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) [NTRODUCTION AND SUMMARY

Tnis is the summary final report on studies developed under contract
DOT-FAT3-WA-3172. The purpose of this contract has been to determine siteing
criteria and installation priority for deployment of master stations that
provide precision time service to NAS. The study was performed in three

rerlapping stages; methodology development, calibration, and trade-off anal-
There has been a major report after each of these phases. Methodology
ievelopment is documented in reference [1], the calibration phase in refer-

ence [2], and trade-off and sensitivity analyses are reported in reference [3].

It is the intent of this summary final report %o concisely present meth-
ods, analyses and conclusions of the study from a logical point of view which
incocrporates the benefits of growth changes and iterative work developed dur-
ing the full course of the study. References [1], [2], and [3] present a
historical development of the subject and contain detailed descriptions of
total program activities. As such, they should all be considered technical

appendices to this document.

1.1 Provblem Formulation

A distinguishing feature of this study has been the inclusion. of air-to-
air relay of time synchronization, called hierarchal chaining, to enhance the
effectiveness of master stations. This procedure was first proposed in con-
nection with the design of a time/frequency airborne Collision Avoidance Sys-
tem, reference [4]. Also, synchronized operation has been considered by others
in connection with air traffic control systems including navigation, communi-
cation, and surveillance. Synchronized aircraft could donate time practically

throughout CONUS for a variety of applications, in addition to ATC-related uses.

Several time dissemination methods are being considered for these applications,
including LORAN, TV broadcast, satellites, and VLF. Hierarchal chaining as a
time dispensing mechanism had not previously received the thorough investigation

it deserves.

e Nl b Pl e
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In the time dispensing network described in reference [L], time is main-
tained to an accuracy of approximately +0.5 microseconds, 30, by master stations.
These stations in turn synchronize all equipped aircraft within approximately

a 100 nautical mile range. See Figure 1-1.

'here are two basic classes of aircraft equipments:

(a) Those that receive, retain, and relay time (Hierarchal)
(b) Those that only receive time from ground stations or other air-

craft. ( Non-hierarchal. )

Zquipments that participate in time retention and relay are automatically
ordered in a nierarchal system. By means of data encoded in the RF trans-
missions of the equipments, the hierarchal rank of each available time source
is known. Upon being synchronized, the hierarchal equipment assumes a rank
one level lower than that of the time donor. In the absence of further syn-
chronization, the equipment demotes in time hierarchy at a rate that is in-
versely proportional to the timekeeping accuracy of the particular equipment.

.

While in the system, the hierarchal €quipments pass time to:

(a) Other nierarchal equipments of lesser rank (higher hierarchy
number) .

(b) lNon-hierarchal equipments that only receive time.

Thus the hierarchy number of any craft represents the sum of relays and

equivalent demote intervals accumulated in the entire process of receiving 3 |

synchronization from a source master station.
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FIGURE 1-1. AIR TO AIR SYNCHRONIZATION LINKED TO A MASTER STATION
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With this structuring of the system, a study designed to generate a de-

vloyment plan for master stations must:

(2) Model in four dimensions and thrqQughout CONUS, the location of hi-
erarchal aircraft which may establish communication chaining to
relay time out from a master station.

(b) Create a similar model of the density and location of non-
hierarchal aircraft that would benefit from the synchronization
provided either by a hierarchal aircraft or by a master station.

(¢) Model the synchronization process among the hierarchal equip-

ments.

Furthermore, implicit in the concern for placement and number of master
stations is the need to measure the degree to which a given arrangement

achieves time dissemination goals. The desire is not only to deploy enough

1-3
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master stations to achieve these goals, but also to have them efficiently

placed so that the goals are satisfied by a near minimum number of stations.

, These four requirements lead to the three major technical probvlems

2} ) which required resolution.

ﬁ -

ﬁ Due to the stochastic nature of air travel and the need for predictions

: of traffic flow in planning future deployments, the level of detail which can .

i ve accurately represented in a traffic flow model is limited. The most con- i

o}
venient and adequate source of information concerning the location of air-

o~y .

craft is airline schedules. This is fortunate since current thinking has it
§ that airline aircraft are the most likely candidates for hierarchal eg
ment. Nevertheless, the strength of this program's conclusions have been

by tie gross pa

i

greatly enhanced by showing that ground station effectiveness is determined
tterns of aircraft travel and does not require great precision
t

] in the represen

ation of specific aircraft locations.

Wnile the primary goal prescribed for this study has been to provide

aircraft synchronization adequate for collision avoidanc

($]

purposes, secon-

dary and alternate goals must also be considered. Precise time technigues
have been considered, e.g. reference [6], as a basis for an air traffic control
system designed to provide communication, navigation and surveillance through
one integrated set of airborne and ground based equipment. Furthermore, air

: traffic control is not the only possible application of precise time techniques.
Increasing numbers of non-aviation demands for precise time are appearing, e.g.

=1

reference [7]. To increase the usefulness of this study, it was necessary to

show that master station deployments can be derived which are simultaneously

near optimal with respect to several different possible uses of the system.

.




Finally, there has been little published analysis of communication sys-
tems of the hierarchal type and experimental evidence is restricted to two
or at most three interacting airborne systems. Prior to the analysis set
forth in this report, it was felt that detailed simulation might be required
to determine which aircraft were synchronized and what hierarchy they pos-

sessed. We have been able to show that over a broad and typical range of

G S
.

chaining parameters and with very high provability, aircraft are always syn-
chronized whenever a sequence of hierarchal aircraft is available leading
to a master station wherein successive members of the sequence are within

radio line-of-sight and synchronization range.

1.2 Solution Alternatives

In dealing with each of the following essential ingredients necessary

to successfull master station siteing:

(2) A model of hierarchal and non-hierarchal aircraft locations and
resultant hierarchal chaining,

(b) A function of aircraft and master station locations which measures
the effectiveness of time distribﬁtion and,

(¢c) An algorithm for optimizing this function with respect to station

locations;

there are alternative methods which have been evaluated with respect to accu-

racy, timeliness of application, and conclusiveness.

In the area of modeling, the alternatives relate to the division between
mathematical and numerical representation. For effectiveness measures, the
choices require §electing from the various possible measures the one that
most adequately represents system goals. Finally, the selection of a siteing
algorithm requires a trade-off between the degree of optimality achieved and

the cost of application.
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I'wo solution methods were pursued during the course of the program. The

main stream effort is a synthesis of mathematical and computer analysis which
accurate and rich in detail. A fully mathematical solution was also

achnieved which reguired little additional effort and produced conclusions

which agree in every respect with those produced by the more lengthy method.
ver, the mathematical solution contains questionable assumptions and some

apparently gross simplifications. Therefore it lacks the persuasiveness

nd the wealth of detail present in the more rigorous main stream effort.
ver, it provides valuable cross checking and verification which adds con-

lence to study results.

1.3 Summary of Results :

The following is a summary of the findings and conclusions derived in
the course of the study. In the interest of brevity, no attempt is made in
the overview given below to explain qualifying conditions in uniform detail.
Information of this type is to be found in the remaining sections of this

report and in the technical appendices, references [1], [2], and [3]. The

4

summary is as follows:

.

A. Time Propagation depends almost solely on hierarchal airecraft pairs

being within radio line-of-sight and sync range. Within reason

the following factors have negligible effect;

Clock quality,
Communication probability,
Resync accuracy, and

Number of hierarchy levels available.
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E. On this basis we have shown that chaining effectiveness is mainly

a function of hierarchal aircraft density. Nearly all of the bene-
fit of hierarchy is obtained when the heavier aircarrier or an equi-
valent set of aircraft are hierarchy equipped. Then, almost regard-

less of specific aircraft locations;

(1) Time propagation potential is CONUS wide.

2) Less than 15 links are needed if at least three mas-
ter stations are in operation.

(3) Redundant chaining opportunities are available at almost
every craft,

{(4) Synchronization range of master stations has little effect.

C. OSystem effectiveness is best defined as a time integral (average) of

instantaneous effectiveness;

(1) A measure must be an additive set function on subsets
of three dimensional space.
(2) Various measures are appropriate to various system goals;
Time propagation to alrcraft,
Time propagation to general users, and CAS coverage.
(3) Above a hierarchy density threshold, initial effectiveness
per master stations is very high; below this density hier-
archy support is small and thus effectiveness per master

station is very low.

D. Master station siteing should maximize system effectiveness for the
given number of stations;
(1) Practical optimizing algorithms do not exist.
(2) Above the density threshold overall effectiveness is very

insensitive to site selection.

1-7




(3) Sub-optimal algorithms are very effective simultaneously
for location, location priority and relccation.

() Sites are readily derived which are simultaneously nearly
optimal for several effectiveness measures.

(5) Siteing constraints do not limit achievable effectiveness.

(6) Detailed distributions for non-hierarchal aircraft are not

necessary for selecting efficient sites.
E. Initial Master Station site desirability is;

(1) Determined by the number and patterns of hierarchal air-
craft that are serviceable from the site.

(2) Not sensitive to effectiveness measure.

(3) Not sensitive to data interval or data extent beyond one

day .

F. Effectiveness of Master Stations with hierarchal support has the

properties;

(1) The first station is erormously effective.

(2) The next two or three diminishingly so, but still high.

(3) After the first four or five, over 90% of aircraft hours
have synchronization available and hierarchal potential
is essentially fully utilized.

(4) without adequate hierarchal support effectiveness per
master station is very low and sensitive to detailed

local population distribution.

G. Any reasonable combination of five master stations could have fur-
nished synchronization to 96% of the participants in the collisions
recorded by NTSB during the period 196L4-1971.




o

Because CONUS is covered by a single communicating cloud of aircraft
throughout the high traffic hours and because this cloud can be
synchronized at any point of contact with a master station, each
master station provides a high level of backup to all other master

stations.

Weather fronts may cause a subnormal aircraft density in some parts
of CONUS and an accompanying density rise in other parts. Communi-
cation with a master station may be interrupted in this case but the

net effect will be less troublesome than a station outage.

The following course of action with respecf to any possible future

master station siteing is recommended:

Plans be made for five master stations. When these are de-
ployed, something near 90% of aircraft hours will have precise
time available providing only that the heavier airline aircraft
are hierarchy equipped. Should additional synchronization ser-
vice be judged desirable, master station siteing Jjudgements
should be based on on-site readl time evaluation of synchroni-

zation need.

While many sets of five stations can produce comparable performance,
the two sets shown in Figure 1-2 have been identified as providing
the most utility. The priority of installation is indicated alpha-
betically. While the upper grouping of Figure 1-2 exhibits somewhat
higher performance in terms of gross aircraft hours synchronized,

the lower grouping (the best selections from major hubs) has the ad-
vantage of better service to aircarrier aircraft, 24 hour service to

high density traffic, available government sites and service, and

less sensitivity to future changes in travel patterns.
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1.4 Organization of this Report

Solution methods and supporting mathematical analyses are presented in

Section 2 and Section 3 contains conclusions and siteing recommendations.

il
' Appendix A provides a summary of the numerical and graphic results. For

the reader desiring additional information; references [1], [2] and [3] pro-
Appendix B of

vide detailed reporting of activity throughout this study.

this report is a section by section cross reference to this material.

b R et
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| 2. SOLUTION METHODS

3’ As a result of Phase I studies, a detailed solution method was selected
E which is a synthesis of mathematical and computer analysis. Section 2.1 be-
low describes the mathematical aspects of the method while Section 2.2 out-

lines the computer analysis. During the course of the study, and as an out-
growth of investigations into the sensitivity of master station effectiveness
to the location and density of hierarchal aircraft, a second, less complete

tut fully mathematical, method was achieved. A description of this method is

included in Section 2.1.k.

8 2.1 Mathematical Analysis

Four especially important problems in the location of master synchroni-

zation stations are analyzed in this section.

(a) How can hierarchal chaining be modelled?

(b) What are adequate measures of master station effectiveness?

(c) What master station location algqrithms result in near
optimum placement? :

(d) What precision in hierarchal aircraft positions is required?

We first identify that hierarchal chaining has a graph theoretical basis
in which the nodes of the graph represent the hierarchal equipped aircraft

and an edge of the graph is defined between two nodes whenever two air-

craft are within radio line-of-sight and synchronization range. At any

given instant in CONUS the connected components of this graph (which we call
clouds of hierarchal aircraf*) describe completely the potential paths avail-
able for air-to=air relay of synchronization. If any one of the aircraft
(nodes) in a cloud (connected component) has access to synchronization from
a master station, then every aircraft in the cloud has the potential for

being synchronized.

e A e iy
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We show that, over a broad and typical range of problem parameters and
with high probability, aircraft in a cloud serviced by a master station are
synchronized. This conclusion is shown to be valid whenever:

(a) Airborne clocks have an accuracy greater than 1 part

in 10‘8 (3¢).

o

The probability of achieving air-to-air relay of synchronization
is at least 0.4 per try.
(c) The accuracy with which time ‘s relayed is at least 0.25

microsecond (30).

(d) There are at least 20 hierarchy levels available.

It is felt that in any system likely to be installed, all these param-
eters would lie within the stated range and some combination of them would

be greater than the minimums listed.

Based on this result, we determine the clouds of aircraft and thus,
which aircraft are synchronized through a computer model of the time posi-

tions of all airline aircraft described in Section 2.2.

We then turn to the problem of placing master stations so that synchro-
nization can be spread maximally through CONUS. This requires that measures
of the effectiveness of time distribution be derived to reflect the different
possible uses of the time distribution system, and accompanying master sta-

tion siteing algorithms be selected.

Finally, to be assured that the methods will be adequate, we need to
know what aircraft position accuracy is required to faithfully represent the
hierarchy communications cloud structure in CONUS at any instant. To answer
this question, we examine the overall structure of the hierarchal graph from
the point of view of stochastic graph theory. In this effort a mathematical

model based on the law of large numbers is developed in order to translate

2-2




the results of stochastic graph theory into properties approximating those
of real distributions of aircraft. This investigation shows that during the
portions of the day when large numbers of hierarchal aircraft are active,
all hierarchal aircraft in CONUS will be in a single cloud almost regardless
of their individual positions. The less active portions of the day have
been examined by exercising subsequent computer simulation models with the
overall result that, for the purpose of modelling time distribution, there
is no need to locate aircraft more accurately than to within 30 x 30 (n.m.)2
cells. Throughout the more active portions of the day much less accuracy is

required.

The mathematical model derived to examine the dependence of cloud struc-
ture on aircraft locations permits preliminary estimates to be made of the
number of master stations required and their effectiveness. Section 2.1 ends

with these results.

2.1.1 Hierarchal Chaining

The hierarchy number at each aircraft is the sum of the number of
relays of time synchronization from the masser station and equivalent demote

intervals accumulated by all members between synchronizations. Since each

relay contributes a timing error and a demote interval is defined to be that
length of time during which the aircraft's clock develops an error equal to
that suffered in a relay, each craft's hierarchy number indicates the ac-

curacy of time available aboard the craft.

Depending upon the error introduced in a time relay, and the total

error tolerable in the system application being considered, some upper limit,

s et

H, to useable hierarchy exists. Aircraft possessing hierarchy less than H
are deemed to be- satisfactorily synchronized. The maximum useable hierarchy

for the airborne CAS defined in reference [L4] is forty.

Consider the hierarchal chain depicted in Figure 2-1 where 0 is the

master station and the nodes 1, 2, etc., represent aircraft such that each

23




successive pair are within radio line-of-sight and synchronization range.

We will take as a model a system implementation which allows synchronization
to be attempted at regular intervals as does, for example, the system de-
fined in reference [L]. For a given successive aircraft pair in Figure 2-1
let p be the probability of achieving synchronization in one attempt and let
v be number of attempts permitted in a demotion interval. Then, q = (1-p)”
is the probability of not achieving synchronization in a demote interval,
while p = (1-q) is the probability of achieving synchronization in a demote

interval.

20331 FIGURE 2-1. A HIERARCHAL CHAIN

The probability that it takes this pair precisely k demote intervals to
transfer synchronization is the probabilit&_of (k-1) failures followed by a
success, namely qk-lp. But if synchronization takes k demote intervals, then
the change in hierarchy, Ah, across this link of the chain is precisely k.
Thus, the probability that Ah = k is qk_lp. This probability function is

illustrated in Figure 2-2.

Since the probability of some change in hierarchy is unity, we should

and do have

o0

qu-lp = p/(1-q) = 1. {o=1)
k=1

Moreover, the average hierarchy change between successive aircraft is:

Bh = ) qu'lp =1/p =1+ (a/p), {22}
k=1
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and the variance of the change is:

«@

o k - (1/p) 2 qk-l = q/ R (2-3)
bh ;1_-__:1[ ] P = aq/p

Fach link of the chain in Figure 2-1 has its own characteristic proba-
bility, p;, of obtaining synchronization in a single demote interval and the
hierarchy at the mth aircraft, hm, is the sum of all m Ah's in the chain.

By the central limit theorem we expect that since hm is the sum of random
variables, it will be approximately normally distributed with mean B equal

to the sum of the means,

m m

D N USEERES NCUR (e

: & :
and variance, d. s equal to the sum of the variances,

m
2l 2 e
e W (2-5)

The actual distribution is derived in reference [1], page 2-12, and the
normal approximation is shown to be valid. The situation is very close to
that illustrated in Figure 2-3 for a 23 link chain where the pi's have been

selected at random from the interval [0.994, 0.48].

We wish to be assured that, with high probability, hm is no greater

than the maximum useable hierarchy H. Using the normal approximation, we
know that when

+
“m QGm i8
then hm < H with at least probability P provided

y 1 Q 2
\/21:/ i /2 44 = p.

=00

For example, when Q is 2.05, P is 0.98.
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When equation (2-6) is satisfied by system chaining parameters, synchro-

nization of all members of the chain up to the mth member is assured with ]

probability no less than P. Having selected a suitably high probability,
equation (2-6) can therefore display those sets of possible chaining param-

eters wnich provide satisfactory performance. The parameters involved in

equation (2-6) are

The error introduced by time relay

(a)
(b) The clock accuracy
(c¢) The interval between synchronization attempts
Together these define the number of synchronization -attempts per demote in-
terval, v.
(d) The minimum useable system accuracy which defines the maximum
useable hierarchy, H
(e) The quality of the communications channel which determines the

probability p that a synchronization attempt is successful.

In reference (1], page 2-15, it is shown that

.

oy =L
m
i=1 P4

is the effective probability per link of achieving synchronization in one
demote interval for a chain that exhibits the individual probagbilities P -
This parameter is used in conjunction with equation (2-5) to produce the sum-~

marizing graph in Figure 2-L.

The curve gives the chain length for which we are 98% certain that all

chain members have hierarchy less than 40 as a function of the effective

probability per link.
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In "Collision Avoidance System Flight Test and Evaluation", Martin ;

Marietta Corporation, April 1970, tests on air-to-air synchronization are
reported for various distances and altitudes. When the experimental results
are summarized over all altitudes and ranges to find the probability of ob-
taining synchronization in a 6-second demote interval, one obtains 0.73.

A 23-member chain with this probability for each link is 98 percent certain
to have all members in hierarchy less than 40. This point is illustrated

8

with the * on the figure. A 6-second demote interval corresponds to 107",

crystal oscillator, clock.

The various experiments, analyzed individually, exhibited a range of
synchronization per 6-second demote interval probabilities from 0.994 to
0.48. These variations showed no particular dependence on range. It appears
that signal-to-noise ratios were more than adequate at all ranges tested so
that multipath interference and antenna pattern nulls dominate synchroniza-
tion probabilities. Calculations based on equation (2-7) show that a 25-
member chain, in which the individual links exhibit this entire range of
probabilities in equal proportion, is 98 percent certain to have all its

members in hierarchy less than 40; this point is labeled e on Figure 2-k.

Thus we have shown, on the basis of the best experimental evidence
available, that with high probability any chain of less than 20 mem-
bers will provide synchronization to an aircraft. Based on this result,
the solution method utilized in the study assumes that an hierarchal air-
craft is synchronized if there exists a sequence of hierarchal craft leading
from a master station to the aircraft in which each successive pair are with-

in radio line-of-sight and synchronization range.

We hold this assumption to be conservative on a number of grounds.

(a) With a synchronization range of approximately 100 n.m., as used in

this evaluation, a chain of 20 links is on the average 1500 n.m.

long. Subsequent analysis shows that three ground stations within




CONUS limit the number of links required to fully utilize hierarchal
time distribution to less than fifteen.

f‘ (b) The analysis above assumes only a single chain leading to any

given aircraft. In point of fact, multiple chaining opportunities
exist at nearly every craft. ZEach alternative chain increases the
probability of being synchronized.

(¢c) The numerical results quoted above assumes that all aircraft are

equipped with a 10'8 crystal clock. The state of the art in pro-

ducing precision time pieces is such that we would expect many,

if not most, aircraft to be better equipped.

n

.1.2 Effectiveness Measures 1

In this study, we have taken the point of view that the distribution
of time throughout CONUS could be a service directed toward a number of pos-
sible objectives. As with any service, one needs some means of measuring

the degree to which the service meets its objectives.

In the systems we are considering, the primary source of time is the
g master station. However, the hierarchal aircraft serve to extend the service
é into regions not directly covered by such stations. Somewhat analogous to
. more familiar utilities, (e.g., electrical power, natural gas, water, etc.),
each hierarchal aircraft serves as a substation with its own particular
region of influence. In this case, the region of influence is the subset of
CONUS airspace within radio line-of-sight and synchronization range of each

synchronized aircraft.

The utility of bringing time into this region should be directly
relatable to system objectives. If the objective is to provide time to air-
craft, the utility should be measured in terms of the number of aircraft,

j perhaps of a specific type, within the region. If the objective is to obtain

| the broadest possible availability of time, then the utility might properly
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be measured in terms of either the volume of the region or the land surface J
area it covers. If time service is provided for collision avoidance purposes,

then the utility shouid be measured in terms of the rate of occurrence of near

misses and/or collisions in the regicn.

However, regardless of the specific objective, we wish to define a
function which operates on a region (subset of CONUS airspace) and produces
a positive real number reflecting the degree of utility provided. That is,
we wish to define a function, p, which operates on subsets, V, of three dimen-
sional space (the service region of a given aircraft) and yields a positive

real number o, i.e., p(V) = a.

Since the region V serviced by given hierarchal aircraft changes with
time as does the characteristics of the region which determine u(V), we must
interpret u(V) as the instantaneous utility of providing service to the
region V. While instantaneous measures of utility are of interest, we will

ultimately desire to integrate this function in time to obtain a measure of

the mean utility provided.

A further, and very definitive roperty required of the function u
5 s Prop Y

can be discerned. If we have two hierarchal aircraft which provide service

to two completely disjoint regions, Tx and Vy’ then the utility of providing

time to these two regions combined must be the sum of the separate individual

utilities. Expressed symbolically, this means:
wWvU v )=n (V.)+u (v
(VU v )= u (v,)

whenever the intersection

v{lv is the empty set.




A function which associates real numbers with sets and has the above
property is called an (finitely) additive set function. It can be shown that
when such a function is applied to a set derived by combining (in the sense

’ of set union) a number of over-lapping regions, the regions of overlap are

counted only once in the determination of the numerical functional value.

! With this background, we can now perceive the steps necessary to

5 specify the utility of time distribution. One begins with a specific number

. and placement of master stations. First, one must determine for each time
instant which hierarchal aircraft are synchronized as the result of this
master station placement. The service regions for all synchronized stationms,
including hierarchal and master stations, must then be derived and combined.
Following this, the functional rule p is applied to the combined region to

: obtain the numerical representation of instantaneous utility. Finally, the

instantaneous utility must be integrated over time to find the time averaged

utility. This procedure is summarized in the following symbology:

= L

u u. v at (2-8)
xestt) X

where S(t) is the set of all stations synchronized at time t.

The computation described in (2-8) suffices for comparison of the
performance of alternative master station placements, but does not yield in-
formation as to what fraction of the total need is being fulfilled. To re-

flect this aspect, we must compute the utility of vroviding synchronization

to all CONUS sirspace and normalize the expression in (2-5) with respect to |
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this quantity. Thus, with a given set of ground stations M, we associate an

effectiveness number E(M) given by

where the set A is the total CONUS airspace.

Five different definitions of the set function u have been investi-
gated. Each of these emphasize a different possible use for time distribution.

I. u(V) is the number of hierarchal aircraft in V.

With this definition of u, the effectiveness is the fraction of
hierarchal aircraft hours that are synchronized. This is a good measure of
utility for master station location purposes regardless of the specific ob-
Jjective of time dissemination. Since the basic time disseminating mechanism
is air-to-air relay between hierarchal equipped craft, and since nearly all
useful measures of effectiveness are enhanced by the broadest possible dis-
semination of time, a sequence of master s%ations well placed to utilize
hierarchal chaining potential serves all likely system goals very well.

II. u(V) is the CONUS surface area contained in V.

With this u, effectiveness is the fraction of CONUS land area
which has synchronization service available. This measure is intended to be
indicative of utility to non-aviation users of time.

III. u(V) is the total number of aircraft in V.

In this case, effectiveness is the fraction of total CONUS fly-
ing hours that have synchronization available. Since this definition is felt
to be most representative of service to aviation, it has received primary em-

phasis.
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IV. u(V) is the aircraft encounter rate in V.

Our use of this definition has been restricted to the assumption
l that the encounter rate in a given volume of airspace is proportional to the
square of the aircraft density and further that the constant of proportion-
i1 ality does not vary throughout CONUS. It provides an approximate indicator
of time distribution utility for collision safety purposes since effective-
ness by this definition is the fraction of aircraft encounters during which
time synchronization is available.

V. u(V) is the aircraft collision rate in V.

This definition, which gives effectiveness as the fraction of
collisions provided time synchronization coverage, is intended to be supple-

mentary to the measure of effectiveness described in IV above. In applica-

tion, the collision rate has been determined from NTSB collision records

covering the period 1964-19T1.

Effectiveness as defined by equation (2-9) depends on time through the
synchronized station set S(t). S(t) in turn, is determined by the time pro-

files of all hierarchal aircraft. Taken as a whole, these time profiles and

hence S(t) exhibit strong periodicities. The strongest periodic component is
diurnal as flights build up during the day;,die out at night, and show char-
acteristic peaking at rush hours. The next strongest component is weekly,
with minimum travel on weekends and build up through the week to accommodate
the public's travel habits. There is also an annual periodicity to match

seasonal air travel patterns.

We can view the function S(t) as being made up of daily, weekly, and

yearly components, all modulated by long term trends plus a noise component.

Noise enters in two ways. First, on a fine scale, deviations from schedule
occur due to weather, flight path choices, delays, etc., and on a larger

scale, schedules are altered in response to economic forces. Second, since

we cannot represent the function S(t) exactly in our calculations, we will

inevitably introduce some numerical noise.
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Any high frequency components of noise will be strongly attenuated by
the integration process which has a half-power bandpass of only 0.L43/T Hz.
Only disturbances which persist longer than 2.26 T will pass without signif-
icant attenuation. If T is on the order of days, few natural disturbances
persist this long. If care is exercised with respect to numerical noise,

the noise components will be effectively averaged.

In light of these considerations, the logical choice for a represent-
ative period is T equals one week. All daily and weekly variations will be

accounted for and noise adequately attenuated.

One characteristic of master station effectiveness is not represented
in equation (2-9) as it now stands. Minimizing the effects of master station
outages should be a consideration in station deployment. Patterns of redun-
dancy may be possible which enhance the overall effectiveness of the master
station set. The best way to assure that such possibilities are properly
exploited is to design the effectiveness measures to include the contribution
of redundancy to utility.

While the effectiveness measure of éQuation (2-9) was constructed on

the implicit premise that all master stations are available at all times,

actually the set M of master stations can be in various operationél states.
Each operational state is described by the subset X of the stations in M

"on the air". These subsets (states) X of M range from none of

whizh are
the stations available through all combinations of partial availability to

all master stations being simultaneously available. Each state provides a

certain level of service E(X), described by equation (2-9), and each possesses
a characteristic probability of occurrence, P(X). The mean effectiveness,

E(M), of the set M is therefore given by

EM) = Y P(X) B(X) (2-10)
Xer (M)

where m(M) is the power set of M (i.e., the set of all subsets of M),
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Under the expected condition that all master stations are of like
kind, and that station outages will be independent events, a common proba-
bility value can be used for each combination that has the same number of
stations available. Expressing availability as o, and non-availability as

g = l-a, equation (2-10), in this case, reduces to

~ # A

Tl = b o &k B (2-11)
Xen (M)

~

where the notation X means the number of elements in the set X (i.e., the

cardinal number of the set X).

Equation (2-10), or as appropriate, (2-11), used in conjunction with
equation (2-9) is the most general description of master station effective-
ness utilized in computational portions of this study. However, depending
on the specific application of the master stations, various emphasis will be
applied to operational and economic considerations such as, uninterrupted
service to high traffic areas, service to aircarrier aircraft, utilization
of available government sites and service, and applicability during ear::
phases of introduction. Although such opérational and economic motivations
have not been factored into the analytical evaluation of effectiveness, they

have been considered in making final judgements on site alternatives.

2.1.3 Algorithms for Master Station Location

E(M) in equation (2-10) is a function of the geographic coordinates
of the master station locations. The intent is that the stations be located
so that their effectiveness is as great as possible. If there are m stations

in M, each point in the 2m dimensional space of station coordinates yields

a particular value for EKM). This suggests the possibility of employing
standard multidimensional optimization techniques to locate master stations.

These techniques invariably assume the function to be continuous, and most




require at least first order derivatives. Unfortunately, E(M) is not even

continuous in the station coordinate variables. Step discontinuities occur
when the last link between a master station and an aircraft cloud is severed.
Even if this were not the case, investigations have shown that the function
E(M) has many relative maxima, so that the result of conventional optimizing

techniques is highly dependent on initial solution estimates.

The only method for verifying that a truly optimal station location
solution has been reached, is exhaustion of all possibilities. To do this,
a mesh of possible station locations must be laid over CONUS fine enough that
significant variations in effectiveness do not occur within a cell, and then
E(M) must be computed for every way that m stations can be placed in these

cells. If there are n cells, this requires (2) computations of E (M). For

example, if an average cell in CONUS covers "(OOnm2 (approximately 3000 cells)

and there are to be 20 master stations, then

ny (3000) 4
mope N 20
computations of E(M) would be required.

To reduce the number of computations we have employed a priority al-
gorithm. First we solve the problem by exhaustion for only one master sta-
tion; that is, we select the most effective single master station. Then we
remove all hierarchal aircraft that are synchronized by that station from
consideration, and repeat the process; that is, find the most effective
ground station that can be adjoined to the one already selected, and continue
this process until all m stations are located. The number of computations
of E(M) involved, is approximately n - (m/2). This would be 2,990 in the
above example, and while this is still not a comfortable number, it is within

the realm of possibility.




The priority algorithm may not always produce absolutely optimum

station locations. ©Situations can be constructed, in which some hierarchal
aircraft are redundantly covered by more than one master station, where
master station sites can be found which exhibit somewhat higher performance
than the priority selected sites. While such cases can be constructed,
reference [l], page 2-47, we have never encountered such a case in an

actual application.

Since computation time for the priority algorithm is a strong function
of the number n of possible station locations, the best opportunity for hold-
ing computation within reasonable bounds is to eliminate all possible loca-
tions which are not strong contenders before computation begins. The desire-
ability of a station location depends upon the sizes and the intersection
patterns of aircraft clouds. As is well known, human capacity for pattern
recognition greatly exceeds computer capabilities at the present time. This
suggests that an interactive algorithm with the operator limiting the choices
to promising regions, while the computer furnishes the detailed computations
of the relative effectiveness of alternatives. At times we have employed

this procedure.

2.1.4 Sensitivity to Aircraft Location and Mathematical Solution Method

At any given moment, we can think of the hierarchal aircraft distrib-
uted across CONUS as nodes. A graph can be defined on these nodes by placing
an edge between every pair of aircraft which are within radio line-of-sight
and synchronization range. We call the connected components of this graph
clouds of aircraft. By virtue of the way the graph is defined, any two air- :
craft within the same cloud are assured that there exists a sequence of air-
craft leading from the one to the other in which successive pairs are within
radio line-of-sight and synchronization range. Thus, according to the con-
clusion of Section 2.1.1, if any aircraft in the cloud has contact with a

master station, then all aircraft in the cloud are synchronized.
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By virtue of the particular geometrical patterns developed in air

travel over CONUS, different graphs will be developed at different times,
n

AN -
so that any of the 2 graphs possible on n nodes nwve some probability

of occurrence.

Let p be the probability that two aircraft selected at random from
the list of hierarchal aircraft active at a given moment are within radio
line-of-sight and synchronization range. If aircraft were uniformly dis-

tributed over CONUS then to a close approximation

5]
p = ®R°/A = 0.03125

where R is the synchronization range, and A is the area of CONUS. However,
some parts of CONUS, (e.g. Maine, southern Texas, the Dakotas and Montana)
have much lower densities than average. Since the effective area is some-
what lower than all of CONUS, and there are well known aircraft concentration

points, we expect p to be higher than 0.0125.

In reference [3] an argument based on the law of large numbers is
presented which shows that, when n is large, the number of edges (q) in the
hierarchal graph (i.e. the number of air-to-air communication links) is

given by:

q = n2p/2, n large (2-12)

This result is based on a model which allows an arbitrary distribution of ]
aircraft over CONUS. The only requirement is the function which describes

the instantaneous density distribution must be integrable.

Figure 2-5 presents an analysis of the value of p exhibited by air-
carrier aircraft distributions at 68 points through the day and week. Super-
imposed is a close approximation to airline activity, see Figure A-1, rela-

tive to its peak value for these same points. The dashed line in Figure 2-5
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is at p = 0.0125, the uniform distribution value. As was expected, the value
of p throughout the well-traveled portions of the day is somewhat higher about
).021. Early morning traffic consists mostly of freighters flying between
major city pairs. The concentration of aircraft along these major airways is
reflected in a higher p (about 0.025) during this time. Begirning at about

T o'clock Eastern Time, traffic in the eastern half of the United States
juickly attains its full daylight value while the western half of the United
States is, by comparison, bare of traffic. During this period, since the
aircraft distribution is concentrated in only half the United States, p is

about double that of the mid-day value.

In reference [5], E. M. Wright has shown that if n, the number of
aircraft nodes, is large, then the probability, P, that all aireraft are in
a single cloud is

St o e (2-13)

where g is the number of edges in the graph. Thus, substituting from equa-
tion (2-12), we have the following expression for the probab<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>