to an acceptable

level. The remainder of this appendix therefore applies only to values of  fu less than , i.e. values for which

rfu < �R.

2.4 It has been observed that, in recent years, in at least one heavily travelled airspace, a large proportion
of gross lateral errors have been waypoint-insertion errors. Using data from the relevant monitoring agency, the
authority can also estimate fw , the fraction of all gross errors that are waypoint-insertion errors. The route
system’s fraction of detectable, and possibly preventable, gross errors is 1 � fu. Since all waypoint-insertion

errors are candidates for prevention by ADS, it is clear that fw < 1 � fu , and that  is the fraction of possibly

preventable errors that are waypoint-insertion errors. Thus  is the fraction of possibly

preventable gross errors that are non-waypoint-insertion errors. The underlying rate of (preventable) waypoint-
insertion gross errors is rfw , and the underlying rate of preventable non-waypoint-insertion gross errors is
r(1 � fu � fw). That is, prior to ADS implementation, rfw = P(a randomly chosen flight is committing a waypoint-
insertion gross error); likewise, r(1 � fu � fw) = P(a randomly chosen flight is committing a preventable non-
waypoint-insertion gross error). To save space, let the abbreviation “WPIE” denote “waypoint-insertion gross
error”, and let “NWPIE” denote “non-waypoint-insertion gross error”.

2.5 The route conformance function of ADS (much of which is implemented in the ground-based
component of the system) is expected to eliminate most WPIEs. Let pw = P(ADS prevents a WPIE), and let pn

= P(ADS prevents a preventable NWPIE). Then 1 � pw = P(ADS fails to prevent a WPIE) and 1 � pn = P(ADS
fails to prevent a preventable NWPIE). After ADS is implemented in a route system, the maximum tolerable
rate of gross errors is �R. However, ADS will not have any effect on the portion of the gross error rate
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represented by rfu, the rate of non-preventable gross errors. If the route system’s rate of gross errors after the
implementation is to meet the maximum tolerable rate �R, it must satisfy:

�R � P(a randomly chosen flight is committing a preventable gross error)

= P(a randomly chosen flight is committing a WPIE)

+ P(a randomly chosen flight is committing a preventable NWPIE)

= P(ADS fails to prevent a WPIE)rfw

+ P(ADS fails to prevent a preventable NWPIE)r(1 � fu � fw)

= (1 � pw)rfw + (1 � pn)r(1 � fu � fw).

Equivalently,

 � (1�pw)fw + (1�pn)(1�fu�fw)

= fw � fw  pw + 1 � fu � fw � (1�fu�fw)pn

= 1 � fu � fw  pw � (1�fu�fw)pn

and

 � 1 � fw  pw � (1�fu�fw)pn .

Thus

(1�fu�fw )pn � 1 �  � fw  pw

or, equivalently,

pn � . (1)

From this inequality it is clear that the set of possible values of the probability pn is bounded from below by a

linear function of the probability pw . The line that forms the lower bound has pw-intercept  and

pn-intercept . However, since pw and pn are probabilities, they also must lie between 0 and 1.
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Figure A-16-1.    Relationship between required probabilities

2.6 Thus, once the authority has chosen values for the parameters �R, r, fu and fw, its choice of the
probabilities pw and pn is constrained by the linear bound given in inequality (1) and by the requirement that they
remain between 0 and 1. The area to the right of the sloping line in Figure A-16-1 illustrates a set of feasible
values of pn and pw . In this particular example, the parameters have the values �R = 1.41 � 10�5, r = 6.4 � 10�5,
fu = 0.05 and fw = 0.90. Note that where pw is greater than or equal to 0.8663, pn can take any value between 0
and 1 because the ADS route conformance function eliminates enough WPIEs that it is not necessary for ADS
to eliminate any preventable NWPIEs in order to reduce the overall error rate to �R. On the other hand, where
pw is less than or equal to 0.8107, the route conformance function is unable to prevent enough waypoint errors
to reduce the overall error rate to �R, even if ADS completely eliminates all other preventable errors. Of course,
different inputs would change the graph, but if it remained similar to Figure A-16-1, there is a substantial
possibility that the ADS route conformance function would suffice to reduce the overall gross error rate to the
required level because its success rate has been predicted to be better than 86.63 per cent.
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Figure A-16-2.    Relationship between required probabilities

2.7 The boundary line in Figure A-16-1 is quite steep because fw, the fraction of gross errors that are
waypoint-insertion errors, is a large fraction (90 per cent) of the total. In other words, the overall rate of gross
errors is reduced by the required extent if and only if the rate of waypoint-insertion errors is reduced by nearly
the same extent. Even if all other gross errors are eliminated, it is still necessary to reduce waypoint-insertion
errors by 81.07 per cent, but if ADS eliminates 86.63 per cent of waypoint-insertion errors, it does not need to
eliminate any others.

2.8 Figure A-16-2 shows an example in which fw = 0.5, a fraction typical of one heavily used airspace
during the early 1990s. In this case, the lower right end of the boundary line shows that even if pw = 1 (i.e. if
ADS prevents 100 per cent of waypoint-insertion errors) it still needs to prevent at least 62.14 per cent of other
preventable errors in order to reduce the error rate to �R = 1.41�10�5. Likewise, the top left end of the boundary
line shows that if ADS can eliminate 100 per cent of preventable non-waypoint-insertion errors, then it will still
need to prevent at least 65.93 per cent of waypoint-insertion errors in order to succeed in reducing the overall
rate to �R.

2.9 Thus the authority can begin its specification of ADS performance parameters by:
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a) estimating r, an underlying rate of gross lateral errors;

b) selecting a maximum tolerable probability, �R, that a typical flight will commit a gross lateral
error after the implementation of ADS;

c) estimating fu, the fraction of gross lateral errors that ADS cannot be expected to prevent (while
recognizing that if rfu > �R, then the implementation of ADS will not, by itself, be capable of
reducing the system’s gross error rate to an acceptable level);

d) estimating fw, the fraction of gross lateral errors that are waypoint-insertion errors; and

e) using inequality (1) to select pw, the minimum acceptable probability that a waypoint-insertion
error will be prevented by ADS, and pn, the minimum acceptable probability that a (preventable)
non-waypoint-insertion error will be prevented by ADS.

2.10 The very significant difference between Figures A-16-1 and A-16-2 (figures that reflect different
prevailing conditions in the same airspace during different time periods) illustrates an important principle.
Different airspace, and even the same airspace operating in different time periods, can exhibit different
characteristics, and thus an analysis of safety requirements done for one of them is not necessarily relevant to
another. The airspace management authority must be careful to select parameter values that reflect the airspace
and the time period relevant to its planning.

3.    MODELLING ADS OPERATION

3.1    A basic scenario

3.1.1 Having chosen or derived values for the parameters listed in 2.9, the airspace management authority
can then derive a limit on the maximum acceptable time for the transmission of the sequence of messages used
by an ADS system and an associated communications link to prevent the occurrence of a gross lateral error. The
remainder of this section explains the model used to derive that limit.

3.1.2 ADS systems send aircraft positions to air traffic controllers when the aircraft are beyond the coverage
of surveillance radar. An ADS system consists of both ground-based and airborne components and may also
include a space-based communications link. The ground-based component typically arranges a “contract” with
the airborne component of each aeroplane that participates in the system, and that contract specifies the kinds
of data that are to be reported, as well as the conditions under which reports are to be transmitted.

3.1.3 The messages sent by the airborne component generally incur transmission costs, and in order to keep
such costs reasonably low, current ADS systems employ typical reporting rates of approximately one report per
15 minutes. Such low update rates are clearly of very little use in promptly notifying the air traffic control
(ATC) system of unauthorized or unintentional deviations from the aeroplane’s planned route of flight, since
there is only a small probability that such a deviation occurs shortly before the airborne unit sends a scheduled
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report. Instead, the ADS system relies on the airborne unit to monitor its aircraft’s progress along its cleared
route of flight and to automatically report to the ATC system whenever the aeroplane deviates from that route
by more than some prescribed distance. In this discussion that distance is called B because it defines a buffer
(of width 2B) about the route’s centre line. The angle by which the aeroplane’s true path deviates from the route
is denoted �d. 

3.1.4 Suppose that an aeroplane begins to deviate from its cleared route of flight. (The present discussion
does not address the issue of whether the deviation is appropriate or not. Some deviations result from human
error or equipment malfunction. Others are intentional, and of those, some are obviously necessary to ensure
safety of flight.) When the aeroplane has laterally moved distance B from the centre line of its cleared route,
the airborne ADS unit should recognize that it is passing beyond the buffer and should generate a report to the
ATC system. However, it is not unreasonable to imagine that the airborne ADS unit and the ground-based ATC
system might have different definitions of the cleared route. Such an error could result from various causes, but
regardless of the cause, the error could lead the airborne unit to understand that it is following the cleared route,
even though its path is in fact diverging from that which the ATC system understands the cleared route to be
and which it expects the aeroplane to be following. There are, undoubtedly, a variety of other means by which
the airborne unit might fail to generate a report to the ATC system, such as failure of its electronic components
or execution of faulty software. Whatever they may be, the existence of mechanisms that prevent the generation
or transmission of such reports leads to the conclusion that while the probability of correctly generating and
transmitting a report may be relatively large, it must still be strictly less than 1. Let pt denote that probability.
In the (highly probable) event that a report is transmitted, let T1 denote the random variable that is the time
between the aeroplane’s passage out of the buffer and its transmission of the report.

3.1.5 The report typically passes through an elaborate, complex communications system consisting of many
links. Let pd denote the probability that it reaches the correct ATC system, and in the event that it does so, let
the random variable D be the time from its transmission to its reception.

3.1.6 When the ADS report reaches the ATC system, it may be processed by a controller (perhaps aided by
a computer), and the controller may respond by transmitting a message telling the pilot to return to the cleared
route of flight. Let pc denote the probability that the ATC system correctly generates and transmits such a
message, and in the event that it does so, let the random variable C be the time from the arrival of the ADS
report to the transmission of the response.

3.1.7 The response message must also pass through a complex communications system consisting of many
links. Let pu be the probability that it reaches the pilot, and if it does, let the random variable U be the elapsed
time between its transmission from the ATC system and its arrival at the pilot’s position.

3.1.8 Upon receiving the controller’s message, the pilot takes some time to understand it and to decide
whether to implement it. Let pi be the probability that the pilot decides to implement the ATC system’s
instruction, and let I denote the time between receipt of the controller’s message and the pilot’s initiation of a
constant bank angle turn back towards the cleared route of flight. Let the random variable � be the bank angle.

3.1.9 The aeroplane continues to move away from its assigned route until its course changes by �d, at which
instant it is moving parallel to the route. (It then continues to turn until it reaches the heading at which the pilot
wishes to return to the route.) Thereafter it moves back toward the route. Thus the aeroplane reaches its
maximum distance from the route’s centre line at the moment when it has turned enough to be flying parallel
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to the route. Let Y denote that maximum distance, and let T2 denote the time between the initiation of the bank
and the moment when the aeroplane’s heading has turned through an angle �d. Let V denote the aeroplane’s
speed, and let g (� 9.8 metres/sec2) denote the acceleration of gravity. As is shown in the attachment to this

appendix, .

3.1.10 If the aeroplane is flying in a system of parallel routes, it is viewed as committing a gross lateral error
(sometimes also called a gross navigational error or GNE) when its deviation from the centre line of its assigned
route exceeds half of the separation between adjacent routes. Let S denote that separation. Also, conservatively
assume that the aeroplane continues to deviate from its route and commits a gross error, unless the ADS system
(and its associated communications system) works well enough to turn it back to the heading of the route before
its excursion takes it S/2 away from the centre line. Thus the aeroplane avoids committing a gross error if and
only if:

a) the airborne ADS component transmits a report indicating that its aeroplane has passed the
boundary of the buffer;

b) the report is successfully received by the appropriate ATC unit;

c) the ATC unit issues a message telling the pilot to return the aeroplane to its cleared route;

d) the ATC unit’s message is correctly received by the pilot;

e) the pilot takes the appropriate action to turn the aeroplane; and

f) the aeroplane turns to the heading of its route before its lateral distance from the centre line
reaches S/2.

Together, events a) through e) constitute an “ADS cycle”. Let A denote the mathematical intersection of those
events, i.e. the event that the ADS cycle is completed, in that actions a) through e) all occur. Then P(A)
= pt � pd � pc � pu � pi . Given that the cycle is completed, the probability that action f) occurs is the (conditional)
probability that Y < S/2.

3.1.11 The aeroplane’s speed, V, is a random variable in that it takes different values for different aeroplanes,
but for any particular cruising aeroplane it is essentially constant. During the periods whose durations are T1,
D, C, U, and I, the aeroplane is travelling straight, and its lateral speed is V sin �d. Thus it laterally travels
V sin �d (T1 + D + C + U +I) during those five periods.

3.1.12 As is shown in the attachment  to this appendix, the lateral distance that the aeroplane travels while

turning, during the time period of duration T2 , is . Thus Y, the aeroplane’s greatest lateral

distance from the centre line of its cleared route, is given by

. (2)
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The probability that the aeroplane returns to its cleared route of flight without committing a gross lateral error
is then P[A and (Y < S/2)] = P(A) � P( Y < S/2 � A)

. (3)

3.2    Distributions of random variables

3.2.1 Little, if any, empirical data are available to characterize the random variables T1, D, C, U, I, V, �d and
�. It is, however, clear that they are all strictly positive, and their distribution functions must reflect that
property.

3.2.2 The times D and U vary with the performance characteristics of the equipment used to accomplish the
ADS data link functions. They can also be expected to vary because of delays due to random contention for
scarce transmission resources. One expects D and U to have extremely small probabilities of being very close
to 0, but their probability density functions can be expected to increase with increasing time, up to some local
maxima, and then gradually decrease. Functions such as gamma densities may be reasonable candidates to
quantitatively describe these random variables.

3.2.3 T1, the aeroplane’s delay in sending a message to the ATC system, is likely to be far smaller than D
and U, but it too may be well described by an appropriate gamma density.

3.2.4 The time intervals C and I depend on the performance of both equipment and humans, but one expects
their density functions to have the same properties mentioned in 3.2.2, and so the gamma densities are again
likely candidates to describe them.

3.2.5 The distribution of speeds in a given airspace depends on the types of aircraft that use it. However,
the speeds used for travel in one particular direction, on a single route or a set of parallel routes, rarely differ
from each other by more than 100 kt, i.e. approximately 50 metres/second. Thus it may be possible, for many
airspaces, to model aircraft speed V as a random variable uniformly distributed over a relatively small interval.

3.2.6 The bank angle � of a deviating aeroplane may vary with the flight management system of its
aeroplane, with the deviation angle �d, and with the aeroplane’s longitudinal distance from its next reporting
point when it begins to turn back toward its cleared route. In the absence of empirical data, a uniform
distribution over a small range of angles (perhaps 10 or 15 degrees) may suffice to describe the bank angle.

3.2.7 In the scenario presented above, the aeroplane laterally deviates from its assigned route at a speed of
V sin �d during the time periods whose lengths are T1, D, C, U and I. If the sum of those times is as little as two
or three minutes, but the deviation angle �d is relatively large, the lateral speed will be great enough to cause
a gross lateral error — even before the aeroplane begins to turn back toward its assigned route. It is clear that
(the sine of) �d has a very significant effect on the probability that the deviating aeroplane commits a gross
lateral error. Large deviation angles lead to very large lateral speeds, and in such cases the aeroplane avoids
committing a gross error only when the ADS system works so quickly that it allows the aeroplane to turn back
toward its cleared route within a very short time after leaving the buffer. For example, if the aeroplane is
moving at 480 kt, and �d = 30°, then the lateral speed is 480 kt � sin(30°) = 240 kt or 4 NM per minute. If the
distance between the routes is 30 NM, and the buffer’s half-width is 5 NM, then the aeroplane commits a gross
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error if it goes (30/2) � 5 NM = 10 NM past the boundary of the buffer, and so (without even considering lateral
movement during the aeroplane’s turnback toward its route, it’s clear that) the aeroplane commits a gross error
if T1 + D + C + U + I exceeds (10 NM)/(4 NM/min) = 2½ minutes.

3.3    Deriving a performance parameter
from the basic scenario

3.3.1 When airspace management authorities have accumulated several years of experience in the operation
of ADS systems, it may become easy for them to develop requirements for the distributions of T1, D, C, U and
I. However, at the time of the preparation of this appendix, the data needed to develop such requirements were
not readily available. Nonetheless, though the distributions of the individual times T1, D, C, U and I may be
difficult to determine, the example in the last paragraph suggests that their sum is far more important than any
of the individual terms. Therefore, it makes sense to return to equation (3), which expresses the probability that
ADS prevents a deviation from developing into a gross error as

.

By selecting a minimum acceptable probability pn that ADS prevents a preventable NWPIE, the airspace
management authority will effectively require that

, (4)

or, equivalently, that . Figure A-16-3 shows values of  for six different

probabilities P(A) that the ADS cycle is successfully completed, and for a large range of possible values of pn.
That is, Figure A-16-3 shows minimum acceptable values of 

.

Through consultations with equipment manufacturers the airspace management authority should be able to
estimate a realistic (or even a conservatively large) value for P(A). Dividing the chosen value of pn by the chosen
value of P(A) then yields the minimum acceptable probability m that the ADS cycle is completed quickly
enough, given that it is completed. In the event that pn /P(A) > 1, a larger value of P(A) needs to be adopted
(since the quotient m must be a probability).

3.3.2 The probability  can be re-expressed as

. (5)
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Figure A-16-3.    Minimum acceptable probability that ADS prevents a
preventable NWPIE, given that the ADS cycle is completed

By choosing conservative (or “worst-case”) values of aircraft speed V, bank angle � and deviation angle �d, the
authority can construct a graph such as Figure A-16-4. (The most conservative values of V and �d are the largest
values that might reasonably be expected; the most conservative value of � is the smallest value that might be

expected.) Figure A-16-4 shows values of  for six different combinations of

V and � and for a range of deviation angles �d extending from 15 degrees to 90 degrees. This particular example
takes the distance S between adjacent routes to be 30 NM and takes B, the buffer’s half-width, to be 5.66 NM,
which is approximately three standard deviations of typical lateral error for an aeroplane that just meets required
navigation performance (RNP) level 4. Let t be the value that the airspace management authority derives from
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a figure such as Figure A-16-4. Then the authority has, in essence, established a requirement that
 or, in other words, that

P(ADS cycle time < t | the ADS cycle is completed) � m . (6)

3.3.3 The analysis of the preceding paragraphs does not include the effect of wind. It has been shown,
however (reference 1) that the effect of wind on maximum ADS cycle time can be well approximated to within
one second in almost all cases of interest, by using the maximum ground speed in place of airspeed in the above
analysis. The airspace management authority can take the most conservative case by selecting the highest
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airspeed VA and wind speed VW that might reasonably be expected and then using V = VA + VW in equation (5).
For example, the case of an aircraft with maximum airspeed VA = 500 kt and maximum wind speed VW = 200 kt
can be satisfactorily approximated by using a value V = 700 kt in equation (5).

4.    SUMMARY

By following the procedure detailed in sections 2 and 3 of this appendix, an airspace management authority that
is planning to implement an ADS system can obtain values for five significant ADS performance parameters:

pw — the minimum acceptable probability that the system prevents a waypoint-insertion lateral
error;

pn — the minimum acceptable probability that the system prevents a preventable non-waypoint-
insertion lateral error;

P(A) — the minimum acceptable probability that the sequence of actions referred to in this
appendix as an “ADS cycle” is completed;

t — a maximum acceptable time for completion of an ADS cycle; and

m — the minimum acceptable probability that an ADS cycle is completed in time t, given that
it is completed.

5.    REFERENCES

1. Silverman, B.H., The Effect of Wind on Calculation of Maximum Allowable ADS Cycle Time,
SASP-WG/WHL/1-WP/3, 17 April 2002.
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Attachment to Appendix 16

DESCRIPTION OF A TURNING AEROPLANE

1. This simple model of a turning aeroplane ignores the effect of winds and also ignores the brief period
during which the aeroplane rolls into a bank. Let M (kg) denote the mass of an aeroplane, and let g (m/sec2)
denote the acceleration of gravity. While the aeroplane is flying straight and level, its wings, moving through
the air, generate lift which equals its weight, Mg. That is, the wings generate a force of magnitude Mg, directed
upward. If the aeroplane goes into a bank at a constant angle �, it needs to increase lift in order to continue to
generate a vertical force component Mg and thereby maintain its altitude. As is shown in Figure A-16-5, the
force normal to the wings is then Mg sec �, and the horizontal force on the aeroplane is Mg tan �.Therefore,
the magnitude of the aircraft’s horizontal acceleration is g tan �.

2. Figure A-16-6 illustrates a rectangular coordinate system established so that when the aeroplane begins
its turn, at time 0, it is at the origin and is headed along the X-axis (the horizontal axis) in the positive direction.
Let t denote the time elapsed since the beginning of the turn. At any t � 0, let (x(t), y(t)) denote the aeroplane’s
position, let  denote its velocity, and let  denote its acceleration. Assume

that the aeroplane maintains a constant speed V during its turn so that  for all t � 0.

3. At the beginning of the turn the aeroplane’s velocity is . The horizontal

component of the force generated by the wings is always directed at a right angle to the aeroplane’s velocity
vector. That is, the aeroplane’s acceleration vector remains perpendicular to its velocity vector throughout the
constant bank angle turn. Thus the initial acceleration  must be  or , depending
on whether the turn is to the left or to the right. At an arbitrary time t, when the velocity vector lies along a line
whose slope is  the acceleration vector must lie along a line whose slope is the negative reciprocal

of , i.e. . The two unit vectors that lie along such a line are  and

, and since the magnitude of the acceleration remains constant at  throughout the turn, 

must be either  or , depending on the direction of the turn. For the

sake of argument, assume that the turn is to the left, as shown in Figure A-16-6.

Then:

 .

Since , it follows that

 and  .
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Figure A-16-5.    Forces acting on a banked aeroplane

These differential equations have solutions

and

 ,

which also fit the initial conditions vx(0) = V and vy(0) = 0.

4. The aeroplane begins its turn at the origin, (0,0). At time t, its position, , satisfies

 and . Substituting the expressions for vx and vy obtained in the last paragraph

then yields two simple integrations, the results of which are

and
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.

That is, at time t the aeroplane’s position is

.

5. At time t the aeroplane’s distance from the point  is then

,
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which is easily simplified to . Since this distance is not a function of t, but is a constant, the aircraft’s

path during its turn must lie along the circle of radius  about the point . In Figure A-16-6

the aeroplane’s path is shown as arc OC, and the circle’s centre, , is labelled point A.

6. When the aircraft begins its turn, it is headed along the X-axis, so that the angle between its velocity vector
and the X-axis is 0. As the turn progresses, the velocity vector rotates away from the X-axis. Since the
aeroplane’s path lies along a circle, the central angle subtended by the path at time t, �(t), is also the angle by

which the velocity vector has rotated away from the X-axis. The tangent of that angle is , and the

expressions derived above for vx(t) and vy(t) immediately yield the result , from which

it follows (since the tangent function is one-to-one on ) that , or .

7. Let �d denote the angle at which the aeroplane deviates from its cleared route before beginning its turn.
It needs to turn through the same angle before it can begin to head back toward the route. It reaches its
maximum distance from the route at the instant when it has turned through that angle and is (momentarily)
heading parallel to the route. In Figure A-16-6, that occurs when the aeroplane is at point C. The tangent to the
circle at C intersects the X-axis at a point D, so line segment  is parallel to the cleared route. Line segment 
is drawn parallel to segment  (and is therefore also parallel to the cleared route), and it passes through O
= (0,0), the point at which the aeroplane began its turn. 

8. Since  is tangent to the circle at C, the radius  is perpendicular to ,  and the cleared route
of flight, and so the length of segment  is the distance that the aeroplane moved away from the cleared route
between the time it began its turn and the time it started moving back toward the route. Triangle ABO is a right

triangle whose hypotenuse  has length , and angle OAB has measure . Thus the length of segment

 must be . Since the radius  has length , the length of segment  must be

.
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ICAO TECHNICAL PUBLICATIONS

The following summary gives the status, and also
describes in general terms the contents of the various
series of technical publications issued by the
International Civil Aviation Organization. It does not
include specialized publications that do not fall
specifically within one of the series, such as the
Aeronautical Chart Catalogue or the Meteorological
Tables for International Air Navigation.

International Standards and Recommended
Practices are adopted by the Council in accordance with
Articles 54, 37 and 90 of the Convention on
International Civil Aviation and are designated, for
convenience, as Annexes to the Convention. The
uniform application by Contracting States of the
specifications contained in the International Standards is
iecognized as necessary for the safety or regularity of
international air navigation while the uniform
application of the specifications in the Recommended
Practices is regarded as desirable in the interest of
safety, regularity or efficiency of international air
navigation. Knowledge of any differences between the
national regulations or practices of a State and those
established by an International Standard is essential to
the safety or regularity of international air navigation. In
the event of non-compliance with an International
Standard, a State has, in fact, an obligation, under
Article 38 of the Convention, to notify the Council of
any differences. Knowledge of differences from
Recommended Practices may also be important for the
safety of air navigation and, although the Convention
does not impose any obligation with regard thereto, the
Council has invited Contracting States to notify such
differences in addition to those relating to International
Standards.

maturity for adoption as International Standards and
Recommended Practices, as well as material of a more
permanent character which is considered too detailed for
incorporation in an Annex, or is susceptible to frequent
amendment, for which the processes of the Convention
would be too cumbersome.

Regional Supplementary Procedures (SUPPS)
have a status similar to that of PANS in that they are
approved by the Council, but only for application in the
respective regions. They are prepared in consolidated
form, since certain of the procedures apply to
overlapping regions or are common to two or more
regions.

The following publications are prepared by authority
of the Secretary General in accordance with the
principles and policies approved by the Council.

Technical Manuals provide guidance and
information in amplification of the International
Standards, Recommended Practices and PANS, the
implementation of which they are designed to facilitate.

Air Navigation Plans detail requirements for
facilities and services for international air navigation in
the respective ICAD Air Navigation Regions. They are
prepared on the authority of the Secretary General on
the basis of recommendations of regional air navigation
meetings and of the Council action thereon. The plans
are amended periodically to reflect changes in
requirements and in the status of implementation of the
recommended facilities and services.

Procedures for Air Navigation Services (PANS)
are approved by the Council for world-wide application.
They contain, for the most part, operating procedures
regarded as not yet having attained a sufficient degree of

ICAD Circulars make available
information of interest to Contracting
includes studies on technical subjects.

specialized
States. This



@ICA01998
12/98, ElP112800

Order No. 9689
Printed in ICAO




