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1. INTRODUCTION

The prime objective of any system design is the achievement of specific
performance goals. To be sure that the desired performance levels are met, the
system must be evaluated under varying operating conditions using well defined
performance criteria or measures. The primary performance measures of an Air
Traffic Management System must reflect the capacity, safety, and delay performance
of the system. To insure that the performance measures selected to evaluate the
system truly reflect the capabilities of the system, these measures must be related
to the system characteristics or parameters which affect performance.

There are two categories of parameters which impact the performance of an
Air Traffic Management System. The first category concerns those parameters
involved in the services provided by the system, the functions performed by the
system, and the manner in which these functions are performed. The definition of
the performance measures used to evaluate the capacity, safety, and delay per-
formance of the SAATMS are presented in Section 2, System Functional Relationships.
Those subsystem and system parameters which influence the functioning of the SAATMS
are also presented. The information used by the system to provide services to its
users, the characteristics of that information, and the parameters of the system
operation which impact SAATMS performance are discussed, Finally, Section 2
presents the functional relationships between the system performance measures and
the system and subsystem parameters.

The second category of parameters deals with those parameters which con-
strain or limit system performance. Section 3, Scenarios, presents data concerning
the demand imposed on the SAATMS during the 1995 and post-1995 time period., The
characteristics of the user aircraft comprising the demand are discussed. Section 3
also presents a discussion of the terminal facilities available to service the
demand and describes the scenarios used in the evaluation of the SAATMS.

The functional relationships involving the system performance measures and
the parameters affecting system performance must be developed to obtain a quanti-
tative evaluation of the system capabilities. Digital computer models were used to
represent the functional relationships presented in Section 2, and the system
constraints and scenarios discussed in Section 3. Analytical expressions involving
the system and subsystem parameters were used as models for preliminary estimates
of performance. Due to the complexity of an Air Traffic Management System, it is
not possible to develop analytical expressions for the entire system and its
operation., A digital simulation model was developed to simulate the operation of
the SAATMS, Section 4, Performance Models Description describes the analytical
expressions and the digital simulation used to evaluate the performance of the
SAATMS,

The results of the performance evaluation of SAATMS are presented in
Section 5, System Performance, This section presents the capacity, safety, and
delay performance of SAATMS for terminal area operations in the Los Angeles
region, The SAATMS safety and delay specifications (Ref, 1) were used to

-]-



establish the system parameters. The capacity of each of the 43 airports in
the Los Angeles area was then evaluated and compared to the demand projected
for the 1995 and post=1995 time frames,

The terminal area safety analysis indicates that in-trail separation
of aircraft can be reduced to 2 nmi and still provide the same safety as
today's system, This safety analysis did not consider the effect of wake tur-
bulence since the purpose was to determine the maximum capacity of the system.
Separation of aircraft on parallel approaches can be reduced to 2000 ft and
maintain the same level of safety provided by the present system. The capacity
of the major alrcarrier airports in the Los Angeles region was shown to exceed
the post-1995 demand while meeting the safety and delay specification. The
capacity of the secondary and feeder airports was shown to exceed the highest
projected 1995 demand level. The number of runways at the secondary and
feeder airports must be increased to meet the post-1995 demand projection,
Section 5 also presents an evaluation of the system safety for enroute operations.
It presents a comparison of the enroute safety performance of the SAATMS, the
GAATMS, and the present system,

It is important to determine that the system meets the performance specifica-
tion; it is also important to establish the efficiency of the system to insure that
the desired performance is achieved with minimum cost. Trade-off comparison data
must be developed to aid in the proper selection of system and subsystem parameter
values. Section 6, Sensitivity Data, presents data showing the sensitivity of the
system performance measures to important system and subsystem parameters. This

section also presents sensitivity data at the subsystem level.

The data presented in this section describe the methodology used in the
evaluation of the SAATMS and the results of that evaluation. The performance
data and the sensitivity data can be used in the comparison of alternate systems.

The appendices present the complete set of data used as the basis for
the airport capacity and enroute safety curves presented in the system performance
section.



2. SYSTEM FUNCTIONAL RELATIONSHIPS

The evaluation of the performance of a system requires detailed knowledge
of the manner in which the system functions, the constraints imposed on the system,
and the parameters which most greatly influence system performance, A func-~
tional analysis of SAATMS identified the subsystem and system parameters which
are most Important In the performance of the functions required to provide
the Air Traffic Management services for the user aircraft, SAATMS receives
data from the surveillance and navigation subsystems, processes these data
to determine information on individual aircraft, makes decisions concerning
the status of each aircraft and the functions to be performed to service each
alrcraft, and takes action to provide these services. The parameters associated
with the subsystem data, the processing of these data, and the decisions and
actions of the system will influence its performance. The most important
measures of performance of an Air Traffic Management System are the capacity
of the system, the safety which is afforded to the system user, and the delay
to which the user is subjected, The functional analysis was used to show
the relationship between subsystem and system parameters involved in performing
the system functions and the system performance measures, This section defines
the system performance measures used in the study and discusses the important
system and subsystem parameters,

2.1 Definition of the Performance Measures Used to Evaluate the SAATMS

The three primary measures of an Air Traffic Management System performance
are capacity, safety, and delay. No single definition of these measures can be
developed to provide all the information desired due to the complexity of an Air
Traffic Management System. The measures defined provide the basic information
concerning system performance and will provide data for comparison of alternate
systems,

2.1.1 (Capacity and Delay

No definition of Air Traffic Management System capacity is complete
without specification of the delay imposed on the users by the system, Capacity
is a measure of the quantity of aircraft the system can service, while delay
is a measure of the quality of the service provided by the system. Two elements
of a system which service the same number of aircraft in a given time, one of which
imposes no delay while the other forces the aircraft to wait before receiving
service, are not equal. Two measures of the ability of a system to service aircraft
have been selected to evaluate the SAATMS, The first is the number of aircraft
that can be serviced in a unit time under the conditions that the delay experienced
by each aircraft be less than a specified value. This measure is called the capacity
efficiency. The second is the number of aircraft which can be serviced per unit
time when there are always aircraft waiting for service. Under these conditions, the



element of the system providing services is saturated. The number of aircraft that
the element can service in a unit time under the assumption of saturation is called
the saturation capacity and is the upper bound for that element. The saturation
capacity is a special case of capacity efficiency. Both of these measures will be
used to compare the capabilities of the system elements. These measures will be
primarily applied to runways and airports.

2.1.2 Demand Related to Capacity and Delay

Any aircraft desiring to use an air traffic facility imposes a demand on
that facility. A demand may be a request for a runway for arrival or departure,
a request for entry into a specific airspace, or a request for aid in determining
an aircraft's position. The total demand on a facility is the sum of all these
single demands. The demand on any facility is a function of time, the traffic
density, and the types or classes of aircraft desiring service, TIf the facility
cannot satisfy the demand at the time it occurs, delays will be imposed on the
users of the facility and the performance of that facility will be degraded.

If the demand on a facility is so large and so persistent as to continuously
exceed the ability of the facility to satisfy that demand, the facility is opera-
ting under conditions of saturation. The rate at which aircraft are passed
through the facility (i.e., the throughput rate) under these conditions is called
the saturation capacity.

An example of the saturation capacity of a facility and its relationship
to demand and the facility service time is presented in Fig. 2.1-1. Figure 2.1-la
illustrates a specific form of demand assumed for a facility. Since the demand
on the facility consists of discrete events, they are represented by a sequence
of impulse functions. The time between the individual demands may assume any
distribution, such as Polsson or Erlang, depending on the airspace configuration
and the functioning of the system. The sequence of negative impulses in Fig.
2.1-1a represents the time at which the individual demands are serviced. For
simplicity, the time required to service a demand has been assumed constant. The
accumulated demand and throughput resulting from the distribution of demand and
service time is shown in Fig. 2.1-1b. At any instant of time, the length of the
queue waiting to be serviced is the vertical difference between the accumulated
demand and throughput curves. The horizontal difference between the two curves
is the delay associated with an individual aircraft. The delay imposed on the
individual aircraft has been plotted on the left side of Fig. 2.1-1b. These data
can be used to obtain the total and average delay under these conditions. At a
specific time, tj, the slope of the line connecting the origin to the accumulated
demand curve yields the average demand during the interval (0, t;). The slope of
the straight line connecting the origin to the accumulated throughput curve at t;
will indicate the average throughput during the same interval. The times during
which the facility is not servicing aircraft are shown as idle times. The graphs
of Fig. 2.1-1lc depict a condition when the demand is large, resulting in facility
saturation. Under this condition, the slope of the accumulated demand curve is
the average demand and the slope of the accumulated throughput curve is the
saturation capacity.
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A valid comparison of the saturation capacity and capacity efficiency
of two facilities, such as airports, is only possible under the same demand
conditions. The description of the demand must include the specification of:

(1) Level (magnitude of the demand rate)
(2) Mix (sequence and performance class of aircraft)

(3) Temporal Distribution (statistics of the time interval
between aircraft demanding service)

The manner in which saturation capacity and capacity efficiency are affected

by the demand is shown in Fig. 2.1-2 and 2.1-3. The graphs depict the average
delay imposed on the aircraft demanding service as a function of the demand level.
The curves of Fig. 2.1-2 illustrate capacity measures for two different aircraft
mixes. One mix includes both general aviation aircraft and aircarrier aircraft
(Mix A), while the other mix consists solely of aircarrier aircraft (Mix B).

The time distribution is assumed identical for both demands. The saturation
capacity for Mix B is greater primarily because of the uniformity of speed for

the aircarrier aircraft; Mix A includes slower GA aircraft and the faster air-
carriers. The curve also shows that the capacity efficienty for a constant average
delay, D;, is affected by the demand mix. Figure 2.1-3 depicts the average delay
versus demand level for three different demands. The demand level and the mix of
aircraft were held constant for the three demand conditions. Curve 1 depicts the
average delay curve for a demand with a Poisson distribution of aircraft inter-
arrival times, while the demand resulting in Curve 2 was assumed to have an Erlang
distribution. Curve 3 illustrates the average delay resulting from periodic air-
craft arrival with a Gaussian distribution about the arrival time. These curves
illustrate the effect of aircraft arrival time distributions on the capacity
efficiency of a facility. For a given average delay, Dy, the capacity efficiency
of a facility is enhanced with a more uniform time between aircraft demand for
services. Since any average delay value can be obtained by a large variety

of individual aircraft delays, a more precise control of delay can be obtained

by specifying the desired delay distribution, Figure 2,1-4 illustrates typical
delay distribution functions for four different demand levels, The mix and
arrival time distribution were assumed constant for the curves shown. The

curves depict the capacity efficiency of a facility for the specification that

90 percent of the aircraft will be delayed less than 4 min. In this case, the
capacity efficiency is approximately 145 operations per hour.

2.1.3 Safety

The degree of safety that an Air Traffic Management System provides its
user aircraft is related to the physical separation between aircraft or between
an aircraft and obstructions such as buildings or terrain, If a system could
absolutely guarantee that it would maintain a separation distance between aircraft,
no matter how small, the aircraft would be completely safe, The ability of a
system to keep aircraft separated is affected by the following:
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(1) Errors in the surveillance and navigation data
(2) The response time of the system
(3) The aircraft and its pilot

(4) The proficiency of the system operating personnel

If bounds could be precisely determined on all the parameters affecting aircraft
separation, a minimum separation distance could be computed and maintained, and

no collisions would ever occur between aircraft. Precise specification of all

the critical parameters, however, is not possible. One solution to providing

safety would be to separate aircraft at extremely large distances to achieve a
desired level of safety. The result of this, however, would be an unacceptable
decrease in the capacity of the system. The alternative is to develop estimates

of the system errors affecting the separation distance and to maintain aircraft

far enough apart to provide an acceptable level of safety without degrading capacity
to an unacceptable level. This second technique has been utilized in the development
of the SAATMS,

Two measures of SAATMS safety performance have been developed. The first
defines safety in terms of the blunder protection afforded to each individual air-
craft and is independent of the number of aircraft using the system. The second
measure determines the expected number of conflicts (collisions between aircraft)
per unit time and considers all aircraft using the system. It is a measure of the
total system safety rather than individual aircraft safety.

2.1.3.1 Blunder Protection

An aircraft is said to have blundered when it suddenly attains an
acceleration toward another aircraft. The system can maintain a minimum separa-
tion between aircraft as long as that blunder acceleration is less than a specified
value and as long as the system has detected the deviation of the blundering air-
craft from its designated flight profile. The safety of individual aircraft is
defined in terms of the magnitude of the blunder acceleration for which the system
will provide protection and the confidence level with which the system detects the
deviation of the blundering aircraft from its intended profile.

As an example, consider the two aircraft, a; and 0z, flying along a straight
path as shown in Fig. 2.1-5. The aircraft will wander about their respective
nominal flight paths due to navigation and pilot errors. If these deviations were
large enough, as depicted, the aircraft could collide. The deviation of a1 from
its path would normally be detected by the SAATMS surveillance equipment, and a
command would be transmitted directing the aircraft back toward its assigned path.
Small deviations from the path are normally corrected by the pilot without inter-
vention from the system. A threshold must be established to determine when the
system is required to intervene. Only if an aircraft exceeds that threshold will
a command be transmitted to that aircraft. The threshold defines the Normal
Operating Zone (NOZ) for the aircraft and is illustrated in the figure. Under
normal conditions, the aircraft would remain within its NOZ. Under a blunder

-11-
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Figure 2,1-6. Crossing Conflict Situation
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random variable, which can be described by a probability density function as
shown. The conflict measure, for the situation depicted, is equal to the shaded
area under the probability density function, P(E). The area represents the like-
lihood the conflict volumes of the two aircraft will overlap considering all of
the parameters which determine the probability density function, P(E). If Ncij

is the value associated with the likelihood of conflict volume overlap, it rep-
resents the "number of conflicts'" which take place as the result of aircraft i

crossing aircraft j. If similar values were derived for all crossing aircraft

in the system over a given period of time, the total number of conflicts would

be given by

Ne = ZNci. (2)
1j J

Aircraft conflicts arise as a.result of aircraft passing and aircraft
following each other. "They also occur because of the more random flights of GA
aircraft without a specified flight profile; however, the measure for these air-
craft is determined using a modified version of the equations used to determine
the number of conflicts for all other situations. A more detailed discussion of
the determination of the number of conflicts is presented in Section 4, which
deals with the system evaluation models.

2.2 System and Subsystem Parameters

An evaluation of the performance of an Air Traffic Management System involves
a large number of parameters with both complex inter-relationships and relation-~
ships to the system performance measures. A functional analysis was conducted to
determine those parameters which most greatly impacted the performance of the SAATMS.
The values for those critical parameters were established from analyses of the
system and subsystem mechanizations of the SAATMS.

2.2.1 Subsystem Parameters

The two subsystems which are most critical to SAATMS safety, capacity, and
delay performance are the surveillance and navigation subsystems. The navigation
subsystem provides position and velocity information to the user aircraft, while
the surveillance subsystem provides position and velocity data to the system for
use in the control of aircraft.

The navigation mode parameters which are critical to system performance
are

(1) op, the standard deviation of the navigation position errors

(2) op, the standard deviation of the navigation velocity errors

(3) Ty navigation update interval

=15~




In general, the more accurate the navigation position and velocity, the
greater the ability of the user aircraft to adhere to a specific flight profile.
With more accurate data, the aircraft can be spaced more closely together to
achieve a greater capacity at the same safety level. Increasing the rate at
which navigation data are received by the aircraft will generally increase the
navigation and guidance capability of the aircraft and will enhance the system
capacity.

The surveillance mode parameters are similar to the navigation parameters
as follows:

(1) Ogs the standard deviation of the surveillance position error
(2) o3, standard deviation of the surveillance velocity error

(3) Tgs surveillance update inverval

The smaller the variance of the surveillance position and velocity errors and
the shorter the time between successive surveillance samples, the more accurately
the system can determine that an aircraft has deviated from its planned flight
profile. The more accurate the surveillance data, the greater the ability of

the system to determine potential conflicts or collisions between aircraft.

Both the navigation and surveillance mode parameters affect the system
performance in a critical manner. The effects of variation of these parameters
on the system performance are discussed in Section 6, which deals with the sensi-
tivity of SAATMS performance.

Two other subsystems which affect the operation of SAATMS are the communi-
cations and control processing subsystems. These subsystem parameters are highly
sensitive to specific mechanizations. The characteristics of these subsystems
have been incorporated into the system parameters since the ultimate mechaniza-
tion of the communication and data processing will be influenced greatly by the
cost effectiveness trade-off studies.

The analysis of SAATMS performance assumed that the data processing and
communications subsystems design would provide adequate capacity to handle the
load, based on preliminary design analysis using estimates of the communications
and data processing loads. It is also assumed that the reliability of all sub-
systems must be high in order to permit automation of the system processes and
functions.

2.2,2 System Parameters

SAATMS utilizes surveillance data as the basis for the control of air
traffic. The manner in which the data are utilized will affect the performance of
the system. One of the primary system parameters that influences system operation

-16-



is the response time or time delay, Tp- The time delay is the length of time from
the reception of surveillance position and velocity data to the initiation of an
aircraft maneuver in response to an issued command. The activities performed by the
system during the time delay include the following:

(1) Reception of the position and velocity data

(2) Determination of a situation requiring the issuance of a
command

(3) Formulation of the command

(4) Transmission of the command

(5) Reception of the command by the affected aircraft
(6) Response of the pilot to the command

(7) Response of the aircraft to the pilot

The length of time required for each of these activities is important; however, the
most critical parameter is the overall time.

A second critical parameter involved in the performance of the system .is
the minimum separation maintained between aircraft. This distance, Q, will affect
both system safety and capacity. If the separation distance is large, the capacity
will be decreased since fewer aircraft will be allowed to occupy a given airspace.
The safety may also be affected depending upon the surveillance and navigation
errors, the system time delay, and the blunder protection level.

The rate of interventions or commands, ﬁI, the system is required to
issue to control aircraft will also affect system performance and the design of
the communications equipment. If the system is capable of intervening at a
high rate, aircraft can be separated by smaller distances to achieve a higher
capacity while maintaining the same level of safety.

There are a large number of other parameters which will impact the perform-
ance of the SAATMS. The parameters which have been discussed are those that affect
the performance of the system to a greater degree than others.

=-17-



2.3 Parameter Relationships

This section presents the functional relationships between the system
and subsystem parameters. The manner in which system performance measures are
affected by these parameters is presented, and the types of models required to
represent the inter-relationships between system performance and the system
and subsystem parameters are identified.

2.3.1 Capacity and Delay

In its simplist form, capacity of a facility , route, or region of
airspace is a function of aircraft separation and velocity. For aircraft
with the same velocity, following in trail, the capacity of a route is given
by

where

Aircraft velocity

Aircraft separation

More complicated expressions can be developed to represent aircraft with
differing velocities and different separation distances. These expressions
are discussed in Section 4,

The capacity efficiency, Cg, is a function of aircraft delay and
aircraft separation, thus

CE = f(Q’ D)

where D = delay. A simulation analysis has been used to relate the capacity
efficiency to delay and separation distance. Figure 2.3-1 illustrates this func-
tional relationship where D is the average aircraft delay under steady-state
conditions. The curves of Fig. 2.3-1 are for a specific scenario (final approach
to a single runway) and a specific demand (aircraft mix, performance class, and
inter-arrival times distribution). The_saturation capacity of the runway cor-
responds to that value of Cg for which D is infinite.

If delay statistics other than average delay are desired , probability
distribution functions such as those in Fig. 2.3-2 can be obtained. These
curves yield the probability that the aircraft delay is less than a specified
value. Each point on the curves of Fig. 2.3-1 is represented by an entire
curve in Fig. 2.3-2,
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The complexity of the relationships necessitates the use of digital
simulation models to obtain the values of capacity and capacity efficiency
associated with specific elements of an Air Traffic Management System.

2.3.2 Safety

The safety of individual aircraft or the safety of the total system is
primarily related to aircraft separation. Several factors are involved in the
determination of the distances by which aircraft must be separated to provide
an acceptable level of safety without compromising capacity to an unacceptable
degree. Figure 2.3-3 illustrates two aircraft in trail on a common route. The
separation standard, Qg, is defined as the minimum distance between aircraft
necessary to satisfy a specific safety criterion. Qg is the sum of several
smaller distances. Wy denotes the width of the aircraft's Normal Operating
Zone (NOZ). Aircraft operate within the NOZ without intervention from the
system. Wp denotes the width of the Buffer Zone (BZ) which provides a protec-
tion against aircraft which blunder outside their NOZ. WM is the allowable
miss distance between aircraft assuming both are at the outer limit of their
respective buffer zones. The separation standard, Qg, is given by

Qs = wTNF+wBF+wBL+W—1;U‘-+wT + Wy
LF
= wN+wB+wTLF+wM (1)
for wNF = WNL = WN and WB = Wpp t WBL
where
WNF = Width of the NOZ for the following aircraft
WNL = Width of the NOZ for the leading aircraft
WBF = Width of the buffer zone for the following aircraft
WBL = Width of the buffer zone for the leading aircraft
WT = Wake turbulence danger distance (function of the leading
LF and following aircraft)
W, = Aircraft miss distance for both aircraft experiencing

maximum protected blunders
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For aircraft flying parallel, merging , or crossing routes, Qg has the
same form. The terms comprising Qg may have different values depending on the
geometry, (i.e., wTLF = 0 for aircraft on parallel tracks).

The width of the Buffer Zone, W, is a measure of system safety and is
proportional to the amount of blunder protection provided. Aircraft blunder is
measured in terms of aircraft acceleration, A, as it crosses the NOZ boundary.
Figure 2.3-4 illustrates the relationship between the Buffer Zone and the blunder
acceleration, Ag. Wp 1s also a function of PB, the probability of not recognizing
that an aircraft has blundered across the NOZ threshold in time to prevent the air-
craft from crossing the Buffer Zone given that

(1) The aircraft has an acceleration Ap when it crosses the
NOZ boundary.

(2) The last surveillance sample showed that the aircraft was
just inside the NOZ.

Pg is a function of the surveillance errors (o5 and og) and the surveillance
update interval, tg. The system time delays, Tp, and the aircraft return
acceleration, AR, will also affect Wg. Each curve of Fig. 2.3-4 corresponds to
specific values of PR, og, 05 , Tg, TD, and AR. This is illustrated in the figure
by the vector quantity B which has these parameters as vector components. More
details on this relationship, including the equations relating the various
parameters are given in Section 3.1.

The width of the Normal Operating Zone, WN, is a function of several
parameters. These include (1) the navigation errors (o, on)s (2) navigation
update interval (tn), (3) surveillance errors (gs, c;), (4) surveillance update rate
(ts), (5) aircraft performance characteristics (including that of the pilot, P),
and (6) the system intervention rate (N1). These relationships are illustrated
in Fig. 2.3-5 by the vector quantity p which has these parameters as vector com-
ponents. The intervention rate is the number of times the ATC system must inter-
vene in an aircraft's operation in a given time period. An intervention occurs
whenever the ATC system determines an aircraft is outside its NOZ. It consists
of an acceleration command selected to return the aircraft to the NOZ.

The relationships represented in Fig. 2.3-1 through 2.3-5 provide the
means for determining system performance, given specification of the system and
subsystem parameters, For example, suppose the problem is to determine the
capacity efficiency for an airport for a specified demand type where the average
steady-state aircraft delay is to be D, the sgafety Sp, and the intervention rate
ﬁI- The values of the surveillance and navigation parameters are Og> 02,

On, Op, the update rates 1, and Tg, and the system response time tp. The
steps taken to determine Cy are
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Width of the Buffer Zone, Wg (ft)

Aircraft Blunder Acceleration, AB.(ft/secz)

where:

Wy

B

Pp
og (0g)
Ts

D
AR

[PR, 0gs 0%y Tgs Tps AR]
Probability of not recognizing that an aircraft

blundered across the NOZ threshold in time to pre-
vent the aircraft from crossing the Buffer Zone

Standard deviation of position (velocity) surveil-
lance error

Surveillance update interval
System time delay

Aircraft return acceleration

Figure 2.3-4. Wes Ag, B Relationmship
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Ny

(Number
inter-
ventions

per Hour)

where:
P = Pilotage
on (o5) = Standard

Deviation of navigation
position (velocity)

error

Width of the Normal Operating Zone, Wy (ft)

Figure 2.3-5,

Wy versus ﬁI Relationship

—24—



4,

Find Wy for ﬁI, Ons 9ns Tns 03, Og, Tg, and P from the curves
of Fig. 2.3-5.

Find Wp for given values of Sp(Pp, Ap), og, 05, Tss Tp, and ag
from Fig. 2.3-4.

Find Qg for Wy of step 1, W of step 2, and specified wake
turbulence (assumed given as part of demand data) from Eq. (1)

Find Cg for B.and Qg from Fig, 2.3-1.

If system safety is to be determined for a given capacity efficiency, a similar
procedure would be followed.

It should be noted that specification of the subsystem parameters by
themselves does not yield a unique set of system performance parameters, All
three system measures (capacity, delay, safety) are inter-related and two must
be specified to determine a unique value for the third.
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3. SCENARIOS

A number of the parameters which affect system performance are not under
the direct control of the system designers. These are the parameters involved
with the air traffic demand imposed on the system, the user aircraft characteris-
tics, the airport system, and the physical environment. The Air Traffic Manage-
ment System can be designed to make optimum use of these factors, where possible,
but these parameters do constrain or limit system performance. This section
presents a discussion of these parameters.

3.1 Demand

Two different sets of demand data were supplied for the evaluation of
AATMS performance. The enroute demand data were supplied by Autonetics and were
based on the enroute data generated during the Fourth Generation Air Traffic Con-
trol System Concept Formulation Study (Ref. 3). The data provided included the
Instantaneous Airborne Count (IAC) during a busy hour for four demand levels.
The demand levels were based on the projected national airfleet size for year
1995 and beyond. Table 3.1-1 shows the airfleet size for each of the aircraft
classes and demand levels.

Table 3.1-1. National Airfleet Size
Demand Demand Demand Demand
Aircraft Classes Level 1 Level 2 Level 3 Level 4
Aircarrier 5,000 7,000 9,500 14,000
General Aviation 250,000 335,000 500,000 1,000,000
Military 20,000 20,000 20,000 20,000

The enroute IAC's for the demand levels are as follows:

The enroute aircraft were assumed to fl.
throughout the Continental United States.
used to determine the number of route cross

Demand Level 1 11,631
Demand Level 2 15,564
Demand Level 3 22,414
Demand Level 4 41,430

Yy on routes between pairs of cities

used to calculate the number of safety conflicts that would occur.
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The second set of demand data concerned busy hour operations and the
IAC for the terminal area. The terminal area data were developed by The Mitre
Corporation and include the busy hour operations and the instantaneous airborne
count for 48 airports in the Los Angeles region (Ref. 11). The IAC data included
position, altitude, velocity, origin, and destination of 1840 aircraft pro-
jected as airborne during a peak busy hour in 1995 for Demand Level 2. Data for
the other demand levels were estimated using a scale factor based on the National
Airfleet size given in Table 3.1-1. The IAC's for all demand levels are as
follows:

Demand Level 1 1383
Demand Level 2 1840
Demand Level 3 2725
Demand Level 4 5323

These demand data were used to determine the capacity and capacity efficiency of
the airports in the Los Angeles region for the 1995 and post-1995 time frame.

3.2 Aircraft Characteristics

The capacity and capacity efficiency of an airport are related to the mix
of aircraft comprising the demand. The characteristics of the aircraft will in-
fluence how well the system can meter the aircraft to obtain the desired capacity
and capacity efficiency performance and will affect the ability of the system
to maintain the proper spacing to achieve the desired level of safety. The air-
fleet is divided into three major classes of aircraft: aircarrier, general avia-
tion, and military. These are separated into several types, each with its own
specific performance characteristics. The primary parameters of aircraft perform-
ance that affect terminal area operations are the final approach and landing
velocities, the takeoff velocities, the distance required for takeoff, and the
acceleration and deceleration characteristics. This contrasts with the factors
most important in enroute airspace which include cruise velocity, cruise altitude,
and aircraft range.

Table 3.2-1 lists the 11 types of aircarrier jet aircraft postulated to
be in use in the 1995 and beyond time frame and presents the characteristics
assumed for the study. The GA aircraft were divided into three main categories:
single engine piston, multi-engine piston and turbo prop, and turbo jet aircraft.
Table 3.2-2 lists the pertinent characteristics of the GA aircraft.
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Table 3.2-2., General Aviation Aircraft

. Multi-Engine and
Aircraft Type Single Engine Turbo Prop Turbo Jet
Typical Speeds (knots)
Takeoff 70 100 120
Cruise 150 225 450
Final Approach 75 90 105
Landing 60 75 90
Field Length (ft)
Takeoff 1,400 1,700 5,000
Landing 850 1,000 1,200
Cruise Altitude (ft) 12,000 20,000 35,000
A Decelerat
c?itzg?tion/ eceleration 6/6 8/6 10/6

These values of the aircraft characteristics were used to establish the
runway occupancy times for takeoff and landings. The runway occupancy times for
landing were determined for two classes of exits, low speed (12 knots) and
moderate speed (30 knots). The aircraft listed in Tables 3.2-1 and 3.2-2 were
grouped into classes based on similar landing and takeoff speeds. The GA air-
craft are listed as Classes A, B, and C, corresponding to the single engine,
multi-engine/turbo prop, and turbo jet aircraft types in Table 3.2-2, respectively.
The short-haul aircraft form Class D. The two- and three-engine aircarriers
comprise Class E, while the aircarrier SST and four-engine aircraft were combined
to form Class F. The values of runway occupancy time for these six classes are
shown in Table 3.2-3. Runway occupancy time for landings were determined from

i VL-VE+T
RorL 7y B
where
VL = Landing velocity (ft/sec)
Vg = Runway exit velocity (ft/sec)
A = Deceleration (ft/sec?)
TB = Buffer time (sec)
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It is assumed that a continuous exit is available. The buffer time, Tg,
was assumed to be 6 sec for exit velocity of 50 ft/sec and 10 sec for exit velocity
of 30 ft/sec. The buffer time accounts for possible deviations in pilotage and
other factors which may cause an aircraft to remain on the runway longer than the
nominal time required for deceleration.

Runway occupancy time for takeoff is determined by the larger of two
parameters, namely, Ty and Tp, given by

D

T L
TL = (2 3;02
and
p - X
A A
where
VT = Takeoff velocity (ft/sec)
Dr = Takeoff distance (ft)
AT = Takeoff acceleration (ft/sec?)
TL’ TA = Takeoff time (sec)

The larger of the two takeoff times is used to ensure that the proper velocity is
achieved prior to liftoff.

3.3 Airports

The Los Angeles region was chosen as the site for the evaluation of the SAATMS
terminal area performance. The 48 airports (43 civil airports and 5 military) were
structured to represent their 1995 configurations. The airports were divided into
eight categories based on the types of air traffic which they would service, their
present configuration, and a reasonable expansion of the present facilities. The
airport classifications and configurations used in this study are shown in
Fig. 3.3-1. A list of the airports in the Los Angeles region and the airport
classification is shown in Table 3.3-1.

One of the primary constraints in the development of the airspace structure
is the geographic location and the classification of the airports. The airspace
structure of the SAATMS was configured to minimize the amount of airspace required
for controlled operations into the primary airports (Classes 7 and 8).
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Table 3.3-1. Airport Classification

Name Descriptor Classification
Burbank BUR 8
Los Angeles International LAX 8
Ontario International ONT 8
Santa Ana (Orange County) SNA 8
Palmdale PMD 7
Long Beach LGB 6
Oxnard (Ventura) 0XR 6
Riverside RAL 6
Torrance TOA 6
Apple Valley APV 4
Cable (Upland) CCB 4
Chino CNO 4
Compton CPM 4
Corona L66 4
E1 Monte EMT 4
Fox (Lancaster) WJIF 4
Fullerton FUL 4
Hawthorne AHR 4
Laverne Bracket POC 4
Meadowlark (Huntington Beach) L16 4
San Fernando SFR 4
Santa Monica SMO 4
Santa Paula SZP 4
Santa Susana L02 4
Van Nuys VNY 4
Whiteman WHP 4
Agua Dulce X01 3
Capistrano L38 3
Fla Bob (Riverside) RIR 3
Redlands X34 3
Skylark X42 3
Hemet Ryan x17 2
Hesperia Air Lodge X18 2
Rialto L36 2
Rosamond X37 2
Tri City SBT 2
Hawkins X15 1
Morrow X25 1
Perris Valley X31 1
Quartz Hill X32 1
Rancho California X33 1
Sterks Ranch X43 1
Sunhill Ranch X44 1
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The configuration of the airspace structure is fully discussed in Volume IV,

Section 1. The SAATMS airspace structure is
lation model by use of a network of parallel
a single final approach lane 3 nmi from each
imposed on the system due to the demand, the
airport system are presented in Section 5 of
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4. PERFORMANCE MODELS DESCRIPTION

The evaluation of the performance of the SAATMS is accomplished through
the use of models to represent system elements and system operation. Models
based on analytical expressions were used to establish system separation standards
which affect the safety provided the user aircraft in terminal area operatioms.
Analytical models were also used to develop the system safety measures for
enroute operations. The capacity and delay performance of the SAATMS in terminal
area operations were determined using a digital simulation model. Simulation
techniques are required due to the complexity of the system. This section
describes the models used to evaluate the SAATMS performance.

4.1 Separation Standard Model

The SAATMS derives position and velocity information on each aircraft in
the system from its surveillance mode of operation. This information is processed
to determine if conflicts exist when aircraft separation standards are not pro-
perly maintained. The separation standard model provides quantitative relation-
ships for determining separation standards applicable to the SAATMS.

4,1.1 Basic Model Structure

The same separation concept applies in all dimensions (along track, cross
track, vertical). Thus, the analysis can be done considering only one direction,
with the results being applicable in all directions. Three aircraft parameters
need to be considered in each direction: position, velocity, and acceleration.
Higher order derivatives of position are assumed to be zero. Their effect can
be taken into account in the specification of aircraft acceleration.

The model assumes that estimates of aircraft position, r, and velocity, i,
are available from surveillance data every Tg sec, where Tg is the time between
surveillance samples. The effects of certain levels of aircraft acceleration are
examined, and the separation standard is determined based on worst-case accelera-
tion or maximum blunders (defined by an acceleration level) for which protection
is to be provided. Surveillance errors and normal aircraft excursions [within
the width of the Normal Operating Zone (NOZ)] will also affect the separation
standard.

An aircraft position-velocity trajectory for an applied acceleration pro-
file is shown in Fig. 4.1-1. Examination of such trajectories leads to deter-
mination of the separation standard, the boundaries of the normal operating zone,
and the intervention criteria.

Assume the aircraft acceleration, A(t), has the form shown in the bottom
part of Fig. 4.1-1. Then, for t, < t < tj,

1 Yo )
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Figure 4.1-1. Aircraft Position-Velocity Trajectories for Applied
Acceleration
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where, for ease of notation, r(t) = r, é(t) = i, r(ty) = rg, é(to) = io' Equation
(1) shows a parabolic relatlonshlp between r and r. The same equation holds for
t; < t < tp with ry = r;, ¥, = 1, and Ag = Ag.

The dashed line in Fig. 4.1-1 represents the boundary of the NOZ in the
first quadrant of the r-r plane. Considering only the first quadrant, the aircraft
is within its NOZ if its state (given by r, ¥) is to the left of this line Assume
there is an aircraft located at r = rg + Wy, t = 0 as shown in Fig. 4.1-1. Then
an aircraft having the r-r trajectory shown would miss this aircraft by a distance
WM.

If (1) Ap represents the maximum acceleration protected against; (2) T,
the sum of the system command delay and the surveillance update interval; and
(3) WM, the minimum miss distance, then the trajectory of Fig. 4.1-1 represents
the worst-case blunder that can be protected against. By definition, the initial
point of this trajectory lies on the boundary of the NOZ. The locus of all
values of r,, r, for trajectories which pass through rq with an acceleration of
Ap for t5 < t < t] and AR for t > t; define the boundary of the NOZ. If to+ T+ T
is the time the trajectory has the value r = 0, r = rq then the boundary equation is

*n 2

A r A, T A
. B [o] B B
r = r +r 1{le —}- — + — - (2)
q o o< AR> 20, 2 ( AR)

Equation (2) is also a parabola relating r, and %O.

Equation (2) defines the boundary of the NOZ in the first quadrant of the
r-t plane. The boundary for the third quadrant is found in an identical manner by
considering an aircraft at r = -(rq+Wm) The equation for this boundary is the
same as Eq. (1) with -Tq substituted for rq, and -Ag and -AR for Ag and Ag,
respectively. Figure 4.1-2 shows this curve and the curve of Eq. (2) in the -t
plane. The shaded region in the figure is the NOZ. The boundaries in the second
and fourth quadrants are defined by the approprlate curves and the specified miss
distances. An aircraft is also shown at r = r = 0 which would be its nominal loca-
tion in the NOZ.

While the previous discussion has presented the basic structure for the
separation standard model, there are still several other items to be included.
These are system time delays, surveillance errors, determination of the NOZ, and,
finally, a specification of how the component distances combine to give the
separation standard for adjacent aircraft.
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4.1,2 Effect of System Time Delay

The system time delay, Tp» is defined as the difference between the time
aircraft surveillance data are received by the SAATMS and the time the aircraft
responds (changes its acceleration) to commands from the system. The model
accounts for such delay by considering T in Eq. (2) to be the sum of Tp and Tg
where Tg is the time between surveillance samples.

4.1,3 Effect of Surveillance Errors

The effect of surveillance position and velocity errors will be to increase
the required aircraft separation standard over that implied in Fig. 4.1-2, as
illustrated in Fig. 4.1-3. The curves of Fig. 4.1-1 [given by Eq. (1) and (2)]
are repeated for the first quadrant of the r-r plane and represent the NOZ boundary.
The point given by S, represents the actual aircraft state at time t,. Due to
surveillance errors (a velocity error of Ar and a position error of Ar), the SAATMS
regards the aircraft as being at point Sg. Since Sg is within the NOZ bounds,
the SAATMS issues no command to the aircraft. If the aircraft experiences an
acceleration as shown in the bottom part of Fig. 4.1-1, it will cross the r axis
at rp rather than at r,; as in Fig. 4.1-1. (Note that if the aircraft had actually
been at S; instead of ga and experienced the same acceleration profile, it would
have reached only rq instead of rp.)

The distance, as shown in Eq. (3), represents a distance that must be
included in the separation standard to account for surveillance errors.

T = g - 1g (3)

In general, ro is a random number. Its relationship to T, Ag, Ag, ES, Ar, and
Ar can be determined as follows. Let

go = surveillance value of position at tq
.o = surveillance value of velocity at tg
r = actual value of position at to

io actual value of velocity at t,
Ar, = surveillance position error at to
Aio = surveillance velocity error at to
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Figure 4.1-3. Effect of Surveillance Errors
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Then it can be shown that

Ag a':o Aig
r = ar_ 4o | tf1-B)-—2] (4)
0
e o AR) AR 2AR

. Statistical parameters of r, can be determined as follows. If Ar, and
Ar, have zero mean, the mean value of re is given by

2
- _ __os
re - E(re) A (5)
R
2
where o, = variance of the surveillance velocity error.

Let 0: = variance of the surveillance position error. Assuming the
variables Ar, and Aro are independent and Gaussian, the variance of To, is

2 <
—_ A r 2 o
Gie = rz - (fe)2 = o: +1T ~B\. 2Llse + —EE- (6)
AR | Ag|s 285

Finally, if Ar_ is Gaussian, rg is approximately Gaussian. It is
assumed to be exactly gaussian with a mean value given by Eq. (5) and a
variance given by Eq. (6).

To allow for the surveillance errors, let rg = that portion of the

separation standard to compensate for the surveillance errors. If rg is
expressed in terms of r, and 0y as follows
e

r, = I, +tK o (7)

then K, is a constant related to the probability PB that r, is greater than
rg. Tﬁus, if Ky = 3, from the standard normal distribution tables

PB = Probability (re > rs) = (0.0013

A representation for the probability density function for ros the distance
rg, and the probability PB is shown at the top of Fig. 4.1-3.
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4.1.4 Buffer Zone Width

The width of the Buffer Zone, W, can now be determined. Wg is also
shown in Fig. 4.1-3, and its values are given by

W

W, = r - N +r (8)

B q 2 Ts
With appropriate substitution of variables, WB can be written as

-
-

y

, 1/2
W, = f“-'f—z<1-£11)-0—.S—+KS §0§+ r(-AE>-f-‘l - csl (9
1 3

B 2 Ap 2Ap Ay Ay % ) 2

4.1.5 Size of the Normal Operating Zone

The size of the NOZ, W, will be a function of the aircraft's station
keeping ability Ap, (including pilotage if manual steering is used), the SAATMS
surveillance errors, Ar, Ar, Tg, and the desired SAATMS intervention rate, N7.
There are no precise, analytic relationships between these variables. Assump-—
tion could be made concerning the station keeping ability and the surveillance
errors so that the effect of the two could be combined to describe the air-
craft's position and velocity inside the NOZ by a probability density function,
P(r,r). That portion of P(r,r) that is outside of the NOZ would represent that
portion of time the aircraft is outside of the NOZ. However, to obtain the
intervention rate from P(r,r) would require assumptions about the time correla-
tion of samples of the random variables r and r. This condition is not zero
(aircraft position and velocity are continuous) and there is no information
concerning that correlation in P(r,r). Also, P(r,r) is not independent of the
width of the NOZ, since any aircraft detected to be outside of the NOZ will be
directed by the SAATMS to return to the NOZ.

4.1.6 Track Model

. Because precise analytic solutions of the relationship between Wy, Ap,
Ar, Ar, T4, and N cannot be obtained, a digital computer simulation model
was constructed to represent aircraft operation in and around the NOZ. This
model is called the Track Model and is shown in Fig. 4.1-4. The various
parameters contained in the model are listed below the diagram.

Random numbers are generated to represent the surveillance and naviga-
tion errors and the disturbance acceleration. A rectangular integration pro-
cedure is used for integration of the various parameters. Aircraft and pilot
characteristics are represented by the constants K5, Ky, Py, and Kg.
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Figure 4.1-4. Diagram of Track Model
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The model is one dimensional but is applicable to all dimensions through
proper choice of parameter values. The intervention rate is an output from
the model and is obtained by counting the number of times a non-zero accelera-
tion command is generated. Time histories of all the model variables are
available as model outputs. The phase plane trajectory of an aircraft shown
in Fig. 4.1-5 is an example of a time history output. Probability density

and distribution functions for r and r are also available.

4.1.7 Separation Standard Specification

The separation standard, Qg, is the sum of several distances as given
by Eq. (10) (see Fig. 2.3-3):

QS = WN + WB + WTLF + WM (10)

The purpose of this section is to indicate how the distances comprising Qg are
determined. The width of the buffer zone, Wp, is established utilizing Eq. (9).
The width of the normal operating zone, Wy, is obtained from operation of the
track model. Curves similar to Fig. 2.3-5 are obtained for the specific

system parameters. Specification of an acceptable AATMS intervention rate,

N1, completes the determination of Wy.

WTLF is the wake turbulence danger distance and is a function of both

leading and following aircraft type as well as atmospheric condition. Unfor-
tunately there is little, if any, data to permit exact specification of WTLF'

For aircraft on parallel routes, WTLF may be small, depending on wind velocity.

Because of the lack of firm data on wake turbulence separation requirements,
various values of Qg (which represent various values of wTLF) are used to

provide sensitivity data.

Wy is a specified miss distance and is arbitrary. Aircraft will only
come within Wy feet of each other when one has blundered, with some blunder
acceleration Agy. If Ap > Ay, the distance between aircraft at their point

of closest approach will be smaller than WM, while if A < AgyM, the aircraft

will be farther apart than WM at their closest point of approach. To prevent
metal-to-metal contact for Agy blunders, Wy must be at least as great as the
largest aircraft physical dimension (since the aircraft were considered
essentially as point masses in the derivation of the equations describing
their motion). Based on the largest physical dimensions of aircraft in use
today, a value of 300 ft for Wy (between aircraft centers of mass) would pre-
clude physical contact regardless of aircraft orientation. 1In the present
ATC system, a critical near mid-air collision is defined as a near miss of
150 ft or less. No point of reference is specified for this definition,
however. In order to provide a higher margin of safety than the present
system for SAATMS, a minimum miss distance of 300 ft has been specified. The
specific values of Qg that were used in the evaluation of the SAATMS perform-
ance are discussed in Section 5, System Performance.
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4.2 Capacity and Delay Models

4.2.1 Analytic Expressions

Analytical models of capacity and delay can be derived for some portions of
the air traffic system. In most situations, simplifying assumptions are necessary
so that expressions may be handled mathematically. Analytical models yielding
mathematical relationships between system parameters are used whenever possible.
The usefulness of such relationships depends on the number and type of the assump-
tions used to derive the expressions.

Perhaps the most simple model is the one used to measure the capacity
of a single lane of air traffic. This model is usually developed with the
assumption that all aircraft travel in trail, are separated by a distance exactly
equal to Q, and have the same velocity V. In this case, the capacity C is given by

c = = @D

A slightly more complicated model can be developed if Q is assumed to be the
sum of two quantities Quj, and Q., where Qpj, is a minimum separation that must be
maintained (due to the possibility of wake turbulence for example) and Q. is a
buffer distance allocated to account for aircraft control errors (including
surveillance, navigation, control errors, and system response times). Then

C = — (2)

An analytical expression can be derived for the case where there are N
different classes of aircraft with velocities V; (i = 1..., N) and the required
minimum separation between each class may be different (possibly due to wake
turbulence). Let Qijj be the minimum separation required between aircraft of Class i
followed by aircraft of Class j. Assume (1) that the length of the trail is L,

(2) that no overtaking of aircraft is allowed, and (3) that the population for each
class is Py. The index i is chosen in such a way that Vi > V5 if 1 > j. The
capacity is then given by:

C 3
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where k = maximum (i,3)

14if i < j
E,, =
J 0 if 1 > j

This relationship is more realistic than those mentioned previously but does not
provide for control errors.

Some probabilistic models for runway capacity analysis have been suggested
by previous investigators (Ref. 17 through 21). The forms of threshold inter-
arrival time error, gate arrival time error, speed and time errors in flying a
common path are assumed to be known and are introduced in these models. Landing
capacities of the runways, under the requirement that violation of separation
standard be within a certain bound, are then estimated.

Most of the analytical expressions are for different isolated parts of the
air traffic system under restricted or simplified assumptions. Since they generally
are easily applied, they are often useful as the first-order estimation of capacities
(such as a bottleneck analysis). Many of them can be integrated into computer
simulations for the study of larger inter-related systems. They are also readily
useful for rough sensitivity analyses.

Many air traffic situations are too complicated to be modeled, with even
modest accuracy, by analytic expressions. In some cases, the analytic expressions
themselves are cumbersome and difficult to use [e.g., Eq. (3)]. Determination of
the capacity of a single runway used for mixed departures and arrivals by several
classes of aircraft operating under multiple rules (airspace separation, runway
occupancy, departure/departure separation, and departure/arrival separation) is an
example of such a situation. Aircraft delay is even more complex. Queuing models
can be postulated for determining aircraft delay in a single facility, but the
only manageable analytic solutions for such models are for the case of Poisson
arrivals and exponential service times or some forms of Erlang distributions.

In view of these limitations on the usefulness of analytic models, a digital
computer simulation model was developed to determine system capacity and delay.

4.2.2 Computer Simulation Model

There has been much effort devoted to the computer simulations of air
traffic systems. Most of the large scale simulations have been developed with
specific objectives in mind. Based on the purpose of those doing the modeling,
different aspects of the system are highlighted. For example, a model which is
developed to study the work load of an air traffic controller would emphasize the
relations which affect the air traffic controllers most while some other factors
are either considered as secondary or completely neglected. Use of such a model
in evaluating other aspects of the air traffic system would not yield reliable
results,
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The lack of a suitable simulation model made it necessary to develop a
model which would closely represent the SAATMS and which could be used for
establishing subsystem and system performance.

This model is called the network model since a network structure con-
sisting of nodes and connecting branches is used to represent the air traffic
structure. Figure 4.2-1 shows an example of the network structure for a single
runway. Input data are used to define the network structure in terms of node
number, location, and type. The number of nodes in a network is constrained only
by the computer memory available. Thus, a network can represent any portion of an
air traffic system to varying degrees of desired detail. For example, referring
to Fig. 4.2-1, more runway exits than the two indicated could be modeled by adding
more nodes on the runway. The departure and approach airspace structure as well
as the taxiway system could also be expanded by adding more nodes.

The large number of variables and the complex dynamics of the air traffic
management system would require a large amount of computer time if a continuous
time simulation was used. The network model is an event-oriented simulation. The
basic event in the model occurs when an aircraft arrives at a node. Significant
points of the airspace are considered as nodes. Selection of nodes depends on the
outputs to be sought as well as the size and detail of the simulation. There are
destination nodes, which may either be airports or gates in terminals, or origin
nodes, where aircraft may first enter the system. A node may be a destination node
for some flights and be an origin node for others.

Aircraft move from node to node along the branches of the network. Only
the time at which an aircraft passes a node will be used to describe states of the
system. Detailed position and velocity of an aircraft will generally be available
only at the nodes.

Inputs to the model consist of specification of the following:

Network: the x, y, z values of each node in the structure
Routes: the number and sequence of nodes in each route

Separation Standard: minimum aircraft separation as a function
of aircraft type and state

Demand: aircraft types, arrival times, and velocity at each
route node

Each aircraft constitutes an entity to the model. TFor each entity, the time
and place (node) of the next event are entered into a matrix. After such an event
occurs, the next event to take place for that entity replaces the original entry.
New entities enter into the matrix when they appear at the origin nodes. The
simulation clock advances from one event to the next in one single step. Thus, it i
a fast-time discrete simulation.
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The simulation clock advances from present time to the earliest time at which
an event for any entity is to occur. The node where the event would take place is
checked to see the last event that occurred there and to verify the availability of
the node. If the node can accept the aircraft at its desired time, the event is then
cleared and scheduled to take place. Otherwise, the event is delayed the necessary
time and a new schedule is given. 1In either case, the actual time of the event may
contain perturbations which represent time of arrival errors. The actual time of
occurrence of the event is recorded and is also used to update the node occupation
record. Figure 4.2-2 shows a simple flow diagram of the model computer program,

The following outputs are available from the model:

Capacity: Number of aircraft passing the specific nodes during
the run

Delay: Average delay per aircraft, average delay per aircraft type,
maximum delay, delay distribution

Congestion: Metering loss at specific nodes can be obtained as
part of the output and bottlenecks can be identified.

The node concept used in the network model offers considerable flexibility.
The level of detail describing the network of airspace may be extended depending
upon the extent of detail one is seeking. For studying the air traffic in a region,
each airport may be considered as a node. Detailed behavior of airecraft at airports
is ignored at this level. If, however, there is an interest in the delay and the
capacity of an airport, the airport may be modeled with a large number of nodes to
represent each significant point on the runways and taxiways. In either case, the

same node concept model can be used. Only the network arrays which describe the
graph structure will differ.

In view of this flexibility, the main model can be used to obtain data
for most phases of operations and different parts of the airspace. The model can
be used to analyze a single runway, an airport, a terminal area, or enroute
airspace. 1If it is decided that additional information along certain critical
branches is desirable, additional nodes can be inserted. If certain parts of a
subsystem do not have much influence on the aspect being investigated, the number
of nodes for that subsystem can be reduced. The results of the evaluation of the
performance of the SAATMS derived from use of the network model are presented in
Section 5, System Performance.

4.2.3 Safety Models

4.2.3.1 Number of Conflicts

The number of conflicts expected in a Satellite-Based Advanced Air Traffic
Management System over a period of time was chosen as a measure of total system
safety because it provides an absolute measure of one facet of safety. 1In addition,

—52-



Determine
Route, List

‘ Start ’

3

Read Data
Initialize

v

in Flight Arra

Put Time Next New
Aircraft Enters System
in "Next Event'" List

Yes No

Has Aircraft
Just Entered
System? (First
Node of Route)

No

Search 'Next Event" List
for Next Event; Identify
Aircraft, Ay

Determine if Conflict and
Adjust Time as Necessary

Has Aircraft Reached
End of Flight?
(Arrived at Last Node)

Yes

No

Y

Put Next Event Time
for Ay in "Next Event"
List

Remove Aircraft
from Flight Array;
Tabulate Data for
This Aircraft

<

y

Figure 4.2-2.

Has End of Simulation
Time Been Exceeded?

Yes

Simulation Program

-53-

Tabulate and
Output Data

Stop

Simplified Flow Diagram of Network Event-Step Computer




the conflict equations are compatible with the format of the demand data projected
for the 1995 time frame and they are computationally easy to use. The equations
are also compatible with past data concerning collisions and critical near mid-air
collisions (CNMAC). The conflict equations can be normalized to past data (1968
data were available) (Ref. 2), thereby reducing the effects of conservative simpli-
fying assumptions utilized in this derivation. A conflict or a critical near mid-
air collision is defined as a near miss of 150 ft or less before physical contact
occurs,

The number of conflicts model was used to compute the expected number of
conflicts in the enroute airspace in 1995. The values computed were based on the
projected demand data supplied by TSC, which provided the number of flight path
crossings and aircraft passages in the enroute airspace for 1995. The expected
number of conflicts for the SAATMS, the Ground-Based Advanced Air Traffic Manage-
ment System (GAATMS), and the present system were computed. The results of that
analysis are presented in the System Performance Section, Section 5.

The number of crossing and passage conflicts for the year 1995 is given by
Ref. 1 as

o A () r_ (h)
Ne 1905 T AT Z = = N (h) (4)
2w 27 23 (n) - 2 P 1995
h Y78 "cn qn

where

K = Normalization factor obtained from the 1968 CNMAC
data (Ref. 2)

q = Fraction of the relative position error distribution,
E, that lies outside the ellipsoid given by the semi-
axes Xq, ¥gq, zq (chosen components of a vector ?ﬁ)

x \2 y \2 z \2]1/2
r = (—ﬂ) + (—9> + (—i) = normalized magnitude of T
qn a o o q
X y z
NP 1995 (h) = Number of crossings or passings per year in an altitude

band, h, derived from the demand level data and the
airspace structure

ox, g, oz = Standard deviations of the relative position error
y distribution, E, of aircraft pairs along ellipsoid
semi-axes.

Ac (h) = Conflict cross-sectional area determined for 150 ft

conflict and the aircraft mix at altitude band, h,
normalized with respect to Gx’ cy, oz
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minimum normalized nominal passage distance
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where x (h), y (h), =z (hj are the relative closest

approach coordinates of two vehicles along axes of
Oxs Oy, Oz in an altitude band h.

cn

Equation (4) was normalized (or calibrated) to the 1968 base year using the
1968 CNMAC data. The normalization factor was obtained by solving for K from Eq. (4)
using the 1968 CNMAC data as the number of conflicts and by using parameters
applicable to the 1968 system. The normalization equation is

. 4 CNMAC .o 5

B ' A' (h) r' (h)
3q n .
(2 2 n)Z( . - ) Np196g (M)

27 3 v _ 13
b 3 Ten (h) rqn

where the primed values imply the use of 1968 parameters and 4 CNMAC1968 = N(c1968.
The factor of four is predicated on an estimate that only 25 percent of the CNMAC
are reported.

To compute the number of conflicts expected in 1995, resulting from use of
the present system, the GAATMS, and the SAATMS, estimates of their relative position
error statistics were derived. The relative position errors (cx, Oy oz) were
treated as independent errors in the horizontal and vertical dimens¥ons (ogs 0z).
These values were estimated from the surveillance error statistics. The navigation
and surveillance data were not combined statistically to obtain a composite relative
position error estimate. This is a reasonable method for estimation in that the
surveillance data are used to provide aircraft separation, while the navigation data
are used to determine the normal operating zones which result in acceptable inter-
vention rates. The horizontal accuracy values estimated for the present and GAATMS
assume that the aircraft are uniformly distributed within the radar range and that the
angle of the position vector to the radar line of sight is uniformly distributed.

The average value of the closest approach distance for crossing and passage
is estimated from the airspace structure and is normalized to obtain

2]1/2

Xy “")2 2 (h)
rCn (h) = ( [0} + ( GZ ) (6)

H
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where

Xy (h) = nominal horizontal passage separation distance for altitude
band h
z (h) = nominal altitude separation distance in altitude band h

An IFR/IFR enroute example of xyg (h) is the specified 10 min separation
(Ref. 4) for crossing aircraft and an assumed 7 nmi separation for passing aircraft.
The 10 min separation corresponds to different average separation distances for each
altitude band due to differing aircraft velocities in each altitude band.

The average collision cross-section, A. (h), is determined by the aircraft
dimensions, the specified 150 ft miss distance, and possibly wake turbulance. The
average collision cross~section is dependent on the mix of aircraft in each altitude
band. The average collision cross-section is normalized by the position keeping
accuracy and is given by

L s

Ao ) = e ™
where
£ = diameter of the collision cross-section cylinder
§ = height of the collision cross-section cylinder

The magnitude of q is related to the chosen ellipsoid semi-axes Xq> Yq» 2q5
q is the probability that the relative position error, E, exceeds xq, yq Or 2zq.
Equivalent probability distribution axes were chosen for the horizontal and vertical
dimension, r and zy, respectively (components of ry;). The horizontal and vertical
X,y q
values chosen were kept constant in the evaluation of the three systems. The
normalized magnitude of rq is given by

r \2 5. 2]1/2
r = (_X_J_) +(_q.) (8)
qn oy g,

where
GH = Horizontal position keeping accuracy

g, Vertical position keeping accuracy
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For fixed values of Ty, and z,, if oy and 0 become smaller (i.e., the
position keeping accuracy improves), the value of q will become smaller. The
magnitude of q thus reflects the relative system surveillance accuracies. Con-
servative estimates of q were obtained for the SAATMS and GAATMS through the use
of the Tchebycheff inequality. These estimates are independent of the actual
shape of the tails of the relative position error distribution. The tacit assump-
tion involved in the use of the Tchebycheff inequality is that the actual shape of
the relative position error distribution remains constant from system to system.
The concept implicit in the assumption of a constant distribution is that the
probability of a blunder occurrence is proportional to system accuracy.

The values for the number of conflicts for the three systems are obtained by
Eq. (4) through (8), along with estimates of q based on the statistics of the systems
and the projected 1995 demand data. The number of conflicts computed were for the
crossing and passage of IFR/IFR enroute aircraft. The crossing and passage conflicts
for VFR/VFR and VFR/IFR aircraft under surveillance by the system can also be deter-
mined by the same equations if the demand data are properly defined.

4.2.3.2 Enroute VFR/VFR and VFR/IFR Conflict Model as a Function of Surveillance
Coverage

Estimates of the average number of VFR/VFR and VFR/IFR random crossings
and passages that will occur within 150 ft in 1995 can be obtained from the enroute
demand model in Section 4.2.3.3. These crossings and passages must be modified
to include the effects of the see-and-avoid factor (Ref. 6) to obtain a more
realistic number of crossing and passages. The model must be normalized with
respect to the 1968 NMAC data (Ref. 2) appropriate for VFR/VFR and VFR/IFR
aircraft. The resulting conflicts must then be scaled over the altitude band accord-
ing to the relative density of itinerant VFR aircraft (Ref. 7) to obtain an estimate
of the number of unsurveyed conflicts as a function of altitude.

The number of VFR/VFR and VFR/IFR crossings and passages was obtained by
scaling the IFR/IFR data. The scaling factor is dependent on the density of VFR
traffic along the city pair routes. The crossings from the enroute traffic data are
given in terms of the number of 10 min crossings; these must be adjusted to determine
the number of 500 ft (used to normalize the model to the 1968 VFR/VFR and VFR/IFR
NMAC data) or 150 ft conflicts. Once these data have been determined, the yearly
crossing rate can be developed. The number of passages within 150 ft are estimated
using a uniform position distribution of interacting aircraft over a 5 mmi VOR route.
The probability of a passage being within 150 ft at the point of closest approach
has been determined to be 0.0098 (see Volume IX of this report). This probability
is then multiplied by the number of passages on the route.
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The number of VFR/VFR and VFR/IFR conflicts is given by

and

where

Oc» Tp

NMAC

Dt1968° Pp196s

NMACP =

Ne. = m¢ " Ngpe " D¢
i i
9
Np = mp " Ngyp = Dp
1 1
NMAC,,
% N <D
SAC ~ “C1968
NMAC,, (10)
n =
P Nsap “ Ppi1ges

number of random 150 ft conflicts for the 1995 system
for crossings and passages, respectively

number of 150 ft conflicts including the see-and-avoid
factor normalized with respect to the 1968 NMAC data

demand level

= see and avoid factor for crossings and passages,

respectively (Ref. 6) NS = 0.2 and NS = 0.05

AC AP

= normalization factors from the 1968 NMAC data

1968 VFR/VFR and VFR/IFR enroute NMAC data (Ref. 2)
for crossing and passages, respectively

= 500 ft random conflicts for the 1968 system for

crossings and passages, respectively

The number of midair collisions per 150 ft CNMAC is calculated by either of
two methods. A factor of 0.0138 midair collisions/CNMAC has been determined on the
basis of random interaction of the aircraft when the pilots fall to see and avoid.
Using the 150 ft CNMAC data (Ref. 2) and the number of random flight midair
collisions, a factor of 0.0174 has been determined. This latter factor was used in
the analysis to determine the VFR/VFR and VFR/IFR mid-air collisions.
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4.2.3.3 Enroute Demand Model

The enroute demand model (Ref. 3) was used to obtain the number of crossings
and passages in each altitude band for the number of conflicts models. Estimation of
crossing conflicts assumes a Poisson distribution of intersection crossing times. The
equation for the rate at which conflicts occur as derived below is

n, = 2 na n T (1)

where

n_ and are average traffic flow in aircraft per hour, at the same
altitude, on crossing routes

T 1is the minimum separation time used to define a conflict

Given two routes that intersect at the same altitude, assume that the inter—
section crossing times of aircraft on each of the two routes are randomly distributed
in accordance with the Poisson process. Let ny and np be the number of aircraft per
hour on Routes A and B, respectively, crossing the intersections. At the instant an
aircraft on Route A crosses the intersection, the event where one or more crossing

times of Route B aircraft is within an interval T will be defined as a conflict.
Its probability is

-n, T
P (n=0) = e i (one side) (12)

—anT
P (n0) = 1-e (both sides) (13)

The total conflicts are defined as half of the sum of conflicts computed for each
route with the other

ng = 1/2 [na (1 - e-zan)+ n (1 - e_znaT)} (14)

for 2n,T and 2T < 1, this can be approximated by ng ¥ 2ngn,T. The number of
10-min or 2-min crossings can be obtained from this equation. Similarly, the number
of 500-ft or 150-ft near misses can be obtained by using the average aircraft speed
and near miss distances and converting them into a crossing time.

The busy hour crossings and passages are converted to yearly crossings and
passages by

Hours x 365

c,p(® = BH; p(h) PF (h) (15)
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where

BH (h) = busy hour crossings or passages in altitude band h

c,P
YC P(h) = yearly crossings or passages in altitude band h
3
Hours = average number of hours per day to assume constant busy
hour operation (13 hours) (Ref. 9)
PF(h) = peaking factor; peak hour to average hour aircraft ratio

for aircraft mix in altitude band h.

The rate at which passage conflicts occur per mile of route is a function of
the speeds of each aircraft class and the percent of the population in each class.

Assume that aircraft using airways belong to J ground-speed classes having
speeds:

V1<V2<V3<Vj<VJ

Let Nj be the average number of aircraft of class j per mile of airways. An aircraft
of Type j will overtake (i.e., pass) aircraft of Classes 1 to j-1 producing Cj con-
flicts per unit of time:

j-1
c, = N, (vj - V) (16)
i=1
The total number of conflicts for all aircraft in unit distance is given by:
J j=-1
c = E N, Ny (V- V) 17)
j=1 i=1
This can be expressed in matrix form as follows:

where the ijth element of matrix M, myys is given by

Vi - Vj, if Vi > Vj

m,, =
1]

0, otherwise.
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5. SYSTEM PERFORMANCE

5.1 Introduction

The three system performance measures used in the evaluation of the SAATMS
are capacity, safety, and delay. These three performance measures are interrelated;
two of these measures must be specified to obtain a unique specification of the
third. The delay and safety have been specified as requirements (Ref. 1);
the capability of the system to provide capacity must be evaluated.

The safety specification requires that the safety provided by the SAATMS
be the same as it is in today's system or better. The safety provided by today's
system has been established in terms of the blunder protection afforded each
user aircraft. This section discusses the results of the evaluation and shows
that the SAATMS provides the same level of blunder protection for each user in
the terminal area as is presently provided.

The safety of the SAATMS for enroute area operations has been determined in
terms of the number of collisions expected in the 1995 and post-1995 time frame.
These data have been normalized to the Critical Near Mid-Air Collision (CNMAC) data
for the year 1968. The number of collisions expected in 1995, assuming that today's
system was used for control of air traffic, has also been determined. The two
safety values have been compared; the safety afforded by the SAATMS is orders of
magnitude greater than that provided by the extension of today's system,

The specification for delay is stated as a probability distribution of delay
associated with each airport. The specification is that the departure delays and
landing delays during an average busy hour shall be 6 min or less for 50 percent
of the flights, 15 min or less for 90 percent of the flights, and 30 min or less
for 99.9 percent of the flights. This section determines the capacity efficiency
of each airport under the conditions that the delay characteristics associated
with each airport meet the specification.

The design goal of the SAATMS is to provide a capacity at each airport, and
throughout the entire terminal region, that satisfies the demand. The capacity of
each airport used by the SAATMS is determined and compared with the four specified
demand levels to evaluate the efficiency of the system design in meeting its goal.

This section presents the results of the safety analyses and the evaluation
of the capacity efficiency provided by the SAATMS. This section also presents the
values of the system parameters, the subsystem parameters, and the system constraints
used in the evaluation and analysis of the SAATMS.
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5.2 System and Subsystem Parameter Values

5.2.1 Surveillance and Navigation Subsystem Parameters

The values of the surveillance and navigation subsystem parameters used
in the evaluation of the SAATMS were obtained from subsystem performance analyses
(Volume III). The values used are as follows:

Oss On = 100 ft = Standard deviation of the surveillance and
navigation position errors, respectively

05, on = 10 ft/sec = Standard deviation of the surveillance and
navigation velocity errors, respectively

8 sec Surveillance update interval for in-trail aircraft

2 sec Surveillance update interval for aircraft on parallel

approaches and for aircraft entering the system

Tp, = 5 sec = Navigation update interval

Mg, M, = 0 = Mean value of the surveillance and navigation position
errors, respectively
Mg, My = 0 = Mean value of the surveillance and navigation velocity

errors, respectively

The surveillance and navigation errors, eg and en, respectively, are assumed
to be the sum of two random variables which possess means of zero and equal variances.,
One of the random variables is exponentially correlated with a time constant of 1800
sec; the second is assumed to be uncorrelated.

5.2,2 System Parameters

One of the most important system parameters is the separation standard, Qg.
The separation standard is given by

Qg = Wy + Wp + Wp + Wy (1)
where
Wy = Width of the aircraft's normal operating zone (NOZ)
WB = Width of the buffer zone (BZ)
Wp = Separation distance allowed to protect against wake turbulence
WM = Miss distance (given that the maximum protected blunder has

occurred)

Each of these distances must be established to evaluate the AATMS performance.
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5.2.2.1 Normal Operating Zone

The track model, discussed in Section 4, was exercised using the appropriate
values of the SAATMS subsystem parameters. Figure 5.2-1 is a curve of Wy as a func-
tion of the SAATMS intervention rate, Ny. The constants Ka; Kp, Ky, K4 shown on
the figure represent aircraft dynamics. Their values were chosen such that the
actual position and velocity errors for rd = T4 = 0 were approximately the same as
the navigation position and velocity errors. The selection of a value for WN is
dependent on the specification of an acceptable intervention rate. In enroute air-
space where the aircraft density is generally low and capacity is not constrained,
large values of Wy can be used to yleld a low intervention rate. In the terminal
area, and especially in the final approach zone, higher values of intervention rates
can be used to reduce WN and to enhance airport capacity. The value of Wy selected
as appropriate for the SAATMS is 1800 ft. This yields an intervention rate of
approximately one intervention per aircraft per hour, which is well within the
capacity of the SAATMS communications subsystem. Decreasing Wy below 1800 ft would
greatly increase the intervention rate without achieving a comparable gain in
capacity.

5.2.2.2 Buffer Zone

The selection of the appropriate value for the buffer zone width, Wg,
involves establishing the blunder protection for the system, since the aircraft
safety is directly dependent on the size of the buffer zone. The width of the
Buffer Zone is given by:

2 < 72 y (/2
Agt? Ag. % ‘2 A, S| Ué'
We = 5 (1l ~-/7) -55—+K 02+ |1(1l -—) - = o: + 55 (2)
B 2 Ag 24, sls Ap  Ag $ 2AR$
where
AB = Blunder acceleration for which protection is to be provided
AR = Return acceleration commanded by the system
0% = Variance of the surveillance position errors
cg = Variance of the surveillance velocity errors
Kg = Constant related to the probability of detecting a maximum blunder
T = Total system time delay
%0 = Measurement of the aircraft velocity at time to
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The values of these parameters for the SAATMS are as follows:

(1) og = 100 ft

(2) o; = 10 ft/sec

3) 1 =12 sec (t is the sum of the surveillance update interval, 1g,
and the system command delay time, tp; Tg = 8 sec and
™ = 4 sec)

(4) Kg =3 (corresponding to a 3-g case)

(5) §0 = 20 ft/sec

(6) Ap = -16 ft/sec?

In order to determine Ap, the protected blunder acceleration, the safety
afforded aircraft by today's system must be established, The level of safety of
today's system can be obtained by solving Eq. (2) for Ap using the appropriate
parameter values. The values assumed for the present system are

Q
[}

s = 1000 ft
g = 100 ft/sec

18 sec

Q
1}

The values of Ag, Kg, and Eo were assumed to be the same as those used for the SAATMS.

The separation standard, Qg, used in the present system is 3 nmi, The width of the
buffer zone would then be given by

Wp = Qg - Wy - Wp - Wy (3)

If wake turbulence is not considered, then Wr = 0. The miss distance, discussed in
Section 4, is somewhat arbitrary. The value selected for Wy for the SAATMS is 300
ft, which is larger than the largest physical dimension of any aircraft in use today.
Finally, if the value of WN selected for the SAATMS is used for today's system, then
the blunder protection can be determined. Thig is a conservative estimate since

the values of the SAATMS surveillance and navigation errors are much smaller than
today's system. The value of Wy for the Present system should then be larger than
that for the SAATMS. Using the conservative estimate

Wg = 18,000 - 1,800 - 300 = 15,900 ft
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Figure 5.2-2 is a plot of the buffer zone width, WB, as a function of the
blunder acceleration, Ap, for both the SAATMS and the present system. For
Wg = 16,000 ft, the blunder acceleration for which the present system will protect
aircraft is Ag = 14 ft/sec2. Using this value of Ap for the SAATMS yields a buffer
width, Wg = 2700 ft, as can be seen from the lower curve in Fig. 5.2-2.

5.2.2.3 Separation Standard for In-Trail Aircraft

The minimum value of the separation standard, Qg, for in-trail aircraft
using SAATMS is

Qg = W + Wy + Wy = 2700 + 1800 + 300 = 4800 ft

The separation standard of 0.8 nmi for SAATMS will provide the same safety as the
present system, assuming no wake turbulence. Conditions under which no wake tur-
bulence exists were used in the evaluation of SAATMS performance in order to
determine the maximum capacity for the specified values of safety and delay. If
wake turbulence exists, aircraft must be separated by a greater distance, reducing
the system -capacity. At present, the separation standard for aircraft following
heavy jet aircraft is increased from 3 to 5 nmi, employing a wake turbulence
distance, Wp, of 2 nmi. The evaluation of the SAATMS performance was parametric
in nature, so that the capacity of the system can be obtained using varying values
of Wy to determine the effects of increased separation due to wake turbulence.

5.2.2.4 Parallel Path Operations

The 3 nmi separation standard used in the present system applies to in-
trail aircraft (along track dimension) in the terminal area. Cross-track separation
is allowed to be less than the along-track separation under certain conditions.
Aircraft on parallel approach paths to parallel independent runways may be separated
by as little as 5000 ft under IFR conditions. This 5000 ft separation distance
impacts aircraft safety. Establishing the safety of today's system under these
conditions will permit the establishment of the safety requirements for the SAATMS
and will permit the specification of parallel independent runway spacing for the
SAATMS. Figure 5.2-3 shows the buffer zone width, WB, as a function of the protected
blunder acceleration for parallel approach paths to parallel independent runways.
The upper curve represents the operation of today's system; the lower curves are
representative of the SAATMS capabilities. The figure illustrates that a Buffer
Zone of 5000 ft yields a protected blunder acceleration of 11.5 ft/sec? for
today's system. Using this blunder acceleration, the two potential Buffer Zones
for SAATMS are 2270 ft or 850 ft. The 2270 ft zone resulted from use of an 8-sec
surveillance update interval coupled with a 4-sec system command delay time; the
850-ft zone resulted from a 2-sec surveillance update interval coupled with the
same 4-sec system command delay time.

The width of the SAATMS normal operating zone for final approach conditions
is shown in Fig. 5.2-4 as a function of the intervention rate, N1. During final
approach, navigation data are obtained from a system such as MLS or an advanced
TLS. The errors are assumed to be smaller than that provided by the SAATMS navi-
gation subsystem. The values used as inputs to the track model to obtain the
curve of Fig. 5.2-4 are
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o, = 10 ft = Landing system position error standard deviation

Oa = 1 ft/sec = Standard deviation of the landing system velocity
error

L 1 sec = Landing system update interval

Figure 5.2-4 shows the potential values of the width of the SAATMS Normal Operating
Zone, WN, vs the intervention rate, NI. For an intervention rate of one intervention
per aircraft per hour, the values of WN could be 1500 ft and 950 ft. The 1500-ft
zone results from an 8-sec surveillance update interval while the 950-ft zone results
from a 2-sec update interval.

Combining the width of the Normal Operating Zone with the width of the Buffer
Zone and the selected miss distance yields the following cross-track separations:

For T_ = 8 sec and 1, = 4 sec,
s D

QS = 1500 + 2270 + 300 = 4070 ft
And for t_ = 2 sec and 1., = 4 sec,
s D
QS = 950 + 850 + 300 = 2100 ft

Use of a 2-sec surveillance update interval, T , would allow SAATMS to separate air-
craft on parallel final approaches by 2100 ft,swith an intervention rate of one
intervention per aircraft per hour. Use of a 2-sec update interval would require a
higher processing capability, since a greater amount of surveillance data must be
processed. Use of an 8-sec update interval with the same intervention rate would
require less processing capability but would necessitate an aircraft separation of
4070 ft. 1In both cases a higher intervention rate, N., would permit smaller
separation of aircraft but would increase the require} capacity of the communications
subsystem. The ultimate SAATMS mechanfzattfon will depend upon the costs involved with
the control processing and communication subsystems for the specified aircraft
separation. The recommended mechanization for SAATMS requires a 2-sec surveillance
update interval for aircraft on parallel final approach paths.

In summary, the system and subsystem parameters of SAATMS yield an along-track
separation standard of less than 1 nmi and a cross-track separation standard on final
approach of less than 0.4 nmi while maintaining safety at the same level as the present
system.

5.3 Capacity

The network model described in Section 4 was exercised to determine runway
capacity for various mixes of aircraft classes for various separation standards.
Airport capacity was determined by adding the capacity of each runway at the air-
port.
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It is conceivable that the capacity of an air traffic system is limited
by some portion of the system other than the runway. A bottleneck analysis was
performed to determine that portion of the system that does limit capacity. (Under
saturation conditions there will be a bottleneck at some point.) This analysis
readily indicated the runways (including the approach airspace) as the limiting
constraint on capacity, assuming adequate taxi and gate facilities, If the capacity
of a single runway is determined, the airport capacity can then be determined as
the sum of the capacity of each airport runway.

5.3.1 Single Runway Capacity

The capacity of a single runway is a function of the mix of aircraft using
the runway. The mix for each runway of the airports in the Los Angeles region was
derived from the terminal area demand data supplied by The Mitre Corporation, The
snapshot demand data consisted of the position, altitude, velocity, origin, and
destination of 1840 instantaneous airborne aircraft. The number and type of the
aircraft using each runway at each of the 43 airports of concern were derived from
the snapshot data. The data cover 48 airports in the region; however, the 5
military airports were not considered because of the limited demand projected for
these airports in 1995.

Using the aircraft classes designated in Section 3, Scenarios, the mix at
the 43 airports of interest was determined in terms of the percentage of aireraft
in each of these six classes. The resultant 43 mixes were examined for similari-
ties; these similarities were used to combine mixes, resulting in a specification
of 13 mixes which accurately represent the aircraft mix at the 43 alrports. Details
of the airports and aircraft mixes can be found in Appendix A.

Exit velocities can affect runway occupancy time and in turn runway capacity.
The exit velocity 1s assumed to be 50 fps (30 knots) for all mixes with the following
exception. A low exit velocity of 20 fps (12 knots) is used for mixes M1 and M2,
which consist of class A (single engine GA) and class B (multi-engine and turbo prop
GA) aircraft omly.

Another factor affecting the capacity of a runway is the set of rules
regarding aircraft use of a runway. The following five rules are assumed to apply
to runway operation in the SAATMS:

(1) The minimum safety separation between two airborne aircraft on
approach will not be violated.
(2) Two aircraft may not be on the same runway at the same time,

(3) An IFR departure cannot' be initiated unless the following arrival
is more than 40 sec from the threshold.

(4) A departure followed by another departure must be appropriately
spaced (60 sec between IFR departures).

(5) Adircraft on final approach are given priority.
Rules 3 and 4 contain timing restrictions on IFR operations. These same
constraints are assumed not to exist for VFR conditions. Thus, runway capacity

will be a function of meteorological conditions. Runway capacity was determined
for both VFR and IFR conditions.
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Using the system performance models, capacity values for each of the 13
mixes of aircraft for various separation standard values, Qg, under IFR conditions
were determined and are shown in Table 5.3-1. Three different capacity values are
shown for each separation standard value and each aircraft mix. The first capacity
value shown in Table 5.3-1 is the runway saturation capacity. The second is a
capacity efficiency value, corresponding to a landing or departure delay for each
aircraft, that satisfies the most constraining of the following specified delay
conditions: ’

(1) The probability that the delay is 6 min or less is 0.5;
P(D36) = 0.5.

(2) The probability that the delay is 15 min or less is 0.9;
P(D<15) = 0.9.

(3) The probability that the delay is 30 min or less is 0.999;
P(D<30) = 0.999.

The third capacity measure in Table 5.3-1 is the capacity efficiency value for an
average aircraft delay of 3 min.

Aircraft delay depends on the time spacing between successive aircraft.
This spacing was determined from the snapshot data mentioned earlier. These data
contain the position and velocity of 1840 airborne aircraft at one instant of time.
For each aircraft traveling to a given airport, its arrival time at the airport was
determined by dividing its distance from the airport by its velocity. Statistics on
the differences between these arrival times were determined in the form of a histo-
gram. These statistics were found to be Poisson. That is, the probability distribu-
tion function describing the time, t,, between successive arrivals is given by

P(t, <T) =1 - e T

where A is the arrival rate.

For VFR conditions and for the case of dual runway operations (arrivals only

on one runway and departures only on the other) capacity values similar to those of
Table 5.3~1 were determined.

The values shown in Table 5.3-1 were obtained by use of the network simulation
model using Poisson statistics for aircraft arrivals. The saturation capacity values
were also determined analytically as a check on the simulation results. The results
shown are for mixed operation of arrivals and departures on each runway with a
departure/arrival ratio of one. Capacity values for arrivals or departures only on
a runway are of interest for the case of parallel runways at an airport. Depending
on the spacing between the runways and meteorological conditions, the runways may
be operated either as independent runways or dependent dual runways. Mixed arrivals
and departures are allowed on independent runways, while parallel runways operated
in a2 dual mode only permit arrivals on one runway and departures on another.

Capacity values for very small separation standard values (0.1 and 0.5 nmi)
were obtained from the network simulation model to determine the effect of runway
occupancy rules on capacity. The limits on capacity for small values of Qg are due
to runway constraints (rules 2 through 4 above). Examination of Table 5.3-1 shows
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that for IFR conditions, there is little increase in capacity as Qg decreases below
1 nmi., For all of the cases in Table 5.3-1, there is a departure between each
arrival pair under saturation conditions. Under VFR conditions, where rules 3 and

4 do not apply, there is a significant increase in capacity with decreasing Qs (for
Qg greater than or equal to 0.5 mmi) for all mixes composed primarily of GA aircraft.
For the arrivals only case, there is an increase in capacity for decreases in Qg
down to 0.1 nmmi for all mixes except the aircarrier mixes because the aircarriers
have a longer runway occupancy time,

5.3.2 Airport Capacity

Using the capacities for each runway (as in Table 5.3-1) and the proper
number of runways for each airport, the capacity for each airport as a function of
separation standard for each case (VFR and IFR with either dual or independent
parallel runway operation) was determined by summing the appropriate capacity values.

A comparison between demand and capacity for busy hour operations is given
by the curves of Fig. 5.3-1. (The demand data for each airport was furnished by The
Mitre Corporation.) 1In this figure, comparisons are made for three different air-
port classeés (primary, secondary, and feeder) for VFR, IFR-independent runways, and
IFR-dual runway operation. Three demand levels are shown where demand level three
is taken to be 1.5 times demand level two and demand level four is three times
demand level two. The curves show the number and percent of airports in each class,
for which the busy hour demand exceeds the capacity.

5.4 Demand-Capacity Comparisons by Airport Class for the Los Angeles Area

The demand data supplied by The Mitre Corporation specified the busy hour
operations at each of the airports in the Los Angeles area. The demand data for
each ailrport was influenced by the capacity The Mitre Corporation assumed for the
busiest airports, considering the unconstrained demand for 1995 (demand level 2).
Whenever the unconstrained demand exceeded the assumed capacity for the busiest
airports, the excess demand was redistributed to other airports. The redistributed
or constrained demand results in the demand-capacity comparison data presented
in Fig. 5.3-1. The airport capacities that The Mitre Corporation computed were
based on the use of a 2 nmi aircraft in-trail separation and a 5000 ft parallel
independent runway separation. The SAATMS can provide the same level of safety for
0.8 nmi in-trail separation and 2000 ft parallel independent runway separation.

The airport capacities for SAATMS will be different than that computed by The Mitre
Corporation, since the reduced separation standards will provide higher capacities.
Figure 5.3~2 presents capacity-demand comparison data by classes of airports. The
curves were obtained by summing the capacity efficiencies of the airports in each
class; the curves also show the demand level associated with each airport class.
The curves illustrate that at the 0.8 nmi aircraft in-~trail separation standard,
the SAATMS will be capable of meeting demand levels 2 and 3. The system will be
able to support demand level 4 at the primary airports but not at the secondary

and feeder airports. These curves reflect the constrained demand resulting from
the redistribution of aircraft by The Mitre Corporation, based on a 2 nmi separation.
If the ajrcraft were redistributed based on the airport capacities that the SAATMS
can provide, it may be possible to support demand level 4 at a greater number of
airports; however, the total capacity achieved by SAATMS is insufficient to satisfy
demand level 4.
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a. Primary Airports (5 or 6 Runways)

P ()| N P (%) N P (%) | N
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60 60 | 3 / 60 |- 3 //
40 wta2 / 40 | 2 /
20 wh1 4 20} 1 /
] 1 L 1 1 1
1 2 3 1 2 3
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b. Secondary Airports (4 Runways)
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100 100 ---o---o-----f—--- 100
75 75+ / 75
50 ¢ 50 } 2 / 50
25 25 F 1 25
0 0 0

1 1 I ) . ]

1 2 3 1 2 3

Q, (nmi) Q, (nmi)
IFR - Independent Runways IFR - Dual Runways

Legend:
O——20 pemand Level 2
A-———4 Demand Level 3

(1.5) (Demand Level 2)

O-+—.—.0 Demand Level 4 (3.0) (Demand Level 2)

Qs = Separation Standard (nmi)
N = Number of airports for which demand exceeds capacity

P = Percent of airports of a given class for which the demand
exceeds the capacity

Figure 5.3-1. Demand-Capacity Comparison for Individual Airports by Class
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The effects of increased separation as a result of wake turbulence can be
observed from Fig. 5.3-2. If the separation between aircraft using SAATMS must be
increased from approximately 1 to 3 nmi due to wake turbulence, the capacity
efficiency would be decreased. The major concern would be the capacity efficiencies
at the primary and secondary airports, since they are the only airports that service
the large jet aircraft. The capacity efficiency of the primary airports would
decrease below the projected post-1995 traffic demand level (L4) but would still
exceed the highest demand level (L3) projected for 1995. The capacity efficiency of
the secondary airports would drop below the nominal traffic demand level (L2)
postulated for 1995. This decrease in capacity efficiency would result in increased
delay during those times when wake turbulence exists.

The major conclusion is that the primary constraint to achieving the capacity
required to support the post-1995 postulated demand (demand level 4) 1s the number of
feeder and secondary runways.

It should be noted that these demand-capacity comparisons are only for
the demand during the busy hour, If the demand in the preceding or succeeding
hour is less than that specified for the busy hour, the demand schedule could be
arranged to smooth the peak demand. Unless the busy hour extends over a longer
time than an hour, aircraft could be delayed until the demand decreased. All
aircraft would eventually be serviced; however, the average delay would be
increased. The demand-capacity comparison data have not considered the diurnal
variation in the demand for each airport and its effect upon the aircraft delay
or airport capacity efficiency.

5.5 Safety as Measured by Number of Conflicts

Results for the following three aspects of system safety are presented
in this section,

(1) The number of enroute conflicts for the year 1995 for CONUS
(2) The effect of limited surveillance coverage

(3) The effect of not providing surveillance at non-tower airports

The 1995 enroute demand data developed by Autonetics was processed to
provide an estimate of the number of enroute aircraft crossings and passages for
the year 1995 for CONUS. Safety, as measured by number of aircraft conflicts, was
then computed for the SAATMS, the GAATMS, and the present system. The conflict models
and equations of Section 4.2 were used to compute the number of conflicts. The
results are presented by IFR, VFR categories since the data contained this distinction
and since different separation standards are used for these categories in some ATC
systems. An IFR/IFR conflict involves only IFR aircraft while an IFR/VFR conflict
involves both VFR and IFR aircraft.

Table 5.5-1 lists the expected number of IFR/IFR conflicts per year for each
of the three ATC systems. These values indicate that SAATMS provides a safety level
orders of magnitude greater than either GAATMS or the present system. Use of the
present system in the 1995 scenario would result in 2,070 IFR/IFR conflicts; for the
same scenarlo, the upper bound estimate for the GAATMS is 2.78 conflicts; while the
upper bound estimate for SAATMS is 0.013 conflicts.
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Table 5.5-1.

Number of Enroute IFR/IFR Conflicts per Year by

ATM Systems
Crossing Passage

SATi Conflicts Conflicts Cioziicts

ysten Per Year Per Year n
SAATMS 0.0125 0.0008 0.0133
GAATMS 2.620 0.165 2.780
Present 1870 200 2070
Note: Tn 1968, 106 crossing conflicts and 11 passage

conflicts occurred.

The demand data used for this portion of the analysis was based on a national
airfleet which included 6,700 aircarrier, 500,000 General Aviation, and 20,000 mili-
tary aircraft. The data included the number of route intersections in the enroute
area and the expected number of aircraft crossings and passages (Ref. 3). The data
used 1s a conservative approximation of the demand level 3 data discussed in
Section 3.1. The set of demand data used in the enroute IFR/IFR conflict analysis was
selected because of its compatibility with the past data concerning collisions and
critical near mid-air collisions used for normalization of the conflict equations.

The enroute IFR/VFR and VFR/VFR conflict analysis indicates that the SAATMS
is 52.7 times as safe as GAATMS for the same surveillance coverage.

A unique characteristic of the SAATMS is that it provides surveillance
coverage down-to-ground level throughout CONUS. This additional coverage allows
surveillance of a significant number of potential conflicts that would not be
detected by the other systems and results in a substantial improvement in system
safety. Table 5.5-2 lists the estimated potential conflicts and midair collisions
for two different levels of coverage.

Table 5,5~2. 1995 Enroute IFR/VFR and VFR/VFR Conflicts and
Collisions in Uncovered Area as a Function of

Coverage, Demand Level 2

Crossing Passages

No Coverage IFR/VFR, VFR/VEFR

Conflicts in
Uncovered Areas

Midair
Collisions in
Uncovered Areas

Mid-Air
Collisions in
Uncovered Areas

IFR/VFR, VFR/VFR
Conflicts in
Uncovered Areas

Below 6000 ft

2064

Below 2000 ft 586

36

10

1548

440

27

8
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As a result of the ground level surveillance coverage, the SAATMS provides
coverage at non-tower airports. In the 1964~1971 interval, 100 midair collisions
occurred at non-tower airports. Most of these collisions were between aircraft in
the traffic pattern. The annual number of such collisions 1s expected to increase in
1995 due to the increase in air traffic. An optimistic estimate of such collisions
in 1995 is 35 compared to a yearly average of 14 for the 7 years from 1964-1971. The
surveillance coverage provided by SAATMS will allow separation assurance services
to be provided to aircraft using the non-tower airports and will greatly increase
system safety.

The following subsections present a more detailed discussion of the results
of the safety evaluation.

5.5.1 Enroute IFR/IFR Conflicts

The number of enroute IFR/IFR conflicts was calculated using Eq. (4) of
Section 4.2. Use of this conflict equation requires specification of aircraft
passages and crossings (number and separation distance at point of closest approach),
aircraft position keeping accuracies, and collision cross-sectional areas,

The number of aircraft crossings and passages per year by altitude bands
for 1968 and those projected for 1995 were obtained by appropriate processing of
the Autonetics enroute demand data. The average value of the separation distance at
the point of closest approach for aircraft crossings was assumed to correspond to
the existing 10 min separation requirement. For airecraft passages, this distance
was assumed to be 7 mmi. Due to different aircraft speeds, the 10 min separation
requirement results in different separation distances. The mix of aircraft in each
altitude band (Ref. 3, 12) was used to determine the average separation distance.
The aircraft position keeping errors were assumed to be the same as the ATM surveil-
lance errors since the surveillance errors indicate the uncertainty in aircraft
position as seen by the system. These surveillance data are used to keep aircraft
separated, whereas navigation and pilotage errors determine the nominal route
separation distances which result in acceptable intervention rates. The relative
survelllance position errors for the present and the GAATMS were calculated from
published data (Ref. 11) and the errors are shown in Table 5.5-3.

The collision cross-section area is a function of the conflict distance
and the physical dimensions of the aircraft involved in the conflict. A 150-ft
conflict was assumed (the aircraft are less than 150 ft apart). The mix of aircraft
by altitude bands was used to determine the average aircraft dimensions. Combining
the conflict distance with the average aircraft dimensions yields the average
collision cross-section area,
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Table 5.5~3., System Relative Position Surveillance Errors

Standard Deviation
of Surveillance
System ~Posgition Error (ft) Comment
Horizontal, ogy Vertical, o,
200 nmi
Present 11,400 350 Radar
Coverage
100 nmi
GAATMS 900 350 Radar
Coverage
SAATMS 100 100 Satellite
Coverage

The normalization factor K in Eq. (4) of Section 4.2 was determined using
1968 demand and conflict data (Ref. 2). The 1968 conflict data were assumed to
be 106 crossing conflicts and 11 passage conflicts. This estimate is four times
the reported number, based on the assumption that only 25 percent are reported
(Ref, 2)., The conflicts were classed as Critical Near Mid-Air Collisions (CNMAC)
where aircraft were separated by 150 ft or less at their point of closest approach.

The number of conflicts is a function of the aircraft position keeping
accuracy and the separation distance at the point of closest approach. As an
indication of the sensitivity to surveillance errors and crossing separation,
Table 5.5-4 and Fig. 5.5-1 show the number of enroute IFR/IFR conflicts as a
function of surveillance errors for both a 10-min and a 2-min crossing separation.
As can be seen from the curves and the tabulated data, there is a significant
decrease in the number of conflicts with a decrease in surveillance errors. Note
that the calculation of the number of conflicts is based upon use of the present
airway structure.

For the case of IFR/VFR and VFR/VFR conflicts in airspace that is under
surveillance, the normalization of the conflict equation using 1968 data is not
possible since VFR aircraft were not controlled by the ATC system in 1968. The
IFR/IFR normalization factor should provide a reasonable estimate for this case,
however, and this was used. The IFR/VFR and VFR/VFR crossings and passages were
determined from the Autonetics enroute demand data. The minimum separation distance
at the point of closest approach in this case was assumed to be 1 nmi. This
corresponds roughly to the separation standard for the SAATMS given in Section 5.2.
The normalized number of IFR/VFR and VFR/VFR enroute conflicts as a function of
surveillance errors is given in Table 5.5-5 where the conflict numbers are normalized
with respect to the SAATMS safety.
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Table 5,5-5., IFR/VFR and VFR/VFR Normalized System Safety
for Crossing and Passage Conflicts

Surveillance
Errors
System Normalized

Designation UH (ft) o, (ft) Conflicts
A 50 50 0.20

B SAATMS _ 100 100 1.00

C 500 350 32.9

D GAATMS 900 350 52,7

A comparison of the values in Table 5.5-5 shows 52.7 times as many conflicts for the
GAATMS as for the SAATMS. These values assume all systems provide surveillance data
at all altitudes.

5.5.2 Enroute Safety as a Function of Altitude Coverage

For an ATC system to prevent aircraft conflicts, it must have surveillance
data giving relative aircraft states (e.g., position and velocity). If surveil-
lance data are not available below a certain altitude, the ATC system cannot prevent
conflicts below that altitude. To determine the effect of limited altitude surveil-
lance coverage, the curves of Fig. 5.5-2 were generated. The lower curve shows
along the Y-axis the number of IFR/VFR and VFR/VFR collisions that occurred in the
year 1968 below a certain altitude (as given by values along the X-axis). The
upper four curves represent the same relationship for the four projected demand
levels, For demand level 2, if coverage were limited to altitudes 6,000 ft and

above, over 60 midair collisions would occur below this altitude (where there is no
surveillance).

These curves were obtained by assuming that the number of collisions in an
altitude band are roughly proportional to the aircraft demsity in that band (Ref. 7).
The number of enroute collisions considered here for 1968 was estimated from
published data (Ref. 2, 10).

The curves of Fig, 5.5~2 indicate the importance of providing surveillance
coverage to ground level to keep safety comparable to that achieved in 1968, For
example, for demand level 2, if coverage is not provided down to 1500 ft, the number

of collisions in the uncovered airspace will exceed the total number of collisions
that occurred in 1968.
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5.5.3 Effect of Surveillance Coverage at Non-Tower Airports

Surveillance coverage at non-tower alrports 1s another important factor
affecting the safety of the SAATMS. In the 7-year interval from 1964 to 1971,
100 midair collisions (Ref. 10) occurred at non-tower airports, mainly in the
traffic pattern. Since there were 76.3 million operations at uncontrolled airports
in 1971, this results in an average of 0.1872 accidents per 10 operations. Assuming
the following:

(1) That the number of midair collisions is proportional to the number
of operations (Ref. 10)

(2) That the projected operations rise as a linear function of GA
fleet size

Then, the number. of non-tower midair collisions, NTA, is given by

- GA1995
NTA = OP x =273 » AR (4)
1971 GA1971 *

where
O0P1971 = Operations at non-tower airports 1971 (76.3 x 108)
GA1g9g95 = Number of GA aircraft in 1995 (demand levels 1 through 4 have
250,000; 335,000; 500,000; and 1,000,000, respectively)
GAyg71 = Number of GA aircraft in 1971 (137,000)
AR = Accident rate (0.1872 per 10® operations)

Using this equation, the number of midair collisions was computed for the
four projected demand levels. The results are listed in Table 5.5-6. The compar-
isons with the 1971 values are quite striking: for demand level 2, there will be
35 collisions in 1995 compared with 14 in 1971,

The assumptions used to obtain these estimates are optimistic, since Ref. 2,
13, and 14 indicate that midair collisions increase as the square of operations in
the terminal area, Also, the increase in operations might exceed the increase in
the GA fleet size (Ref. 15).

Additional tower coverage or SAATMS survelllance coverage will keep these
midailr collisions from rising significantly over the 1971 level.
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Table 5.5-6. Midair Collisions for Non-Tower Airports
Without SAATMS Surveillance

Demand Midair
Level Collisions
1 26
2 34
3 52
4 104
1971 14
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6. SENSITIVITY DATA

The performance of the SAATMS has been evaluated using the specific values
of system and subsystem parameters derived from analyses of the system design.
This section presents data showing the sensitivity of the system performance
measures to variations in the moest critical subsystem parameters. Not all system
variables have been considered due to the enormity of the task; rather, results
are presented for single parameter variations around the baseline values. The
first set of sensitivity data concerns the separation standard and the level of
blunder protection safety. The second set shows the sensitivity of capacity to
variations in separation standard and aircraft mix.

6.1 Separation Standards

The sensitivity of the width of the normal operation zone, WN, to navi-
gation and surveillance position and velocity errors is shown in Fig., 6.1-1. The
operating point for SAATMS is noted on the figure; both the surveillance and navi-
gation position errors standard deviations, Op, are 100 ft. The standard deviation
of the velocity errors, Oy, are one-tenth the position values or 10 ft/sec?.
Increasing the position and velocity error standard deviations to 200 ft and 20
ft/sec? would increase the width of the normal operating zone to 3200 ft or an
increase of 1400 ft, Decreasing the values by the same factor of two would reduce
the zone to 1000 ft or a decrease of 800 ft.

Figures 6.1-2 through 6.1-7 illustrate the sensitivity of the width of the
buffer zone, Wg, to parameter variations. Figure 6.1-2 shows the sensitivity of
Wp to the standard deviation of the surveillance position and veloclty errors for
several blunder accelerations. The operating point of SAATMS is marked; SAATMS
protects against blunder accelerations of 14 ft/sec? which is the same protection
afforded system users today. Figure 6.1-3 presents the variation of Wg with various
values of the total system time delay, 7. The total system time delay is the sum
of the surveillance update interval, 15, and the command delay, Tp. The command
delay value 1s assumed to be 4 sec for the curves shown. Figure 6.1-4 shows the
effect on the buffer zone width due to variations in the acceleration command
issued to aircraft to return them to their normal operating zone. Figure 6.1-5
shows the sensitivity of Wg to the aircraft velocity at the start of the blunder.
There is little sensitivity evidenced, which is expected since the system is designed
to account for velocity. Figure 6.1-6 presents the sensitivity of the width of the
buffer zone to a constant, Kg, which reflects the probability of an aircraft crossing
the entire buffer zone and intruding into an airspace that may be assigned to another
aireraft. Finally, Fig. 6.1-7 shows the sensitivity of the entire separation stan-
dard, Qg, to variations in the standard deviation of surveillance and navigation
position errors, og and On, respectively. Varying og, op will affect both WN and Wp;
the curves reflect the cumulative effect of these variations.

The sensitivity data presented have considered variations of the system
and subsystem parameters. The variations of these parameters were concerned
primarily with the effect of degradation, rather than improvement, to allow com~
parison of the SAATMS with the GAATMS and the present system, since these systems
do not provide as high accuracies as the SAATMS.
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Figure 6.1-8 presents trade-off comparison data for surveillance errors and
surveillance update interval as a functlon of the width of the buffer zone. 'These
curves can be used to establish the required surveillance update interval for a
specific survelllance error and a desired buffer zone width.

6.2 Capacity and Delay Sensitivities

The capacity of an airport or a runway may be sensitive to variations in
separation standard and aircraft mix. That is, the capacity of a runway or airport
may vary over a large range for relatively small changes in separation standard or
aircraft mix. Figures 6.2-1 and 6.2-2 show runway saturation capacity as a function
of separation standard for VFR and IFR conditions for the 13 mixes of aircraft dis-
cussed in Section 5. The curves show an increase in capacity with decreasing
separation standards up to the point where the rules and procedures governing runway
operations limit capacity. This break point occurs at different places for different
mixes. For the mixes containing primarily aircarrier ailrcraft, the break point is
at Qg = 2 nmi. The effect of the more severe IFR runway rules (60 sec between IFR
departures, 40 sec between an IFR departure and an arrival) is seen by comparison of
the set of curves in Fig. 6.2-1 with those in Fig. 6.2-2 for values of the separation
standards less than 1 mile. Under IFR conditions, it 1s apparent that decreasing
the separation standard below 1 mile will not result in an increase in capacity (i.e.,
the capacity is insensitive to variations in separation standards below that point).

The relationship between average steady-state delay and capacity for a
runway 1s 1llustrated by the curves of Fig. 6.2-3 and 6.2-4. Each circled point
on the curves was obtained from a Monte Carlo simulation using the network model
to simulate 5 hr of aircraft operations at a runway. The saturation capacity, Cg,
is that value of capacity efficiency for which the average steady-state delay is
infinite. 1In Fig. 6.2-3, for a separation standard of 2 nmi, Cg 1s 90. For an
average delay of 3 min, for Qs = 2 mmi in Fig. 6.2-3, the capacity efficiency is 76.
The shape of the curves indicates a very large increase in delay with increasing
capacity efficiency for capacity values close to the saturation capacity. The delay
rapldly approaches and remains at a small value as the capacity efficlency is
decreased below the saturation capacity value. For all of the delay data, the time
interval between the appearance of arrivals and departures in the Monte Carlo simu-

lations was a random number having an exponential probability distribution function
(Poisson).

The curves of Fig. 6.2~5 and 6.2-6 show runway capacity efficiency curves
with delay expressed as a probability distribution function. Each computer simu-
lation run made with the network model for a given demand level generated data for
one such curve. The required delay specification is illustrated by the dashed
plecewise linear curve in both Fig. 6.2-5 and 6.2-6. This delay specification requires
that the landing and departure delay be less than 6 min for 60 percent of all user
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aircraft, less than 15 min for 90 percent of all user aircraft, and less than 30
min for 99.9 percent of all user alrcraft. A comparison of the capacity efficiency
curves of these figures with the delay specification curve 1s necessary to deter-
mine that capacity efficiency which exactly meets the delay specification. Examina-
tion of the curves in Fig. 6.2-6 shows that the Cgp (capacity efficiency) value that
exactly meets the delay requirements is between 93 and 98 operations per hour.

Using linear interpolation with these values as end points results in a Cg value of
95 operations per hour. This Cg curve would pass through the point where D = 6 min
and the Probability (d < D) = 0.5.

6.3 Subsystem Sensitivities

This section considers the impact on the various SAATMS subsystems of
variations in cost, technical risk, and schedule. The results are generally stated
in relative values. The satellite and range tracking equipment and the surveillance,
navigation, and communications subsystems are considered.

6.3.1 Satellite Constellation

The selected satellite constellation consists of six equatorial, geo-
stationary satellites and nine inclined, eccentric orbit geosynchronous satellites.
The geostationary satellites are precision three—axis sensing and controlling units
designed for antenna pointing at selected earth-fixed points. The geosynchronous
satellites are simpler in that antenna pointing is controlled to subsatellite
points.

The large number of satellites is predicated on surveillance invulnerability
to satellite failures, aircraft bank angle visibility dropout, and low power user
dropout as well as on the desire for broad oceanic coverage. Alternate, smaller
satellite constellations have been proposed on other programs but these configura-
tions are primarily designed for navigation. The general purpose of these naviga-
tion satellites is to provide data for augmenting low cost inertial navigation
units. The selected satellite constellation was predicated on the surveillance
function rather than the navigation function.

Although the cost of the large number of satellites is higher than other
proposed constellations, the basic intent can only be achieved through the use of
this number of satellites. Reductions in the constellation size will not affect
the research and development costs. Benefits will be achleved only on acquisitionm,
launch, and maintenance costs. Reduction of the constellation size could achieve
a cost savings at the expense of surveillance subsystem operational capabilities.

A potential cost savings could be achieved if a satisfactory alternate
constellation design were available. This stems from the basic instability of the
80 deg inclination selected for the geosynchronous satellites. Because of the
inclination angle selected, an in-plane precession of the perigee results. This
will cause the use of an active station keeping mechanism. The result is that a
limited useful 1life is implicit in the geosynchronous satellite design. Alternate
satellite configurations based on a 63.4 deg inclination do not suffer these

-105-



precessions and an longer useful life could be realized. Further constellation
design studies are warranted to select a more optimum design in terms of useful
satellite life spans.

The technical risks and schedule sensitivities of the satellite constella-
tion are extremely small. The technology implicit in the satellite designs are
presently available. No impacts on the schedule are foreseen as a result of the
availability of the technology.

6.3.2 Satellite Range Tracking

The range tracking is based on reception of the satellite emitted navigation
pulses. These data are filtered and an estimation and prediction of the satellite
ephemeris is formed. This system is similar to many existing satellite tracking
systems presently being used.

There are few available alternate range tracking mechanizations. Any
mechanization which will achieve nominal accuracies in the 10 to 60 ft rms radial
error range is acceptable. There is an extremely small cost benefit to alternate
mechanizations. No technical risks or schedule impacts are foreseen as a result
of the selected mechanization.

6.3.3 Surveillance Subsystem

The surveillance subsystem consists of dedicated satellite surveillance
RF links, tracking antennas, receivers and preprocessors, and surveillance process-—
ing equipment. Independent calibration stations are also included in this sub-
system. The tracking antennas, receivers, preprocessors, and processing equipment
are located at two Regional Control Centers (RCC) and one Continental Control
Center (CCC).

The system design is such that approximately half of the Instantaneous
Airborne Count (IAC) is tracked at each RCC with complete backup provided at the
CCC. This particular arrangement is the most cost effective method of achieving
system redundancy consistent with maximal oceanic coverage. Alternate segmenta-
tion of the surveillance distributions exhibited linearly increasing costs as the
number of sites is increased.

These particular surveillance preprocessing, acquisition, and tracking
mechanizations are cost effective. Some individual functions may be improved by
the application of adroit engineering innovations, but the effect on cost will be
slight.

The only suspected surveillance subsystem technical risks relate to the
aircraft-to-satellite RF links. The possibility of multi-access noise creating a
serious problem in surveillance is present. Some initial studies would indicate
that the RF link effects could be as serious as 6 db worse than the assumed link
multi-access noise effects. Although the study results are felt to be compromised
by the choice of coding employed, this question should be subjected to further
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scrutiny. Alternate mechanizations such as range ordering (see Volume IV,

Section 2.3) are feasible if the multi-access noise proves to be a serious problem.
Multi-access noise is suspected to be a limiting factor relative to system growth
rather than a serious technical risk for the assumed demand levels.

Reducing the accuracy of the surveillance function would have little effect
on cost or risk, since the satellite requirements are set by operational rather
than functional requirements. That is, the most logical method of altering sur-
veilllance accuracy would be to reduce the number of satellites, increasing GDOP and
reducing accuracy. However this would severely limit the failure mode performance
and make the system susceptible to drastic degradation in the event of a satellite
loss. This is clearly undesirable. Thus, the number of satellites is set by
operational (failure mode) requirements rather than accuracy.

6.3.4 Navigation Subsystem

The navigation subsystem has two separate mechanizations: satellite
navigation and Virtual VOR (VVOR). The satellite navigation subsystem includes a
satellite RF link, user receivers, and user processors. The VVOR navigation is
based on transmission of navigation signals to users over a digital communications
link. The VVOR data are extracted from user surveillance data.

There is no known major sensitivity of the VVOR mechanization to schedule,
cost, or technical risks. This mode is predicated simply on the availability of
the surveillance data.

The satellite navigation mechanization exhibits a user cost differential,
subject to the desired navigation accuracy and extent of subsidiary navigation
computations. A factor of 2 higher user processor costs could be expected if the
user wants a more sophisticated mechanization. This 1Is a user option and is not
a system cost penalty.

The selected basic navigation system is expected to show little sensitivity
to cost, schedule, or technical risks.

An alternative to eliminate the satellite navigation and rely only on VVOR
is practical but at a severe reduction in navigation accuracy. This would have a
small system cost benefit but would reduce user costs. The potential for indepen-
dent surveillance and navigation is obviated by this action and it is not recom-
mended.

6.3.5 Communications Subsystem

The communications subsystem involves ground, satellite, and user RF
links and associated coding/decoding processors. The RF links consist of both
voice and digital channels. The user—assoclated digital channels are predicated
on the use of spread spectrum, pseudo-noise (PN) coded signals. These signals are
decoded using Analog Matched Filters (AMF).
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The digital communications coding scheme for the users (via the PN/AMF
combination) is based on presently existing technology. There is some cost sensi-
tivity to the implementation of the exact coding scheme. Optimization of several
links could result in some coding simplification and a potentially lower user
cost. This would have minor ground system impacts.

Voice communications are equivalent to today's VHF channel complexity and
show little cost or technical risk sensitivity.

The only known area of technical risk involves the asynchronous user-to-
ground digital data link. This link is subject to multi-access noise similar to
the surveillance link. The technical risks are less severe and alternate mechani-~
zations are feasible.
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APPENDIX A. SYSTEM PERFORMANCE DATA

1. INTRODUCTION

This appendix presents the complete set of data used as the basis for the
airport capacity data presented in the system performance analysis. Some of the
text of that section is repeated for clarity.
2, CAPACITY

2.1 Single Runway Capacity

The capacity of a single runway is a function of the mix of ailrcraft
using the runway. The mix for each runway in the Los Angeles region was derived
from the terminal area demand data supplied by The Mitre Corporation. The snap-
shot demand data consisted of the position, altitude, velocity, origin and desti-
nation of 1840 instantaneous airborne aircraft. The number and type of the aircraft
using each runway at each of the 43 ailrports of concern was derived from the
snapshot data. The data cover 48 airports in the region; however, the 5 military
airports were not considered due to the limited demand projected for these airports
in 1995,

Using the aircraft classes described in Section 3, the mix at the 43
airports of interest was determined in terms of the percentage of aircraft in
each of these six classes. The resultant 43 mixes were examined for similarities;
these similarities were used to combine mixes, resulting in a specification of
13 mixes which accurately represent the aircraft mix at the 43 airports. Table A-1
lists the 13 mixes; the entries in the table are the percent of each aircraft
class in the specified mix, Table A-2 lists the 43 airports and the aircraft mix
for each runway of those airports. The runway configuration for each airport
class class as provided by The Mitre Corporation is shown in Fig. 3.3.1.

Another important factor affecting the capacity of a runway is the set
of rules regarding runway use. The following five rules are assumed to apply to
runway operations in the SAATMS.

(1) The minimum safety separation between two airborne aircraft on
on approach will not be violated.
(2) Two aircraft may not be on the same runway at the same time.

(3) An IFR departure cannot be initiated unless the following
arrival is more than 40 sec from the threshold.

(4) A departure followed by another departure must be appropriately
spaced (60 sec between IFR departures).

(5) Adrcraft on final approach are given priority.
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Rules 3 and 4 contain timing restrictions on IFR operations, These
same constraints are assumed not to exist for VFR conditions. , Thus, runway
capacity will be a function of meteorological conditions, and runway capacity
was thus determined for both VFR and IFR conditions,

Table A-3 shows capacity values for each of the 13 mixes of aircraft
and for various separation standard values, Q , under IFR conditions, Three
different capacity values are shown for each of five separation standard values
and each aircraft mix. The first capacity value shown in Table A-4 is the run-
way saturation capacity, The second is a capacity efficiency value, corres-
ponding to a landing or departure delay for each aircraft that satisfies the most
constraining the following specified delay conditions:

1. The probability that the delay is 6 minutes or less is 0,5
(This can be written as P (D=<6)=0, 5)

2, The probability that the delay is 15 minutes or less is 0, 9
(P (D=<15)=0.9)

3. The probability that the delay is 30 minutes or less is 0. 999
(P (D=30)=0.999)

The third capacity measure in Table A-3 is the capacity efficiency value for
an average aircraft delay of three minutes,

Aircraft delay depends on the time spacing between successive aircraft,
This spacing was determined from the snapshot data mentioned earlier. The
statistics of this time spacing was found to be Poisson, Thus, the values shown
in Table A-3 were obtained by use of the network simulation model using
Poisson statistics for aircraft arrivals, The saturation capacity figures were
also determined analytically as a check on the simulation results. These
results are shown for mixed operations of arrivals and departures on each
runway with a departure/arrival ratio of one, This case is denoted by the
description, A/DR,

Table A-4 lists the corresponding capacity values under VFR conditions.
The notation, A/DV’ is used for this case, Capacity figures for arrivals only
(notation Ag) are shown in Table A-5 and for departures only (notation D) are
shown in Table A-6. Table A-6 shows the departure case for both IFR (at
least 60 sec required between departures) and VFR (departure interval limited
only by takeoff runway occupancy time) conditions. Capacity figures for
arrivals or departures only a runway are of interest for the case of dependent
dual runways.
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Capacity values for very small separation standard values (0.1 and
0.5 nm) were obtained from the network simulation model in order to deter-
mine the effect of runway occupancy rules on capacity., The limits on
capacity for small values of Qg are due to runway constraints (rules 2-4
. above). Examination of Table A-3 shows that for IFR condition there is little
increase in capacity as Qg decreases below 1 nm, For all of the cases in
Tables A-3 and A-4, there is a departure between each arrival pair under
saturation conditions. Under VFR conditions, where rules 3 and 4 do not
apply, examination of Table A-4 shows that there is a significant increase in
capacity with decreasing Qg (for Qg greater than or equal to 0.5 nm) for all
mixes composed primarily of GA aircraft (all mixes except M10, Mll, M12).
For arrivals only, Table A-5 shows an increase in capacity for decreases in
Qg down to 0,1 nm for all mixes except the air carrier mixes (M10, M11).

2.2 Airport Capacity

The capacity for each airport as a function of separation standard for
each case.(VFR, IFR with either dual or independent parallel runway operation)
can be determined by summing the appropriate capacity values based upon the
capacities for each runway from Table A-3 through A-6 and the runway and
mix assignment of Table A-2. Tables A-7 through A-9 show the capacity for
each of 43 airports in the designated scenario for each of these three cases.

As in Tables A-3 through A-6, values are given for each airport for three
different measures of capacity and five different separation standards.

The busy hour operations shown in these tables are for demand level
two and were furnished by the Mitre Corporation. A comparison betweer

demand and capacity is given by the curves and discussion of Section 5.4
and Figures 5.3-1 and 5.3-2.
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APPENDIX B. ENROUTE SAFETY

1. INTRODUCTION

The system performance discussion of Sections 4.2.3 and 5.5 presented the
models used to analyze enroute safety and described the results of that analysis.
The results covered three aspects of system safety:

(1) The number of enroute conflicts for the year 1995 for CONUS
(2) The effect of limited surveillance coverage

(3) The effect of not providing surveillance at nontower airports

This appendix presents the data used in running the models and some addi-
tional discussion of the results. Additional results are also presented including
the relationship between the number of CONUS radar sites and mid-air collisions.

2. ENROUTE CONFLICTS

2.1 Enroute IFR/IFR Conflicts

The number of enroute IFR/IFR conflicts was calculated using Eq. (4) of
Section 4.2. Use of this conflict equation requires specification of aircraft
passages and crossings (number and separation distance at point of closest approach),
aircraft position keeping accuracies, and collision cross-sectional areas.

The number of aircraft crossings and passages per year for 1968 and those
projected for 1995 were obtained by appropriate processing of the Autonetics
enroute demand data (see Section 4.2.3.3). (Two aircraft on crossing paths which
come within some prescribed distance of each other constitute a crossing. The same
condition for two aircraft on the same path constitutes a passage.) The number of
crossings and passages in each altitude band was obtained and is presented in
Table B-1. This is for the 1995 scenario, with 10-min crossings, using a demand

consisting of 6700 aircarriers, 500,000 General Aviation, and 20,000 military
aircraft (Ref. 3).

Table B-1. Number of Enroute Crossings and Passages per Year for 1968 and 1995

Altitude Crossings Per Year Passages Per Year
Band
(ft.) 1968 1995 1968 1995
0-10,000 1,251,200 11,257,500 48, 200 624, 200
10,000 - 20,000 2,297,200 20,282,700 42,400 557,500
20,000 - 28,000 1,243,800 11,187,700 800 9,800
28,000 - 40,000 924, 200 8, 315,700 800 9, 800

-127-



The average value of the separation distance at the point of closest
approach for aircraft crossings was assumed to correspond to the existing 10-min
separation requirement and the present airway structure. For aircraft passages,
this distance was assumed to be 7 nmi. Due to different aircraft speeds, the
10-min separation requirement results in different separation distances. The mix
of aircraft in each altitude band (Ref. 3, 12) was used to determine the average
separation distance as presented in Table B-2. These values are predicated on
average aircraft velocities of 140, 220, 444, and 474 knots for single engine,
multiple engine, turboprop, and turbojet, respectively. The aircraft position
keeping errors were assumed to be the same as the ATM surveillance errors since
the surveillance errors indicate the uncertainty in aircraft relative position
as seen by the system. These surveillance data are used to keep aircraft sepa-
rated, whereas navigation and pilotage errors determine the nominal route separa-
tion distances which result in acceptable intervention rates. The relative
position errors were treated as independent errors in the horizontal and vertical
dimensions. The horizontal accuracy values estimated for the present and GAATMS
assume the aircraft are uniformly distributed within the radar range and that the
angle of the relative position vector to the radar line of sight is uniformly
distributed. The relative surveillance position errors for the present and the
GAATMS systems were calculated from published data (Ref. 1) and the errors are
shown in Table B-3.

Table B-2. Crossiug Distance for a 10-min
Separation as a Function of
Altitude Band

rc(h)-.Average
Altitude Band Separation Distance
h (ft. ) at Crossing (ft.)
1 0 - 10,000 284,100
2 10,000 - 20, 000 356, 400
3 >20, 000 465, 000
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Table B-3. System Relative Position Surveillance Errors

Standard Deviation
of Surveillance
System Position Error (ft) Comment
Horizontal, oy Vertical, o,
200 nmi
Present 11,400 350 Radar
Coverage
100 nmi
GAATMS 900 350 Radar
Coverage
Satellite
SAATMS 100 100 Coverage

The collision cross-section area is a function of the conflict distance
(150 ft) and the physical dimensions of the alrcraft involved in the conflict.
The mix of aircraft by altitude bands was used to determine the average aircraft
dimensions. Combining the conflict distance with the average aircraft dimensions
yields the average collision cross-section area as indicated in Table B-4, Since
the statistics of wake turbulence are presently unknown, it is not feasible to
increase the collision cross-section area by an average wake turbulence value
determined from the average aircraft mix in each altitude band. The horizontal
and vertical values chosen for the probability distribution ellipsoid, Equation
(8), Section 4.2, were 22,800 and 0 ft, respectively (no altitude separation).

Table B-4. Collision Cross-Section Area at Altitude Band h
Horizontal Vertical
Altitude Band Dimension Dimension
h (ft) (ft) (ft)
1 0 - 10, 000 480 360
2 10,000 - 20,000 540 380
3 >20,000 600 400
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The normalization factor was determined using 1968 demand and conflict
data (Ref. 2). The 1968 conflict data were assumed to be 106 crossing conflicts
and 11 passage conflicts. This value has been adjusted to include the average
number of IFR/IFR mid-air collisions per year and the conflicts are multiplied
by a factor of 4 which is based on the frequency of unreported incidents (Ref. 2).
The conflicts were classed as Critical Near Mid-Air Collisions (CNMAC) where air-
craft were separated by 150 ft or less at their point of closest approach.,

The results are shown in Fig. 5.5-1. The curves would look more like
straight lines (dotted line extensions) if the vertical system accuracies were all
the same.

The results are plotted for crossing separations of 10 and 2 min. The
relationship between crossing separation time and conflicts can be determined
from Equation (4), Section 4.2, to be as follows:

Number of conflicts for _ 10 (Number of conflicts for 1995

1995 for X-min separation X for 10-min separation)

when the cube of the length of the horizontal axes of the probability distribution
ellipsoid, Equation (8), Section 4.2, is small as compared to the crossing separa-
tion distance X. For a 2-min separation, this is a reasonable assumption and is
used to obtain the "2-min crossing separation" curve in Fig. 5.5-1. Better IFR/IFR
enroute safety than that existing in the 1968 (117 conflicts) is obtained with the
GAATMS and SAATMS for 2-min separation.

The values in Fig. 5.5-1 have not been adjusted by an automation factor.
This factor would be based on the ability of the system to reduce or eliminate
gross errors on the part of the pilot, controller, or equipment. Reference 12
indicates that possibly greater than 57 percent of the IFR/IFR NMAC's are due to
these causes.

2.2 Enroute IFR/VFR and VFR/VFR Conflicts

For the case of IFR/VFR and VFR/VFR conflicts in airspace under surveil-
lance, the normalization of the conflict equation using 1968 data is not possible
since VFR aircraft were not controlled by the ATC system in 1968. The IFR/IFR
normalization factor should provide a reasonable estimate for this case, however,
and this was used to estimate SAATMS performance. The IFR/VFR and VFR/VFR crossings
and passages were determined from the Autonetics enroute demand data. The minimum
separation distance at the point of .closest approach in this case was assumed to
be 1 nmi. This corresponds roughly to the separation standard for the SAATMS
given in Section 5.2.

The crossing model was used to calculate the number of 1 nmi crossings
per year. The number of crossings and passages used in the conflict equation is
indicated in Table B-5 for the four demand levels. The collision cross-section
area, relative position keeping accuracy, and q factor are obtained as before. The
IFR/VFR and VFR/VFR conflicts for SAATMS are indicated in Tahle B-5. The relative
safety performance for the system was determined and is indicated in Table B-6.
The SAATMS system is safer than the GAATMS by a factor of 52.7.

-130-



Table B-5. SAATMS VFR/VFR and IFR/VFR Enroute Conflict Estimates
(0 to 12,000 ft)
Crossings !

Demand at Crossing Passage Total
Level 1 Mile Passages Conflicts Conflicts Conflicts

1 632, 600 355, 500 0.7990 0,0197 0.8180

2 1,596, 200 1,331,100 2,020 0,0736 2,090

3 4,864,100 2,803, 800 6,140 0, 1550 6,300

4 19, 849, 300 12,195,300 25,10 0, 6740 31, 80

Table B-6. IFR/VFR and VFR/VFR Normalized
System Safety for Crossing and
Passage Conflicts
Surveillance
Errors
System Normalized
Designation oy (ft) az (£) Conflicts i
|
A 50 50 0.20
B SAATMS 100 100 1.00
c 500 350 32.9
D GAATMS 900 350 52,7

Estimates of the number of conflicts for the GAATMS can be obtained from
Table B-5 and B-6. For example, the GAATMS with surveillance coverage down to
ground would have 110 conflicts for demand level 2 (2.09 for the SAATMS times a
relative factor between the SAATMS and GAATMS of 52.7, Tables B~5 and B-6). This

estimate has not included a see-and-avoid factor which would reduce the number
of conflicts.
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3. THE EFFECTS OF SURVEILLANCE COVERAGE

3.1 Enroute Safety as a Function of Altitude Coverage

For an ATC system to prevent aircraft conflicts, it must have surveillance
data giving relative aircraft states (e.g., position and velocity). If surveil-
lance data are not available below a certain altitude, the ATC system cannot pre-
vent conflicts below that altitude. To determine the effect of limited altitude
surveillance coverage, the curves of Fig. B-1 and B-2 were generated. The lower
curve of Fig. B-1 shows the number of IFR/VFR and VFR/VFR collisions that occurred
in the year 1968 below a certain altitude (as given by values along the X-axis).
The upper four curves represent the same relationship for the four projected
demand levels. For demand level 2, if coverage were limited to altitudes 6,000 ft
and above, over 60 mid-air collisions would occur below this altitude (where there
is no surveillance).

The curves of Fig. B-1 indicate the importance of providing surveillance
coverage to ground level to keep safety comparable to that achieved in 1968. TFor
example, for demand level 2 if coverage is not provided down to 1500 ft, the number
of collisions in the uncovered airspace will exceed the total number of collisions
that occurred in 1968.

The VFR/VFR and VFR/IFR results indicate that fewer than 110 conflicts
would result for the GAATMS with coverage down to the ground and demand level 2.
Also, 5391 and 3641 conflicts would result when no surveillance is available below
12,000 and 6,000 ft, respectively. Correspondingly, the number of CNMAC for 1968
below positive control airspace was estimated to be 1370. In order to get GAATMS
performance comparable to the 1968 safety level, coverage must be down to 1500 ft.
In comparison, the SAATMS with coverage to ground would have fewer than 2.09
conflicts.

The high density of VFR itinerant aircraft between 1000 and 4000 ft (Ref. 7)
results in the steep slope of the curves in this altitude band. The change of
slope of the curves at 8000 ft is due to the assumption that VFR traffic formerly
flying from 10,000 ft to positive controlled airspace will now be assumed to be
uniformly distributed between 8000 and 12,000 ft (1995 positive control).

The number of conflicts is calculated using Equations (9) and (10),
Section 4.2, along with the number of random crossings and passage of Table B-7.
The average number of crossings and passages are indicated assuming randomly spaced
flight of aircraft on city pair routes and that the pilots could not see and avoid
other aircraft.

Figure B-1 was obtained from Fig. B~2 by using a factor of 0.0174 mid-air
collisions per CNMAC. The number of mid-air collisions per 150 ft CNMAC was
calculated by two different methods. The first approach is from Reference 6. If
the pilots fail to see each other, then it can be assumed that the relative velocity
vector is equally likely to penetrate any point in the plane normal to this vector
containing the point of closest approach (Ref. 6). We can then estimate from the
number of incidents in a radius of 150 ft the expected number of actual collisions
as the ration of the collision cross-section of two aircraft to the area of the

-132-



Number of Midair Collisions per Year in Uncovered Airspace

1000 T I W
T -
=T Demand 4 -1
c 1
r/o-:"*'/‘?/ Dem’and 3
//(
100 |— yot —— 1 — :
f 2 — RS 0 S
Il // Elatrm—~ -*—.JT’CJAE— Demand 2 —
7 o
4 }/AJZ
/ 5 __.clm-:——<
/ / ’_’__4,._’—‘ Demand 1
. K
mé,/.- A P e I
/ V4 | [ __X=" 7
—1F ——=% 1968
T ==t
X7
e! / X~
: a
m /| /
1
. /
/
I} )
!
[}
!
A
1 £
1 2 3 4 5 6 7 8 9 10 11 12

Minimum Survelllance Altitude (1000 ft)

Figure B-1. Mid-Air IFR/VFR, VFR/VFR Enroute Collisions
as a Function of Minimum Surveillance
Attitude

-133-



105

105 |———

w Demand Level 4

191
o
D
R . . / Mr—-e——‘e Demand Level 3
H 10 7 =0
e 7
o / a// Demand Level 2
9 / /
— / g9
N
3 ),
S / / M Demand Level 1
§ 10° L o
2  —— 7
E] :[Ij/ y, i
= I 1 7 .
e — e — L o e o e 4+ =—=="211968
/I?//
1
T1r
17
I
I/
/I
lo/llll|lllllllll|llllllll||ll|
0 2 4 6 8 10 12 14

Minimum Altitude Coverage (kft)

Figure B-2. Safety as a Function of Coverage

-134-



001 00L ‘1 00g ‘% 00, ‘s - - 8961
009 ‘s 006 ‘011 - - 002 ‘601 006 ‘6L¢ b4
000 ‘2 006 ‘sz - - 00S ‘¥ € 00¢€ ‘sg €
009 006 ‘21 - - 00L°11 009 ‘L2 4
002 002 ‘¢ - - 0071 ‘s 00S ‘01 1
Toxjuo) | 3000 °01-0 1013U0) 37 000 ‘01-0 1013uU0) 37 000 ‘01-0 19A2T
dAINSOT~,000 ‘0T | apnN Y 9A131S0g ~,000 ‘01 PPNV | sasod -,000 ‘01 spnny Puewag
/Py apnyIy /PN Y
sa8esseg mmcmmmo.uU ¥ 009 mm:mmmouu 37 061

SHDVSSSYd ANV SONISSOYD WOANVY ¥4I/¥dA QNV YIA/¥IA  *[-9 ATEVI

=135~



circle of 150 ft radius. We take as the collision cross-section the sum of the
product of the tail height of the first aircraft and the wing span of the second
aircraft and the product of the tail height of the second aircraft and the wing
span of the first aircraft. If we use for a light aircraft a tail height of 10 ft
and a wing span of 38 ft and if we use for a heavy aircraft a tail height of 35 ft
and a wing span of 125 ft, we get as the collision cross—section in an encounter
between two light aircraft 760 sq ft and between a light and a heavy aircraft,
2580 sq ft. The average collision cross-section was calculated by weighing the
light-light and light-heavy involvement collision cross-section by the relative
densities of GA and AC aircraft (Ref. 12). The resulting average collision cross-
section is 978 sq ft. The area of the circle of radius 150 ft 1s 70,686 sq ft,

so we predict that the expected number of collisions per 150 ft near miss will be
978/70,686 - 0.0138.

Another factor was calculated using thé\150 ft CNMAC data and the actual
number of random flight mid-air collisions. For this calculation, it was estimated
that 404 VFR/VFR and VFR/IFR CNMAC occurred below positive controlled airspace in
1968. This estimate is obtained using Reference 2 data and the assumption that
only 25 percent of the near misses are reported. There were 11 mid-air collisions
of this type in 1968 and only 64 percent of them were of a random flight nature.
Therefore,

11 x 0.64

404 = 0.0174

mid-air collisions occurred per CNMAC for random flight in 1968. The two estimates
of this parameter exhibit reasonable agreement.

3.2 Relationship Between the Number of Radar CONUS Sites and Mid-Air Collisions

An analysis of the airspace coverage by ground-based networks (Ref. 22) was
used to determine the number of mid-air collisions resulting from lack of coverage
as a function of the number of radar sites in the network. The radar coverage is
parameterized on the following variables: antenna height (h), minimum antenna
elevation angle (Bpin) and network geometry as indicated by the spacing between
stations (2dy,). Figure B-3 indicates the results with the number of CONUS sites
as the abscissa and with the number of mid-air collisions as the ordinate and
parameterized on Omin and demand level. The antenna height was kept constant at
100 ft, and optimistic choice except in the case of radar sites on hills; however,
the results are not too sensitive to this parameter. An estimate of 0.85 deg for
Opin is obtained for ATCRBS from Ref. 23. The results indicate for 300 radar
sites for demand level 2 and a ground-based radar system, approximately 40 mid-air
collisions would result as compared to 11 mid-air collisions in 1968 for enroute
VFR/VFR and VFR/IFR.
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FIGURE B-3. VFR/VFR AND VFR/IFR SAFETY VS COVERAGE
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