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This report was prepared by Messrs. Allen Busch and Brian Colamosca of the Federal
Aviation Administration (FAA) Technical Center and Professors J. S. Hunter, Neil
Polhemus, and George Hazelrigg of Princeton University. (Princeton  University
supported this work under FAA contract DOT-FA79NA-6078.) This report is part
of an FAA program to analyze various facets of collision risk: in . the oceanic
environment. More specifically, it grew out of the efforts by the International
Civil Aviation Organization (ICAO) 'North Atlantic Systems Planning Group (NAT/SPG)
to apply the Minimum Navigation Performance Standards (MNPS) for thé reduction of
separation minima in the North Atlantic.
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Abstract

This working paper presents the views of the United States relative to a
proposed change in the North Atlantic System Planning Group's decision making
procedure. ‘fhis view is that the decision making process is composed of a number
of interrelatéd parts--a target level of safety, a collision risk analysis, a minimum
navigation performance specification, a monitoring procedure, a certificaﬁon
procedure and a set of decision criteria--and that a change to any part of this
process cannot be made in isolatibn from tﬁe remainder of fhe process. It is shown
that the proposed weighting procedure fails to find a basis in the overall decision
making process. Rather, the weighting procedure changes only one component of
the overall process, resulting in several deficiencies. It is also shown thabt the
resulting procedure is incompatible with the other elements of the total decision
making process. As a result, it is concluded that use of the proposed weighting
procedure fails to assure adequate control of collis_ion risk vis-a-vis a target level
of safety, which is the principal objective of the minimum navigation performance
specification.
L. Introduction

The North Atlantic (NAT) track system provides the main east-west air
corridors between Europe and North America. It is the oldest and most heavily
traveled oceanic organized track system (OTS); over 300 aircraft make use of the track
system }each day. In this cépacity, the NAT track system is possibly the most

important commercial link between these continents.



Operation of the NAT track system requires that decisions be made on a
virtually continuous basis. System decisions can be classified as either operational
or strategic. Operational decisions address clearance of aircraft onto and through
the system. These decisions must be made according to a set of strategic rules to
assure separation and safety of all user aircraft. The strategic decisions are made
on a less fr’eqqent basis. They provide the framework within which operational
de;isions are made. Strategic decisions include the selection of routes, allowable
flight altitudes, separation standards and so on. The strategic decisions affect the
system economics, the system availability and the system safety. Any strategic
system decision involves an interplay of these three factors. For example, zero
collision risk could be achieved by allowing only one aircraft on the tt_'ack system at
any one time. However, a decision to achieve this level of safety would incur
exorbitantly large penalties in system economics and system availability, Thus, in
operation, some degree of safety is traded to achieve large gains in system
economics and system availability. The appropriate point of tradeoff between
these three factors depends, of course, on both technological factors, such as
navigational system performance, and on economic factors, such as fuel cost and
traffic count.

The North Atlantic track system providers and users, organized formally as
the North Atlantic Systems Planning Group (NAT/SPG), seek to ensure that no
changes holding out the possibility of increased system capacity or diminished cost
of system operation are initiated without first assessing their potential impact
upon system safety. Since .the 1950's, advances in equipment and pilot skills have
diminished the levels of many of the hazards affecting the safety of air commerce

in the NAT. As a result, the principal concern of the system providers'



decision processes regarding system safety for the last 15 years has been control of
the risk of midair collision.

In general, if separation standards and other specifications of the track
system remain unchanged, technological improvements would result in increased
system safety. If technology results in large increases in system safety, it may
become desirable to trade some of these gains for improvements in system
economics and system availability. It is génerally agreed, however, that this
tradeoff should be made only when significant benefits are gained.

Recently, a reduction in the basic NAT lateral separation standard from 120
nm to 60 nm was implemented (October 30, 1980). The reduction was made to
realize gains in system economics and availability while continuing to satisfy an
agreed-upon level of safety. A minimum navigation performance specification
(MNPS) was established to assure that the tradeoffs in system safety would not be
disproportionate to the gains made in system economics and availability. Develop-
ment of the MNPS established a procedure within the context of the overall NAT
track system decision making process to assure that strategic system decisions
would be made with system safety maintaining its position of paramount concern.
The MNPS so established has three major components:

1. A primary goal of achieving a target level of safety (TLS) denoting the
acceptable amount of lateral collision risk for the NAT track system,
not to be exceeded as a result of strategic system decisions, and a set
of secondary goals concerning system availability to projected traffic
over a ten-year planning horizon and an assurance to users that
approved navigational system equipment will remain usable for a
similar period of time.

2. A set of numerical criteria regarding important navigational per-
formance parameters, to assure that system safety will be maintained

commensurate with the TLS over the planning horizon period.

3. A monitoring and certification procedure to assure the criteria of item
2 are met in the operational system.



The criteria and monitoring procedures are primarily directed toward estimating
the frequency of larger lateral errors. These were keyed to the use of 60 nm
lateral track spacing. It was expected that system monitoring would show that the
criteria necessary for 60 nm spacing were being met as stated and fhat 60 nm
spacing lateral spacing could, thus, be implemented without delay.

Modifications have been suggested to the monitoring and evaluation process
motivated by a belief that certain types of observed errors impacted risk less
heavily than did others. The U.S. has stated that these proposed modifications,
referred to as "weighting,” were not given adequate consideration with regard to
their impact on the criteria designed to assure meeting the MNPS goals. This led
to a considerable amount of disagreement and discussion within the NAT/SPG and
the issue has yet to be resolved.

The purpose of this working paper is to consider the implications of the
proposed modifications as they affect the safety criteria, MNPS, monitoring
pfocedure, certification procedures and decision criteria and to maintain a sound
and consistent framework for continued decision making in the NAT region as these
new areas are explored. It is recognized that many issues which need discussion
and resolution are not resolvable by mathematical procedures alone. Thus there
are many issues which must be addressed by the system decision makers. Insofar as
mathematical models are used to provide guidance to the decision making process,
they must be soundly and consistently structured. This paper explores these issues
and sets a potential framework for their resolution.

2.  Background

In 1964 lateral separation of tracks in the NAT region was 120 nm. It was

proposed at that time that the separation be reduced to 90 nm as a means of

improving track system economics and availability. The action to reduce the



separation to 90 nm was not taken at that time due to a lack of confidence that
system safety would be acceptable.

To set the stage for subsequent reductions in lateral route spacing in the NAT
track system, ICAO set up the NAT/SPG in 1965. One purpose of the NAT/SPG
was to undertake a study of lateral separation and to develop the framework of a
decision making process for subsequent reduction in separation standards. In these
early years the NAT/SPG group made two very important contributions, First was
the development of a collision risk model now referred to as the Reich Model. The
Reich Model provides an estimate of collision risk on a two-direction, parallel
route track system in a non-radar environment. The second major contribution was
the development and numerical quantification of the TLS. This threshold of
collision risk was presented as a criteria to bound and condition strategic decisions
in the NAT region and was derived as the result of analyzing actuarial data on
aircraft accidents. The NAT/SPG employed the model and TLS to establish a
decision making process which, in essence, states that strategic decisions, such as
changes in separation standards, are permissable only if they result in a modeled
estimate of track system collision risk which is equal to or better than the TLS. -

Part pf the NAT/SPG's overall activities included the collection of a
substantial set of OTS navigational performance data. These data were obtained as
radar traces from both ground-based radars and from radars on ocean station
vessels., It is important to note that at this time the principal methods of
navigation in the NAT region consisted of LORAN, LORAN-Doppler and non-
directional beacons, augmented occasionally with other systems such as celestial.

The decision making process established by the NAT/SPG was then applied to
the existing 120 nm separation system in the NAT region and to the proposed 90 nm

separation system. It was found that the existing system satisfied the safety



criteria which had been set, but that with the existing navigational systems and
their demonstrated navigational performance, the proposed 90 nm separation
system did not meet the TLS.

In its initial deliberations, the NAT/SPG did not set a specific value for the
TLS. Rather, a range of values was suggested from .15 X 107 to 4 X 1077
accidents per track system flying hour.” Later, recognizing that technological
improvements would enable improvements in track system safety, the NAT/SPG

suggested a single goal value for the TLS of .2 X 10'7

accidents per hour.

In the process of developing the decision making procedure, two factors
emerged:

1. A‘cceptance of the Reich Model as a means for providing an estimate of

;:Z,OTS collision risk associated with alternative strategic de;isions

2.  the utility of the TLS in bounding choices from among the alternatives.
In judging 120 nm separation to be safe while rejecting the lower lateral standard,
the NAT/SPG established a calibration of model-estimated risk in terms of the
actuarially derived TLS and, thus, established a calibration of the decision
making process itself.

During the late 1960's and 1970's two new navigation systems were imple-
mented in the NAT OTS, INS and OMEGA. Both of these systems represent a
substantial improvement in both accuracy and reliability over the majority of
systems in use at the time of the initial NAT/SPG study. As a result, the past
decade has seen significant navigational performance, improvements in the NAT

region. Two additional changes have taken place over this period of time. First,

system traffic has continued to grow making it more difficult for each potential

—
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One collision equals two accidents.



user to access the system efficiently. Second, fuel costs have increased dramati-
cally. These factors led to a desire to reduce lateral separation thus permitting
more optimal route availability by allowing for more flights closer to the minimum
time track. ‘lt was reasoned that the improvements in navigational performance
effected in the system over the previous ten years, coupled with the proposed
changes in l:ateral separation, would result in an overall level of system lateral
collision risk which not only would meet the TLS, but which in addition would not
be any worse than that achieved in 1968. Disclosures in the mid 1970's that NAT
LORAN A chains would be decommissioned within a few years led system users
depending upon this navigational aid to examine replacement alternatives. In
response to user requests for guidance in this examination, the NAT/SPG set out to
develop the MNPS, which was intended to state the level of navigational per-
formance necessary to support a 60 nm NAT lateral separation standard.

The MNPS was developed during 1975 and adopted by ICAO in May of 1976.
It became effective December 29, 1977, concurrent with the decommissioning of
the LORAN A chain in the North Atlantic region. The MNPS reads as follows:

a) The standard deviation of the lateral track errors shall be less than 6.3
nm,

b)  the proportion of the total flight tirﬂe spent by aircraft 30 nm or more
off track shall be less than 5.3 X 107",

c)  the proportion of the total flight time spegt by aircraft between 50 and
70 nm off track shall be less than 13 X 1077,

It is worth observing that, as originally developed, the MNPS criteria b) and c)
above were stated in terms of probabilities rather than in terms of proportion of
total flight time. The latter interpretation of these probabilities, as a proportion
of total ﬂight time, was made for the convenience of equipment manufacturers

and system users in their interpretation of the specification.



Criteria b) and c) have since become known as the n and r criteria and are
to be applied to the operational system to assure compliance with the TLS.
Criterion a) arises because of a need to certificate aircraft and navigational
system types for operation in the NAT MNPS system. Criterion a)relates to a
parameter which can be easily measured in a short period of time with relatively
few aircraft and few observations, as opposed to criteria b) and c) which may
require observation over extended periods of time and on numerous aircraft. Thus,
criterion a) gives confidence that a new aircraft or navigational system can be
introduced into the NAT MNPS system without a significant adverse effect on total
system safety.

Between May 1976 and December 1977 preliminary certifications of aircraft
and navigational systems against the NAT MNPS were conducted by states of
registry. At the same time, monitoring continued in the NAT MNPS system making
use of radar observations taken principally at Shannon, Ireland. Once again,
application of the risk model and data collected led to the conclusion that the
system, at its then current 120 nm lateral track spacing, met the TLS. Compliance
with the MNPS for 60 nm lateral track spacing, however, was not demonstrated by
the data, thus thwarting plans for an early change from 120 nm to 60 nm lateral
track spacing.

Concurrently, members of the NAT/SPG expressed the opinion that a critical
look at the decision making process established in the 1960's was in order. In this
examination, it was proposed to account for the presumed structure of the flight
paths associated with certain large errors. The contention was that not all
navigational error types of an equal observed magnitude contribute equally to
collision risk. After examination of monitoring data, a new analysis was proposed,

representing a use of the Reich Model and mathematical constructs intended to



estimate the risk contributed by certain error types noted to have occurred in the
monitoring data. Re-examining the data with this new analysis provided estimates
of collision risk that were different from (and usually lower than) the collision risk
estimated by previously established procedures. It is important to recognize,
however, that all that was proposed was a change in the procedure for assessing the
impact of a specific class of errors. Thus, despite the resulting implication of a
lower level of modeled risk than had been previously estimated, no actual change in
system risk was effected.

The development and adoption of new collision risk analyses, and ‘the
assessment of spacing reduction based on these analyses, raises many issues which
need to be discussed and resolved. Among these are the following:

1.  Potential need for a redefinition of the TLS in light of the results
provided by a new collision risk analysis.

2. The adequacy of the current MNPS in light of a new collision risk
analysis.

3. The adequacy of presently collectable data, in particular that relative
to waypoint errors, for use in the new collision risk analysis.

4.  The requirement for a new statistical testing procedure for the MNPS
criteria in light of the new collision risk analysis.

5. The need for a new monitoring procedure in light of the changes
imposed by adoption of a new collision risk analysis.

3. The Reich Model, Navigation Performance Specification and System
Monitoring

Undisputed is the fact that midair collisions in the North Atlantic are, and

will continue to be, rare events. The achievement of the TLS of .2 accidents per

107

track system flying hours implies a rate of approximately one collision per 150
years of operation in the NAT OTS. At such low rates of expected occurrence, a
decision to make a system change can have a profound impact on system risk

without being immediately evident in the observed collision rate. It has been



estimated that, at current levels of OTS traffic density data, it would take over
160 million track system flying hours (over 400 years) with no accidents in order to
be even 50 percent confident by direct estimation of the accident rate that the
system is operating below the TLS.

Because the observed accident rate cannot provide a sufficiently precise or
timely estimate of risk in the sytem, it cannot be used either in a predictive mode
to analyze the impact of potential system changes or in a descriptive mode to
assess risk in the current system. It is consequently necessary to turn to an
analytical model of some sort. The purpose of a mathematical model is to
decompose the data requirements for risk estimation from those needed for direct
estimate, which are not available, to a set of measurable or estimable data from
which an imputed risk estimate may be obtained. Such models are capable of
allowing decisions to be made with available data, in consonance with the TLS.

Good models express the relationships among the system factors in as simple
a manner as possible. The impact of changing various factors on system variables
should be determinable in a straightforward manner. Further, any inherent
relationships between the system factors should be carefully incorporated in the
model. As more assumptions need to be made, these should be accomodated in a
consistent fashion. Also, where the output of the model is a risk estimate,
assumptions should tend to the conservative. Wherever possible, model parameters
should be structured so that they may be estimated from available data.

It must be recognized that risk, as estimated by the model, is not likely to be
identicai to the actual risk in the system. Since assumptions have to be made and
parameters estimated, there exists at best a proportional relationship between

model-estimated risk and system risk. This does not, however, mean that a model
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is not useful. In fact, the model can provide information to the decision making
process in two areas: in estimation of absolute levels of risks, even though the
modeled risk is likely to be a conservative estimate of actual system risk, and in
making comparisons between alternative systems or of the impact of system
changes. As long as the model remains unchanged, comparison of model risks will
enable the decision makers to assess the relative impact of alternative strategic
decisions.

The MNPS decision making process initially employed in the NAT region is
based on several assumptions. Among the most important within the context of the
current discussion is that navigational performance is position and time-invariant,
i.e., that the distribution of lateral errors does not vary with position over the
ocean. This allows for the use of historical data in determining the probability
distribution of lateral track keeping errors, using observed deviations from track as
aircraft first come under radar surveillance upon exiting the track system as
e#sentially a snapshot of the distributional characteristics of performance which
would be observed at any position along the track. Based upon observed data, a
double double exponential (DDE) distribution has been fitted and used in determin-
ing MNPS criteria which must be achieved to meet a specified TLS.

The Reich Model has been found over the years to be mathematically sound
and consistent. Estimation of important system parameters such as occupancy and
the distribution of lateral errors is feasible given existing data. While not all
aspects of the model are verifiable by observing the North Atlantic track system in
operation, the Reich Model and the observed DDE navigational performance
distributional form allow certain criteria to be established to insure that at a
spacing of 60 nm the specified TLS will be achieved.

The MNPS provides such a set of specifications. If all three MNPS criteria

are met, the model-estimated risk is less than the target level of safety.
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The n criterion constrains the proportion of time spent more than half a separation
standard away from the assigned track and is a primary parameter of risk. Its
numerical value of 5.3 X 10'“ is specifically linked to the DDE distribution and was
determined by taking a minimum allowable probability of 30 nm or grea;ter lateral
deviation over all relevant combinations of DDE distributional parameters which
produced a model risk exactly equal to the TLS. The ¢ requirement, related to the
proportion of the total flight time spent between 50 and 70 nm off track, was

constructed to insure that the assumption of a DDE distribution is not violated by a

peak at the separation standard. In the operational system both the n and g

criteria must be satisfied to assure compliance with the TLS. The o criterion was
constructed to provide a constraint on the navigation system accuracy for
certification. This requirement provides a preliminary indication that a naviga-
tional system has the potential to comply with the MNPS.

In summary, historical data were used to identify the DDE distribution as
appropriate for lateral errors. Following an assessment of actuarial data, a TLS of
.2 accidents per 107 track system flying hours was agreed to. This TLS was used in
the context of a model structured along Reich's original assumptions. The MNPS
constraints were then developed to insure that, assuming a DDE distribution, the
model risk would not exceed the TLS if the constraints were met.

In order to determine whether the system as currently operating satisfies the
MNPS criteria, assessment of achieved navigational performance by analysis of
data collected from the NAT was proposed. In particular, statistical testing
procedures were formulated by constructing conflicting hypotheses, and rules
established for determining which, how and when a particular hypothesis may be
accepted. Careful consideration of decisions which could result in unsafe or costly

errors was undertaken.
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As an example, consider the  requirement. Here, the proportion of flight
time spent between 50 and 70 nm off track is required to be less than 1.3 X 10'“.
Establishing the MNPS criterion as the null hypothesis and twice that value as the

alternative, statistical procedures were established to select between:

Hy: £ = 13X 107"

HﬁC=2£le“

Based upon available data, it must be decided either to accept the null hypothesis,
implying the MNPS requirement was being met, or to accept the alternative,
implying that the MNPS criterion was not being met and, consequently, the TLS
was being exceeded.

The following table shows the problem faced by the decision maker:

TRUE STATE OF NATURE

DECISION: Ho IS TRUE  H, IS TRUE
CORRECT TYPE 11 ERROR
ACCEPT H, DECISION (UNSAFE)
TYPE I ERROR | CORRECT
REJECT H, (COSTLY) DECISION

As illustrated, any statistical testing procedure, in attempting to select between
two alternatives, is subject to two types of errors. A Type I error, in which it is
concluded incorrectly that the ¢ criterion is not being met, could result in a costly
decisioﬁ not to reduce lateral spacing. A Type II error, in which it is concluded
incorrectly that the g requirement is being met, could result in a decision to
reduce spacing when by doing so the TLS will be exceeded. Any statistical testing
procedure established must take special care to control the probability of both

types of errors.
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Since the distribution of lateral errors obtained when aircraft first come
under radar surveillance was assumed to be representative of performance every-
where across the ocean, the testing procedures could be based on-a count of
observed large deviations. Using a Poisson distribution, it was decided to control
the probability of both types of decision errors at 0.05. Two statistical testing
procedures were then considered: a fixed sample size test in which a fixed number
of aircraft would be observed and then a decision made between the hypotheses,
and a sequential scheme in which, as each aircraft was monitored, a decision would
be made to éccept HO’ to reject HO’ or to continue sampling. For the assessment
of 7, the fixed sample size test would have required monitoring 120,900 aircraft,
'while the expected sample size in the sequential procedure, if ¢ was being
achieved, was less than 70,000. Further, if performance was much better or much
worse than expected, the sequential procedure could lead to a decision even more
quickly. For these reasons, the sequential sampling scheme was proposed.

It should be noted that these procedures were established to control the
chances of incorrectly accepting a hypothesis at 5 percent. Use of a smaller fixed
sample size, or making a conclusion while the sequential sampling plan indicated
that continued testing is necessary, increases the chance of a wrong conclusion. As
established, the procedures were mathematically sound and the chance of wrong
conclusions known to be small.

4,  Alternative Risk Models and Their Implications

Periodic examination of observed lateral deviations to determine compliance
with MNPS requirements began in early 1978 using a sequential sampling plan as
one statistical testing procedure. Results of this testing did not indicate that
the z criterion was being met with sufficient statistical confidence to induce the

NAT/SPG to approve a 60 nm lateral track separation standard. Analysis of
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individual errors from several periods of monitoring data indicated the existence of
more waypoint and air traffic control loop errors than expected. As remedial
action was being devised and applied, a detailed scrutiny of these errors was
made. It became apparent that some of the errors impacted risk less than others,
since they posed a threat only in the vicinity of one waypoint, or only while exiting
from the track system. These observations prompted a review of the manner in
which the fisk model was being used, to ascertain if the methodology could be
revised to relfect the type of lateral error in various error categories. A new
analysis was proposed, involving averaging the risk contributed by waypoint errors
over distance between waypoints. Using this analysis, methods were presen‘ted for
indexing or "weighting" observed lateral errors, categorized as to cause, prior to
testing for MNPS compliance.

If changes to the model are thought appropriate, due consideration should be
given to- the impact which they might have on the NAT decision making process.
The remainder of this section examines some of the implications of the changes
proposed to date.

Several criticisms have been raised regarding the continued application of the
Reich Model and the MNPS to the NAT. Specifically, the assumptions of
position-invariant navigational performance and the use of a DDE distribution have
been challenged. Evidence has been cited of a secondary peak in the distribution of
observed NAT lateral errors in the neighborhood of 60 nm from assigned route
during recent years. Further, the occurrence of certain types of errors such as
waypoint errors, observed near the end of the track, are thought to make the
observed distribution substantially different than might be observed at other points
across the ocean. Substantial modifications to the decision making process for
determination of lateral route spacing have consequently been proposed, and it is

the intent of this section to consider what effects such modifications might have
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on the basic collision risk model, navigation performance Speciﬁcations and system
monitoring.

Previous sections have carefully reviewed the developmeht of the TLS, MNPS
critera and monitoring procedures. It is important to keep this historical
perspective in mind when examining proposed modifications. Figure 4.1 illustrates
in general terms the relationship of model risk to system risk. The original model
is based upon a set of assumptions which were never claimed to be exact.
However, it was structured in a mathematically consistent fashion so that model
risk would vary in a consistent and roughly proportional manner to system risk.
When the NAT/SPG employed the TLS together with this model, the); were
implicitly accepting a level of system risk equal to R. The decision makers were
satisfied that, if the model produced a risk value below the TLS, then actual
system risk would be acceptable.

Now various modifications involving the averaging of risk have been proposed
to this original model which tend to make it less conservative, This has the general
effect of shifting the model-system risk relationship to the right. Consequently, if
the modified model yields a risk value equal to the original TLS, then system risk
will be equal to R', which would be larger than originally intended. To achieve a
level of actual system risk equal to R, which would have been achieved had the
original model met the TLS, a new value of model-estimated risk, M*, below the
original TLS is required for the modified model.

The first essential point here is that previous decisions regarding acceptable
levels éf risk, including the decision not to reduce separation in 1968, have been
made in the context of the Reich Model. Acceptance of the TLS value has
historically been supported at least partially on the fact that, when applied in the

context of the Reich Model, it ensures that reduction in separation to 60 nm will
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not increase system risk beyond levels historically achieved. Modifications of the

model, without recalibration of the TLS, may allow for a substantially higher value

of system risk than originally intended.

The second essential point is that the MNPS criteria are directly linked to
both the assumption of a position-invariant distribution for lateral errors and to
characterization of those errors by a specific distribution: DDE distribution. This
distribution was arrived at based upon examination of historical data. The MNPS
criteria were set up to insure that, given that lateral deviations continued to follow
a DDE distribution, systems meeting the criteria would also satisfy, in the context
of the model, fhe TLS. Further, the ¢ criteria was meant to ensure that the DDE

assumption was reasonable. The MNPS criteria do not provide assurance ofsystem

safety if the DDE distribution is not apprbpriate.

A third essential point concerns the specific statistical testing procedures
proposed to determine whether the system as operating achieved the» MNPS
criteria. These testing procedures relied specifically on the assdmption that the
distribution of lateral deviations from track observed when aircraft came under
radar surveillance was representative of performance everywhere in the system.
This time-invariant or position-invariant propefty allowed the tests to be based on

a simple count of large deviators through a Poisson distribution. Relaxation of the

position-invariant assumption requires substantial changes in the necessary st-

atistical testing procedures,and a possible reexamination of the type of data

required to verify adherence with MNPS criteria will be needed.

To make specific some of the changes in criteria and decision making
procedures which would be necessary if the assumptions of position-invariant

performance and the DDE distribution were to be relaxed, it is useful to consider
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certain typical modifications. The original model assumed for lateral deviations

was that of a DDE distribution with density function:

o 'lYl/Al a e'M/AZ

f(Y): %_e +2A
| 2

(1

This distribution consists of two exponential terms, often interpreted as repre-
senting normal performance and "blunders." The self-convolution at a route

spacing of S nautical miles is:

cs) = L7 1E(Y-s)dy

= + + — +
(1-o) 1 o 2
2 1 2 2
4 A 4x
1 2
+ ol1-a) l)\ e 2-e ] + l e l<|»e 2 2
2 7 A

Now for concurred values of occupancy and other model parameters, as-
suming position-invariant navigational performance, collision risk as calculated by
the original Reich Model will be less than .2 accidents per lO7 track system flying
hours if C(S)< 6.45 X 10'6. The MNPS criteria, specifically N and T, were
formulated to ensure that, if lateral errors were characterized by the DDE and the
criteria were achieved, then the above condition on C(S) would be met. In deriving
the n criterion, various DDE distributions exactly satisfying the condition were
examined and from these a value of n selected, 5.3 X 10'4.

The ¢ criterion, which relates to the proportion of lateral errors in the

vicinity of the adjacent track, relies on the approximation

C(S) = 21(S) (3)

This approximation is valid only if the distribution of lateral errors is symmetric,

unimodal and slowly varying in the neighborhood of 60 nm, with the bulk of the
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distribution ihside 30 nm, For the DDE diStfibution, this requires that Az be much
greater than A and a be very small, under which conditions the convolution can be
approximated by

cs) 2 -‘;‘—2 2 - | ®)
which is indeed approximately 2f(S), twice the density function for large 'S,
including S = 60 nm,

The  requirement has been consciously or unconsciously reinterpreted over
the years. In particular, it has been noted that if the approximation in (3) holds,
then the condition on C(S) is equivalent to requiring that £(S)<3.225 X 10°6,

More_oyér, if £(Y) is relatively flat in the neighborhood of Y = S = 60 nm, then
£60) 2 —L—P(50 <|Y| <70) (5)

so that the condition on f(S) is equivalent to requiring that
r=P(50<|Y] <70)<1.3 X 107%,

It must be recognized that the Z requirement ensures that the TLS is met only
if the approximation in (3) holds. Under the original DDE assumption, it does hold.
A simple example under which it does not hold is if lateral errors follow a single

double exponential distribution with density function

£(Y) = —%T Y2 | | (6)
Then
1 S/ 1 S
C(S)=——= (A4S)e™™""= —=(1 Y(S) (7)
12 * 7 A

For route spacings S and parameter values A likely to occur, C(S) > 2£(S), meaning
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that meeting the T requirement as currently specified Would not by itself guar-
antee that the TLS was met. In such a case, different values for the present type
of MNPS criteria would be required.

One modification of the lateral error distribution which has been proposed to
represent aircraft inadvertently occupying the track adjacent to the assigned track
is placement of a secondary peak at Y = 60 nm. Such a peak, if similar to the main

peak, would require a density function of the form

1-0’.1-0.2 e‘IYI/kl o4 ‘IYll)‘z

1Y) = —5—— + e
2\ ] 2 g
! -Y-SVAL oy fYasiry @)
“1 e A3y v , e
For small o and ayy this density function yields a convolution value
-S/A o -S/A o
.1 1 1 2 2
C(S) 2———— (A,+S)e + e + 9
w2 ! > 2

The approximation C(S) = 2f(S) is no longer valid, but more seriously f(Y) is not
relatively flat in the neighborhood of Y =S. For small 7\1, (1/40)P(50 <|Y| < 70)
may very seriously underestimate £(60). In fact, ¢ is no longer proportional to risk,
and the n and grequirements are not sufficient to ensure that the TLS is being
met. Thus, a different type of MNPS specification is required, including a
specification insuring that Al is not too small.

The above example demonstrates that the MNPS criteria are specific to the
distributional form assumed for lateral deviations. A more radical modification of
the basic collision risk model occurs when terms are added to the distribution
which vary with along-track position. For example, suppose the secondary peak in
(8) was not always located on the adjacent track but varied in some manner with
the distance X from a waypoint on the main route. Such behavior has been

suggested for waypoint errors. Now at any given X, suppose the secondary peak is
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centered at a distance D (0< D <S) from the main route. Then the density function

for lateral deviations would take the form

I-0y-0y e'|YVA1 % e‘“'“z

#(Y | X) =

2) 1 2>\2
. a, e-|Y-S+D(X) I . o, e-|\(+5-D(x)llx1 10)
4 )\1 Y 1
The convolution value is specific to X and can be approximated by
-S/A =S/A
cs|¥: Ly Gaste Lo ole 2
2 1 A
4 1 2
% ~(S-D(X/A
r = ()\I+S-D(X»e (1
4

|
Again, the approximation of C(S) 2 2f(S) is poor and the distribution is not, in

general, flat near Y = S.

Relaxation of the position-invariant navigational performance assumption
represents a radical changé in the basic collision risk model. No longer is the
collision rate constant across the ocean but varies with the along-track position X.
An important decision must now be made; what should be controlled? Is the intent
of the TLS to control the maximum risk while flying across the ocean, or is it
intended that low levels of risk at some points be allowed to offset high risk at
others? The waypoint weighting proposal averages risk along the interval between
waypoints [0 ‘_<_ X < W] according to

W
C(s| X)dX

0
g6 —g

Requiring the average risk to meet the TLS allows risk at certain points across the
ocean to be substantially higher than the established level of safety. This is in

contrast to the original use of the Reich Model and the TLS, which employed the
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available data in a worst-case mode to ensure that risk at all points across the
ocean was below the TLS. The decision makers should be aware that acceptance of
a model with position-varying navigational performance implies a redefinition of
what is meant by system safety.

- The point of the above examples is that, if the model for lateral deviations is
modified, potential revisions to both the TLS and the MNPS criteria must be
examined. Under the original model, a definition of system safety had been
established and a distribution assumed which made it sufficient to examine three
factors: the standard deviation of lateral errors, deviations beyond one ‘half a
separation standard and deviations within 10 nm of the separation standard: With a
different distribution and changed assumptions, the TLS must be reexamined and
new MNPS criteria potentially devised. It is important during this investigation to
hold open the possibility that any of the three current MNPS criteria may be
impacted by revisions to model or distributional assumptions. To date, proposed
revisions to the Reich Model have sought to accomodate new modeled risk
contributions with the present ¢ crifcerion alone while ignoring any relevance of
these changes to then and ¢ criteria. As the above examples indicate, these
revisions would require development of a new form of MNPS. During this
development, it would be necessary to be attentive to the necessary changes to all
the current criteria. It would also be necessary to keep in mind the availability of
data sufficient to test whether the changed criteria are being met in the NAT
system,

Modifications in the model assumptions and the MNPS criteria will also have
substantial impact on the statistical testing procedures required to ensure that the
system satsifies thosé criteria. For example, consider the £ requirement. For the

original model, where the distribution of lateral errors is assumed to be constant
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everywhere across the ocean, the proportion of flight timé spent between 50 and 70
nm off track is directly proportional to the number of aircraft observed at that
distance when they come under radar control near the end of their journey.
Consequently, a simple count of such deviations is sufficient to test a hypothesis
regarding the g criterion. Given some of the model modifications proposed, a
simple count is inadequate.

In the case of the original model the following hypotheses were proposed:

Hy ©= 13X 1074

H: 0= 26X 1074

Having observed n total flights of which n | Were between 50 and 70 nm off track,

the likelihood function based upon the Poisson distribution takes the form

n
1 -ng
agln) -0RL e 7 >0 (12)
1.

which involves the data only through the count n 1 Consequently, n 1 is a sufficient
statistic for the Poisson distribution, and estimates and tests of ¢ can be based

upon it. The maximum likelihood estimator is
A~y

and the likelihood ratio relevant for testing the specified hypothesis is

P Ny (3 x 1074
A =5y = 2 e (14)
~ Po'™2
Note that this is well-specified, involving only the sample size and number of large
deviations,

Now suppose that the model as modified requires testing not of whether the

number of deviations between 50 and 70 nautical miles off track is equal to

24



1.3 X 10'4_ but of whether some linear combination of the proportions of different

4

classes of errors is equal to 1.3 X 107 ". Let this linear combination be of the form

C:Wl;1+W2;2+...+WKCK ' (15)

Then two hypotheses can be formed as follows:

:C=13X10""%

-4

Hy

HI:C=2.6X 10

The relevant distribution in this case is that of the multivariate Poisson distribu-

tion, which takes the form
n n ne -n(Z, +C,+ . +8)
(nC l) l(n Cz) 2- o (n CK) Ke 1 2 K

T ng! - (16)

p(nl, n2,...,nK) =

where n 12 Ngs o« o N are the number of observed deviations in each class. While

it has been proposed to use the estimator

~ n n n
1 2 K
C:Wl—n—+wz—n—+...+WK-F (17)

to test the hypotheses, E: is not a sufficient statistic for the multivariate Poisson
distribution. Further, even if it is assumed that for each class of errors the
proportion in the alternative hypothesis is twice that of the null, the relevant
likelihood ratio is

] Pl(nl’ Mgy eeey ng) NN+t -n( C1+C2+...+CK)O (18)

A= =
_ po(nl, Ny eeey n'a 2 €

As part of the null hypothesis, an additional specification regarding the sum of the
proportions of the K classes of gross deviations (z 1+ St CK)O is required to

construct a well-framed decision between the hypotheses.
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In summary, it should be emphasized that meodifications of the oceanic
collision risk model; either thrbugh changes in the distributional form for lateral
errors or by relaxi‘ng the bassumption of position-invariant navigational per-
formance, require modification of at least the interpretation of the fLS and its
corresponding relation to system safety, of the MNPS criteria, and of the decision
making procedures for determining whether these criteria are being met. Careful
study of any- proposed modifications is necessary to ensure that the risks of making
incorrect decisions are known and that adequate system safety is maintained.

5. Open Issues

Réduction of NAT lateral separation to 60 nm is now an accomplished fact.
During deliberations leading to this action, the NAT/SPG considered changes to its
established procedures for both modeling risk and also assessing the inference
which observed navigational pérformance provides concerning risk. Prior to
adopting any bf these changes and making them a part of the process for setting
performance standards, it is necessary to consider their impact on the basic
decision making process.

The discussions and developments of the above sections make it clear that
there are indeed choiﬁes to be taken with respect to the selection of a decision
making process for the NAT region. The selection of a decision using or not using
mathematical models and criteria is, in the final analysis, a social/political
process, not a mathematical process. But despite the freedoms of choice which do
exist, the framework of any particular quantitative decision making process chosen
for application in the NAT region must be mathematically rigorous. Failure to
maintain hathematical rigor througyhout the process can result in system decisions
which are arbitrary and capricious, and, worse,'which may in fact not achieve the

desired level of system saféty.
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To be mathematically rigorous and logically consistent, a decision making
process must accomplish a predetermined set of goals based upon the application of
models, decision criteria, statistical testing procedures, monitoring procedures and
operational judgment. These must all be both based on a single, self-consistent set
of assumptions and also consistent with the data. Thus, one cannot arbitrarily
change, for example, the statistical testing procedure or the monitoring procedures
without examining the implications of such a change on the models and criteria. It
is observed that the Reich Model for calculation of collision risk, the MNPS as
stated in Section 2, and the statistical testing and monitoring procedures as
outlined in Section 3 meet the necessary criteria of an acceptable decision making
process. Subsequent changes to this decision making procedure suggested to date
do not in our view meet the necessary conditions for acceptability.

This is not to say that the above criteria preclude system decision makers
from making further strategic decisions. Indeed the range of potential, strategic
decisions is considerable and their impact upon system economics, availability and
safety may be profound. These choices include resolution of the following issues:

L. The decision makers may choose the level at which risk can be
averaged. It is obvious that the net system collision risk varies
substantially both with time of day and position along track. Thus,
certain aircraft may be exposed to a collision risk which is substantially
higher than other aircraft using the system. Similarily, a route could be
safe at all points except one, where there is a very high risk of
collision. The issues of average-to-peak risk control have been avoided
in the work conducted to date, principally through the assumption of
the snapshot principal which looks essentially at the (assumed) worst
case by using navigation performance data on aircraft exiting the track
system. These issues, however, cannot be skirted if one chooses to
adopt more sophisticated risk models which infer a structure to certain
navigational errors and hence imply a position-dependent collision risk.
Obviously, to be useful, the choices taken must focus on the require-

ments imposed by the risk model and the degree of resolution which it
allows.
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Decision makers are free to choose the TLS. However, while the TLS
is an arbitrary quantity, the choice of a specific value should be
compatible both with the risk model, with previous decisions that in
essence calibrate the decision making process and with historical
performance observed in the track system. It must be recognized that
the choice of a TLS value, while arbitrary, has profound social
implications and, thus, cannot be taken lightly. It must be the objective
of the decision makers here to represent the interests and desires of
society at large.

The decision makers are free to choose the risk mode! upon which they
will base their assessment of system risk and subsequently strategic
decisions impacting the system. This choice, however, must be
confined to a set of mathematical models which are both rigorous and
mathematically correct. Thus, the choices which can be taken apply
mainly to the degree to which the model provides an accurate repre-
sentation of the real world and, subsequently, to the extent that the
model imposes data requirements. Models may be chosen for which the
data requirements are relatively simple and for which measurable data
are readily obtained. On the other extreme, valid mathematical models
could be formulated which would impose severe data requirements,
possibly even requiring data that are difficult or impossible to obtain.
The decision makers must recognize the tradeoffs between the degree
of reality which the model exhibits and the ability to provide valid data
for model execution. '

The decision makers may find it convenient to choose to make certain
assumptions which can considerably simplify the subsequent decision
making processes. For example, based upon evidence obtained to date,
the decision makers may choose to assume that aircraft navigating in
the NAT region do so with a navigational performance that can be
adequately represented by a DDE distributional form. Acceptance of
the assumption that this distributional form is in fact a valid repre-
sentation of navigational performance subsequently simplifies the de-
velopment of an MNPS and its associated statistical testing procedure.
The choices taken here should, of course, be consistent with historical
data obtained to date.

The decision makers are free to choose the form of MNPS criteria. The
choice of the n, r and o specifications, as given in Section 2, is quite
arbitrary. These were chosen for simplicity of statement and inter-
pretation, for their amenability to a statistical testing procedure and
monitoring procedure and because, within the context of the as-
sumptions upon which they are based, they assure compliance with the
TLS. Whatever MNPS criteria are chosen, they should be such as to
provide these characteristics.

It must be recognized that decisions resulting from statistical tests of

any sort can be in error. Errors are classified according to whether
they are Type I or Type II as discussed in Section 3. The decision
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10.

11.

makers are free to choose the probability of Type I or Type Il errors
occuring in the statistical tests used. The choice of these probabilities,
however, must be constrained by considerations of system safety and
economics. Allowing a high proability of errors could result.
compromlsmg system safety. Requiring very low probab111t1es of errors
may impose undue economic burdens.

The decision makers are free to choose the data collection procedure by
which data are obtained for use in risk modeling and system monitoring.
For example, navigational errors might be monitored only at route
termini or alternatively, they might be monitored at various regions
along specific routes. Both the nature and quantitative aspects of the
data obtained are likely to be dependent on the data collection
procedure chosen and, thus, influence estimated risk accordingly. The
choice of a particular data collection procedure must depend upon the
data demands of the chosen risk model, the MNPS and the statistical
testing procedure. It must provide data which are, in fact, a valid
representation of actual system performance. But it must also take
into consideration economic factors such as data collection costs.

The decision makers are free to choose the method of assessing
continued compliance with MNPS criteria. A variety of valid statistical
testing procedures and monitoring practices are available. The choice
of a particular method should be consistent with the objectives of the
MNPS.

The decision makers are free to choose the degree to which their
decisions are permanent. For example, they may choose the period of
time for which the MNPS will apply.

The decision makers are free to choose alternative methods of risk
control given that the system fails to meet the TLS. For example, if at
some time the system is deemed to be not in compliance with the TLS,
the decision makers may choose from a variety of controls to restore
system safety to the TLS. Such controls could include enforcement of
more stringent navigation performance specifications, provision for
surveillance of aircraft on various portions of the track system, or
control of collision risk through system occupancy by means of re-
stricting system availability.

It is the obligation of the decision makers to take all reasonable steps
to improve system safety regardless of whether the TLS is met or not.
For example, if system monitoring data identify a class of navigational
errors, such as waypoint insertion errors, which are structured in such a
way as to permit their easy elimination from the system, it is
incumbent upon the decision makers to pursue the appropriate remedial
actions. The decision makers are free to choose the form of remedial
action to be taken in consonance with the nature of the error identified
and the level of risk which it imposes.
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- There are obviously many choices to be made in the development and
operation of the NAT system. These choices, however, must be made in a manner
which fosters economic operation of the system, which provides an acceptable
level of system availability and, above all, assures an acceptable level of system
safety, These decisions must be made within a rigorous mathematical framework
that assures that they are self consistent and that they achieve the desired system
objectives.

6. Conclusions

This paper has treated a number of issues relevant to the process of decision
making in the NAT region. Throughout this treatment, it has been emphasized that
the decision making process has many elements, including the TLS, collision risk
analysis methodology, an MNPS, a monitoring procedure, a certification procedure
and decision criteria. Each of these elements is linked to all the other elements
through a set of assumptions and objectives which dictate their form, Thus, for

example, the form of the MNPS, that is, the choice of parameters n, ¢ and g, is

dependent upon assumptions made in the collision risk analysis methodology and
upon the monitoring and certification procedures. In this case, the efficacy of n
and ¢ is dependent upon the assumption of the distributional form for navigational
errors. One cannot assume new distributional forms as implied by weighting and
continue to use n and T for risk control. These parameters may simply be
inappropriate for other distributions, regardless of their numerical values.
The proposed weighting procedure for decision making is flawed in many
respects:
1. It alludes to position-dependent risk in the system, but fails to identify
an appropriate TLS. The existing TLS has been applied largely as an

upper bound on risk; the weighting procedure seeks to change this to
position-averaged risk,
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2. The form of the MNPS, that is, the use of n, £ and o to control risk is
inappropriate. These parameters alone, under the assumptions of the
weighting procedure, do not assure risk control. It may be necessary to
add a maximum nav1gatlon performance specification on ¢ to assure
risk control.

3.  The statistical testing procedure and associated decision criteria are
inappropriate. Multivariate testing procedures must be used, even to
test the z criterion as proposed. These procedures are vastly more
complex than those currently in use.

4. It is not supported by mid-ocean data to assure that mid-ocean
frequencies of certain large errors are well represented by their
corresponding end-of-track frequencies or to assure that the nature of
course deviations is as assumed.

5. The certification procedure is inappropriate. Control of frequencies of

certain large error types must also be verified.

Because the very concept of the weighting procedure proposed is in question, the
choice of specific values for weights or for decision cri;ceria is irrelevant. A more
fundamental review of the choice of assumptions and parameters is first necegsary.

The objective of any risk modeling effort is to be predictive. Historical
events cannot be altered by any decision process. They are of value only insofar as
they contain information from which inferences may be drawn regarding future
events. For example, historical data can provide estimates on the frequencies of
occurrence of specific events which can then be used to forecast the future
occurrence of similar events. The more detailed one gets in the categorization of
events, however, the less information a given set of data contains relative to the
expected future occurrence of each type of event. Thus, the more detailed one
wishes to be in one's prediction of future events, the more historical data one
requires in order to preserve a desired level of confidence in a prediction. Large
navigational errors are rare events. Categorization of large navigational errors
leads to a set of error types each of which is an even rarer event. The fundamental
premise of the proposed weighting procedure is that not all error types have equal

consequence (that is, risk). Thus it is important to control each error type
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independently to assure total system safety. But even with only a few error
categories, this becomes a monumental task. Simply put, the desire to categorize
navigational errors quickly leads to vastly increased monitoring requiremgnts which
in turn may negate any benefits otherwise obtained. Despite these objections,
categorization of errors is useful for identifying effective remedial actions and for
assessing the efficacy of the decision making process as used by the decision
makers. |

In summary, the NAT decision making process consists of a TLS, a risk mode!
with attendant data and assumptions, an MNPS, a monitoring procedure, certifica-
tion procedures and operational judgement. A change to any constituent of this
total decision making process should not be made without an examination of the
impact of such a change on all constituents of the total process. Mathematical
models are appropriate and useful for guidance in the decision making process, but
they must be formulated in accordance with accepted mathematical practice and
within the framework of the assumptions imposed by the other elements of the

decision making process.
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	This report was prepared by Messrs. Allen Busch and Brian Colamosca of the Federal Aviation Administration (FAA) Technical Center and Professors J. S. Hunter, Neil Polhemus, and George Hazelrigg of Princeton University. (Princetort'Ulliversity supported this work under FAA contract DOT-FA79NA-6078.) This report is part of an FAA program to analyze various facets of collision risk in. the oceanic environment. More specifically, it grew out of the efforts by the Internat ional Civil Aviation Organization (ICA
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	... 
	Operation of the NAT track system requires that decisions be made on a virtually continuous basis. System decisions can be classified as either operational or strategic. Operational decisions address clearance of aircraft onto and through the system. These decisions must be made according to a set of strategic rules to assure separation and safety of all user aircraft. The strategic decisions are made on a less frequent basis. They provide the framework within which operational decisions are made. Strategic
	The North Atlantic track system providers and users, organized formally as the North Atlantic Systems Planning Group (NAT/SPG), seek to ensure that no changes holding out the possibility of increased system capacity or diminished cost of system operation are initiated without first assessing their potential impact upon system safety. Since the 1950's, advances in equipment and pilot skills have diminished the levels of many of the hazards affecting the safety of air commerce in the NAT. As a result, the pri
	2 
	decision processes regarding system safety for the last 15 years has been control of the risk of midair collision. 
	In general, if separation standards and other specifications of the track system remain unchanged, technological improvements would result in increased system safety. If technology results in large increases in system safety, it may become desirable to trade some of these gains for improvements in system economics and system availability. It is generally agreed, however, that this tradeoff should be made only when significant benefits are gained. 
	Recently, a reduction in the basic NAT lateral separation standard from 120 nm to 60 nm was implemented (October 30, 1980). The reduction was made to realize gains in system economics and availability while continuing to satisfy an agreed-upon level of safety. A minimum navigation performance specification (MNPS) was established to assure that the tradeoffs in system safety would not be disproportionate to the gains made in system economics and availability. Develop­ment of the MNPS established a procedure 
	1.. 
	1.. 
	1.. 
	A primary goal of achieving a target level of safety (TLS) denoting the acceptable amount of lateral collision risk for the NAT track system, not to be exceeded as a result of strategic system decisions, and a set of secondary goals concerning system availability to projected traffic over a ten-year planning horizon and an assurance to users that approved navigational system equipment will remain usable for a similar period of time. 

	2.. 
	2.. 
	A set of numerical criteria regarding important navigational per­formance parameters, to assure that system safety will be maintained commensurate with the TLS over the planning horizon period. 

	3.. 
	3.. 
	A monitoring and certification procedure to assure the criteria of item 2 are met in the operational system. 


	The criteria and monitoring procedures are primarily directed toward estimating the frequency of larger lateral errors. These were keyed to the use of 60 nm lateral track spacing. It was expected that system monitoring would show that the criteria necessary for 60 nm spacing were being met as stated and that 60 nm spacing lateral spacing could, thus, be implemented without delay. 
	Modifications have been suggested to the monitoring and evaluation process motivated by a belief that certain types of observed errors impacted risk less heavily than did others. The U.S. has stated that these proposed modifications, referred to as "weighting," were not given adequate consideration with regard to their impact on the criteria designed to assure meeting the MNPS goals. This led to a considerable amount of disagreement and discussion within the NAT!SPG and the issue has yet to be resolved. 
	The purpose of this working paper is to consider the implications of the proposed modifications as they affect the safety criteria, MNPS, monitoring procedure, certification procedures and decision criteria and to maintain a sound and consistent framework for continued decision making in the NAT region as these new areas are explored. It is recognized that many issues which need discussion and resolution are not resolvable by mathematical procedures alone. Thus there are many issues which must be addressed 
	2. Background 
	In 1964 lateral separation of tracks in the NAT region was 120 nm. It was proposed at that time that the separation be reduced to 90 nm as a means of improving track system economics and availability. The action to reduce the 
	4 
	separation to 90 nm was not taken at that time due to a lack of confidence that system safety would be acceptable. 
	To set the stage for subsequent reductions in lateral route spacing in the NAT track system, ICAO set up the NAT/SPG in 1965. One purpose of the NAT/SPG was to undertake a study of lateral separation and to develop the framework of a decision making process for subsequent reduction in separation standards. In these early years the NAT/SPG group made two very important contributions. First was the development of a collision risk model now referred to as the Reich Model. The Reich Model provides an estimate o
	Part of the NAT/SPG's overall activities included the collection of a substantial set of OTS navigational performance data. These data were obtained as radar traces from both ground-based radars and from radars on ocean station vessels. It is important to note that at this time the principal methods of navigation in the NAT region consisted of LORAN, LORAN-Doppler and non­directional beacons, augmented occasionally with other systems such as celestial. 
	The decision making process established by the NAT/SPG was then applied to the existing 120 nm separation system in the NAT region and to the proposed 90 nm separation system. It was found that the existing system satisfied the safety 
	The decision making process established by the NAT/SPG was then applied to the existing 120 nm separation system in the NAT region and to the proposed 90 nm separation system. It was found that the existing system satisfied the safety 
	criteria which had been set, but that with the existing navigational systems and their demonstrated navigational performance, the proposed 90 nm separation system did not meet the TLS. 

	In its initial deliberations, the NAT/SPG did not set a specific value for the TLS. Rather, a range of values was suggested from .1.5 X 10-to .4 X 10-accidents per track system flying hour. * Later, recognizing that technological improvements would enable improvements in track system safety, the NAT/SPG suggested a single goal value for the TLS of .2 X 10-accidents per hour. 
	7 
	7 
	7 

	In the process of developing the decision making procedure, two factors emerged: 
	1.. Acceptance of the Reich Model as a means for providing an estimate of the OTS collision risk associated with alternative strategic decisions and, 
	2. the utility of the TLS in bounding choices from among the alternatives. In judging 120 nm separation to be safe while rejecting the lowe~r lateral standard, the NAT/SPG established a calibration of model-estimated risk in terms of the actuarially derived TLS and, thus, established a calibration of the decision making process itself. 
	During the late 1960's and 1970's two new navigation systems were imple­mented in the NAT OTS, INS and OMEGA. Both of these systems represent a substantial improvement in both accuracy and reliability over the majority of systems in use at the time of the initial NAT/SPG study. As a result, the past decade has seen significant navigational performance, improvements in the NAT region. Two additional changes have taken place over this period of time. First, system traffic has continued to grow making it more 
	*One collision equals tWCI accidents. 
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	user to access the system efficiently. Second, fuel costs have increased dramati­cally. These factors led to a desire to reduce lateral separation thus permitting more optimal route availability by allowing for more flights closer to the minimum time track. It was reasoned that the improvements in navigational performance effected in the system over the previous ten years, co~pled with the proposed changes in lateral separation, would result in an overall level of system lateral collision risk which not onl
	The MNPS was developed during 197.5 and adopted by ICAO in May of 1976. It became effective December 29, 1977, concurrent with the decommissioning of the LORAN A chain in the North Atlantic region. The MNPS reads as follows: 
	a) 
	a) 
	a) 
	The standard deviation of the lateral track errors shall be less than 6.3 nm, 

	b) 
	b) 
	the proportion of the total flight ti!'ije spent by aircraft 30 nm or more off track shall be less than .5.3 X 10 , 

	c) 
	c) 
	the proportion of the total flight time spe~t by aircraft between .50 and 


	70 nm off track shall be less than 13 X 10-• It is worth observing that, as originally developed, the MNPS criteria b) and c) above were stated in terms of probabilities rather than in terms of proportion of total flight time. The latter interpretation of these probabilities, as a proportion of total flight time, was made for the convenience of equipment manufacturers and system users in their interpretation of the specification. 
	7 
	Criteria b) and c) have since become known as the nand 1; criteria and are to be applied to the operational system to assure compliance with the TLS. Criterion a) arises because of a need to certificate aircraft and navigational system types for operation in the NAT MNPS system. Criterion a) relates to a parameter which can be easily measured in a short period of time with relatively few aircraft and few observations, as opposed to criteria b) and c) which may 
	.. 
	require observation over extended periods of time and on numelrous aircraft. Thus, criterion a) gives confidence that a new aircraft or navigational system can be introduced into the NAT MNPS system without a significant adverse effect on total system safety. 
	Between May 1976 and December 1977 preliminary certifications of aircraft and navigational systems against the NAT MNPS were conducted by states of registry. At the same time, monitoring continued in the NAT MNPS system making use of radar observations taken principally at Shannon, Irelland. Once again, application of the risk model and data collected led to the conclusion that the system, at its then current 120 nm lateral track spacing, met the TLS. Compliance with the MNPS for 60 nm lateral track spacing
	Concurrently, members of the NAT!SPG expressed the opinion that a critical look at the decision making process established in the 1960's was in order. In this examination, it was proposed to account for the presumed structure of the flight paths associated with certain large errors. The contention was that not all navigational error types of an equal observed magnitude contribute equally to collision risk. After examination of monitoring data, a new analysis was proposed, representing a use of the Reich Mod
	8 
	estimate the risk contributed by certain error types noted to have occurred in the monitoring data. Re-examining the data with this new analysis provided estimates of collision risk that were different from (and usually lower than) the collision risk estimated by previously established procedures. It is important to recognize, however, that all that was proposed was a change in the procedure for assessing the impact of a specific class of errors. Thus, despite the resulting implication of a lower level of m
	The development and adoption of new coHision risk analyses, and the assessment of spacing reduction based on these analyses, raises many issues which need to be discussed and resolved. Among these are the foJJowing: 
	1.. 
	1.. 
	1.. 
	Potential need for a redefinition of the TLS in light of the results provided by a new coUision risk analysis. 

	2.. 
	2.. 
	The adequacy of the current MNPS in light of a new collision risk analysis. 

	3.. 
	3.. 
	The adequacy of presently coJJectable data, in particular that relative to waypoint errors, for use in the new collision risk analysis. 

	4.. 
	4.. 
	The requirement for a new statistical testing procedure for the MNPS criteria in light of the new coUision risk analysis. 

	5.. 
	5.. 
	The need for a new monitoring procedure in light of the changes imposed by adoption of a new coHision risk analysis. 


	3.. The Reich Model, Navigation Performance Specification and System Monitoring Undisputed is the fact that midair collisions in the North Atlantic are, and will continue to be, rare events. The achievement of the TLS of .2 accidents per 10track system flying hours implies a rate of approximately one collision per 150 years of operation in the NAT OTS. At such low rates of expected occurrence, a 
	7 

	decision to make a system change can have a profound impact on system risk without being immediately evident in the observed coHision rate. It has been 
	decision to make a system change can have a profound impact on system risk without being immediately evident in the observed coHision rate. It has been 
	estimated that, at current levels of OTS traffic density data, it would take over 160 million track system flying hours (over 400 years) with no accidents in order to be even 50 percent confident by direct estimation of the accident rate that the system is operating below the TLS. 

	Because the observed accident rate cannot provide a sufficiently precise or timely estimate of risk in the sytem, it cannot be used either in a predictive mode to analyze the impact of potential system changes or in a descriptive mode to assess risk in the current system. It is consequently necessary to turn to an analytical model of some sort. The purpose of a mathematical model is to decompose the data requirements for risk estimation from those needed for direct estimate, which are not available, to a se
	Good models express the relationships among the system factors in as simple a manner as possible. The impact of changing various factors on system variables should be determinable in a straightforward manner. Further, any inherent relationships between the system factors should be carefully ill1corporated in the model. As more assumptions need to be made, these should be accomodated in a consistent fashion. Also, where the output of the model is a risk estimate, assumptions should tend to the conservative. 
	It must be recognized that risk, as estimated by the model, is not likely to be identical to the actual risk in the system. Since assumptions have to be made and parameters estimated, there exists at best a proportional relationship between model-estimated risk and system risk. This does not, however, mean that a model 
	It must be recognized that risk, as estimated by the model, is not likely to be identical to the actual risk in the system. Since assumptions have to be made and parameters estimated, there exists at best a proportional relationship between model-estimated risk and system risk. This does not, however, mean that a model 
	is not useful. In fact, the model can provide information to the decision making process in two areas: in estimation of absolute levels of risks, even though the modeled risk is likely to be a conservative estimate of actual system risk, and in making comparisons between alternative systems or of the impact, of system changes. As long as the model remains unchanged, comparison of model risks will enable the decision makers to assess the relative impact of alternative strategic decisions. 

	The MNPS decision making process initially employed in the NAT region is based on several assumptions. Among the most important within the context of the current discussion is that navigational performance is position and time-invariant, i.e., that the distribution of lateral errors does not vary with position over the ocean. This allows for the use of historical data in determining the probability distribution of lateral track keeping errors, using observed deviations from track as aircraft first come unde
	The Reich Model has been found over the years to be mathematically sound and consistent. Estimation of important system parameters such as occupancy and the distribution of lateral errors is feasible given existing data. While not all aspects of the model are verifiable by observing the North Atlantic track system in operation, the Reich Model and the observed DOE navigational performance distributional form allow certain criteria to be established to insure that at a spacing of 60 nm the specified TLS will
	The MNPS provides such a set of specifications. If all three MNPS criteria are met, the model-estimated risk is less than the target level of safety. 
	The n criterion constrains the proportion of time spent more than half a separation standard away from the assigned track and is a primary parameter of risk. Its numerical value of 5.3 X 10-is specifically linked to the DOE distribution and was determined by taking a minimum allowable probability of 30 nm or greater lateral deviation over all relevant combinations of DOE distributional parameters which produced a model risk exactly equal to the TLS. The z; requirement, related to the proportion of the total
	4 
	criteria must be satisfied to assure compliance with the TLS. The 

	In summary, historical data were used to identify the DOE distribution as appropriate for lateral errors. Following an assessment of actuarial data, a TLS of .2 accidents per 10track system flying hours was agreed to. This TLS was used in the context of a model structured along Reich's original assumptions. The MNPS constraints were then developed to insure that, assuming a DOE distribution, the model risk would not exceed the TLS if the constraints were met. 
	7 

	In order to determine whether the system as currently operating satisfies the MNPS criteria, assessment of achieved navigational performance by analysis of data collected from the NAT was proposed. In particular, statistical testing procedures were formulated by constructing conflicting hypotheses, and rules established for determining which, how and when a particular hypothesis may be accepted. Careful consideration of decisions which could result in unsafe or costly errors was undertaken. 
	As an example, consider the 1; requirement. Here, the proportion of flight time spent between 50 and 70 nm off track is required to be less than 1.3 X 10-• Establishing the MNPS criterion as the nuU hypothesis and twice that value as the alternative, statistical procedures were established to select between: 
	4

	H: l; =1.3 X 10-4.
	O
	-4. 

	HI: l; ::: 2.6X 10 
	Based upon available data, it must be decided either to accept the null hypothesis, implying the MNPS requirement was being met, or to accept the alternative, implying that the MNPS criterion was not being met and, consequently, the TLS was being exceeded. 
	The following table shows the problem faced by the decision maker: 
	TRUE STATE OF NATURE DECISION: HIS TRUE HIS TRUE 
	O 
	1 

	ACCEPT H
	O REJECT H
	O REJECT H
	O 
	CORRECT 
	CORRECT 
	CORRECT 
	TYPE II ERROR 

	DECISION 
	DECISION 
	(UNSAFE) 

	TYPE I ERROR 
	TYPE I ERROR 
	CORRECT 

	(COSTLY) 
	(COSTLY) 
	DECISION 


	As illustrated, any statistical testing procedure, in attempting to select between two alternatives, is subject to two types of errors. A Type I error, in which it is concluded incorrectly that the l; criterion is not being met, could result in a costly decision not to reduce lateral spacing. A Type II error, in which it is concluded incorrectly that the l; requirement is being met, could result in a decision to reduce spacing when by doing so the TLS will be exceeded. Any statistical testing procedure esta
	Since the distribution of lateral errors obtained when aircraft first come under radar surveillance was assumed to be representative of performance every­where across the ocean, the testing procedures could be based on· a count of observed large deviations. Using a Poisson distribution, it was decided to control the probability of both types of decision errors at 0.05. Two statistical testing procedures were then considered: a fixed sample size test in which a fixed number of aircraft would be observed and 
	O
	O

	·while the expected sample size in the sequential procedure, if 1; was being achieved, was less than 70,000. Further, if performance was much better or' much worse than expected, the sequential procedure could lead to a decision even more quickly. For these reasons, the sequential sampling scheme was proposed. 
	It should be noted that these procedures were established to control the chances of incorrectly accepting a hypothesis at 5 percent. Use of a smaller fixed sample size, or making a conclusion while the sequential sampling plan indicated that continued testing is necessary, increases the chance of a wrong conclusion. As established, the procedures were mathematically sound and the chance of wrong conclusions known to be small. 
	4. Alternative Risk Models and Their Implications 
	Periodic examination of observed lateral deviations to determine compliance with MNPS requirements began in early 1978 using a sequential sampling plan as one statistical testing procedure. Results of this testing did not indicate that the 1; criterion was being met with sufficient statistical confidence to induce the NAT/SPG to approve a 60 nm lateral track separation standard. Analysis of 
	14 
	individual errors from several periods of monitoring data indicated the existence of more waypoint and air traffic control loop errors than expected. As remedial action was being devised and applied, a detailed scrutiny of these errors was made. It became apparent that some of the errors impacted risk less than others, since they posed a threat only in the vicinity of one waypoint, or only while exiting from the track system. These observations prompted a review of the manner in which the risk model was bei
	If changes to the model are thought appropriate, due consideration should be given to the impact which they might have on the NAT decision making process. The remainder of this section examines some of the implications of the changes proposed to date. 
	Several criticisms have been raised regarding the continued application of the Reich Model and the MNPS to the NAT. Specifically, the assumptions of position-invariant navigational performance and the use of a DOE distribution have been challenged. Evidence has been cited of a secondary peak in the distribution of observed NAT lateral errors in the neighborhood of 60 nm from assigned route during recent years. Further, the occurrence of certain types of errors such as waypoint errors, observed near the end 
	Several criticisms have been raised regarding the continued application of the Reich Model and the MNPS to the NAT. Specifically, the assumptions of position-invariant navigational performance and the use of a DOE distribution have been challenged. Evidence has been cited of a secondary peak in the distribution of observed NAT lateral errors in the neighborhood of 60 nm from assigned route during recent years. Further, the occurrence of certain types of errors such as waypoint errors, observed near the end 
	on the basic collision risk model, navigation performance specifications and system monitoring. 

	Previous sections have carefully reviewed the development of the .ILS, MNPS critera and monitoring procedures. It is important to keep this historical perspective in mind when examining proposed modifications. Figure 4.1 illustrates in general terms the relationship of model risk to system risk. 'The original model is based upon a set of assumptions which were never claimed to be exact. However, it was structured in a mathematically consistent fashion so that model risk would vary in a consistent and roughl
	Now various modifications involving the averaging of risk have been proposed to this original model which tend to make it less conservative. This has the general effect of shifting the model-system risk relationship to the right. Consequently, if the modified model yields a risk value equal to the original TLS, then system risk will be equal to R', which would be larger than originally intended. To achieve a level of actual system risk equal to R, which would have been achieved had the original model met th
	The first essential point here is that previous decisions regarding acceptable levels of risk, including the decision not to reduce separation in 1968, have been made in the context of the Reich Model. Acceptance of the TLS value has historically been supported at least partially on the fact that, when applied in the context of the Reich Model, it ensures that reduction in separation to 60 nm will 
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	not increase system risk beyond levels historically achieved. Modifications of the model, without recalibration of the TLS, may allow for a substantially higher value of system risk than originally intended. 
	The second essential point is that the MNPS criteria are directly linked to both the assumption of a position-invariant distribution for latleral errors and to characterization of those errors by a specific distribution: DOE distribution. This distribution was arrived at based upon examination of historical data. The MNPS criteria were set up to insure that, given that lateral deviations continued to follow a DOE distribution, systems meeting the criteria would also satisfy, in the context of the model, the
	A third essential point concerns the specific statistical testing procedures proposed to determine whether the system as operating achieved the MNPS criteria. These testing procedures relied specifically on the assumption that the distribution of lateral deviations from track observed when aircraft came under radar surveillance was representative of performance everywhere in the system. This time-invariant or position-invariant property allowed the tests to be based on a simple count of large deviators thro
	To make specific some of the changes in criteria and decision making procedures which would be necessary if the assumptions 0:[ position-invariant performance and the DOE distribution were to be relaxed, it is useful to consider 
	certain typical modifications. The original model assumed for lateral deviations was that of a DOE distribution with density function: 
	(I) 
	... This distribution consists of two exponential terms, often interpreted as repre­senting normal performance and "blunders." The self-convolution at a route spacing of S nautical miles is: 
	C(S) =1r¥J, f(Y)f(Y-S)dY
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	Now for concurred values of occupancy and other model parameters, as­suming position-invariant navigational performance, collision risk as calculated by the original Reich Model will be less than .2 accidents per 10track system flying hours if C(S)~ 6.45 X 10-• The MNPS criteria, specifically nand l;, were formulated to ensure that, if lateral errors were characterized by the DOE and the criteria were achieved, then the above condition on C(S) would be met. In deriving the n criterion, various DOE distribut
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	The l; criterion, which relates to the proportion of lateral errors in the vicinity of the adjacent track, relies on the approximation 
	C(S) ~ 2f(S). (3) 
	This approximation is valid only if the distribution of lateral errors is symmetric, unimodal and slowly varying in the neighborhood of 60 nm, with the bulk of the 
	19 
	distribution inside 30 nm. For the DDE distribution, this require,s that Abe much greater than Al and a be very small, under which conditions the convolution can be approximated by 
	2 

	(4) 
	which is indeed approximately 2f(S), twice the density func:tion for large'S, including S = 60 nm. 
	The z; requirement has been consciously or unconsciously reinterpreted over the years. In particular, it has been noted that if the approximation in (3) holds, then the condition on C(S) is equivalent to requiring that f(S) 5.3.225 X 10-• Moreover, if f(Y) is relatively flat in the neighborhood of Y = S =60 nm, then 
	6

	~O P(50 ~IY 15.70) 
	f(60) ~ 

	so that the condition on f(S) is equivalent to requiring that z; = p(50~IYI ~70),,:: 1.3 X 10-• 
	4

	It must be recognized that the z; requirement ensures that the TLS is met only if the approximation in (3) holds. Under the original DDE assumption, it does hold. A simple example under which it does not hold is if lateral erlrors follow a single double exponential distribution with density function 
	" 
	f(Y) = 
	Then 
	(7) 
	For route spacings S and parameter values A likely to occur, C(S) >2f(S), meaning 
	For route spacings S and parameter values A likely to occur, C(S) >2f(S), meaning 
	that meeting the r;; requirement as currently specified would not by itself guar­antee that the TLS was met. In such a case, different values for the present type of MNPS criteria would be required. 

	One modification of the lateral error distribution which has been proposed to represent aircraft inadvertently occupying the track adjacent to the assigned track is placement of a secondary peak at V =60 nm. Such a peak, if similar to the main peak, would require a density function of the form 
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	Figure
	The approximation C(S) ~ 2£(S) is no longer valid, but more seriously f(V) is not relatively flat in the neighborhood of V =S. For small AI' O/40)P(50 ~IVI~70) may very seriously underestimatef(60). In fact, r;; is no longer proportional to risk, and the Tl and r;; requirements are not sufficient to ensure that the TLS is being met. Thus, a different type of MNPS specification is required, including a specification insuring that ~ is not too small. 
	The above example demonstrates that the MNPS criteria are specific to the distributional form assumed for lateral deviations. A more radical modification of the basic collision risk model occurs when terms are added to the distribution which vary with along-traCk position. For example, suppose the secondary peak in 
	(8) was not always located on the adjacent track but varied in some manner with the distance X from a waypoint on the main route. Such behavior has been suggested for waypoint errors. Now at any given X, suppose the secondary peak is 
	(8) was not always located on the adjacent track but varied in some manner with the distance X from a waypoint on the main route. Such behavior has been suggested for waypoint errors. Now at any given X, suppose the secondary peak is 
	centered at a distance 0 (O~ 0 ~S) from the main route. Then the density function for lateral deviations would take the form 

	(10) 
	The convolution value is specific to X and can be approximated by 
	1 -S/A 1 ~ -S/A C(S IX) = 4A 2 (Al+S)e 
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	+. 4 A 2 (AI+S-D(X»e 1 Again, the approximation of C(S) =2f(S) is poor and the distribution is not, in general, flat near Y = S. Relaxation of the position-invariant navigational performance assumption represents a radical change in the basic collision risk model. No longer is the collision rate constant across the ocean but varies with the along-track position X. An important decision must now be made: what should be controlled? Is the intent of the TLS to control the maximum risk while flying across the o
	(10 

	others? The waypoint weighting proposal averages risk along the interval between waypoints [0 ~ X ~ W] according to 
	. [WC(S IX)dX. C(S) = 0W. 
	Requiring the average risk to meet the TLS allows risk at certain points across the ocean to be substantially higher than the established level of safety. This is in contrast to the original use of the Reich Model and the TLS, which employed the 
	Requiring the average risk to meet the TLS allows risk at certain points across the ocean to be substantially higher than the established level of safety. This is in contrast to the original use of the Reich Model and the TLS, which employed the 
	available data in a worst-case mode to ensure that risk at &ll points across the ocean was below the TLS. The decision makers should be aware that acceptance of a model with position-varying navigational performance implies a redefinition of what is meant by system safety. 

	The point of the above examples is that, if the model for lateral deviations is modified, potential revisions to both the TLS and the MNPS· criteria must be examined. Under the original model, a definition of system safety had been established and a distribution assumed which made it sufficient to examine three factors: the standard deviation of lateral errors, deviations beyond one half a separation standard and deviations within 10 nm of the separation standard~ With a different distribution and changed a
	these changes to the nand 

	... 
	the current criteria. It would also be necessary to keep in mind the availability of data sufficient to test whether the changed criteria are being met in the NAT system. 
	Modifications in the model assumptions and the MNPS criteria will also have substantial impact on the statistical testing procedures required to ensure that the system satsifies those criteria. For example, consider the 1; requirement. For the original model, where the distribution of lateral errors is assumed to be constant 
	23 
	everywhere across the ocean, the proportion of flight time spent between .50 and 70 nm off track is directly proportional to the number of aircraft observed at that distance when they come under radar control near the end of their journey. Consequently, a simple count of such deviations is sufficient to test a hypothesis regarding the I',; criterion. Given some of the model modifications proposed, a simple count is inadequate. 
	In the case of the original model the following hypotheses were proposed: 
	? 

	-4
	H : I',; =1.3 X 10
	O
	-4
	HI: I',; =2.6 X 10 
	Having observed n total flights of which n1 were between .50 and 70 nm off track, the likelihood function based upon the Poisson distribution takes the form 
	n
	( )1 -nl',;
	i(l',;ln )=nl',; 
	I',;~O 
	e 
	(12)

	1 nI! 
	which involves the data only through the count n• Consequent.ly, nis a sufficient
	11 statistic for the Poisson distribution, and estimates and tests of I',; can be based 
	upon it. The maximum likelihood estimator is 
	(13) 
	and the likelihood ratio relevant for testing the specified hypothesis is 
	(14) 
	Note that this is well-specified, involving only the sample size and number of large deviations. Now suppose that the model as modified requires testing not of whether the number of deviations between .50 and 70 nautical miles off track is equal to 
	1.3 X 10-but of whether some linear combination of the proportions of different classes of errors is equal to 1.3 X 10-• Let this linear combination be of the form 
	4 
	4

	0.5) 
	Then two hypotheses can be formed as follows: . -4 
	H:C =1.3X 10 
	O

	-4
	HI: C = 2.6X 10 
	The relevant distribution in this case is that of the multivariate Poisson distribu­
	where nl' n, •••, nare the number of observed deviations in each class. While it has been proposed to use the estimator 
	2
	K 

	(7) 
	to test the hypotheses, C is not a sufficient statistic for the multivariate Poisson distribution. Further, even if it is assumed that for each class of errors the proportion in the alternative hypothesis is twice that of the null, the relevant likelihood ratio is 
	(18) 
	As part of the null hypothesis, an additional specification regarding the sum of the proportions of the K classes of gross deviations ( z; 1 + z; 2 + ••• T,;K)O is required to construct a well-framed decision between the hypotheses. 
	25 
	In summary, it should be emphasized that modifications of the oceanic collision risk model, either through changes in the distributional form for lateral errors or by relaxing the assumption of position-invariant navigational per­formance, require modification of at least the interpretation of the TLS and its corresponding relation to system safety, of the MNPS criteria, and of the decision making procedures for determining whether these criteria are being met. Careful study of any proposed modifications is
	5. Open Issues 
	Reduction of NAT lateral separation to 60 nm is now an accomplished fact. During deliberations leading to this action, the NAT/SPG considered changes to its established procedures for both modeling risk and also assessing the inference which observed navigational performance provides concerning risk. Prior to adopting any of these changes and making them a part of the process for setting performance standards, it is necessary to consider their impact on the basic decision making process. 
	The discussions and developments of the above sections make it clear that there are indeed choices to be taken with respect to the selection of a decision making process for the NAT region. The selection of a decision using or not using mathematical models and criteria is, in the final analysis, a social/political process, not a mathematical process. But despite the freedoms of choice which do exist, the framework of any particular quantitative decision making process chosen for application in the NAT regio
	To be mathematically rigorous and logically consistent, a decision making process must accomplish a predetermined set of goals based upon the application of models, decision criteria, statistical testing procedures, monitoring procedures and operational judgment. These must all be both based on a single, self-consistent set of assumptions and also consistent with the data. Thus, one cannot arbitrarily change, for example, the statistical testing procedure or the monitoring procedures without examining the i
	This is not to say that the above criteria preclude system decision makers from making further strategic decisions. Indeed the range of potential, strategic decisions is considerable and their impact upon system economics, availability and safety may be profound. These choices include resolution of the following issues: 
	1.. 
	1.. 
	1.. 
	The decision makers may choose the level at which risk can be averaged. It is obvious that the net system collision risk varies substantially both with time of day and position along track. Thus, certain aircraft may be exposed to a collision risk which is substantially higher than other aircraft using the system. Similarily, a route could be safe at all points except one, where there is a very high risk of collision. The issues of average-to-peak risk control have been avoided in the work conducted to date

	2.. 
	2.. 
	Decision makers are free to choose the TLS. However, while the TLS is an arbitrary quantity, the choice of a specific: value should be compatible both with the risk model, with previous decisions that in essence calibrate the decision making process and with historical performance observed in the track system. It must be recognized that the choice of a TLS value, while arbitrary, has profound social implications and, thus, cannot be taken lightly. It must be the objective of the decision makers here to repr

	3.. 
	3.. 
	The decision makers are free to choose the risk model upon which they will base their assessment of system risk and subsequently strategic decisions impacting the system. This choice, however, must be confined to a set of mathematical models which are both rigorous and mathematically correct. Thus, the choices which c:an be taken apply mainly to the degree to which the model provides an accurate repre­sentation of the real world and, subsequently, to the extent that the model imposes data requirements. Mode

	4.. 
	4.. 
	The decision makers may find it convenient to choose to make certain assumptions which can considerably simplify the subsequent decision making processes. For example, based upon evidence obtained to date, the decision makers may choose to assume that aircraft navigating in the NAT region do so with a navigational performance that can be adequately represented by a DOE distributional form. Acceptance of the assumption that this distributional form is in fact a valid repre­sentation of navigational performan

	5.. 
	5.. 
	The decision makers are free to choose the form of MNPS criteria. The choice of the n, z; and cr specifications, as given in Section 2, is quite arbitrary. These were chosen for simplicity of statement and inter­pretation, for their amenability to a statistical testing procedure and monitoring procedure and because, within the context of the as­sumptions upon which they are based, they assure compliance with the TLS. Whatever MNPS criteria are chosen, they should be such as to provide these characteristics.

	6.. 
	6.. 
	It must be recognized that decisions resulting from statistical tests of any sort can be in error. Errors are classified according to whether they are Type I or Type II as discussed in Section 3. The decision 


	makers are free to choose the probability of Type I or Type II errors occuring in the statistical tests used. The choice of these probabilities, however, must be constrained by considerations of system safety and economics. Allowing a high proability of errors could result .. in compromising system safety. Requiring very low probabilities of errors may impose undue economic burdens. 
	7.. 
	7.. 
	7.. 
	The decision makers are free to choose the data collection procedure by which data are obtained for use in risk modeling and system monitoring. For example, navigational errors might be monitored only at route termini or alternatively, they might be monitored at various regions along specific routes. Both the nature and quantitative aspects of the data obtained are likely to be dependent on the data collection procedure chosen and, thus, influence estimated risk accordingly. The choice of a particular data 

	8.. 
	8.. 
	The decision makers are free to choose the method of assessing continued compliance with MNPS criteria. A variety of valid statistical testing procedures and monitoring practices are available. The choice of a particular method should be consistent with the objectives of the MNPS. 

	9.. 
	9.. 
	The decision makers are free to choose the degree to which their decisions are permanent. For example, they may choose the period of time for which the MNPS will apply. 

	10.. 
	10.. 
	The decision makers are free to choose alternative methods of risk control given that the system fails to meet the TLS. For example, if at some time the system is deemed to be not in compliance with the TLS, the decision makers may choose from a variety of controls to restore system safety to the TLS. Such controls could include enforcement of more stringent navigation performance specifications, provision for surveillance of aircraft on various portions of the track system, or control of collision risk thr

	11.. 
	11.. 
	It is the obligation of the decision makers to take all reasonable steps to improve system safety regardless of whether the TLS is met or not. For example, if system monitoring data identify a class of navigational errors, such as waypoint insertion errors, which are structured in such a way as to permit their easy elimination from the system, it is incumbent upon the decision makers to pursue the appropriate remedial actions. The decision makers are free to choose the form of remedial action to be taken in


	29 
	There are obviously many choices to be made in the development and operation of the NAT system. These choices, however, must be made in a manner which fosters economic operation of the system, which provides an· acceptable level of system availability and, above all, assures an acceptable level of system safety. These decisions must be made within a rigorous mathematical framework that assures that they are self consistent and that they achieve the desired system objectives. 
	6.. Conclusions 
	This paper has treated a number of issues relevant to the process of decision making in the NAT region. Throughout this treatment, it has been emphasized that the decision making process has many elements, including the TLS, collision risk analysis methodology, an MNPS, a monitoring procedure, a certification procedure and decision criteria. Each of these elements is linked to all the other elements through a set of assumptions and objectives which dictate their form. Thus, for example, the form of the MNPS
	The proposed weighting procedure for decision making is flawed in many respects: 
	1.. 
	1.. 
	1.. 
	It alludes to position-dependent risk in the system, but fails to identify an appropriate TLS. The existing TLS has been applied largely as an upper bound on risk; the weighting procedure seeks to change this to position-averaged risk. 

	2.. 
	2.. 
	The form of the MNPS, that is, the use of Tl, l; and a to control risk is inappropriate. These parameters alone, under the assumptions of the weighting procedure, do not assure risk control. It may be necessary to add a maximum navigation performance specification on a to assure risk control. 

	3.. 
	3.. 
	The statistical testing procedure and associated decision criteria are inappropriate. Multivariate testing procedures must be used, even to test the l; criterion as proposed. These procedures are vastly more complex than those currently in use. 

	4.. 
	4.. 
	It is not supported by mid-ocean data to assure that mid-ocean frequencies of certain large errors are well represented by their corresponding end-of-track frequencies or to assure that the nature of course deviations is as assumed. 


	5.. The certification procedure is inappropriate. Control of frequencies of certain lar~e error types must also be verified. Because the very concept of the weighting procedure proposed is in question, the choice of specific values for weights or for decision criteria is irrelevant. A more fundamental review of the choice of assumptions and parameters is first necessary. The objective of any risk modeling effort is to be predictive. Historical events cannot be altered by any decision process. They are of va
	premise of the proposed weighting procedure is that not all error types have equal consequence (that is, risk). Thus it is important to control each error type 
	premise of the proposed weighting procedure is that not all error types have equal consequence (that is, risk). Thus it is important to control each error type 
	independently to assure total system safety. But even with only a few error categories, this becomes a monumental task. Simply put, the desire to categorize navigational errors quickly leads to vastly increased monitoring requirements which in turn may negate any benefits otherwise obtained. Despite these objections, categorization of errors is useful for identifying effective remedial actions and for assessing the efficacy of the decision making process as used by the decision makers. 

	In summary, the NAT decision making process consists of a TLS, a risk model with attendant data and assumptions, an MNPS, a monitoring procedure, certifica­tion procedures and operational judgement. A change to any constituent of this total decision making process should not be made without an examination of the impact of such a change on all constituents of the total process. Mathematical models are appropriate and useful for guidance in the decision making process, but they must be formulated in accordanc
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