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Abstract

This study provides the basis for the development of a cost/venefit assess:.ent model
to determine the effects of alterations to the Spac> Surveillance Network (S5N) on orbital
element (OF) set accuracy. It provides a review of current methods used by NORAD and
the SSN to gather and process observations, an alternative te the current Gabbard classi-
fication method, and the development of a model t.. determine the effects of observation
rate and correction interval on OF set accuracy. The proposed classification scheme is
based on satellitr J, perturbations. Specifically, classes were established based on mean
imotion, eccentricity, and inclination since J, perturbation effects are functions of only
these elements. Model development began by creating representative sensor observations
ustoe a highly accurate orbital propagation model. These observations were compared
) pn;(iim'f! observations generated using the NORAD Simplified General Perturbation
(SGP1) madel and Ciiferentially corrected using a Bayes, sequential estimation, algorithm.
A 10-run Monte Carlo analysis was performed using this model on 12 satellites wsing 16
different observation ratefcoriection interval combinations. An ANOVA and confidence
ix.xu-nul analysis of the results show that tie imodel does demonsirate the differences in

steady state position error based on varving observation rate and correction interval,

xxi



AN ANALYSIS OF USSPACECOM’S SPACE SURVEILLANCE NETWORK
SENSOR TASKING METHODOLOGY

I. INTRODUCTION
1.1 Background

Following the launch of Sputnik I on 4 October 1957, the United States realized that
it needed the capability to track and idéntify objects in earth orbit (7:12-'10). Shortly
thereafter, development began on a system of sensors to perform that mission. Today, it is
the responsibility of the United States Space Command (USSP.-\(‘I'Z(“()';\'I) Space Surveil-
lance Center (SSC). at (‘hoyonné Mountain Air Force Base (CMAFB) in Colorado, to
detect, track, identify. and catalog all objects in earth orbit (26:1) (23:39). Yo perform
these tasks. the SSC requires accurate positional data on all of the objects in orbit. This

data is provided by the 25 worldwide sensors of the Space Surveillance Network (SSN).

I'he sensors of the SSN continuously track approxinmivl_\- 6,000 man-made objects
in carth orbit and gather metric (positional) data on them. The sensors send llwsv‘ul)o
servations (approximately 40,000 observations a day) to the SSC. The $SC uses this data’
to classify and identify all detected objects and nminl.ain the orbital M«-mém_ (OF) sets on
each of tlnme{ objects (18:N8), 'l'hv'() E sets are used to predict the position of any object at

any time, These predictions have many important operational applications that include:’

collision avoidages, satellite decay and impact predictions, satellite maneaver identifica.

tion, warning of a satellite passing over a specific geograplic area. and warning of attack
)
o US space assets (731210, 12-11), 'ljlwn-fnn'. waintaining the accuracy of the OF sets
used to wake these predictions is essentjal.
Based on the currem satellite growth rate, the SSC will be maintaining surveitlance
on abont 10,000 objects by the yvear 2000 (17:588), Correspondingly, the number of ob.
sepvations on these objects received and processed by the SSC will also rise. Given this ;

growth rate, the tracking limits of the SSNLand current computational limits, the capacity




of the SSC will eventually be reached. In order to maintain the required orbit prediction
accuracy on this steadily increasing number of objects, new or upgraded sensors and com-
puters will be required. However, in the future military budget climate, money for these
upgrades may not be available. USSPACECOM may also find itself under pressure to shut

down some of its older sensors that are deemed too expensive to operate.

1.2 Problem

The problem which USSPACECOM will eventually be faced with is how to iaintain
orbit prediction and OF set a(‘cur:;(‘)' on an increasing number of objects while possibly
having to (1) decrease the number of sensors, (2) decide where to place new svnsorS. andfor
(3) decide which sesor(s) or computer system(s) to upgrade with limited available funding,.
In other words, how to operate the SSC and SSN as efficiently as possible with minimum

resources (sensors and computer systems).

1.4 Rescarch Objective

‘There are two objectives of this research. The fiest is to analyze USSPACECOM's
enrrent sensor tasking methodology, focusing on current operational procedures and meth-
utls of elassifying the earth satellite pupulatin'n. The second is to develop and demonstrate
a model from which you can determine the effects of observation rate and correction in-
terval on the accuracy of an OF set. This research is intended to provide the basis for the
developiment of a quantitative cost /benefil assessment model to allow USSPACECOM to

assns the offects of alterations to the 88N an orbit prediction accuracies,

This research is bring performed at the request of the 1at Command and Control

Squadron at Chevenne Mouatain AFB. Colorado,

i} Seope af Rescarch

Thie effoset in divided into hive specifie arras of research and analvsis, The firet area
will be an analysic of the SSN. The wrond area will be an analysis of the carth atellite

populatian and USSPACECOM s current method of classifving catellites. The third arca



will be the developmént of a highly accurate “truth” model used to produce simulated
observations from the sensors of the SSN. ‘I'he fourth area will be the development of a
differertial corsoctor (DC) used to correct satellite orbital elements based on a set of “truth”
obsorvations. The last area will be a statistical analysis of output from the differential
rorr~cter te estimate the position accuracy of various observation rate - correction interval

combinations on a set of representative satellites.

141 :hmlysz:s of the SSN. The purpose of this analysis is to determine the methods
currently used to task sensors of the SSN to gather observational data, and t§ update
satellite orbital clement sets. This data will establish a baseline for comparison with
results from the dynamics model. In the performance of this analysis, the following speciﬁé

questions will be examined:
o What are the locations and operational clxaracloristiés of § \ setsors?
‘s What are the capabilities of the SSN?
¢ How are the sensors of the SSN tasked ";u-ul how was that method dAVt\iOISO(I'!
o How are the sensor observation data processed? | |
o What are the operational requirements for orbital element a('cura‘(‘y'.’
o How does the SSN classify the objects it tracks?
o llow does TSSPACECON update orbitai elements?
o flow does avmospheric refraction affoet SSN sensor observations?
o \What are the error characteristics of the SSN sensors?

The answers 1o these questions, and the results of this analysis, will be presented in

the Literature Review,

L4 2 Analysis of Earth Sutellite Population. In addition to understanding the cur-
rent methods used to task sensors to gather ob ervational data on earth satellites and to
update satellite orbiial elements, an understanding of the satellite oibital characteristics is
essential. The purpose of analyzing the earth satellite population is to examine the orbital

characteristics of satellites in earth orbit and select a reprosentative sample for analysis.
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1.4.83 Truth Model Development. The truth model is intended to produce highly
accurate “truth™ observations of earth orbiting satellites. These truth observations will
simulate actual SSN sensor observations received by USSPACECOM and be used to correct

OE sets.

144 I)iﬁerenﬁal Corrector Development. The differential corrector model is in-
tended to update satellite orbital elements based on simulated observations ffom the truth
model and output the vector magnitude of the error between the “truth” position and the
predicted, position for each observation. Since the results from this model will be com-
pared to actual data from USSPACECOM, we will attempt to simulate methods used by
USSPACECOM as closely as possible and model the composition and characteristics of

the SSN as realistically as possible.

1.4.5  Slatistical Analysis. A statistical analysis of the output from tlu‘»diﬂcron’tial
corrector will-be performed to determine the statistical mean and variance of the steady-
state position error of a satellite based on a given observation rate and correction interval.
'l‘lw_so estimations can. in turn, be used to show the effect of obsqvntion rate and correction

interval on the true position error of a satellite.

1.5 Limilalions of Research

~In performing this research: we will limit our analysis to ?)lnly objects cataloged
by NORAD as of 1 March 1990. Due to various problems encountered in tmnsforring
orbital element set data from USSPACECOM to AFIT, and time restrictions due to thesis
submittal requirements, this set was the most current cotmplete set of data available for

analysis.




<3
e

II. LITERATURE REVIEW
2.1 Introduction

This purpose of this chapter is to provide a review of literature and information
pertinent to this research. The goal of the literature review is to lay the ground work 'fori

the research effort. The following subjects are covered in the roview:

o SSN sensor types and characteristics.

¢ Composition of the SSN.

o SSN sensor locations, limits, a.ndl coverage areas.

o Error associaled witlnivSSN -sensors. |

o SSC satellite classification methodology.

o SSC sensor taskiug methodology.

e SSN sensors observation processillg methodology.

e SSC (;bservatioxl processing and orbital element correction methodology.

o Previous analyses of S5N capabilities.

SSN Sensor Types and Characleristics

The SSN uses two basic types of sensors: optical and radar sensors. Optical sensors
measure the visible energy emitted or reflected by objects and are typically used to track
deep-space objects.! Radar sensors measure high-frequency radio waves reflected by objects

and are typically used to track both near-earth? and deep-space objects.

2.2.1 Radar Sensors. The development of radar has been called the greatest ad-
vance in the remote sensing of abjects since the invention of the telescope in 1608 (1:1).

The radar saw its first major use during World War [T and the Battle of Britain, Since

'Orbital period greater than ot equal to 225 minutes (24:223).
?Orbital period less than 225 minntes (24:223),
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that tiine, the basic principle of the system has not changed but the technology supporting

the system has changed dramatically.

Regardless of the type of radar, all radars operate on the same general principle.
A beam of electromagnetic energy is transmitted from an antenna toward a target. The
physical characteristics of the target will determine if the energy is absorbed, reflected, or
some combination of both. If any of the energy is reflected, the target itself becomes an
antenna and re-emits the electromagnetic energy in all directions. The direction of the

strongest reflection is typically in the direction of the radar transmitter.

In general, for a given observation, the total reflected energy received by the radar
may be used to characterize the target in terms of detectability and measuring ability of
the radar. -The ability of a radar to dzotect and track a target can be shown to be a function
of the average power of the transmitter, the time the target is illuminated by the radar

beam, and the geometry of the radar-target situation (1:4).

An important defined quantity based on the geometry of a target is called radar cross

section (RCS). RCS (o) is defined as

g =47 X ?‘f:_ (2.1)

where ¥, is defined as the reflected power per unit solid angle in the direction of the source,
and ¥, is defined as the power per unit area of the transmitted signal (1:66, 110). The
units for o are generally m* or dim?®, If a target were to scatter the radiation uniformly,
the RCS would be the area from which the power was extracted from the incident wave
(1:66). If the target can be modeled as a sphere with constant area cross section from all
viewing angles, the RCS may be modeled as a single value (1:80). The larger the value for
RCS, the larger the quantity of reflected energy or target echo.

The echo returned by a simple point target will be an exact reproduction of the
transmitted signal. Howoever, the signal is shifted in time due to range delay, shifted in
frequency by the Doppler shift due to the target’s radial velocity, and shifted in amplitude
due to the geometry of the radar and target situation (1:2-3). By analyzing these shifts

in frequency, the range and velocity of the target may be determined.
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2.2.1.1 Radar Functions. There are two basic functions carried out by a
radar: search and detection (20:4). Search is the methodology used by the radar to look
for targets within a speciﬁed field of view. Detection is the ability of the radar to iden-
tify a target in its field of Qiew. These terms are independent of‘ the type of radar being

discussed. However, the method of employment varies for different types of radars.

For mechanical radars, the search methodology is based on a rotating antenna or
rotating feedhorn. The assembly may be sending energy, receiving energy, or both. Another
name for the rotating antenna is mechanical tracker and is the name most often uséd in
the SSN. If the same antenna transmits and receives, the system is called a mono-static
system. However, if éeparate antennas transmit and recéive, the system is referred to as a

bi-static system.

For a phased-array radar, the searching methodology is based on electronically chang-
ing the phase of the transmitted signal. The face of the radar is gomposed of groupings of
electronically steerable antennas. The individual antennas emit phase-coherent radiation
to emit a plane wave of radiation in the desired direction. However, since the phaséd-array
radar is not limited to a direction normal to the antenna as the mechanical radar is, the

search methodology varies greatly from the methodology of the mechanical tracker (29:8).

Thé search philosophy for each type of radar is different based on its strengths and
limitations. However, both methods are“baséd ‘on the probability of a target being in a
specific sector of observation. While a mechanical tracker may search ina circular pattern;
the probability of detecting the target improves if the location of the target can be limited
to a certain sector for search. In a similar mauner, the phased-array develops an « posteriori
probability of a target being in a certain cell of observed space. The search is then begun

in the cell with the highest probability of (‘o’nt,aiuing a target (29:8).

L

Detection, the second ﬁinction of a radar, is the process of determining the presence
of a target in the presonce of competing electromagnetic signals. ‘I'hese competing signals
arise from many sowices. The most common sources of 'thoso signals are background
radiation, undesirable echo, or the radar receiver (1:1). ‘The limiting precision (standéﬁ‘d

deviation) of angular measurements associated with target detection will be on the otder of

N
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one tenth of the half-power beamwidth for the targets which can be distinguished against
their background radiation (1:54).

Assuming the radar search method locates and then detects the target, the electro-
magnetic energy may then be used to determine several characteristics of the target. The

characteristics of interest are velocity, range, azimuth and elevation.

The time delay between the transmitted pulse and the corresponding received pulse

will be an indication of the target range. This relation ship may be expressed as:

At = = (2.2)

where ¢ is the speed of light, At, is the return delay time of the pulse, and R is the 1ange
(1:3).
The velocity of the target may be calculated from the shift of the center frequency

of the radar pulse. The center frequency of the returned pulse will be shi‘fted from the

transmitted pulse, f;, by:

- (C+'U,-)
ﬂ+h-¢aj;5 (2.3)

where f; is the frequency of the Doppler shift, ¢ is the velocity of light in a vacuum, and

v, is the radial velocity of the target (1:3).

The remaining characteristics are azimuth and elevation. With these additional
picces of information, the position of the target may be determined in detail. To deter-
mine azimuth and elevation, measurements are taken directly from the mechanical devices
accomplishing the tracking (mechanical tracker) or from the electronics controlling the

wave front (phased-array).

2.2.1.2 SSN Radar Sensors. There are three types of radar sensors in the
SSN: mechanical radars, phased-array radars, and a radar interferometer. Mechanical
radars are either fan type or steerable trackers. The fan-type radars are large fixed antennas

with mechanically moving feeds which scan a swath of space a couple degrees above the
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horizon. Primarily designed.to detect incoming ballistic missiles, they can also detect

orbiting objects as they pass through the radar’s field of view (FOV) (26:6). Mechanical
steerable tracking radars use dish-type antennas and can track only one object at a time.

Most radars of this type are used to track deep-space objects.

Phased-array radars are the backbone of the SSN, providing over 60 percent of the
observations sent to the SSC (17:585). They electronically steer the tracking beam by
phasing the energy emittéd from thousands of small transmitters. They are capable of
directing the beam in many directions and sWitching targets in milliseconds. Thus, they

can simultaneously track several hundred objects (17:585) (26:6).

The one radar interferometer in the SSN consists of three transmitters and six re-

ceivers, positioned roughly along the 33rd parallel between Gecrgia and California (23:40).

Each transmitter and receivér is approximately 30 feet wide and 2 miles long. Together,
they create, in effect, a radar fence 5,000 miles long and 15,000 miles high‘capable of

detecting al! satellites with an inclination greater than 33 degrees® (17:585).

2.2.2 Optical Sensors. An optical sensor must also search for and detect a satellite
crossing the sky to provide data to update orbital elements. As the sensor tracks satellites

across the sky, changes in right ascension and declination are recorded. These changes in

angles can be converted into orbital elements for the target satellite. The accuracy of the

sensor in measuring these angles directly affects the accuracy of the orbital elements.

The basic requirements for an electro-optical tracking device are: sensor, positioning
system, and a command and control system for the positioning system (6:70). More

specifically, the system must comprise a sensor, gimbal, tracker, and gimbal control.

The sensor is composed of an electronic detector, optics, and associated electronics.
The Ground-based Electro-Optical Deep-Space Surveillance ((il‘lODSS) sensors are the
primary optical sensors used by the SSN. GEODSS uses a low-light-level charge-coupled-
device (CCD), computer analysis, and large telescopes to provide observational data to

the 88C in real time (7:12-12).

T Approximately 85 percent of the current satellite population. See Figure 5.5.
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The gimbal is a mounting device which stabilizes the sensor and provides control of
the tracking motion. The tracker is an additional piece of equipment which identifies the
target and keeps the sensor pointing at the target. The CCD is an electronic device which
records the impact of photons on the sensor. The gimbal control is the motor, gears and

electronics required to operate the gimbal (6:72-73).

2.8 Space Surveillance Network Composition

The Space Surveillance Network is a conglomerate of 25 ground-based radar and
optical sensors used for space surveillance (23:42-43). The 25 sensors are of 19 different
designs, with only seven of the 25 sensors being designed speciﬁcélly for the SSN as tracking
sensors (18:7) (23:39-43). The remaining 19 sensors were originally designed with other
i)rimary missions, such as ballistic missile warning, missile testing, or scientific research

and development, and were adapted to the SSN because of their capabilities (23:39-43).

Because of inherent limitations, most of the sensors of the SSN are unable to track
objects smaller than 10 cmn in diameter (17:587). In addition to the 7,000 objects larger
than 10 cin currently tracked, it is estimated that there are 48,000 to one million objects
ranging in size from one cm to 10 cm in diameter. It is believed that objects less than one

cm number into the billions (17:587) (23:39).

The sensors of the SSN are operationally divided into three categories based on which
agency has operational control over the sensor and when the sensors provide support to

the SSN. Those categories are: dedicated, collateral, and contributing sensors,

2.3.1  Dedicated Sensors, Dedicated sensors are those with a primary mission of
space surveillance, There are seven dedicated sensors in the SSN with the majority of
them being optical systems. The premier dedicated system is the GEODSS. GEODSS was
designed to replace the Baker Nunn camera system (7:12-12). There are four operational
GEODSS sites (with one more planned) roughly spaced eveuly around the globe to give
complete coverage of all satellites in geosynchronous orbit (17:6586). The operational sites
are: Socorro, New Mexico; Tacgu, South Korea; Maui, Hawaii; and Diego Garcia in the

Indian Qcean (23:39).
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The Maui Optical Tracking Identification Fa,cility (MOTIF) is co-located with the
GEODSS site at Maui. It is similar in capability to the GEODSS systems but also has an
infrared detection capability (23:39). Both of these optical systems are limited to night

observations in clear weather (23:39).

The radar at Eglin AFB, Florida is the only dedicated phased-array radar sensor
in the SSN. It is also the only phased-array radar capable of tracking both near-earth
and deep-space objects (23:39). The radar interferometer, or Naval Space Surveillance

(NAVSPASUR) System, operated by the Navy, is also a dedicated sensor.

- 2.3.2 Collateral Sensors. Collateral sensors are those sensors operationally con-
trolled by USSPACECOM with a primary mission other than space surveillance. They
support the SSN when not performing their primary missions. There are ten collateral ‘
sensors in the SSN. They consist primarily of the phased-array radars ringing the North-

ern Hemisphere, watching for ballistic missile launches.

The‘PAVE PAWS system consists of four identical two-face phased-array radars with
a primary mission of SLBM detection. Space surveillance is their secondary mission (23:40).
The radars are located at: Cape Cod AFB, Massachusetts; Beale AFB, CaliforniAa.; Robins :
AFB, Georgia; and Eldorado AFB, Texas. These radars track only near-earth objects

(18:7).

The Ballistic Missile Early Watning System (BMEWS) consists of a mechanical fan
radar at Clear AFB, Alaska, a two-faced phased-array radars at Thule AFB, (nrconlan(l
and a throo face phased-array radar at Fylingdales Moor, United Kingdom. These nul.m
have a primary mission of IC'BM detection and a secondary mission of space surveillance
(23:40). ‘I nese radars track only near-earth objects (18:7).

The Perimeter Acquisition Radar Attack Characterization System (PARCS) is a
phased-areay radar located at Cavalier, North Dakota. It has a primary mission of SLBM
detection and a secondary mission of space surveillance (23:40). It tracks orty near-earth
abjects (IIN:T). ‘ o "

The last two collateral sénsors are the COBRA DANFE phasod-arraiy radar at Siwn‘\"a

AFB, Alaska, and the steerable mechanical-tracking radar at Pirinclik, Turkey. Both have

0
-t




a primary mission of intelligence collection and a secondary mission of space surveillance

(23:39). They both track only near-earth objects (18:7).

2.3.3 Contributing Sensors. Contributing sensors are those sensors not under direct
USSPACECOM operation control, but which, by agreement, provide support to the SSN
when not performing their primary mission. There are eight contributing sensors in the

SSN.

The Air Force Maui Optical Station (AMOS) is a optical telescope system which
performs scientific research and development tasks for Air Force Material Command. It is
co-located with the MOTIF and GEODSS systems on Maui (23:40). It is used for tracking
deep-space objects (18:7).

The steerable mechanical-tracking radars on Kaena Point in Hawaii, and Antigua
and Ascension Islands in the Atlantic Ocean are used to support missile testing out of the
Western and Eastern test ranges (23:40). These sensors all perform near-earth tracking
(18:7).

_'I‘he Advanced Research Projects Agency (ARPA) Lincoln Tracking and ldentifi-
cation Radar (ALTAIR) and the ARPA--Lincoln Coherent Observables Radar (ALCOR)
on Kwajalein Atoll in the Pacific Ocean arc operated by the Army in support of Army,
Navy, and Air Force missile testing (23:40). ALTAIR performs deep-space tracking while

ALCOR, performs near-earth tracking (18:7).

Finally, the Millstone and Haystack radars located on Millstone Hill in Massachusetts
perform scientific research and development. They are operated by Lincoln Labs for the
Massachusetts Institute of Technology (23:40). When supporting the SSN, they both
petrform deep-space tracking (18:7).

Table 2.1 provides a summary of sensor category, sensor type (phased-array radar,
mechanical-tracking radar, radar interferometer, or optical sensor), and sensor mission

(near-carth or deep-space).



Table 2.1. SSN Sensor Category, Type and Mission.

I Sensor Sensor Sensor |  Sensor
{| Number(s) Sensor Naimne Category ‘Type Mission
211. 212, 213 GEODSS SOCORRO Dedicated EO DS

221,222,223 | GEODSS TAEGU Dedicated | EO DS
231, 232, 233 GEODSS MAUI Dedicated EO DS
241, 242, 243 GEODSS DIEGO GARCIA Dedicated EO DS
333 ALCOR .|| Contributing | MTR NE
334 ALTAIR Contributing | MTR ns
337,401,403,404 | PIRINCLIK Collateral MTR | NE and DS
344, 227,777 FYLINGDALES® Collateral PAR NE
349, 359 CLEAR Collateral MTR NE
354, 455 ASCENSION Contributing | MTR NE
363 ANTIGUA Contributing | MTR NE

. 369 MILLSTONE HILL Contributing | MTR DS
370 - MILLSTONE UHF Contributing'| MTR | - DS
382, 383 . GOODFELLOW - Collateral PAR NE
384, 385 ROBINS Collateral PAR NFE
386, 387 CAPE COD Collateral PAR NE
388, 389 BEALE Collateral PAR NE
303 ~{ TOBRA DANE ollateral | PAR NE
394, 395 YHULE Collateral | PAR NE
396 FiuRCS Collateral | - PAR NE
398, 399 EGLIN Dedicated PAR | NE and DS
L 747 NAVSPASUR Dedicated RIF NE
932 KAENA FOINT Contnibuting | MTR Nk
951 MOTIF Dedicated 0 DS
952 AMOS Contributing | - O DS
* New three-face phased-array radar. Sensor nembens for two-faces unknown.

PAR = Phawd-Array Radar 8 = Deep-Space satellite tracking
MTR = Mechanical-Tracking Radar NE = Neai-Earth satellite tracking
RIF = Radar Interlerometer
O = Optical sensor

| EO = Electro-Optical | xennor e

*

Compited from {35:3-4), (36:16 1K) and (11:4-2)
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2.4 Space Surveillance Nelwork Coverage and Limitations

To provide the best possible coverage of the space environment, USSPACECOM
has attempted to locate the sensors around the carth based on mission requirements and
limitations of the sensor. All collateral and contributing sensors were located in the areas
best suited to support their primary missions. The GEODSS optical deep-space sensors
were located as near the equator and as equally s,-i-ed about the earth as possible to

provide optimal viewing geometry for all geostationz-y satellites.

Table 2.2 contains a summary of the various sensor locations. Table 2.3 contains a
summary of the range, azimuth, and elevation limitations for the sensors. Figure 2.1 is a

representation of the worldwide locations of SSN sensors.

2.5 Space Surveillance Network Sensor Accuracies

2.5.1 Radar Sensor Error. Error is the difference in the true nosition of the target
and the position indicated by the radar. The purpose of error analysis is to provide a
description of this error. This description will allow the magnitude of ervor to be estimated
under any set of operating conditions. In general, the error will be a function of the time of
measurement, the value of the quantity to be measured, and the environmental conditions

present during the measurement (1:318).

For purposes of analysis, error is commonly divided into two components: systematic
(bi;.ns) and random (noise). Systematic errors are characterized by their predictability and
way be eliminated from the final weasurement. If the error is the same for all possible
observation conditions, a single number may be used to represent the error and then
subtracted from the measurement, In general, the measured values will vary around a
mean value (true bias) (1:31X),

If the bias error is constant for extended lengths of time compared to the calibration
and operation time of the system, then the error may be removed through calibration. 16
errors are introduced as a function of the measured quantity, then the .§|)c«\gl at which this
quantity varies will determine how much of the error appears as systematic and random

error.
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Table 2.2. SSN Sensor Locations.

Sensor North East
Number(s) Sensor Name Latitude | Longitude | Altitude
degrees degrees | meters ||
211, 212, 213 GEODSS SOCORRO* 33.817 253.340 1508.5
221, 222, 223 GEODSS TAEGU* 35.744 128.608 782.2
231, 232, 233 GEODSS MAUT® 20.708 203.742 3056.5
241, 242, 243 GEODSS DIEGO GARCIA* -7411 72.452 -63.0
333 ALCOR 9.395390 | 167.479131 60.7
334 .| ALTAIR 9.395390 | 167.479131 60.7
337,101,403,404 | PIRINCLIK! 37.905219 | 39.9931382 887.9
344, 777,71 FYLINGDALES} 54.37 359.33 298.0
349, 359 CLEAR! 64.201157 | 210.807021 2115
354. 355 ASCENSION® -7.940 345.598 97.0
363 ANTIGUA 17.143601 | 298.207327 -1.7
369 MILLSTONE HILL 42.617404 | 288.508954 121.0
370 MILLSTONE UHF 42.619566 | 288.508606 1.1
382, 383 GOODFELLOWY 30.978253 | 259.447024 772.1
384, 385 ROBINS! 32581227 | 276.430640 83.9
JR6, 38T CAPE COD} 41.752423 | 280.481731 8.8 |
38R, 380 - BEALE} 39.136044 | 238.649121 1139
393 C'OBRA DANE 52737262 | 174.00093} 3.4
301, 395 THULEY T6.57T0286 | 201.700759 1226
i)(i PARCS AR 724788 | 262.100257 3455
398, 399 EGLINY J0.572425 | 273.785153 J3.3
IR T NAVSPASURY J3.0 Various | Vanous
032 KAENA-POINT 21572087 | 201.73325x 2978
951 MOTHF 20708462 | 203.742024 J057 .4
952 TAMOS 20708311 | 203742486 | 30567 ||

* Average location and altitude for near eodocated aensors.

1 Muttiple co loc
} Actual position data for new three-face phased.areay radar not available. Estimated

ated mechanical-tracking senisors.

]

position based on pasition data of old mechanical-tracking radaes (341, 342, and 343).

§} Two-face phased-array radar with faces vo-located.

§ Cunsiats of six sensors pusitioned roughly at 13 notth latitude and evenly spaced belween
243 and 276 cant longitude.

U
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Table 2.3. Space Surveillance Network Sensor Limits.

Sensor Range Elevation Azimuth
Nuinber(s) Sensor Name Min | Max | Min | Max | Min | Max
km km deg | deg | deg deg
201, 212, 213 | GEODSS SOCORRO || 5555 | 40000 20 90 0 350
221, 222, 223 | GEODSS TAEGU 5555 | 40000 20 90 0 360
231, 232, 233 | GEODSS MAUI 5255 | 10000 20 90 0 360
241, 242, 243 | GEODSS DIEGO 5555 | 40000 [ 20 90 0 360
GARCIA
333 ALCOR ni 4500 0 958 0 350
334 ALTAIR 5553 | 10000 2 92 0 360
337,401 | PIRINCLIK o] 5100 2] 86 0] 360
403, 404 PIRINCLIK 5555 | 40010 2 LT 0 360
344, 277 077 T FYLINGDALES! 0 5555 3] 85 0] 360
349, 359 CLEAR 0 4910 15| 90| o[ 3060
354, 355 ASCENSION 0 1900 ! 9H) 0 360
363 ANTIGEA 0 2550 0 20 0 360
369 MILLSTONE RILL 3355 | 40744 ! 9 1] 360
70 MHULLSTONE URHY 5335 | 107 0 ¥ " 0 360
382, 4N3 GOODFELLOW 0] 3555 3 B3 T 30
3, 385 ROBINS 0] 5535 4] 5] 19| 230
[| %6387 CAPE COD o[ 8355| a| s3] MF| 2
358, 389 BEALE ol 3333 a F1) i
(393~ COHRA DANE ol 4500 vsl 0
I, 395 THULY 0 3533 3 85
396 PARCS ol 3300 19 95
[ 308 TTEGEIN T 3555 T 40000 T 191 165 | 120
(age T TEGHLIN o 330 T e i6d
032 T T T TRAENAPOINTTTT 07 o
T TIMOTRT 10
:'—E:{N G bl 8
NOTE Fot thie tesrarch, all deeposparce sonsare amaumed to hase range 3333 40000 ke,
anrlcas otherwier speafied '
& Mo data avalabic Limite amsamed aame 3 CGEODAS
t Eatumated bmits for new thiee face phased.azray radas hawed on ather PAVE PAWS
 radar hmate o o
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This definition of systematic and random error implies there is no rigid dividing line
between the two quantities. To break up the quantities, an arbitrary time must be chosen
where a majority of error remains constant. The constant errors may then be classified as

" bias (systematic) and the rest accounted for as noise (random) (1:322).

A statistical description of errors allows the decomposition of the radar system into
several independent components or elemenis. The components of error are then measured
or calculated in a root-mean-square (RMS) process and added together to obtain an overall
system error. The underlying assumption is the absence of correlation between the multiple
elements. In practice, it has been found safe to ignore the correlation between multiple
elements unléss there is a clear physical link which would result in a common variation of

two or more elements (1:324).

2.5.1.1 Notse. The principal source of noise in a radar system is thermal ra-
diation.” This radiation is received from the environment and is characterized as either
internal or external to the system. External noise is defined as natural background radi-
ation while internal noise is the interference created By the electrical components 'of the
radar system. Additionally, noise may be created from the clutter of unwanted targets

picked up by system side-lobe patterns (1:4-5).

As radars advanced, they obtained extended range and accuracy. As part of the de-
velopment effort, several studies were perfornied to determine the effect of thermal noise. °
Using a Gaussian a.pproximation of a pulsed beam shape, Swerling of RAND Corporation
derived the following expressions for the limiting precision (standard deviation) on a con-

stant amplitude target. Equation (2.4) is for (S/N) < 1 and Equation (2.5) is for (S/N)

> L
0
min = —— 2.4
Pmin = S STN Y (24)
o
Ty = 49 (2'5)

V(S/N
where O is the half-power beamwidth, » is the number of pulses received between the

half-power points on the one way patiern, and oy, is the standard deviation (1:51).
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2.5.1.2 Classification and Description of Errors. The list below characterizes
sources of error in radar measurements. These errors may be seen in angle error, rauge
error, or both. In general, the error is divided into electrical components, mechanical

components, and environmental components.

¢ Radar-Dependent Tracking Errors: The Bias components of the errors are mostly the
result of boresight error, wind torque (in unshielded antennas), and servo unbalance
and drift in moving anténnas. The random coinpdnent of this error comes from
‘thermal noise and multipath effects, as well as the random portions of the bias

elements (1:325-326).

o Multipath Error: The multipath effect comes from the reflection of the main lobe by
the ground at low elevation angles. This error is reduced once the target rises more‘
than one beamwidth above the horizon due to the relatively small beamwidths used
for tracking‘a.pplica,tions. However, even very small signals will result in disturbing
the null position of the tracking servo (1:327). Multipath is a major source of error in
elevation measurements. The effect on azimuth is not as pronounced, but the effect
on elevation is serious. Multiple reflections are most adverse when measurements are

being taken as the target is near the horizon (1:55).

o Antenna/Servo-Torque Error: The analytical evaluation of this error requires exten-
sive knowledge of the open-loop transfer function. The wind torque becomes greater

as the size of an unshielded antenna increases (1:331-335).

o Collimation and Drift Errors: If the electrical system of the radar is stable, this
error depends on the care exercised in calibration. Certain environmcnt;xl factors
contribute to this error and change too quickly to be removed by calibration. To
conduct a complete review, the positibn of the axis must be determined as a function
of: frequency of operation in the radar band, tuning of the system, phase or gain
variations in the receivers, signal strength, and temperature or intensity of thermal

radiation ({:335-339).
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¢ Radar-Dependent Translation Errors: This refers to the translation of data into a
usable form (1:339). These errors are most often the result of physical problems with

the radar equipment.

¢ Non-Radar Components: These errors are mostly target dependent. They indicate
the dependence of detection on the physical characteristics of the actual target. Ad-

ditionally, atmospheric effects may be included in this category.

The sources of angle error are cummarized in Table 2.4 and the sources of range
error are summarized in Table 2.5. The components of range and angle error combine to

give velocity error in the final solution.

Table 2.4. Classification and Description of Angle Errors.

| Error | Bias | Noise |
Radar-Dependent | -Boresight axis setting and | -Thermal
Tracking Error drift -Multipath
~Torque due to wind/gravity | -Servo
-Servo unbalance and drift | -Torque
-Deflection due to
acceleration of antenna
Radar-Dependent | -Pedestal leveling -Bearing wobble
Translation -Azimuth alignment -Data gear non-linearity and
Errors -Orthogonality of axis ~ backlash
-Pedestal flex due to -Data takeofl non-linearity
gravity or heating and granularity
-Pedestal deflection due to
acceleration
Target-Dependent | -Dynamic lag -Dynamic lag
Tracking Error -Glint
-Scintillation
-Beacon modulation
Propagation Error | -Average tropospheric -Variation in tropospheric
refraction refraction
-Average ionospheric -Variation in ionospheric
refraction refraction

Compiled from (1:326)

2.5.2  Propagation Effects. The propagation of the electromagnetic signal is a prob-
letn for radar systems just as it is for communication systems. In fact, some state that

the radar system is just an extension of a communication system (29:16). Because of the
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Table 2.5. Classification and Description of Range Errors.

Error | Bias | Noise I
Radar-Dependent | -Zero range setting -Thermal
Tracking Error -Range discriminator shift | -Multipath
-Receiver delay | -Servo
-Variation in receiver
delay
Radar-Dependent | -Range oscillator (velocity | -Range resolver
Translation Error | of light) -Internal jitter
' “-Data take-off zero setting | -Data gearing
-Data take-off
-Range oscillator stability
Target-Dependent. | -Dynamic lag -Dynamic lag
Tracking Error ~Beacon delay -Glint
SR -Scintillation
-Beacon jitter
Propagation Error | -Average tropospheric -Variation in tropospheric
refraction refraction ‘
-Average ionospheric -Variation in ionospheric
refraction ) refraction

Compiled from (1:373)

!

importance of the propagation process, the causes of error resulting from the process are

further detailed below,

2.5.2.1 Allenuation. The basis of attenuation calculaticns in the troposphere
are hased on the original work of Van Vleck in 1947. The result of Van Vieck’s analysis were
equations which provided absorption per distance as a function of wavelength, pressure,

temperature, and type of gas in the atmosphere (1:468).

The greatest attenuation is caused by clouds and rain due to the effects of water vapor
and oxygen. For X-band radar (10,000 MHz), the attenuation may be as great as L dB
‘per mile. However, for C-band (5000 MHz), the attenuation is only one-eighth as great
(1:468). Studies by Millman in 1958 showed that radars operating above 100 MHz will
not suffer attenuation greater than approximately | dB even under the worst conditions

of ionospheric density (daytime values) (1470 471).

An additional problem with water vapor and oxygen is the ability of the molecule
to extract energy from the radar wave. Since atmospheric molecules are able to extract

energy from a radar wave, they are also able to emit energy at radar frequencies. This

2-17




emission is received as noise in the radar receiver and is characterized by the temperature

of the atmospheric molecule (1:473-474).

2.5.2.2 Surface Reflection. The effect of surface reflection has received much -
attention in the study of radar effects. The results of this work indicate a coefficient of
polarization remains near unity for horizontal polarization for elevations near 0 degrees.
For vertical polarization, the coefficient may vary significantly until the system reaches
- an elevation of 10 degrees. In general, there are no rules for determining an estimate of
the reflection coefficient. A value of 0.3 is used in cases where no other information is
available. The impact of reflection must be evaluated when the angle of incidence is below

“a minimum given by the following equation (1:475):

Y/ radians (2.6)

E in =
™R 4000

where hy, is the altitude of the target in feet. For a satellite with an altitude of 200

kilometers, E,;, = 11°.

Another aspect of surface reflection is clutter. Clutter is any scattering element which-
interferes with radar system operation (1:95). The major impact of clutter is generated by
the side-lobe pattern of the radar. This error is radar-design-dependent and based on the

antenna construction and transmitted power.

2.5.2.3 Tropospheric Refraction. The effect of tropospheric refraction on ra-
dio communication paths is often referred to as the “4/3 earth’s radius correction.” Tro-
pospheric refraction has the effect of increasing the line of sight path length beyond the
geometrical limits, Farly radar calculations used the same methodology with good re-
sults for objects below 50,000 feet. The current process relies on the exponential reference

atmosphere described by the National Bureau of Standards (1:477-478).

The refractive index of air (for frequencies below approximately 20,000 me) may be

described by the Smith-Weintraub constants in the following equation:
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where T is the atmospheric temperature in degrees Kelvin, P is the total pressure of the
atmosphere in millibars, p is the partial pressure of the water vapor compos‘ent, n is the
refractive index, and V is a scaled up value referred to as the “refractivity” (1:477-478).
Refractivity of the atmosphere has been shown to vary by the time of thc day and time
of the year. Changes of 20 to 40 N units are common for diurnal cycles. This in:plies the
refractivity of a single site may cha.ng_e by more than 100 N >units over the course of a year

(1:481-482).

The refraction of the troposphere causes an extra time delay in the transmission of
the signal and an increase in the elevation angle measured by the antenna. The ray follows

the path of “minimum delay” to get to the target and return. The errors in range and

.elevation have been found to be proportional to the refractivity along the measurement-

path of the ray (1:479).

The National Bureau of Standards describes a way to calculate the total bending of

a ray based on the equation below:

AE, = E, - E. = (bN, + a) x 10~ %radians (2.8)

where E, is the angle that the ray arrives at the earth, E, is the angle the ray woixld have
arrived at had there been no atmosphere, and AE, represents the total bending of the ray.
The values b and a are functions «f the elevation angle E,. For an clevation above 5°, b is

approximately the cotangent of ¢, and a is approximately 0. Therefore (1:479-481):

AE, = N, cot E, x 1078 radians " (2.9)

‘The temporal fluctuations in the range, elevation, and azimuth of the target are
caused by variation in the troposphere drifting through the beam of the radar. These

errors are in addition to the regular bias errors caused by the stratified nature of the
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atmosphere. Based on the work of Muchmore and Wheeler, the standard deviation of the

range (0,) and angle (6,) measurements may be calculated from:

o, = /2L, LAN? x 10~%radians (2.10)
0s = \JAN?L/l, x 2 x 10~radians o (2.1)

In these equations, [, is the scale length of the tropospheric anomalies causing the fluc-
tuation, L is the path length containing the anomalies, and AN? is the mean square

refractivity variation of the anomalies (1:485-486).

2.5.2.4 lonospheric Refraction. The effects of the ionosphere must be taken
into account for targets over 60 to 70 miles above the surface. The refraction effects are
all dependent on the operating frequency of the system and vary directly with the square

of the wavelength (1:490).

The refractivity of the ionosphere may be writlen as a function of the radar frequency:

s [Ne2 1 Ne _
= - = e e . 0 = = —— Y .
Np=(n=1) X107 = )\ [ x 10° 2 Sms (2.12)

where N, is the electron density per m3, e is the charge of the electron, mt is the electron
mass, w is the frequency, and ¢, is the permitivity of free space. If you insert the values

for the known constants, this equation reduces to:

N; 240 (%) = % (—fji)z (2.13)

where fis the frequency of the radar and f. = 9/, is the critical frequency of the medium

(1:491).

2.5.3  Optical Sensor Error. Like the radar sensor, the function of an optical sensor
is to acquire the target, and track it. Again, like the radar, the physical limits of the

optical system impact its ability Lo acquire, track, and point.
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For optical systems, tracking is the movement of the instrument line of sight to follow
the movement of the target. Pointing is the average direction of the instrument line of
sight. Therefore, tracking error is a time-varying component which measures the difference
in how the sensor should follow the target and how it actually follows the target. Pointing
error is the static component which measures the difference in where the instrument should
be pointing versus where it is pointing. To obtain a total error, these components of errot'z

are averaged over the dwell time of the track? (32:40).

2.5.3.1 Acquisition Error, The acquisition performance of the sensor system
is aided by the appropriate design of the CCD and lens subsystems. The target may be’
detected as long as its image occupies one or more picture elements (pilxels) of the CCD.
However, -this assumes the CCD is flawless. Inoperable pixels may result in the target ‘
being missed or detected too late to accurately track (32:44). The :missed or late target

track will severely corrupt the data for orbit element determination.

The other general sources of acquisition error are air turbulence, visual magnitude
of the target. and background radiation. The turbulence of the atmosphere degrades the
sensor ability to acquire the target. Turbulence increases the effects of refraction and
introduces deviations to the azimuth and clevation measurements of the target. Visible
magnitude is the apparent brightness of the target. IT the target is not bright enough to
register on the CCD, a missed or late target error may occur. Background radiation also
impacts target magﬁitmlo. If the background is brighter than the target, the target will

»wash out” and not be visible (32:45).

A general factor of all electronic equipment is the emission of random thermal noise.
Thermal noise is the generation of electrons due to the temperature of the equipment. For
a CCD. these extra electrons will be transtatod into false images for very briof periods of
time, 1 is possible to eliminate this random error by observing the target for long periods

of time, However, the time available for tracking may not be suflicient if you are attempting

to observe a low-carth satellite passing quickly through the field of view (32:47).

YPhe required observation time uecessary for the mission.




2.5.3.2 Tracking Error. Trackingis the stabilization of the line of sight of the
system while following the target. Tracking is measured by a separate sensor which detects
the difference in the sensor boresight and the sensor line-of-sight. For precise tracking, the
allowable error is measured against predetermined object size. If the target passes through
the allowable range of the predetermined size, the tracking mechanism moves the sensor
to place the target into an optimal position. The measure of this motion is called response
time. Response time is based on the acceleration rate and constant velocity ability of the

sensor {32:50).

Gimbals provide the support, stability, and movement for the optical sensor. Gimbal
performance may be evaluated from four areas: angular range, balance, stiffness, and hear-
ing size. Angular range refers to the azimuth (compass) motion and elevation (measured
from horizon to zenith) motion of the gimbal. The desired azimuth range is 360 degrees,
but 270 degrees is acceptable for most tracking applications. Elevation should cover the full
range of 0 to 90 degrees. The gimbal should have its mass equally distributed to provide
stability. The stiffness and bearing size are design variables which depend on the overall

system requirements (4:116).

In general, the tracking errors are independent of the gimbal size. However, smaller |
systems are quicker and easier to control and are more capable of reje('f.ing'un(losirahlo‘
disturbances. On the other hand, large systems are harder to disturb. Other errors may be
limited by spreading the image over two or more pixels. This would reduce the movement
of the system. However, the size of the image is limited by the physical characteristies of
the optics and the range to the target. For most satellite tracking applications, a satellite’s
dimensions are very small in comparison to the altitude. Therefore the size of the image

may not cover multiple pixels.

Varions disturbance errors such as wind, seismic forces, gyroscope noise, and elec-
tronic noise have all been measured or computed. They may be factored into the caleula.
tions for position and subtracted to obtain the final answer, The typical tracking error for
advanced telescopes is a standard deviation of less than 500 nanoradians (32:53), ‘T'rack-
ing rate is the velocity the seusor must swivel to follow the target, The faster the target

woves, the sooner the target leaves the sensor field of view. The major causes of error



in this component are the forces acting on the gear and drive mechanism in the gimbal.

These forces are defined as friction, coulomb, and viscous.

The friction force (sometimes called stiction) is the torque required to break loose
the gears and start motion. The coulomb force is a constant force developed from the
motion of the gears and is independent of motion. The viscous force is directly dependent
on the rate of the gear motion. The effects of the forces may be overcome through the
use of hydrosta.tfc oil bearings and compressed air bearings where high angular rates are
required (i.e., for a low-earth satellite). The drawback to these types of bearings are their
high cost to manufacture and maintain (32:57). As an additional improvement in gimbal
operation, new instrumentation techniques are available to provide inertial control to the

gimbal (5:154). ' .

2.5.3.3 Pointing Error. l’ointillg is the requirement to maintain a cdnstant
direction value for azimuth and elevation for the sensor. Pointing error is a static mea-
suromon‘t'takcn when the sensor is not moving. For most satellite tracking applications,
this is not applicable (except for geostationary orbits observed from the equator). The
current system requirements are for less than a 5 microradian difference above 20 degrees
in elevation measurement. The key to pointing control is in the thermal control of the

gimbal device.

All metals expand when hoat(‘d. When the gimbal ‘structuré heats up and expands,
small errors in pointing are detected. The key is to control the expansion through insulation
or active cooling (32:60).

For overall system performance, various manufacturing errors may be detected and
subtracted out since they will remain constant with time. Common gimbal errors include
axis misalignment and incorrect mass allocation of the gimbal structure (heavier on one

side than the ather),

2.5.4  Sinsor Bias and Sigma. Al of these offects combine to create unique errors
for each sensor which vary for each observation. These orrors must be removed {rom

the observations if an accurate correction to the element set is to be oblained.  Most
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major known sources of error are typically removed by the individual sensors prior to
forwarding the observations to the SSC. However, the SSC must still track and accceunt

for any remaining errors.

The SSC uses a simple method to quantify errors. Sensor observations are gath-
ered on a satellite for which highly accurate ort:ital daia is known. The observations
are compared to predicted observations using the accurate orbital data and the residuals
calculated. The residuals are statistically analyzed and the mean error, or bias, and the

standard deviation of the error, or sigma, are computed (11:4-1) (36:76,239) (24:205).

There are two methods used for generating the highly accurate orbital data. The ﬁrst.
is using the output from a special perturbations correction to generate accurate ephemeris
from which the accurate predicted observations can be obtained (24:205). The second is
to use ephemerides from an outside agency such as the Defense Mapping Agency (DMA),
GPS, or the Naval Astronautics Group (NAG) (24:205). A common calibration satel-
lite used is a Navy Transit Navigation System satellite.® This satellite has an onboard
transponder which is used to obtain highly-accurate positional data._ Ephemerides ob-

tained from DMA for this satellite have an accuracy on the order of five meters (11:4-2).

The SSC tasks all sensors to r'outinvly gather observations on calibration satellites.
An 8SC program called SPCALX is executed daily to calculate the sensor biases and sigmas
(24:205) (36:239 241). These values are stored in the LOWR file for use in processing the
observations and correcting the elements (24:206.1). They are also routinely monitored by

8SC personnel for degradations in the sensors,

Tables 2.6 and 2.7 provide a representative sample of observation sigmas and bi-
ases for each of the sensors of the SSN. The majority of these values are compiled from
the 22 September 92 daily weights and biases message released by the SSC. When data
was not included in the message for a particalar sensor, data from the November 1955

AFSPACECOM/DOA Metrie Accuracy Study was used (11:4-2 to 4.6).

“For example, NORAD Catalog Number 6909,




Table 2.6. Representative Sensor Sigmas.

Azimuth or | Elevation or Range
Sensor Rt Ascension® | Declination® | Range | Rate
Number(s) Sensor Name Sigma Sigma Sigmna | Sigma
v degrees degrees km km/scc
211, 212, 213 | GEODSS SOCORRO 0.005 0.005 Note 1 | Note 2
228, 222, 223 | GEODSS TAEGU 0.005 0.005 Note 1 | Note 2
231, 232, 233 | GEODSS MAUI 0.005 0.005 Note t | Note 2
241, 242, 243 | GEODSS DIEGC 0.005 0.005 Note 1 | Note?2
GARCIA .
333 ALCOR! 0.611 0.011 0.090 | 0.0007
334 ALTAIR 0.011 0.011 0.090 [ 0.0007
337, 401 PIRINCLIK? 0,922 0.021 V.028 | 0.0035
403, 404 PIRINCLIK 0.055 0.041 0.500 | 0.0002
344, 727,177 | FYLINGDALES? 0.028 0.027 0.056 | 0.0019
349, 359 CLEAR? 1.045 0.02) 1511 | 0.0019
354, 355 ASCENSION 0.007 0.006 0.074 | 0.0065
363 ANTIGUA 0.008 0.009 0070 | 0.0040
369 MILLSTONE HILL 0.005 ...005 0.005 0.0001
370 MILLSTONE Uity 0.005 0.005 0.005 | 0.0001
382, 383 GOODFELLOW! 0.029 - 0.027 ¢ 059 | ©.0020
384, 385 ROBINS? 0.045 v.034 D.064 | 0.0025
386, 387 CAPE CODY 0.022 2.02% 0.069 | @.002%
388, 189 BEALES 0.020 0.920 6.042 | 0.0020
393 COBRA DANE uold ot T o3z | eoon2
394, 395 THULE? 00234 0.028 0.043 | o.00N
196 PARCS 1.006 w014 0.055 | 0.00)2
398 EGLIN 0.056 0.045 0.700 | Note 2
359 FGLIN IR v.ols 0036 | Note 2
4TI NAVSPASUR (745) 002 0.010 "0.358 | Note 2
932 KAENA POINT 0.004 0.004 0.619 | 0.000%
951 MOTHFY 0.00% 0.003 Nate | | Note 2
932 AMOsT 0.005 0.008 Note 1 Notc 1 |

Note 1: Sepsnt dors not report rangr data.

Nutr 2 Sensor does zot repart tange tate data
+ Right ascension and declination teported for uptical acnaors only.
{ No data available. For this tescarch, sigmas aautied aame as scnsor 313,
$ Sigmas are avetage of naltiple ro.Jocated ot acat colocated wensors.

§ Estimaled ugmas for new threeface phased. atray radat based an average smgmas of all

PAVE PAWS sensors (383 theu 189, 194, an.l $93).
9§ No data avatlable. For this rescarch, siginas assutied wime as Sensar 169

§ Xo data available. For this rescarch, sigmas asaumed same as GEODSS sensor

e e -

~
t
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S Campaled fram (34) and (11 4.6)




Table 2.7. Representative Seasc Bias.

jryene

vy

Campebed from (347 and 111 4 4y

Azimuth or | Elevation or , Range ||

Sensor Rt Ascensien® | Declination® | Range | Rate ’
” Number(s) Sens. - Name Bias Bias Bias Bias
It fl degrees degrees km km/sec ||

201, 212, 213 1 GEODSS SOCORRO! Note 1 | Note 2

20,222, 223 | GEODSS TAEGUT Note ! | Note 2

231, 232, 233 | GEODSS MAULT Note | | Note 2

241, 242, 243 | GEODSS DIEGO Note § | Note 2

GARCIA!

333 ALCORT

334 ALTAIR 0.098 0.012 0.075 | -0.00C]

337, 401 PIRINCLIK? -0.803 -0.002 -0.033 | -p.0008

403, 404 PIRINCLIK

344, 77 777 | FYLINGDALESY

317, 359 CLEART .0.017 0.014 1.133 | 0.0048 ||

354, 355 ASCENSION 10.003 0.006 0.017 | .0.0005

363 ANTIGUA .0.006 -0.003 0.000 | 0.0003

369 MILLSTONE HILL 0.002 0.003 0062 | 0.0000

370 MILLSTONE UH#T

382, 383 GOODFELLOWE. 0.013 -0.022 0.017 | 0.0000

W4, 1985 ROBINST 0.006 0026 0.020 | o.uD04

NG, INT CAPE CODT 0011 .0.004 0002 | o.oun? |

18%, 189 BEALEY 6,019 8.000 0.053 | .b.00u}

193 CORRA DANE 0.014 -6.006 ‘003§ | o.eool ]

194, 193 THULEY 001 .0.040 0.009 | -0.0004

196 PARCS 0.004 0024 .0.030 | 0.0003

198 EGTINT ' Note
“199 FGTIN “0.009 0005 0,023 | Note 2
BIS NAVRPASTR ) 000> Thon T o Vo ?
912 RAENA POINY 0001 -0 604 0004 | 00000
Ta3t MOTIFT e T Nete 1! Note T
Tany ALORT Lo Nore 1T Roe 2 B
p T O R R I T e e e ret o P ety s L -_-w»uﬁ-.#.’;‘:f;

Natc | Scnwor dacs ot jeport yaage data

Note } MScueat does not tepatt range tate data.

+ Right ascenuon apd dechnation tepottad for optical seneon anly

t No data avaslahle

1 thasce are avrtage of multiple xuiotnhifc veat cajocated senears




2.6 Orbit Classifications

‘There zre two reasons for creating orbital classes. T'he first is a shorthand to make
communication easier; informal classes serve this purpose. The second reason is because
they share some characteristic that makes them worthy of a class. Gabbard classes divide

the satellite population into similar tasking characteristics.

2.6.1 Informal Classes. Since the Space Surveillance Center’s orbit propagation
models handle orbits with periods less than 225 minutes differently than those greater
than or equal to 225 minutes, a satellite is typicully classified as near-earth or as deep-space
based on its period (16:1). In addition to the nea,r~e}mrth or deep-space classification, other
types of orbits are often considered as classes. For instance, geosynchronous satellites }1a;ve
periods that match the earth_’s rotatioi rate. Geostationary satellites are geosynchronous

satellites that remain above the same sub-point on the carth’s surface.

Besides period classifications there are also inclinavion classes. A prograde orbit

has an inclination less than 90 degrees while a retrograde orbit has an inclination greater
than 90 degrees. Zoto inclination orbits are termed “equatotial.” Less obvious, but no
less important, are the two eritical inclinations. Satellites at a critical inclination have a
stationary argument of perigee. Other satellites are termed sun-synchronous because the

ascending node regresses at the same rate as the carth’s angular rate about the sun.

26.2  Gabbard Classes. For tasking, the SSN classifies satellites using what are
called the Gabbard classes. 't here are 32 Gabbard classes. The 32 Gabbard classes divide
the satollite populinion according to perigee and apogee altitude. The classes are one of
the factors used by the SSN for tn‘skiug‘ the network™s senscrs. Fable 2.8 lists the actual
classes and the perigee and apogee limits for each of the classes, Figures 2.2 through 2.4

provide a nsthod to visaalize each of the 32 ciasses,

The reisons for the particular elasses are (200:1-4):

. The altitude below 575 kilosmeters s a region where satellites will experience relatively

severe atmospheric drag. Fecentric orbits of small debris will commence to cirenlarize

when periges: dnfts below this lmit.




Table 2.8. Gabbard Classes.

Gabbard || Apogee Altitude | Perigee Altitude
Class || Min | Max | Min | Max
" km km km km
1 - 0 575 0 575
2 575 1000 0 575
3 575 1000 | 575 1000
4 1000 2000 0 575
5 1000 2000 | 575 1000
6 1000 2000 | 1000 2000
7 2000 3000 0 575
8 2000 3000 | 575 1000
9 2000 3000 | 1000 2000
10 2000 3000 | 2000 3000
11 3000 5555 0 575
12 3000 | 5555| 575 2000
13 3000 5555 | 2000 3000
14 3000 3700 | 3000 3700
15 3700 5555 | 3000 3700
16 3700 5555 | 3700 5555
17 5555 | 35000 0 575
18 5555 | 35000 | 575 2000
19 5555 | 35000 | 2000 5600
20 5555 | 35000 | 3000 3700
21 5555 | 45000 | 4700 5555
22 5555 | 11110 | 56661 11110
23 [1116 ] 35006 ] 5565 | L1110
24 [1110 | 35000 | L1110 35000
25 35000 |- 0 575
26 35000 x| 518 2000
27 || 35000 ~ | 2000 3000
28 35000 ~ | 3000 3700
BT 35000 ~ | 3700 " ThREh
10 35000 x| 5555 1
3 35000 ~ | 11110 | 35000 |
32 35000 ~ | 45000 =

Compiled trom (251431447

to




. The altitude area between 575 and 1,000 kilometers contains atmosphere of tenuous

density but sufficient to noticeably perturb general perturbations orbits.

3. The altitude area above 1,000 kilometers does not contain enough atmosphere to be

a factor in general perturbations orbit predictions.

4. The altitude limits of 2,000, 3,000, 5,555, and 11,110 kilometers provide convenient
references to qualitative differences in the effect of eccentricity or to radar sensor

single and double-bang range capabilities.

5. The limit at 35,000 kilometers is slightly below true circular synchronous altitude
and was selected instead of true synchronous to ensure that Class 32 would contain

all nearly-circular synchronous satellites.

LOW PERICEE AND LOW APOUGLE GABIAXD CLASSES
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Figure 2,20 Near-Farth-Orhbit Gabbard Classes.
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Figure 2.3. Deep-Space Gabbard Classes (High Eccentricity).
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2.7 Sensor Tasking Methodology

The sensors of the SSN are tasked by the SSC to gather observations on all e@rth-
orbiting satellites. In an attempt to make the most efficient use of SSN and SSC resources,
a method called “Selective Tasking” is used (35:3-10). The three gdals of Seléctive Tasking,
as defined by USSPACECOM Regulation 55-12, are:

e Obtain the correct number and dispersion of observations for each satelﬁte.
e Ensure the most efficient use of the Space Surveillance Network.

o Ensure that the observations on high-interest satellites are obtained and forwarded

on a priority basis.

The three basic underlying concepts of Selective Tasking, as defined by‘ USSPACE-
COM Regulation 55-12, are: o

o Observation Regulation. Sets upper and lower limits on the number of observations
collected on a given satellite. Controlling the amount of data gathered ensures the

most efficient use of the SSN,

o Observation Requirements. Observation requirements are dependent on the orbital
parameters and mission of the satellite. A routine satellite in a stable orbit will

require less observations than a high-interest, maneuverable satellite.

¢ Observation Dispersion. Observations spread out around the entire orbit are more

useful than the same number of observations clustered in one area.

Observational data reguirements in terms of the number, quality, dispersion, and pri-
ority of observations will vary based on a satellite's mission, orbital parameters, and by the
sensors capable of tracking the satellite. Orbital analysts in the SSC use three programs,
called RTASK, DSTASK, and BNPLAN, to determine the routine tasking requirements
fdr all satellites. As stated in NORAD Technical Publication 008,° RTASK uses the reéults ,
from a “System Capability Study” performed between September 1973 and April 1974 to |

determine the number observations required for all near-earth satellites (24:212,223). The

®Dated 6 April 1992, last npriated 8 October 1991.
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results of this study, as shown in Table 2.9, were implemented in 1974 and have been in use
since that time (24:212). We found no references indicating that observation requirements

from a more recent study were in use.

As seen in Table 2.9, no observation requirements were set for Gabbard Classes
19 through 32 (deep-space classes). This was because of the lack of sensor coverage for
deep-space objects at that time and, therefore, a lack of a sufficient number of observa-
tions to support this empirical study. The operational requirement for these classes is
30 observations per LUPI (length of update interval), where LUPI equal to 30 days for ‘
non-synchronous satellites and 60 days for synchronous satellites (24:213). The programs
DSTASK and BNPLAN are used to recommend tasking for these deep-space objects.
DSTASK is used to determine the actual tasking for all deep-space sensors (36:75). BN-
PLAN then uses the tasking set by DSTASK to generate an observing schedule for optical
sensors (36:75). |

These three programs are periodically executed (typically daily) to determine re-
quired tasking. In addition, tasking monitoring programs also keep track of the number
of observations received compared with the tasking level. This program flags any satel-
lites'which are not getting the required quantity of observations (24:225-226). SSC orbital
analysts can make any necessary changes to this tasking based on current mission require-
ments. This sensor-specific tasking is then forwarded to all sensors of the SSN using a
system of numeric tasking categories and alphabetic tasking suffixes to describe the ob-
servation data requirements for each satellite. The tasking categories and suffixes are also

used to regulate the flow of observations from the sensors of the SSN to the SSC.

2.7.1  Tasking Categories and Suffizes. Tasking categories define the priority of get-
ting observational data on the satellite and the precedence for transmitting that data to
the SSC. They are also used to resolve conflicts when multiple satellites requiring obser-
vational data are in the sensors field of view at the same time and the sensor is unable
to gather the required amount of data on all satellites. Tasking suffixes define the actual
amount of observational data that muxst be gathered for the satellite and the frequency of

data collection. The one exception to this definition of category and suflix combination is
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Table 2.9. 1974 System Capability Study Results.

Gabbard | Satellite | LUPI° | Required Obs | Average
Class Type | (Days) | Per LUPI | Obs/day
1 Payload 7 30 4.3
11 Rocket 6 20 3.3
1 Debris 5 +30 +6.0
ot Payload T 20-30 2.9-4.3
2 Rocket T 20 29
2t Debris 6 +30 +5.0
3 Payload 11 12 1.1
K Rocket 10 13 1.3
3 Debris 9 13 1.4
41 Payload 6 30 5.0
4" Rocket 7 30 4.3
41 Debris 7 20 2.9
5 Payload 11 14 13
3 Rocket 11 16 1.5
5 Debris ! 15 14
6 Payload 13 12 0.9
6 Rocket 13 16 1.2
6 Debris 14 17 1.2
7 Payload 8 20 2.5
7 Rocket 7 14 2.0
7 Debris 8 15 1.9
8 Payload 10 16 1.6
8 Rocket 9 15-20 1.7-2.2
8 Debris 10 15 1.5
9 Debris 14 15 1.1
it Payload 6 30 5.0
11! Debris 11 430 2.7
12 Payload 10 15-20 1.5-2.0
12! Rocket 10 20 2.0
121 Debris 17 +30 1.8
Ry Debris 16 430 1.9
14! Payload 13 15 1.2
14! Debris 14 15 1]
15! Payload 14 20 1.4
15 Debris 15 30 2.0
18! Payload 17 30 1.8
18! Rocket 13 30 2.3
19-32" | N/A N/A Note 1 Note 1

[ Note 1: No data obtained.

+ LUI = Length of Update Interval. -

1 Test xn nple small, data erratic, or both.

1 Did not meet 12 km vector magnitude accuracy goal
regardiess of observation rate tested.

Compiled from (24:212- 213)
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the NAVSPASUR sensor. It uses only tasking categories to define both the priority and

amount of observational data required.

2.7.2 Near-Farth Sensor Tasking. The categories used with near-earth mechanical

and phased-array radars are (36:73):

o Category 1: Events of the highest priority. Used for satellites requiring instantancous
observational data (i.e., new foreign launches, satellites in final stages of decay, and
near-earth satellites performing maneuvers). Data is sent by IMMEDIATE prece-
dence unless FLASH precedence is requested by the SSC.

o Category 2: Special events of high priority. Satellites of high priority but not requir-
ing instantaneous data (i.e., satellites capable of performing maneuvers, de-orbiting
satellites, and domestic launches). Data is sent by PRIORITY precedence unless
IMMEDIATE precedence is requested by the SSC.

o Category 3: All routine satellites. Data sent by ROUTINE precedence unless other-

wise requested.

Tables 2.10 and 2.11 describe the tasking suffixes used with near-earth mechanical and

phased-array radars.

As mentioned above, NAVSPASUR uses categories alone to define both the priority

and amount of observational data required. Those categories are (36:73-74):

e Category 1: Same as Category | for mechanical and phased-array radars above.
o Category 2: Same as Category 2 for mechanical and phased-array radars above.

o Category 3: Satellites with orbital parameters making them difficult to track and,
therefore, requiring continuous observations. Kickapoo-referenced” observations re-
quired on all passes. Data is sent by ROUTINE precedence.

o Category 4: Satellites in stable orbits. One Kickapoo referenced observation from the
most westerly pass during each successive 24-hour period. Datais sent by ROUTINE

precedence,

TRickapoo is the name of the town where the main NAVSPASUR receiver is located.
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Table 2.10. Near-Earth Mechanical-Tracking Radar Tasking Suffixes.

Tasking
Suffix

Description

Maximum data on all available passes,

1 1/2 minutes of data on all available passes.

1 1/2 minutes of data on four passes/day.

1 minute of data above 15° elevation, centered about culmination, for
2 passes/day separated by 12 & 4 hours. Used for calibration satellites.

| observation/day. Select portion of pass providing the best quality data.

1 1/2 minutes of data on 2 passes/day.

1 observation/pass for 2 passes/day. Select portion of pass providing the
best quality data. Use 1 ascending and | descending pass when possible.

3 observations/pass for all available passes.

10 observations/pass for all available passes.

Special tasking as set by SSC.

Final TIP tasking; maximum data on all available passes.

Compiled from (36:78)

Table 2.11. Near-Earth Phased-Array Radar Tasking Suffixes.

Tasking
Suffix | Description
A Maximum data on all available passes.
B 15 observations/pass on all available passes.
[ 5 observations/pass on all available passes.
D 3 observations/pass on all available passes.
] I observations/pass on all available passes.
F I observation/day.
; 2 observations/day.
] 3 observations/day.
J 4 observations/day.
K 1 observation/day on an ascending pass.
L I observation/day on a descending pass.
M 2 observations/day. | ascending pass and 1 descending pass.
p 9 observations/pass above 7° elevation, for 2 passes/day.
separated by 12 £ 4 hours. Used for calibration satellites.
S Special tasking requirements as set by $SC.
T | Final TIP tasking: maximum data on all available passes,

Compiled from (36:79)
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e Category 5: Satellites of special importance. Observation requirements as set by the

SSC. Data is sent by ROUTINE precedence.

o Category 6: Satellites requiring low data rates. One Kickapoo-referenced observation
every 36 ‘hours alternating between ascending and descending passes. Data is sent

by ROUTINE precedence.

Each sensor tasked to gather observations on near-earth satellites receives a weekly
tasking message from the SSC. This message lists that sensor’s tasking requirements for all
near-earth satellites (36:68). Updates to this message are made by the SSC as requirements

and mission dictate.

For the majority of the satellite population (routine near-earth satellites), only four
sensors are tasked to gather observations (3). This tasking is presented in Table 2.12. If
these sensors are not able to gather the minimum required observations, or if circumstances
require additional observations, other sensors will be tasked based on the following Sensor

Tasking [;riority List (12:Appendix 2) (3):

745, 399, 393, 382, 363, 354, 331, 932, 337, 349, 342, 394, 388; 386, 384

Table 2.12. Typical Tasking for Routine Near-Earth Satellites.

Sensor | Sensor

Number | Name Tasking

745 NAVSPASUR | Category 3 for all satellites with inclinations > 30°,

399 EGLIN Category 3H for all satellites.

396 PARCS Category 3H for all satellites with inciinations > 30°.

82 ELDORADO | Category 3H for all satellites with inclinations < 50°.
Category 3F for all satellites with inclinations > 50°,

Compiled from (12:2)

223 Deep-Space Sensor Tasking. ‘The categories used with all sensors that track

deep-space satellites are (36:74)..

o Category 1 Same as Category 1 for mechanical and phased-array radars above,

o Category 2: Same as Category 2 for mechanical and phased-array radars above,
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o Category 3: Routine satellites and satellites that have not been tracked in the last 4

to 30 days. Data sent by PRIORITY precedence.

o Category 4: Satellites that have not been tracked in the last 2 to 4 days. Data sent
by ROUTINE precedence. ‘

o Category 5: Satellites that have not been tracked in last 1 to 2 days. Data sent by
ROUTINE precedence.

Tables 2.13 and 2.14 describe the tasking suffixes used with deep-space radar and optlcal'

$ensors.
- Table 2.13. Deep-Space Optical Sensor Tasking Suffixes.
Il Tesking
Suffix | Description

A Maximum data on all available passes.

B 15 observations/pass on all available passes.

C 4 observations/pass on | pass/day.

D 4 observations/pass on 2 passes/day separated by at least !5°
of true argument of latitude,

E 4 observations/pass on 2 passes/day separated by at least 30°
of true argument of latitude.

3 3 observations/pass on | pass/day. Used for calibration satellites

M 4 observations/pass on a minimumn of 2 passes/day to verify position.
If object not detected or orbit deviation suspected, change to S.

N 4 observations/pass on | pass/day every »~ven-nutnbered days.

0 4 observations/pass on | pass/day every odd-numbered days.

Q 4 observations/pass on 1 pass/day every 5 days.

R Specinl tasking as set by the SSC.

[3 An in-track or cross-track search oncefdny. When ol)]:-ct found,
change to sufhix k.

T Final TIP tasking. 3 observations/pass on 3 pnsm./dn) If objrct
not detécted, change to suffix 8. o

Compiled from (36:84 86)

Each sensor tasked to gather observations on deep-space satellites receives a daily
tasking message from the SSC. This message lists the sensor’s tasking requirsments for all
. drepospace satellites (36:68). Updates to this message are made by the S$C as requirements

and missicn dictate,

L
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Table 2.14. Deep-Space Radar Sensor Tasking Suffixes.

Tasking
Suffix | Description
A Maximum data on all available passes.
B 15 observations/pass on all available passes.
C 4 observations/pass on 1 pass/day.

D 4 observations/pass on 2 passes/day separated by at least 1 hour.
E 4 observations/pass on 2 passes/day separated by at least 2 hours.
F
M

3 observations/pass on 1 pass/day. Used for calibration satellites

4 observations/pass on a 2 passes/day to verify position. If object
not detected or orbit deviation suspected, maximum data required.
N 4 observations/pass on 1 pass/day every even-numbered days.

0 4 observations/pass on 1 pass/day every odd-numbered days.

Q 4 observations/pass on | pass/day every 5 days.
R

S

Special tasking as set by the SSC.

Au in-track or cross-track search once/day. When object found,
maximum data required.

T 10 observations/pass on all available passes.

Compiled from (36:84-86)

2.8 SSN Sensor Observation Processing Methodology

The SSC receives observations from a group of diverse types of sensors. Some of the
sensors were originally designed for other missions and were adapted to the SSN because of
their capabilities. Because of these differences. not all sensors report their observations in
the same format. Table 2.15 describes all observation types that the SSC is programmed

to handle.

‘Table 2.15. Observation Data Types.

Observation | Observational Data

Type Gathered by the Sensor
0 Time, range rate,
1 Time, azimuth, elevation.
2 Time, azimuth, elevalion, range.
3 Time, azimuth, elevation, range, range rate.
4 Time, azimuth, elevition, range, range rate,

azimuth-rate, elevation rate, range acceleration

>

I'ime, right ascension, declination.

6 Time, range.

Compiled from (24:211)
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Of the sensors currently comprising the SSN, all mechanical-tracking and phased-
array radar sensors, with the exception of EGLIN, report Observation Type 3. Eglin and

NAVSPASUR report Observation Type 2. All optical sites report Observation Type 5.

The processing methodology of observations at each sensor site is site dependent.
The sensors respond to taskings generated by RTASK or requested by the analyst at the
$SC. Based on the transmitted tasking category and suffix, the internal software at the

site selects the best pass and observations to support the tasking (2).

The only software commonality between operations is thought to be amaong similar
y Y p g g

sensors. Sensors which achieved initial operational capability in the same time span may

process observations with similar software. However, this is not certain since on-site pro-
grammers have the ability to reprogram the systems. A recent exampie of this ability was
reported to have improved the'processiug ability of the sensor at Fglin Air Force Base-
(225). |

On an annual basis, sensors of the SSN report more than 32,000 uu&nrolai«l ,targots’
(UCTs) to the SSC; however, only 5 percent are actually UCTs (22:5). The roprogr'aﬁtmiug
at Eglin was designed to reduce the number of UCTs by r()ll;‘ctilxg multiple observations
before labeling the target as :mcorr«-lah-d. The effort at Eglin resulted in a reduction of

uncorrelated tracks from 175 to 70 and uncorrelated targets from 3500 to X0 (22:3).
g .

2.9 Obsereation Processing and Orbital Element Correction

2.9.01  S55C Ovservation Processing. All incoming observation data and plectronic
messages are sent through the system input processor (SIP). The SIP serves as a hilter
to sort out sensor observations from other electronic messages. Al observations are they
routed to the PORS prograns in the SSC {35:5.6). The flow of abservational data is shown

in Figure 2.0,

The POUS program converts the observation from sensor format to interval SSC
format for processing. Additionally, the observations are sorted and error checked. Obser.

vations which have no errors other than satellite number are routed to the vanous other
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Figure 2.5. Processing Flow of Observations.

prugr:uns: From the POBS program, obsertions are routed to three possible programs

based on their =association status™: ELMAIN, TRAC KS, or POMP (35:5-G).

‘The association status (ASTAT) of an observation is determined by comparing the
observed location of the satellite to its predicted location. To be fully associated (ASTAT
1), the observed location must fall within limits established around the predictsd location
(24:15%). These limits form a volume in space and are referred 1o as height (Ah radial lo-
cation), time { At in-track location), and plane (.3). A»s Lmits are exeeeded, the association
status changes. The limits for these measures are: Ah - 10 kilometers, U - 0.0% minutes,

and § - 0.85 degrees (24:13%). Table 216 outlines the ASTAT and limits wsed by the SSC.
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ELMAIN verifies correct satellite number tag by computing residuals and comparing

the residuals to acceptable threshold values of plane, time, and height. The purpose of
this analysis is to determine the association status of the satellite. The purpose o'f tl\é_
association process is to determine the proper “tag” for the observation (24:157). If the
satellite has Association Status I (ASTAT 1), the observation is routed to the file VOBS
(24:159). ()bsefvations with ASTAT 2 or 3 are routed to the UVOR file (35:5-6) (24:157).

Satellites with ASTAT 4 are routed to the un-associated obseivations file (UAOB) (24:159).

The TRACKS program combines observations from multiple sensors to create tracks
ou satellites and build initial element sets. The.initial <lement set is then refined by a
differential correction process. Otce refined, the element set is compared to the satellite
file (SATF) and a degree of rorrelation is established. If the TRACKS program cannot
imilcl an element set, the observations are routed to the UVORB file. Any observations
meeting ASTAT 2. 3. or 4 criteria and deep-space object criteria are routed to the VOBS

file and the “deep-space hold bucket™ {35:5.7).

“The POMP program identifies observations which might be associated with a satellite
breakup or new lannch. POMP uses a plane cheek to verify the observations. Verified
observations are ronted to the launch and breakup processor. Observations which are not

verified are routed to the UVOB file (35:5-T).

The RETAG program is the next step in processing observations from the UVOR
file. This progriun is automatically initiated every 30 minutes or when there are $40
observations in the UVOR lile. RETAG correlates each observation in the UVOB file with
vach elewent in the SATE, I ap obsercation correlates to ASTAT | or il the satellite is
forced trgged 1o 1, the observation is thea routed to the VORS file, If the carrelzdon i
ASTAT 2or 3 and a teouble flag (see Table 207 has been set, the BETAG prosran.
rontes the observation to the partially associated observation (if.-k()l!) file, I the ASTAT
is 3or dand a trouble ag has not heen set, the observation is routed to the UVAOR ile,
Han observation is ASTAT 3 and one of the three hest candidate satollites has a trnuhh"
fag set, RTVG will route the observation to ihe PAOR file, Al ahservations in the PAOR

file that are more than 5 days old are routed o the UVOR file [35:5 N).




Table 2.17. Trouble Flags.

Flag Name | Description
SALAUN | Launch Flag
SAMNVR | Maneuver Flag

il SABKUP | Satellite Breakup
SALOST | Lost Satellite Flag
SANDK Decay Flag 1

Compiled from (35:5-8)

2.9.2  Differential Correction: Batch and Sequential. Differential correction is a
method Ly which a new estimated state (i.e., the orbital elements) is determined by cal-
culating the state (orbital elements) that “best fits” the orbit based on a set of sensor
observations. The SSC uses two methods to differentially correct element sets from re-
ceived observations: batch and scquen'tial. Table 2.18 outlines the programs used for the

types of correction based on the perturbation theory used for the correction.

Table 2.18. Differential Correction Programs.

Sequential Batch
Program | Theory Program { Theory
ELMAIN | General l’vrturlmtioxd BATCH | General Perturbation
ELREC
FLINT
[ STAGEX | Special Perturbation | MANDC | Special or General Perturbation

Cotmpiled from (35.5-9  5-10)

Sequential processing uses the old matrix of elements {GMAT for general perturba-
tion and HMAT for special perturbation) and the new observations or observation track.
This procedure results in a time weighting of the observations with more weight being
placed on newer observations. Bateh processing uses more observations over a longer span
tHin sequential processing. For bateh provessing, all observations directly contribute to
the cotrection process. There is no time weighting of observations. However, there is a

weighting of the sensor observations based on the accuracy of the sensor (35:5-9).

The advantages of sequential correction s the speed of the computer run. However,
sequetitial corrections cin only be run on stable orbits sinee a single bad observation will

serintindy impact the correction process. A bad observation and, therefure, a bad residual



will have less of an effect on a batch correction because of the larger number of observations

used (35:5-10).

2.9.2.1 Automatic Element Set Maintenance. Observations, once processed
by ELMAIN or POBS, are placed into holding files. Once the required time has passed or
the necessary observations have been collected, the differential correction process begixls.
However, because of the large number of satellites, it is not feasible to update all of them
manually. To provide for automatic updates, there are several programs used to process

the observational data (35:5-10). The key element to the process is a table called the

satellite cont-ol list (SCL).

The SCL is a table in the SCCEX program. The SCCEX program controls the
execution and data exchange between all application programs used by the.SSC {25:119)
(24:204). Within the SCCEX program, the control list is used to control the time séquence
of events roquired to maintain the element sets (35:5-10). ‘To do this, the SCL is divided
in'o two sections. Section 1 is for updating clement sets requiring special perturbation and
Section 2 is for updating clements requiring general perturbation (35:5-10). "The flow of

the automated correction process is shown in Figure 2.6.

ELMALIN is the core of the automated differential correction process. This program
takes observations and perforins a general sequential correction. If the correction is success-
ful. the setellite’s GMAT and SATF files are updated. If the correction fails, the satellite
is identified jor batch correction. ELMAIN will not attempt to correct element sets of
satellites which have been tagged for batch correction. All satellites with a HOTY number

are tagged for STAGEN processing and are not routed through ELMAIN (35:5-10).

As part of the automated process, the program ELANLX is manually called by the
analyat on a regular basis. This program measuros the accuracy of the general portur-
bations element sets. ELANLN compares the predicted position of the satellite \vivt‘h t‘lw
most current verified observation. If the vector magnitude (VMAG) of the difference (the
rv:«ic.!ual) i greater than 14 kilometers the satellite is solected and marked for BATCH

correction in the SCL (35:5-11).

243




SA''EL! {TE CONTROL LIST

INPUT PROGRAM PROGRAM INPUT
New ‘ Orbital Analpst
Observalion ELMAIN FAIL AL ELANX Officer
SATS flugged for
3ATCH correction

|mss | : ELTRAN Work List
DUTI
' I FAILL Expiration

SATS flagged for
ELREC correction
PASS
Work List ELREC -
FAIL
[: SATS Magged for
PASS LOBDY correction
Orbital Analyst
OfMcer LOBDC
Display Showing
Recovered and
Non-Recovered
Sateliites

Figure 2.6. Differential Correction Process Flow

An additional automated program is ELTRAN. ELTRAN is time activated based on
the expiration of the DUTI number. DUTI is defined as the time interval between runs
of BATCH or another correction process (24:203). The typical DUTI for routine satellites
is three (indicating three eight-hour periods) (13:Atch 1) (3). 1f the DUTI has expired,
ELTRAN will tag the satellite for BATCH correction (24:204.3).

BATCH is an automatically called program which attempts a general perturbation
correction by using only verified observations. If the correction process is successful, the
SATF and GMAT files will be updated. If the correction is not successful, the satellite will

be tagged for correction by the program ELREC (35:5-12).

ELREC is automatically called based on elapsed time. This program reads satel-
lite numbers from the control list and then attempts a general perturbation correction.
However, unlike the BATCH program, ELREC has the ability to access the PAOB and
UAOB file and cdit observations prior to the correction process. If the correction process

is successful, the SATT and GMAT files will be updated. If the process fails, the satellites
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are listed on the control list for the lost object differential corrector (LOBDC) program -
correction. The analyst will receive 2 message on the console and must manually correct

using LOBDC (35:5-12).

2.9.22 Manual Element Set Maintenance. The program MANDC provides
the analyst manual control of the differential correction pfocess. MANDC will directly
queue the ELTRAN program to.process the observations and conduct the correction pro-
cess (24:204.1). This program is used to process those satellites with non-routine or-
bits (special-interest satellites). The processing of observations remains the samé for a

manually-corrected satellite.

2.10 Summary of Past SSN Assessments

Since the beginnings of the SSN there have been several assessments of sensors,
network capabilities, and tasking operations. As of September 1992, assessments were still
being conducted with the goal of continual process improvement (30). For the purpose of

this research, two past assessments were evaluated and are summarized below.

2.10.1 Space Surveillance Program Architecture Report. This study sought to ex-
amine the workings of the SSN and examine possible shortfalls in the system. The initial
assessment of the SSN indicated there were two general requirements for adequate space
surveillance: accuracy and timeliness (31:3-5). Both of these requirements are based on
required actions and responses for a wartime environment. The study found that if the
timeliness requircment was dropj)e(l, the accuracy of the current sensors met the accuracy

requirement for catalogue updates (31:3-5).

Based on the worldwide deployment of sensors for the SSN, the flow of information
from the sensors to the SSC was of special interest to this study. The study specifically
identified the command and control structure, the data processing capability, and the
communication systems associated with the gathering of satellite observation information

(3L:4-1). The study concluded that the requirements of the catalogue support mission
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is primarily a function of information throughput capability and sensor tasking priorities

(31:3-5).

2.10.2 Final Report of the Surveillance Command and Control Study. This study
was directed by the Secretary of the Air Force for Acquisition, Space, and SDI Programs
in 1988. The stated purpose of this report was to baseline the current capability of the
SSN to support anti-satellite (ASAT) operations. The primary interest of this report was:
sensor accuracies, the tracking of single versus multiple targets, and timeliness (9:1-1). To
examine these areas, five area studies were accomplished: Flash Elset generation, Orbit
Prediction Accuracy, Individual Sensor Calibrétion, SSC Capability, and Sensor Coverage
(9:1-3). |

The Flash Elset study was conducted to determine the ability of a sensor to gener-
ate an accurate Flash Elset. The Flash Elset study was directly applicable to the ASAT
mission. The Orbit Prediction Accuracy study was conducted to test the different prop-
agation theories with respect to accuracy, time dependence, and amounts of sensor data.
The Sensor Calibration study was conducted to verify the accuracy of the sensors in the
SSN. The SSC Capability study was conducted to evaluate the operations of the SSC. The
Sensor Coverage study was conducted to evaluate the locations of the sensors in the SSN

relative to the ASAT mission.

Of primary interest to this research were the Sensor Calibration study, SSC Capa-
bility study, and the Orbital Prediction Accuracy study. The Sensor Calibration study
provided measuremoent biases and standard deviations (@) for sensor measurements. This
information was input into our differential corrector and used to analyze the satellite pop-
ulation. The SSC Capability study provided background information into the operation
of the SSC and the sensor tasking methodology. The Orbital Prediction Accuracy study

provided background on the orbital prediction problem.

These area studies resulted in several conclusions (9:1-13):

¢ The computer usage and processing time increased as the complexity of the orbit

prediction model inereased.
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o The computer processing time increased as the quantity of observations increased.

o Certain gaps in the sensor coverage caused noticeable delays in the processing of

information.

2.10..2.1 Sensor Calibration Study. This study examined accuracy in terms
of azimuth, elevation, rangé, and range rate measurements (9:1-10). Even though sensor
calibration is relatively stable, all sensors must be calibrated on ‘a regular basis (10:3-3).
The interval of calibration varies from sensor to sensor, but the process must be routinely

accomplished to maintain observation accuracy (10:2-15).

’ Calibration is accomplished by tasking the sensor to track a satellite with a known
and stable orbit (10:2-15). These observations are then sent to the SSC and processed on
calibration analysis programs. These analysis programs generate the values for bias and
standard deviation (¢) (10:2-15). The updated calibration results are then distributed to

the sensors via electronic message on a daily basis (2).

This study used the Navy Transit satellite as a known object for sensor calibration
(10:3-1). After the readings were taken, the observations were processed through the SSC
~ computer systems to generate biases and standard deviations. This study noted that there
are multiple sources of error which will impact the values of bias and ¢, Examples of these -
errors are: refraction, signal to noise ratio, and satellite-dependent physical characteris¥
tics (i.e., shape, orzientation, and surface area) (10:3-1). However, all of these errors are

accounted for in the values for bias and o published by the SSC.

2.10.2.2 Orbital Prediction Accuracy Study. To determine the accuracy of an
orbital prediction model, three studies were conducted. These studies looked at historical
data, simulation results, and historic data from NAVSPASUR (9:1-7). These studies indi-
cated errors are highest when the time span of data is short. This error was scen to level
out after three hours of available tracking data (9:1-8). This study also found the quality
of the prediction was directly proportional to the accuracy of the sensor® providing the

information (9:1-9).

11 tenns of bias and o.
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The evaluation of the orbit prediction theories indicated that special perturbation
theory is always the best predictor. However, the application of this theory takes consider-
able computer time. General perturbation theory will provide adequate results but there
is some accuracy penalty. However, the accuracy penalty was determined acceptable if five

or six hours of observations were utilized (9:1-9).

2.10.2.3 SSC Capability Study. The SSC Capability study was important be-
cause of the ASAT natrre of the original project. Researchers needed to determine how
sensor tasking would impact the generation of elsets. This study determined that tasking
was important to ensure the proper dispersion and number of observations were gath-
ered for a satellite (10:2-14). To maintain the elsets, this study recommended orbits be

determined every 1-2 days for LEO satellites and 7-10 days for high orbit satellites (11:3-9).
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IIl. THEORETICAL BACKGROUND

8.1 Element/Covariance Propagation

This section establishes the dynamics used in the propagation portion of our dynamics
model as well as the perturbations analysis of our satellite constellation. The dynamics
used are based strictly on the J; perturbations. Section 3.1.1 shows the derivation of the

state solution for the elements, and Section 3.1.2 establishes the state-transition matrix.

3.1.1 The State Solution. Since we are dealing with mean Keplerian orbital ele-
ments, we are intereste(i in the non-periodic terms! in the time rate of change in the
orbital elements. The terms in the expansion of the disturbing function (R) which do not
include the mean anomaly, the only periodic term, are the secular terms. It has ‘been

shown the secular portion of the J; disturbing functicn is (37:83):
. - "‘J2Ré 3 "y
. : Ry ,ec “om (1= eyi\2 sin®é -1 (3.1)

Reference (37:47-48) provides the disturbing-function form of the La.grangé planetary equa-

tions:

. de 2 9R :
a4 = - Em , (3.2)
. de 1= 9R V1 -e?0R ’ 1.3
CEU T Twate IM;  nale dw (3.3)
P = di coti IR 1 . OR (3.4)
Tdl T aetT- & dw na?y/1 = efsini 00 o
df) 1 IR
9 - = e ——— 3_?
di na1 - esini i (3.5)
B dw _ Vi= ("-’f)l! _ coli  OR (3.6)
At~ nate e a1t i i
. dM, 2R 1 -¢*0R
My = — = 2. 77 4.7
fe di nae du nale de ' v“ )

*Alsos called secular.
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Using the Lagrange planetary equations, we can derive exbressions for the time rate
of change in the orbital elements. First, we must find the time derivative of the orbital

elements due to R, ,... The expressions for these time derivatives are listed below:

¢ = 0 (3.8)
e =0 (3.9)
i =0 (3.10)
. 3uJ, R2 cos i
g = - MhRgeosi (3.11)
2a°(1-€*)"n
o 3udy RE(3 + Sios2i) (3.12)
8a5(1l - €)' n
. 3ul, R? Jcos2i
Mo w2 By(1 4 305 2i) (3.13)

8a®(1 — te"~’)3/2 n

Strictly speaking, the NORAD two-line element sets do not contain the semi-major
axis (a). Instead, the Kozai mean motion (r,) is used. Solving this problem involves a
two-step process. First, we must eliminate the semi-major axis in favor of the mean motion

(n). Second, we must express the mean motion as a function of the Kozai mean motion.

First, using the identity between n and a (kquation 3.14), we rewrite Fquations

3.8-3.13 without «.

L3
a:(%) (3.14)
n?

\
o= 0 ‘ _ (3.15)
(=0 (3.16)
i =0 (3.17)
. 3SR 0 eosi )
Q1 = ——F— {3.18)

() - ,'.')1'




_ 3LREAT3(3 4 5 cos2i)

- 8u?/3(1 - e2)’

3J, R3yn"/3(1 + 3 cos 2i)
813 (1~ e2)?

(3.19)

(3.20)

Notice that the orbital elements which are functions of time (€, w, My) have time derivatives
(9,&, M) which are themselves not functions of elements that change with time or with
time itself. Since the Kozai mean motion is defined as in Equation 3.21, if we replace n
" with n, in Equation 3.15, we have io redefine the mean anomaly at epoch to be constant

(i.e., My = 0).

n.=n+ My ' (3.21)

Integration of Equations 3.15  3.20 with respect to time yields:

nfl) = onge ' S (322)
’ 3L RZai (1 + 3 cos2io)
= met oo, — (3.23)
81 - «5)
ef) = ¢ : ‘ {3.24)
i = i ' (3.25)
35,130 cos .
1) = o~ 2020 . (3.28)
231 - €3)
ILRIAPE b L i)
Al) 5w ate Wb el (3.37)
“”},J(l . ur .
My = Mod nolt = &) {(3.25)

Next, since the twa line orbital dement sets contain the kozai mean motion, we poed

to find ng in terms of n, .. We can rewrite Equation 3.23 as:
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3J,R2n%3(1 + 3cos2i
fro = n0{1+ 2Rgmo 7 o) (3.29)
8u?/3 (1 - €3)
or,
Neo = Mg (l+en3/3) (3.30)
where,
' _ 3J,R%(1 4 3 cos 2ip) (3.31)

8u/3(1 - e2)*/?

As long as cngl % in Equation 3.30 is small then we can make the approximation that

the ny inside the parentheses is nearly n, .

nx,l)

g = —— = {3.32)
’ 1+ cn(:/ 3
B0 0 e
Ny N ——tee (3.33)
’ 1+ (n:(;

Actually, by nesting Fquation 3.32 four times and substitating n,, for ny, ng is

correct through ()((ulf,ln)*)-

N, .
ng = A (3.34)
N, g *
X '
Ny i
1 4¢ - 3
Neo 3
1+« *”""*"‘-'{"
b+ enl,
FEquation 3.34 can be rewritten as a power series,
. 7 t 19245 i
ne X ng o (1 —anlo 4 ;c’n;o TR P Tl----'«‘n;o) = fin, o) (3.35)
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In order for the power series to converge, we assumed eni/> was small. Figure 3.1
is a plot of the magnitude of € in canonical? units with an eccentricity range of 0 to .92.3
Because the maximum mean motion in canonical units is 1, it is accurate to say that the

value of eng/ % remains small for satellites with eccentricities less than .92.

EPSILON VALUES OVER AREA OF INTERLST [N CANONICAL UNITS

0.92

the. aatlon (deq)

Yoventrictty

Figure 3.1, Epsilon (¢) Values over Area of Interest (Canonical Vnire),

Al

IT Equation 3.35 is substituted into Fauation 3.30, we would expect the two sides to
be nearly equal. To find the error induced in extracting n, from n, ,, subtract n, , from

the result,

error = f{n, o) (1 + e fin, ._f,-)"") ey (4.36)

s e N e aesmme mivue eeches aS seaeRe emse e sh o webe i

‘In canonical umits, jeias 8 DUCFHE, R U DU Be is also the nunimuim sem-major axis thus the
maxunum mean motion s 1 DUSTE .
“The masimtim cerentricoaty of any satellite in the curent population 1» 8,92,

o e
PS 1% 2




Since our approximation is good to order (en/®)?, if enf/® is maximized then - maznitude
of the error will also be at its maximum. Figure 3.2 shows the maxi:.iu error induced for

all possible n, o and i, combinations.*

MAX ERAOR (NDUCED (X ZXTRACTIUN OF MEAN MDTION {n) YRUM KOZA! NEAN MOTION (nk»

eccor

ne |tev/day)

Figure 3.2. Error Induced in Extracting np from n, .

Figure 3.2 shows clearly that the power-series expansion is very good {or most tean motions

and wven at its worst it is less than | X 107" deg/day in error,

Summarizing the important squations so far:

nil) = no {3.37)
) e (535
i o (3.39)
st - y’.'ﬁ%ff?ﬁtff?if‘.\,._ 1 40y

2 (1 - e

The maumum eccentrnaty without impacting the carth’s sorface was camputed for cach value of we o
ansd used alang with 1 in computing «




3J,R%n 7/3 3+ 5cos2i '
2Rgmo °)( t - 1y) (3.41)

wlit) = we+
) = wt P
M(t) = Mg+ nep(t - to) (3.42)
where, | |
4 7 s 1025
Mo = Tgo (1 - €ngo + 5527‘2,0 g0+ _"54 l?o)

3J2R(29(1'. - 3COS2i())
8u2/3 (1 — e2)?

Now, since we have the solution to the state variables fcr any time (i) given the state
at some initial time (4), we can find the state-transition matrix analytically (by taking

the partials of the state solution with respect to the initial state variables).

3.1.2  The State-Transition Matriz. The state-transition matrix is used in propa-

gating the covariance of an estimated state. In our case, the state v...iables are:

x' = [ ne € i Q@ w M] - (3.43)
and the state-trensition matrix ®(¢,4y) is defined as:

dx({t)

Ot ly) = m (344
The partials in @ can be written more extensively as:
[ dng () an () angt) dn ) dn () dng(t)
l')llx.u (.)('n (.)I.n (.)Q" '(‘)u)u l.)‘lu
() Delt)  Del)  Oe(t) D) in(l)
() 0 R m i)l; (')nu (‘)w'u l.)i‘l()
Qi) @iy vty Qi) aiy) A
- ()"N." (.)l u (.)I'" (.)s)-) (.)u;‘u' (').‘[" ’ o 3
L= gain a0y D o e o) (3.45)

on, ., ey din M D OMa
()uo(l) (1) 4)...)(!) dulty  de(t)  dutl)

‘)"All !.)l" ()I|, . le“_ l')in'u })—i—l;
()\I(l)_ aMety oMy oMy aMy  aM{n

L “)"N," (-)( n l.)l'u (‘)sk" i)w'u “.\lu J




Eliminating the easy onecs:

(p(t» t()) =

[ 1 0 0 0 00
0 1 0O 0200
0 0 | 0 00
o0() 29 02 | (3.46)
3n,‘l(, é)e(, 010
dw(t) dw(t) Ow(t) Lo
(‘)ll,‘() a(fo aln
i t—1g 0 0 J 0 | |

In order to do the remaining six partials in Fquation 3.46 we need the derivatives of

< ¢ and nyg.

L[_(_ ) ()Jnh’i;,(*iin‘Zi:)‘ (347)
diy (1 - )P
! 9o 15 (1 + Beos?2
A 9hRLY ‘.0‘;,_,‘")&, (3.48)
dey Rp23 (1 - e2)"°
dn, T 1 T, e J657H | s o 1
‘l"Al"- = - 5‘".}',‘) + —9——('11,..‘ — 35¢° u,:“ + —zh—e'r £ (3.19)
l | 1 S . T760 , 1\ '
i (—n}u +omeniy - 21300 4 = --e“n,ff,,) (3.50)
de : 3 : : R
The six partials are:
Nt TRt cosiy
"T (j o e co 1.: dng U= ty) (3.51)
gy it~ .3)‘ dn,
. i
(d8(¢ 6 Jo R n, o Tdeithng eniy d !
.‘__.A_.(_._) - by ‘_".1 (nw. ! _l‘l i ¢ :\:, dny e = t) (3.52)
ey ;1-“ ——l.,) il =) e (h.,
A SUN EeEL i 1{1?1 E'?L‘%lf'.’ duo AN o) (3.53)
chy, \ 3,“(] ..,‘) _z”|‘|-.‘.-') el (ll()
ol LI (3 4 Seon2in)  d '
'() A “.".(_l___".“_\f_) s = 1) (3.54)
da, Spd (- ed) dng
() h..l I( n, H+ Scos ’o") ; T 10 Nj({+ Seos 2y, lln., de )
iy, 2/1‘; ( | - ¢;-;)J \(l‘ v {l - (l’ (1( o !
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(3.55)

dw(t) [ 151R3nd sin2ic | TRAn(3 +5cosie) dno de et @5
di, apt (1 - e3)? 8u (1 - e2)’ de dig] VY

In Section 3.1.1, we derived the state solution as a function of time. We used the
state solution equations to derive an analytic . We will use ®, provided in Equations 3.46

throﬁgh 3.56, for propagating our state-covariance.

3.2 Differential Correction . ‘

This section reviews the differential correction theory used in our model. The estima-
tion algorithm we used in this research is a sequential estimator, specifically a Bayes filter
algorithm, as presented in (38:55-94). The Bayes filter is basically a weighted least squares
filter modified to use the previous state estimaée and the covariance of that estimate as the
first data input to the filter, Before discussing the Bayes filter, a review of least squares

estimation is required.

3.2.1 Least Squares E--mation. Least squares is the basis for estimation theory.
Least squares estimates the state of a dynamic system at some time 2o (x(to)) by using a
 series of actual measurements, or observations (O(t;)) taken at different times t;. In orbit
" determination, least squares a.ttompis to determine the orbit most likely to produce the
obscrvaiional data. The estimate is determined by minimizing the sum of the squares of
the residuals between the actual observations (6(1,-)) and predicted observations (O{t;))
based upon a reference state. Weighted least squares comes from #ssociating an observation

weighting, or instrument covariance matrix (Q(£;)), with cach observation vector O(t;).

A set of observation data at different times ¢; which is linearly related to the system

state at that time can be written as

Oh) = Hix(k) + e (357)
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where ¢; is the true error in the data and H; is the linear relationship beiween the obser-

vations and the state at time ¢; (x(¢)).

In a linear dynamical system, the state at time ¢; can be written as a function of the

state at time fp as shown in Equation 3.58 below.

X(t,') = q’(t;,c‘.o) X(to)’ (353)

Solving Equation 3.57 for e; and expressing it in terms of state at time t, gives the following:

e = O(t) — H; &L, 1) x(to) (3.59)

= O(t) - T x(to) (3.60)

where the observation matrix, T}, as defined in Equation 3.61, relates the observations at

time t,-: to the state vector at the epoch time, {,.

T: = H;®(tite) (3.61)

Using a matrix shorthand notation. we can define the total observation data vector,
O, the total observation matrix, T, and the total instrument covariance matrix Q, to be

as shown in Equations 3.62, 3.63, and 3.64.

o ]
6 = 0(."1’) (3.62)
| O(tw)
KN X
re || ‘b("’-'"'“) (3.63)
e || i dlinet) |
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Q0 o 0]
I e (364
| 0 O o Qpn

where N is the total number of indepéndent observations, O(t;).

Replacing the true error e and the true state x(Z) with the residual r and the

estimated state X(%o), Equation 3.60 can be restated as
r=0 - Tx(t) ‘ (3.65) -

The probability of obtaining these particular residuals is then shown by Equation 3.66.
P(r) = (Zw)"‘¥ Q| et-#"a™'0 (3.66)

To determine the state estimate & which maximizes P(r), the quantity (r7Q~'r) must be
minimized. This results in the minimization problem
d [

= (6 -127Q (0 -1%)) = 0 (3.67)

- which, when solved for the estimated state, (o), gives

(o) = (TTQ' Y 17Q' O (3.68)

where the quantity (77Q-'T")~" is the covariance of the estimated state, Fy.

In orbit determination, the dynamics are very non-linear. However, if the difference
botween the true state and a reference state (8x) ix small, the non-lincar dynamics may
be linearized about this reference state, x*. In addition, the observation data is also a
nonlincar function of the time, #;, and the state at that time, x(4,). This observation

relationship can be written as shown in Equation 3.69.

o(1,) = G(x(L)1,) | (3469)
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This relationship can also be linearized through the use of a Taylor series expansion

and written in the form shown in Equation 3.70

€ = -g—g&x(t,) = H,' 6X(t,) (370)

where e; is the true error in the actual observation data and H; is the data linearization

matrix for the observations at time ¢;.

The residuals betweern actual observation data and calculated observations based

upon the reference state are then calculated as shown in Equation 3.71.

r, = O(L) - G(x(L),4) (3.71)

The state transition matrix, &(£.¢,) relates changes to the state at time {; to changes at

time ty as shown in Equation 3.72.

ox(6;) = &, b)) ox(ty) (3.72)

The residual vector £, is then written as shown in Equation 3.73.

r = ,[, bX(l,) = Il, d’(t,.ln)aX(tu) = ’1‘, bX(to) (3.73)

Using the same method that arrived at Equation 3.68 for lincar least squares, the

corsection to the estimated state can be determined as shown in Fquation 3.74.
dxite) = (TTQ' T ITQ ' r (3.74)
with the covariance of the estimated state being as shown in Equation 3.75.

Po = (17Q 1) (3.75)




The new estimate of the state is determined as shown in Equation 3.76.
%(to) = x*(to) + 6x(t) (3.76)

3.2.2 Bayes Estimation Algorithm. The Bayes filter uses the old estimate of the
state, X4, and the state covariance of the old estimate, P,;4 as the initial data point along

with a new set of observations (O) and their associated covariance (Qpey)-

Equations 3.62 throﬁgh 3.64 as presented in Section 3.2.1 above are then rewritten

as
I
T = (3.77)
Tﬂew

P 0 | |
Q= " | (3.78)
0 Qﬂew ' ‘

—0 - x*
s ~ - (3.79)

0 - G(x(t:),4)

The inverse of the new covariance, P}, is then calculated as shown in Equation 3.81.

W

) (1T7Q'T)™! (3.80)
Phd + (T @rowThew)™ (3.81)

1

Once the new covariance is calculated, the correction to the state, 6x is then calculated as

shown in Equation 3.83.

6x(ty) = P ITTQ7'r (3.82)

]

Paew (Pid (Roa = X*) + ThuQrtoTren) (3.83)

If the reference state (x*) has converged to a solution, the new estimate of the state is as

shown in Equation 3.81,

%(to) = x"{ly) + éx(to) (3.84)
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The entire sequential estimatior process can be summarized using Equations 3.81,
3.83, and 3.84. Given the prior estimate of the state and the state covariance (X, and
P,i4) and a set of new observations (6) and associated covariance (Q), a new estimate can

be determined.

3.8 Numerical Calculation of the Observation Matriz.

As seen in Section 3.2, the observation matrix is calculated using Equation 3.55.

T = H; @(ti o) (3.85)

This is an m X n matrix where m is the number of observation measurements and n is the
number of state elements. It relates the observations at time ¢, to the state vector at the
epoch time, ty. As discussed in Section 3.1, simplifications were made n the algorithm
used to determine the state transition matrix (©(4,.4)). Because of these simplifications,
we did not want to use Fquation 3.85 to caleulat 7. Since the NORAD orbital model,

SGP4 was available, a numerical method for caleulating this matrix was used.

Given an observation consisting of four measurements and a state consisting of six

elements, an expansion of Fquation 3.85 becomes:

[ i)()l(ll) ()()l(’a) ()()l(tc) ‘)()l(ll) d‘)l(lc_) ‘)()l('u) ]

de(ly)  Ora(le)  dralle)  drgly) das(ly) drglis)
D0.(1) DO} DOLL)  aL(L) O DOL(L,)

delly)  daa(ly)  daslty)  Daglly)  drs{ty) delfty)
JOLL) DOL1) D050) A041) dOLE) dOL,)

(1.86)

Ir(le)  Dralle) Dralla)  drlle) idrstta)  drelly)
DOLNL) DO DOLL) DO BOWL)  BOL,)

—— o ——— e m—— r— ———

Arlly) 9rq(le)  daslte)  Aralls)  drsite)  drelie) |

The elemeuts of this matrix conld be caleulated numernically by using the definition
of a derivative, The definition of a derivative results in the evaluation of the {1, ;i clement

of 1, as shown in Equation 3.87,

LERER . O (X[ 4 drglat ) - (2 ix(0 8 -
f.,...)_(_ _) . l"u ,.,'( { - -‘_‘_...}, SR (. - _) ‘_‘N,]
d.r;,(l.,) Qry 0 AI;‘!()




If Equation 3.87 is evaluated, not as limay, .0, but as Ax; approaches an incremen-

tally small value, the elements of the observation matrix, T}, can be expressed as:

BOJ\t,) o Oj(X(to) 4+ A(tk(to),t;) - Oj(X(to), t,')
dzi(to) ~ Azi(to)

(3.88)

3.4 Vuriance Reduction Techniques

We considered two variance reduction techniques available for our use. The first
technique uses common random numbers (CRNs). The second technique uses antithetic
v:—iriates which are random numbers that come in pairs such that they cancel out their
effects when averaged. For an excellent source on the subject of variance reduction see

(21:Chapter 11). The following is a brief overview of these two techniques.

2.4.1 Common Random Numbers (CRNs). Coramon random numbers is a variance
reduction technique applicable to experimental testing of different systém configurations.
The general principle behind the application of CRNs is that differences in performance
between alternate combinations, or system configurations, of an experiment should be due
toniﬂ'orénces ouly in the system configurations and not in the experimental conditions.
‘Theréfore, the different system configurations should be tested under as close to identical
oxperimental conditions as possiﬁle. In simulation, the experimental conditions are the

random variates generated for use in the model (21:613--614)..

The ideal use of CRN is to use the same random qumbor. or random number streami,
for exactly the same purpose in one system configurations test as another. This is called
“synchronization.” This synchronization gives vou a high confidence that the difference in
performance between different system configurations is due only to the different conﬁguré.-
tions, and has no contribution inserted due to dillerent experimental conditions (generated

random variates) (21:617).

a 4.2 Antithetic Varietes (AVs), Amithetic variates is a vatiance reduction tech-
nique aprlicable to a wingle system configuration.  The general principle of AVs is to
perform experimental test on the system in pairs such that an observation on one run is

negatively correlated to an observatio. - o other run, If the two observations are then
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averaged and the single data point used in the analysis, that data point should be closer
to the expected value of that observation than if the two observations were independent
(21:628-629).

AV aitempts to include a negative correlation by using cotﬁplementary pairs of ran-
dom numbers. For example, if the first random number of a pair was a uniform 0 to 1
andom number (U,), the second number in the pair, its complement, would become 1 - U}
where the subscript k represents a particular uniform random number observation. The
fundamental requirement that a model should satisfy for AVs to work is that its respouse
to a random number used for a particular purpose be morotonic, in either direction. As

in CRN, synchronization must also be applied (21:629-630).

3-16




V. METHODOLOGY

The basic methodology we used in this research and analysis consisted of a four-step

process:

1. Perform an analysis of the earth’s satellite popu:iation in order to select a represen-

tative sample of satellites for analysis.

2. Develop a “truth model” to produce highly accurate, simulated SSN sensor observa.

tions of the sample satellites.

3. Develop a differential corrector to correct the satellites orbital elements, and calculate
~ the vector magnitude of the error between the “truth™ position and the position
predicted by the USSPACECOM/NORAD orbital model. Run this model for each of

the representative satellites using Adifferent observations rates and correction intervals.

4. Perform a statistical analysis on this data trying to determine 1 steady-state position -

error for different observation rate  correction tnterval combinations.

§-1  Analysis of Farth Satellite Population

There are two primary ré:unns for analyzing the satellite population. The first reason
i to chararterize the composition of earth orbiting objects as completely as possible. Prior
tu umlvr(a.kiug any avalysis of carth urbiting satellites, an understanding of their charac
teristics and composition is easential. The second reason for petiorming this analysis is to
be able to develon an initial classification s.rllwmc- to allow the srlection of a represeatative

“sample of satellites for further analysis as part of this research effort.

{.1.1  Natelhie Composiion {naiysis. We chose 1o examine the compasition of the

most current NORAD twoline element set file available to us. This was the March 1990
two line element set file {1990. TLE). To do this, a FORTRAN program, REDUCE TLE.FOR,
was written to select the first oceureence of each satellite’s two Line element set from thic
filr and to autput it into a Mathematica readable file OE9003.FIX. The QOE9003.FIX file

cantains this first occurrence of each satellite in the 1990. TLE file unless it doce not pass a
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series of simple tests as summarized in Appendix F.3.' Fach entry into the OE9003.FIX file
contains the epoch, a counter number, the NORAD catalog number, and the nine orbital
elements from the NORAD two-line element set: Kozai mean motion (ny), the first time
derivative of mean motion divided by two (7 /2), the second time derivative of mean motion
divided by six (i1/6), inclination (4, ), node {{2g), argument of perigee (wy ), eccentricity (o),

bstar (£27), and finally the mean anomaly at epoch (M,).

Once in Mathematica-readable forniai, we processed graphs of each of the above
elements and variables that are derivable from the ones provided, such as the true anomaly.
The main purpose of the graphs was to allow easy examination of the distributions of
each variable. We were especially interested in two areas: correlations between any two
orbital elements and how the satellite population fell into the various Gabbard classes.
On oceasion we generated plots sh'uwing the relationships between three vartables.
particular, we used 3 variable plots to determine if there is a relation between B* and the
n/2 and i1 /6 terms. However, the problem with this investigation was attempting to see a

three-dimensional space whi-h was limited to a two-dimensional sheet of paper.

{.1.3  Perturbalions Analysis. Sinee the J, perturbations are the primary source of
perturbing effects on most earth orbiting sateflites, this was the only perturbation effect
analyzed. We wanted to identify the magnitude of this perturbation effect on the satellites
in the current population.  As shown in Section 31,1, the only three orbital elements
affected by Jy perturbations are the mean anomaly, argunent of perigee, and ascending
hode, The time derivatives of these three elements elements were plotted as 3 function ol
the elements that affect the magnitude of the perturbations (tuean motion, eccertricity,
and inclination). These plots allowed ue tor visualize the relative perturhing effects on the

saleflites in the current population.

In addition, a propagation rautine for the ditferential corrector mode! was required.
T his routine had to perform two functions. First, determine the orlital vlements after
some propazation Gme given the elemeats priar to propagation. Second, determine the.

state covariance matrix after a given pyopagation time given the stale covanance prior ta

PThe catetlites 1n the OF9003 FIX file are henecforth seferard ta as the “Curreat Populatson ”




propagation. As shown in Section 3.1.1, after deriving the secular time-rate-of-change of
each orbital element, it Waé possible to analytically integrate the equations with respect
to time. This allows the expression of the orbital elements as a function of time. By
differentiating these expressions with respect to the orbital elements, it is possible to find

the state transition matrix as a function of time.

Had this not been pessible, we would have been forced to perform a numerical in-
tegration routine to find the elements and state-transition matrix after some propagation
time. We decided that an analytic approach was preferable over a numeric 2pproach due

to the computation=! ,me involved.

§.1.3  Clossification Scheme Development. An orbital-element-based classification
scheme was developed based on both the analysis of the current composition of satellites
and the analysis of the effect of J. perturbations. The classes were based strictly on only -
the three orbital elements that influence the magnitude of the Jy perturbations. The code
that performned the actual separation of all s.m-llm-s in the current population into their

respective classes was llw same code that decoded 'hr 1990.TLE file.

A basie assumption made in the developuent of this classification scheme is that that
satellites with similar perturbation efiects would have similar observation requirements for

maintaining the orbital vlement sets,

§.1.]  Representative Satelhte Selection. After the satellite pupulation was «li\'idml

inta their various dlasses, we selected a representative satellite from each class. The .sal"t'uilv
clinest ta the average” satellite was selected. To determine which satellite was closest to
the average, the mean and variance of ecach flass was ratculated fur the relevant orbital
cletments. Then, the deviation frum the mean of cach arbital clement was weighted by
the variance of the element {smaller vaniances having larges significance). We selected the
satellite with the smallest overall deviation as our representatine satellite, In ather words,
to make our selection we furmed an o disnensisaral Ganssian distribution, aml determined

which <atelite accurred clasest to the mean.




4.2 SGP Program Library

In an attempt to simulate the methods used by USSPACECOM as closely as possible,
we used the SGP4 and SDP4 orbital models in use by USSPACECOM. The specific models
used throughout this research come from the SGP pr(.)gram library. This library contains
a set of Turbo Pascal? 6.0 units and documentation written by Dr. Thomas S. Kelso (19).
The main components of this library are the SGP4 and SDP4 orbital models which were
converted from NORAD FORTRAN code as published in Reference (16). The remaining
units contain routines that are either necessary for SGP-'s operation or aid in interfacing

SGPA with both the truth model programs and the dynamics model programs. The library

consists of the following units: .

o SGPYSDP4. Full implementation of NORAD SGP4 and SDP4 models.

o SGP INIT. Contains coustants, variables, and type declarations needed to initialize
S6GPisbry.
o SGP INTE. Constants, variables, and type declarations needed to interface between

SCGPISDP) and SGP.CONYV (and otker programs).
o SGP MATH. Various trigonometric and mathematival routines,
o SGP TIME. Tiane based reutines for converting among time systems.,
o NUPPORT. General support routines for machine dependent features,
o SEGPCONY, Routines for converting ‘wo line data and SGPY state vectorns,
o SGIEIN. Routines to simphifs i put ol data iwith error cherking ).
o SGP O T Roulines to output program results in standard formats,
o NI OBS, Obeerver depemient routines for calculating topar entric infarzaztion.
o YVINUAN. Minimum/maximum f:mc(inm.
o SO LR Routines for calculating the pusiion of the cun and if a vatellite o in earth

umbral echipee,

‘Jarbw 12w al 10 a trademarl of Hosland Intesaational



A copy of the complete SGP Library Documentation is located in Appendix A. The source

code listings of ail SGP Library routines used in this research are in Appendix B.

4.3 Truth Model

The purpose of the “truth model” is to produce highly accurate “truth” observations.
’I'hése observations are used to simulate the observations gathered by sensors of the SSN
for a specific eart!.#oi'biting satellite. To allow a Monte Carlo analysis, the model is capable
of producing mvultiple random sets of observations at various specified observations rates.
The methodology used in the selestion of the number of random sets and observation rates

is presented in Section 4.5.

4.3.1 Model Developrient. The primary elemert requived for thic truth medel i‘s‘
a highly accurate orbital propagator. A comuercially available orbital modcel, the High
Precision Orbit Propagator (HPOP) program, Version 1.1, produced by Mizrocosm, Ine.
of Torrance, CA was nsed for our research. HPOP tses the Runge- Kutta-Fenlberg method
of order 7(8) to integrate the equations of motion. {t also includes accurate models for all
of the major perturbations affeciing an earth-orbiting satellite and all major predictable
motions of the earth that affect a satellite’s apparent position (15:1 2). These perturbation

models include:

o Geopotential effects. Uses an unclassified 21 x 21 spherical harmonic expansion

meddei {Goddard Earth Mode] 108) of the earth geopotential.

& Solar and lunar gravitational effects. Assumes point :nasses and uses the U.S. Naval

Observatory compressed ephemeris o predict the pasitions of the sun and moon.-

o Atmospheric drag. Assumes single-collision specular reflection and wxes the Harris
Priester atmospheric model, modified to take into account the divenal bulge. to

cotipute the atmospheric density.
o Sular radiation pressure,
o Pracescion of the aquinos.

o Nutatjon.




¢ Diurnal rotation.
¢ Barycentric displacement.

The HPOP model produces highly accurate earth centered inertial (ECI) position and
velocity vectors, at specified time intervals, over a specified length of time, for a given input
ECI state vector. However, our research uses a satellite orbital element set, not an ECI
state vector, as the initial data point. Additionally, our research needs the model output
expressed as sensor .observation data (azimuth or right ascension, elevation or declination,
range, and range rate), not ECI state vectors. Three Turbo Pascal interface programs,
HPOP_IN, CONVERT, and RSELECT, written by Dr. Thomas S. Kelso, were provided to

translaie HPOP dala into the formats requircu for our research.

HPOP_IN uses SGP Library roatines, primarily the procedures of SGP4 and SDP4 in
the unit SGP{SDPJ, to convert satellite orbital element sct data into an ECI position and
velocity state vector. It places this data, along with the specified interval for propagation

and the propagation step size, into the ing:it format required for HPOP.

CONVERT converts each of the HPOP “truih™ ECT position and valocity w‘ctor.';
iito SEN sensor cbservations (e.g., time, azimuth, elevation, range, rangc rate) given the
SSN sensor locations, observational liznitations, aud data ‘ypes. Por our research, the
SSN lorations, limitaticns, and gata types wsed are listed in Tables 2.2, 2.3, and 2,15
respectively. CONVERT uses the SGP library procedure Caleulate_Obs or Caleulate R A Der
from the unit SGP OBS, 10 perform the ECT to topocentric coordinate transformation of

the ECI position and velocity vectors to either azimuth, elevation range and range rate

- o'weivations or right ascension and declination ohservations.  Additionally, CONVERT

incorporates the effects of atmospheric refraction on the different types of observations,

RSELECT uses the observation file created by CONVERT and perforis three func.
tions: indexes the file by day of observation. adds random noise to the individual obscrva.
tions, and generates random observation files hased on the required maximum number of

vbservations per day and random observation sets.

Tomake the randotn selection, RSELECT first indexss the observation file to separate

the observations by day. Based on the required number of observations ser day, RSELECT
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then creates the files by randomly selecting observations based on the required mazimum

number of observations per day.

To reduce the variance in the observations, these observation sets are inclusive. For
example, the observations which would be included in the 2 observations-per-day set are
includgd in the 4, 6, 8 and 10 observations-per-day set. Likewise, the two additional
observations used to make the 4 observations-per-day set from the 2 observations-per-day
set are used in the 6, 8, and 10 observations-per-day sets. This process is continued until
.iie iast two random observations chosen are added to only the 10 observations-per-day

st

Based on the required number of random s=ts, RSELECT uses a different random
number seed to select observations from the indexed days. The seed numbers were created

- using the SLAM simulation software (28). These seed numbers were then hard coded into
the Turbo Pascal unit Gauss2. This unit uses a numerical procedure to create a Gaussian
random number with a mean of zero based on the input sced number (27:213  237). This
random number process is located in a function called G Random and used by RSELECT.
The purpose of this random number process is twofold: specific seed numbers allow for
tepetition of resnlts while still im'luring a random process into the observation processing

methodology.

In addition to the observation conversion and selection process performed in CON-
VERT and RSELECT, these programs also pass, unchanged, the ECl position vector pro-
duerd by HPOP. This vector is used within the differential corrector to ealculate the vector

 magnitude of the true position error {V\FAGT).

When combined, these four truth model programs take a satellite orhital clement set
awd create from it a spreified aumber of sets of randotm observations at vanous specified

observation rates. The fiow of the truth model is shown in Figuse 1.1,

§-3.2 Model Exccution. The elements of the truth model & execsted 1o flow as
shown in Figure 4.1, A description of the execution method and input/output file formats

for cach of the clements of the truth mwodel follows.
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Figure 4.1. Truth Model Flow.
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4.3.2.1 HPOP_IN. The program HPOP_IN accepts as input a * 2LE file con-
taining at least one two line element set of the format seen in Appendix F.6. It utilizes a
user-friendly windows-style interface to allow easy selection of the *.2LE input file, the prop;
agation step size, and the time interval for propagation. Its output consists of SV-satnr.els -
files, where SV- indicates a “state vector” file, and satnr and els indicate respectively, the
satellite and element set number used to create the position/velocity state vector. HPOP_IN
creates this file, formated as seen in Appendix C.2, for each of the two line element sets in
the input *.2LE file. The Turbo Pascal source code listing for this program is in Appendix
.1

4.8.2.2 HPOP. HPOP accepts as input the SV-satnr.els state vector file, pro-

duced by HPOP_IN. It is executed using the following execution command format:

hpop < SV-satnr.els > PV-satnr.els

where PV- indicates the HPOP created output file containing the propagated, time-tagged,
ECI position and velocity vectors for the input satellite data. Reference Appendixes (°.2
and .3 for the format and an example of RPOP input files.' A sample of an HPOP output

file is in Appendix C.4.

§.3.2.3 CONVERT. This program accepts as input the HPOP created PV-
satnr.els file of the format seen in Appendix Section C4. It reads data from a *.0BS
file muiaining SSN sensor locations and a *.LIM file containing SSN sensor obsetvation
lauits. It uses & user friendlc windows style interface allowing casy selection of the *.0BS,
and *.LIM data files, and the PV-satar.els input file. Jts ontput consists of an OB-satnr.els
file, formated the same as the RSELECT output sample shown in Appendix Section €8,
containing the abserving seusor, observation time, observations (azimuth or right S&rénsinn,
elevation ar declination, range, and range rate), aad the truth KO pasition (X, Y, and L)

The Turbo Pascal souree code for this program is located in Appendis ("5,

§.3.2.4 RSELECT. This program accepts as input a CONVERT createdd OB.

satne.elr file. {t uses 4 user friendly windows.style intetface allowing casy seleetion of this
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input file. The maximum observation rate and number of random sets of observations

desired are entered as command line parameters in the following format:

RSELECT nn mm

where nn is the maximum observation rate (even number of observations/day) desired and
mm is the number of sets of random observations (1 to 26) desired. It’s output consists
of mm different RO-satnr.nnX files for each of nn/2 different observation rates. In this
file name nn indicates the observation rate and X is an albhabctic index (A, B, C, ...,
7) corresponding to different randomly-selected sets of observations. For example, if a
maximum observation rate of 10 per day (nn = 10) and 10 random scts (mm = 10}
is specified, RSELECT will create 10 random observation files (A through J) each for
observation rates 2, 4, 6, 5, and 10. The output is formatted the same as shown in

Appendix C.8. The Turbo Pascal source code listing of this program is in Appendix C.6.

4.3.3 Model Verification. The truth model was verified as two components. The
first component was the HPOP program itself. The second component consisted of the

three Turbo Pascal interface programs, HPOP IN, CONVERT, and RSELECT.

The HPOP program is an off-the-shelf, commercial, orbital propagation program.
The accuracy of the program was advertised to be on the order of 12 meters or better
{13:1). However, we had no means available 1o verify this level of accuracy. To test the
program, FCI position and velurity vectlors from HPOP were compared to the output of
SGPSDPY for various test satellites. The results of this comparison indicated the Jevel
of accuracy would be sufficient for the purpose of ¢ esearch. ‘This program may be
replaced by some ather special perturbations code if it canzaot be vaiidated as saitable for
this purpose.

The HPOP IN, RSELECT, and CONVERT programs were verified by Dr. Kelso prior
to our use. However, to epsure proper performance of the programs, we stepped through

each procedure and watched execution using the debug capability of Turbo Pascal.




4.4 Differential Corrector

The purpose of this model is to differentially correct the orbital elements for a satel-
lite using observations created from the truth model, and output a time-tagged vector
magnitude of the error bétween the “truth” position and the calculated, or predicted, po-
sition (VMAGT') for each observation. The specific elements corrected will be from the
NORAD two-line element set: bstar ( B*), inclination (i), right ascension of the ascending
node (£2,), eccentricity (e,), argument of perigee (wp), mean anomaly (M,), and mean |
motion (n.,.). Because the results from this model will be compared to actual data from
USSPACECOM, the model will attémpt to model the composition and characteristics of
the SSN as realistically as possible. Additionally, it will use the same SGP4/SDP4 orbital
models used by USSPACECOM. o |

441 Maodel Development. The differential corrector was coded using Turbo Paseal,
Version 6.0, primarily due to the existence of the SGP Libraries’ validated 'l‘qrbg» Pascal
code for the USSPACECOM/NORAD orbital models, SGP4 and SDPA (presented in Sec.
tion 4.2). This model consists of two primary elements: the actual differential corrector
{DE°) algorithn and the orbital element /cm’ariance-.;.)mpagation algorithm. .Additionally.
varions secondary elements providing for the input and output of required data and variable

initialization and manipulation are included in the model.

Upon initiation, the model first reads the data files  ntaining the SSN sensors lo.
cation data ﬂatiludc. longitude, and altitude) and weighting data {pbservation sigmas)
as presented in Tables 2.2 and 2.6. The ﬂlimal'cd state is initialized to the same orbital -
elements nved to irﬁlializ«'.thr truth model. The estimated state covarianee matrix is also
initialized,

It was necessary to “guess” a value of the initial state covariance estimate which
" would give some confidence in the initial state estimate® and keep the “start up” time to
a 'rramnablc- level. Howrver, we did not want to give too much confidence in the state
estimate and prevent the model from correcting the dements. Afier examination of lh‘-

covarianers of varions test satellites, 3 value of 1.0 % 1077 was chasen. For sim| ticity, a -

"The satar clemenls gl {0 genetaic the t1uth obacivalions wree upat as the smtial state cotimate
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diagonal matrix was used and coded to allow easy changes if results showed that the initial -

“guess” was severely affecting the “start-up” time.

Once the initializations are complete, the first batch of observations is read into
the program. The batch size (number of observations used in one correction) is equal
to the product of the specified observation rate in observations per day (OPD), and the
specificd correction interval, or length of update interval (LUPI), in days. For example,
given an OPD of 4 (observations-per-day) at a LUPI of 2 (days), the batch size would
be 8 observations. As the observations are input, a check is performed to determine the

observation type (reference Table 2.15) based on the sensor reporting the ohservation.

The predicted VMAGT for each observation is then calculated. The observation
time and the current state estimate is passed to SGP4/SDP4, which calculates a predicted
ECI position (r,,.r,,,r. ). VMAGT is calculated as the simple vector magnitude of the
difference between the this ECI position and the truth ECI position (r,,.r,,.r.,) as shown

in the following equation.

VMAGT = \[(r,, = 1,0 4+ (ry, = 1, 7 # (1., =1, F (4.1)

The extimated state and covariance are then propagated to the new epoch time. The
vime of last wsoending node passage prior to the lasi observation procexsed was chasen as
t1e new epoch timie because this is how USSPACECOM propagates the majority of satellite
epachs {24:252). Hecause of simplifications used in the development of the prapagation
routine, describesd in detail in Section 4.4.1.2 below, we expected the model 1o induce
same orror in the propagated state and covariance. Becanse of this known souree of error,
the estimated state and covariance were propagated prior to differential correction. This
allowed the DO to correct the errars induced by the propagation routine and provide the

“best™ passible estimate for the calculation of VMAGT.

A hatch of oliservation data and the propagated state and rovarance are passed
to a diffetential correction routine, described in detail in Section 4.4.1.1 below. Upon
canvergence, the I returns a carreeted state and covariancr, which are then decland the

new estimates Apother set of VAT < 1 zalenlated for the current ohsereation hatch
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based on the newly corrected state. While this data is not used in the analysis, it is uscful
as a check to ensure the DC is providing “good” corrections. The flow of the dynamics

model is shown in Figure 4.2.

4.4.1.1 Differential Correction Algorithm. As explained in Section 2.9 above,
USSPACECOM uses a combination of sequential and batch correction methods to correct
satellite orbital elements. In this research, we simiplified the correction methodology to use

only a Bayes, .oquential estimation, correction method as presented in Section 3.2,

The correction routine bcgins when passed the current estimated state, &, and co-
variance along with a batch of observations, 0;. These obsérvations are indexed by time
and the sensor producing the observations. A reference state, x*, is set equal to the cur-
" rent estimated state, 8. For each observation time ¢;, a predicted set of observations, O; .
is caleulated using SGPA/SDP4. SGP4/SDPA calculates the predicted observations as a

function of ¢, and the current reference state, x°.
0, = O,(x*{t).1,) (1.2)
The residual vector, 1,. is then calculated as shown in Fquation 4.3.

r. =0 -0 (4.3)

An observation matris 7, is then calculated for cach 1,. Because the sensors of
the SSN report different types of ohservitions {referenee Section 2.8), 7, could take on
different dishensions for cach of the different observation types reported. The SSN sensors
we modeled only repart theee observations types: Three, Two, and Five {reference Section
2.8).

For computational simplicity, 7, was piven a ronstant dimension (4%7) basedd on
Obewervation Type Three, which reports largest set of data (azimuth, clevation, range,

and range rate). The observation matrix for Type Theee obacrvations is shown below in
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Equation 4.4.

T; =

[ 8Az(;) BA(t;) DALY DA{() Al) 8Az(L) DA(L,) ]
By diy iy Beq Dy M, Ing
AEIL) OENL) SENG) OEIL) OEKL) JENL) OFKL)
B, iy 90, deq Owy oM, dng
() dp(t))  Opll)  Opll;)  Ipl)  Bp(l)  Bp(Ly)
o8, iy N dey Dy aM, dng
L) apy)  op)  0p(1,)  ap(t)  ap(L)  9pL)

L 0”6 0‘0 l)ﬂo ) a"o ‘ (.)uJo 81"0 ”nO

o

(4.4)

The observation matrix for Type Two observations (azimuth, elevation, and range) will

contain a row of zeros as shown below in Equation 4.5.

DA, DAxL) BA(L) 9As() DAs(l) DAHL) DA(L) )
By digy 82, dey dary oM, dny
QENLY oFNKL) OFIL) OENL) OENLY) SEKL) OFIR)
0[’5 Dl-l) l)!ll) (.)( ] (.)'Jo - ;‘I() 0"9
dp(t)  dp(t)  dp(t,)  Pp(t)  dp(t)  aplt)  dpit)
C.)B;; ' ain 8‘2.) 0"0 u*'u u.‘!o a"a

L

0.9 00 0.0 6.0 0.0 0.0 0.0

(4.5)

The observation matrix for typs five observations (right ascension and declination) will

contain a twn rows of zeros as shown below in Equation 4.6,

dall,) dall,) dall,) daft) dall,) dafl,) dail,)

o T ai, Ml e Oue DM.  One
ML) DMLY BNL) ML) DML)  DME) ML)

e e - — -—uas v

U ol Ton @l e D M, dn,
0.0 0.0 0.0 0.0 00 0.0 0.0

0.0 0.0 0.0 0.0 0.0 0.0 0.0

{1.6)

In this model, the elements of the abservation matny were caleslaied aumerically

wing Fquation 3.9, restated below, as preseated in Section 3.3,

””,l".’ ~ ",!';_“o) L 3 A’l“g)-'. )“‘ n!(x(.'_«l- ’3’
idryile) BY NN
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The incrementally small Ax, values used veere experimentally determined by com.-

paring the significant figures in the SGP4/SDP4 calculated observations shown helow.
Oj(x(to).t:;) (4.8)

and

()j(X(‘o)‘f‘AIk(ln),’,') (“.9)

The matrix sums TTQ ' and TTQ; ', are then calewlated for each 1;. The sensor
covariance matrix, Q,. is dependent on the sensor reporting the observations. As with the
7, matrix, it will be a different dimension based on the obsorv:';lx'on type of the sensors,
but for the purpose of this model is held at a constant dimension (4x4). Equations 4.10,
411, and 4.12 show the weighting matrix for Observation Type Three, T'wo, and Five,

respeetively.

[ 3, 00 00 o0
00 o}, 00 00
Q, = (4.10)
00 00 @, 00
00 o0 o0Ou o?
. LA
ey, 00 00 00
00 a},, 00 00
Q, = id.01j
00 00 « 00
00 00 00 00
[ )
sl 00 00 0O
g0 e« 09 00
Q. = {4.12)

00 00 00 g0

09 00 0.0 0D
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As the matrix sums TT Q;* T; and TF Q;' r; are calculated for each t;, the running

sums ‘ : .
Y ITet T | (4.13)
and ‘
Y IF Qi (4.14)
ase lnainta;ined.

After all observations have been processed. The iiew state covariance, P}, is cal-

culated as shown in Equation 4.15.

P =P +STT Q' T, (4.15)

‘where P} is the old, or a priori, inverse state covariance.

The state correction estimate is then calculated as shown in Equation 4.16

6x(to) = Prew (P3} (Rota = x°) + STT Q' ry) (4.16)

with the corrected reference state then being calculated as shown in Equation 4.17.
Xppi(to) = Xi(to) + 6x(to) (4.17)

To prevent the DC [rom attemptixig to correct certain elements to a value outside
their allowable range, son.e checks and limits routines were implemented. The three el-
ements of concern were B*, eg, and ny. First, a maximum absolu.u\ value of 1.0 was set
for B*. If this limit was exceeded, the corrected B* value was reset to the uncorrected,
or previous reforence value. This value was chosen as a reasonable value based on the
statistical analysis of the current population. Additionally, if this B* limft is exceeded, B°

is removed from the RMS calculation for convergence.




The maximum limits for e and n weie set based on Equations 4.18 and 4.19, which

express the maximum value of one element as a function of the other.

€maz(n0) = 1= Rg(nd/p)'* (4.18)

Mmac(€0) = (1~ e0)*/*\// B (4.19).

A value of 0.0 was set as the lower limit for each of these elements. A check was
first performed on e,. If outside these limits, the corrected e, was reset to the previous
reference value. Similarly, if ny, was outside these limits, the corrected value was reset to

the previous reference value.

The correction is then checked lor convergence. We used the weighted root mean

square (RMS) of the calculated state corrections as shown in Equation 4.20,

{4.20)

RMS /62"(tu) P4 dxte

If the weighted RMS value is less than 0.01, the process is considered converged.
The corrected reference state, x;,,. and corrected covariance, P(+). are passed ont of the
differential correction routine and then declared the new estimates. If convergence is not

declared, the differential process begins again using x;,, as the new reference state.

{-4.1.2  Propagation Routine. Prior to pc.’l'onl\iﬁg differential correction, the
epach of the current estimated element set is moved to the time of the last ascending
node crossing prior to the last observation procexsed. To do thix, an analytiec method was
decided upon for computational efficiency and because this is how the majority of sateflite
epochy are propagated (24:259). Ouce propagated to the new tie, the state covariance

matrix is propagated 1o provide an estimate of how good the new state veetor is.

The elements ysed by SGP are mean Keplerian orbital elements. The mean elements,
in a sense, average out the perturbations over an orbit and, thus, are only accurate for
longer-term predictions. To avoid any cumulative offects of propagating the orbit to any

place in its path, the aseending node crossing is used to provide a consistsul point to average
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the orbit. This also reflects what is done by the S5C’s current differential correction
techniques as can be shown in Figurcs 5.8 thru 5.11. As can be seen, the sum of the
true anomaly (v) and the argument of perigee (w) is fairly close to 0 or 27 only when
the inclination and the eccentricity are close to 0 dnes the sum of the two.appear to be
fairly random. The divergence at higher eccentricities is due to vconvergencc problems of

extracting the true anomaly from the mean anomaly.

To pronagate the mean Keplerian orbital elements, we decided to iuitially perform
element provagation for J, peiturbations only. Also, the air drag and resonance effects are
not considered. Additionally, we made no attempt to incorporate the # and i terins into
the propagation. Section 3.1 explains the derivation of the propagated elements and the

state transition matrix.

Since the longest propagation time is going to be on the order of ten days, the
exclusion of the resonance terms is expected to have ouly a small impact. For satellites
in a very low orbit. the assumption that there is no air drag; is not expected to be a
good one. To account for the dynamics model errors, a de-weighting or forgetting factor .
is used in deciding how good the estimate is  The forgetting factor is actually a Tx7
matrix that is a function of px:opagaitioxx tiime. Additionally the forgetting factor could
be modified to account for the air drag and resonance shortcomings of the propagator,
However, we decided against Lnplementing this due to our time restrictions. We made |
another simplification in our model  to assume the forgetting matrix wa(a a diagonal
matrix with all the elrnents being identical, this effectively reduces our forgetting matrix
intoa fdrgnttiug scalar. Reference (24:202) provides the baseline forgetting sealar, used by
USSPACECOM, that we will use, providing it does not over emphasize or deemphasize the
estimate, Over emphasis will manifest itself as an estimate which 1efuses to change thus

the first and last pass residuals grow. Over deemphasis will be estimates which fluctuate

wildly. The last pass residuals wiil be low but first pass residuals will be high.

$.4.2 Model Erccution. The primary progzam implementing this model is called

DIFC. Six additional Turbo Pascal units provids routines necessary to support the main




program DIFC. Source code listings for these units, described below, can be found in

Appendix D.

o DC_INIT. Unit containing constants, variables, and declarations needed to initialize

the DC and interface the DC with the other routines,

¢ DC_CALC. Unit containing routines for performing the differential correction calcu-

lations and variable manipulations required by DC.
e PROP. Unit containing routines for propagating the elements and their covariance.
o LOWB. Unit containing routines for reading SSN sensor locatiuns and weights data.
o DC OUT. Unit containing routines to output program results in standard formats.

DIi « accepts as input a 2LEsatnr.DAT file containing the initial estimated state (or-
bital clements), a CO'/satnr.DAT file containing the initial cstimated state covariance, and
a R(v-sat.r.nnX file, specified i a command line paranwter; containing random observa-
tions. Recal' that this file contains random observation set X, at observation rate nn. for
satellite satnr. DIFC anto:natically reads the SENSORS.OBS and SENSORS.CQV data files
containing ihe SSN sensor lecation and weighting data. The correction interval and desired

number of corrections are specificd as ~oinmand line parameters in the following format:

DIFC RD-satnr.nnX aa bb

where aa is the desired rorrection interval in days and bb is the desired number of cor-
rectiors to be performed. Be aware that *Ye product 23 <cbd must be less than the total

number of days of observation data in tI RO-satar.nnX fil~.

DIFC outputs. three different files:

o Vile Fsatarnn.aaX (ontaining observation time (expressed in days since opoch of the

ariginal estimate elset) and the VMAGT prior to differeatial correction.

o File Lsatarnn.aaX containing observatiun time (expresced in days since epoch of the

original estimate elset) and the VMAGT aftor differential correction.
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o File Rsatnrnn.aaX containing error flags, initial and corrected elements and covari-
ances, and any other information not directly required for the statistical analysis,

. but of possible use in analyzing adverse or interesting trends appearing in the data.

where satnr indicates the satellite number, nn indicates the observation rate in obs/day, |

aa indicates the correction interval in days, and X is an alphabetic index corresponding to

different rundom observation sets.

4.4.3 Model Verification. Verification of program algorithms and data flow were
performed by checking sample case calculations with either independent programs or hand.

calculation. The following verification procedures were used:

o Matrix and Vector Operations. Intensive verification of all matrix and vector opera-
tions used within our differential corrector modlel was performed using the MatLab*
numnieric computation software package, QuatroPro® spreadsheet calculation software, '
and in some cases hand calculations. Test routines were placed in the program to
print the values of matrix and vector elements prior to, and following, all operations.
These same input values were used to perform the same matrix or veclor ‘operations
using one or both of the software puckagos discussed above. This prddxlurﬁ was .
performed several times, for different test cases, throughout the development of the

model.

o Numerical Caleulation of 'Oh»«r\‘ntion Matrix Elements. Numerical accuracy of the
-variables used to caleulate the elements of the ohm.-r\'mimt matrix were verified man.
ually. Test routines were placed in the programs to print the values of the variables
used to calculate the elements of the 7, matrix (O, (xX{to) 1), O (x(1a) + Doy llo). 1)
and Ari(ta)). The number of significant digits present in the difference caleulations

were examined.

¢ Dynamics Model Flow. The proper data fluw of information in the program, as

well as the input and ontput of data by the program was verified by examining

'MatLab is a trademark of The MathWorks, Ine.
*Quatrolro is a trademark of Borland Jaternational.
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various test print routines and performing a line by line program trace monitoring
various variables. This procedure was performed several times, for different test

cases, throughout the development of the model.

4.5 Statistical Analysis.

The overall purpose of this research is to develop and demonstrate a mddel from
which the effects of observation rate and update intervals on the accuracy of an orbital
element set can be determined. Therefore, the purpose of this analysis is to see if the
steady-state VMAGT value can be determined for the various observation rate update
interval combinations tested, and if the value can be determined, show how observation
rate and update interval affect it. The following sections will review how the values of
observation rate and correction interval tested were determined, how the number of Monte
Carlo runs was determined, and discuss the variance reduction and data analysis techniques

used.

4.5.1 Observation Rate/Update Interval Selection. The differentia-l corrector model
will be run using various observation rates and correction interval combinations for various
sample satellites. A review of the average observation rates recommended in the System
Capability Study (reference Table 2.9) and used by the USSPACECOM tasking program,
ax deseribed in Section 2.7, show required average observation rates of between one and five
observations-per-day. A review of the typical observation tasking for routine satellites, ax
shown in ‘Table 2.12, shows current observation tasking on routine satellites being between
approximately four and nine observations-per-day. Based on these values, we chose to

examine observation rates of two, four, six, and eight observations. per-day.

The SSC's automatic element set update process flags a routine satellite for a differ.
ential correction every 24 hours (reference Section 2.9.2.1). Based on this data, we derided

to examine update intervals of two, four, six, and eight days.

4.5.2 Monte Cardo Analysis. One purpose of simulation is to thoroughly examine

an alternative by generating values for the random variable at frequencies indicated by the
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distribution of the random variable (20:494). Of interest to this research is the random

variable representing the vector magnitude difference between the computed position and
actual position of a satellite. This quantity is referred to as VMAGT. The measurement of
this variable may be treated as a random variable because of the inaccuracies involved with
the sensor devices. These inaccuracies are expressed as average error (bias) and standard
deviation (sigma)and %re sensor dependent. The result is a correctable measured position

with a definable variation.

In order to gain some insight into the ability of our differential corrector to correct
orbital elements, Monte Carlo simulatioﬁs will run for the various combinations 61' cor-
rection interval (LUPI) and number of batches used for correction. Observations will be
ralculated for a period of 60 days. To test the abiliiy of the differential corrector, a facto-
rial experiment will be created. With correction intervals of every two, four, six, and eight

days, this gives 30, 15, 10, or 7 batches, respectively. For each of these combinations, the

differential corrector will be run based on an observation rate of two, four, six. and eight

observations per day.

Of major concern to the simulation is the number of trials for each factor combination

required to gather the necessary data. The very precision and reliability of the estimate

is determined by the number of simulation trials. To estimate the number of trials, we

utilized a method suggested by Lapin (20:50% 509).

First, we guessed a value for the sample deviation. Based on the assumption of a

uniform distribution, Lapin suggests the {ollowing rule of thumb for making such a guess:

Largest Value — Smallest Value

s = G {-1.21)

Since the S8C flags observations for element set update if the pmilkiun orror is bl
Kilometers or greater, we set our largest value to 14 k. The smallest possible value is 0
km and indicates a perfect prediction of the satellite position with respeet to the measured

position. Based on Equation 4.21, a4, = 2.333 kilometers,

To determine n, the number of trials, the levels of precision (d) and reliability ()

must be establishail. Lapin defines procision as the maximum deviation from the true vilye
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the experimenter is willing to accept. z is the normal deviate for the required reliability.
Lapin provides, without proof, the following formula for determining the required number

of trials:

2
n = .8 (4.22)

As an initial trial, we select a value for d, based on 10 percent of the largest value.
Therefore, d = 1.4 kilometers. At the .90 reliability level, the normal deviate is z = 1.65.
Based on these choices, Equation 4.22 gives a value

(1.65)%(2.333)° _
(1.4)? -

7.56 = 8

R

At the 95 reliability level, = = 1.96 and the value for Equation 4.22 becomes n -
10.67. For the purpose of our Monte Carlo simulation, we chose to execute 10 runs for

cach case.

§.5..4 Variance Ru!m'li_un. Of the two variance-reduction methods discussed in See-
tion 3.4, the only variance-reduction technique we will use is common random numbers.
As discussed in Section 3.4, a fundamental requirement for using AVs is that the random
atiables must be monotonic.  After some inspection of our model, we determined the

random numbers are not monotonic for the following reasons:

¢ tor the observation selections, it is expected that an observation that fell relatively
close in time to another in one replication, would not behave any differently in its
antithetic pair replication since both observations would occur at a different time but
still elose to each other, The maximum benefit would occur if the observations were

spread out (supposedly).

o For the abservation noise, an error equally in one direction probably would not behave
much differently than its antitietic pair observation. A negative large error would

have an antithetic pair error of a large positive error - both impact the system
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negatively. In general, observations closer to the mean behave better than ones more

distaut.

4.5.4 Data Analysis. The major measure of performance of the diﬂ‘e;ehtial cor-
rector model for the varioué satellite/LUPI/OPD combinations tested is the steady-state
VMAGT value. To determine this value, the point at which steady-state was reached had
to first be declared. This declaration was set at the 24th day unless a visual inspection of
the raw data plotted with a four-day moving average showed that steady-state occurred
later. From the point at which steady-state is declared, the VMAGT mean and variance

for each of the 10 Monte Carlo runs was computed as shown in Equations 4.23 and 4.24

- N -
VMAGT, = E(VMAGT,) = Z—ELY%-'-\EL- (4.23)
N (VMAGT, - VMAGT.,)?
Var(VMAGT,) = Lizy(VMAGT,, - VMAGT,) (4.24)

N-~1

where r indicates the one of the 10 different Mon:2 Carlo runs (A thru J), and ¥ is the
total number of VMAGT measurements taken since steady-state was declared for a given

Tuns.

A 99 pereent confidence level (99% CL) for each VMAGT (99CL(VMAGT,)) was

then calculated for each of the 10 runs as shown in Equation 4.25

99CLIVMAGT,) = VMAGT, + 2.32635 (J&‘ar(\’hl:\(S'l',)) (4.25)

where 232635 represents the one-sided standard normal 99 pereent confidence level

Using variations of Fquations 4.23 and 4.24 with the mean, variance, and 99 pereent
confidence level values caleulated from all 10 Monte Carlo runs (2 = A through ), the

following means and variances were then caleulated:

E(E(VMAGT,)) Var( E(VMAGT,))

E(Var{VMAGT, ) Var(Var(VMAGT, )

E(99CLIVMAGT,)) Var(99CLIVMAGT,))




Recall that the 100(1 - a) confidence interval for any value Z{n) can be calculated

as shown below::

E(Z(n)) £ 2ap2 ( Var(Z(n))) (1.26)

Using Equation 4.26 with a = 0.05 (2a/; = 1.96) the 95 percent confidence *utervals
for E(VMAGT,), Var(VMAGT,‘), and 99CL(VMAGT,) are calculated as shown in the

three equations below:

E(E(VMAGT.)) % 1.96 (\/Var( E(VMAG’I‘,))) (4.27)
E(Var(VMAGT,)) £ 1.96 (\/Var( Var(VMAG'l‘,))) (4.28)
E(99C L(VMAGT, )) £ 1.96 (\/Var( 99C L{VMAGT, ))) (4.29)

The results from Equation 4.25 were also used in ihe performance of an allal_\;sis
of variance (1\NOVA).. For cach LUPI/OPD/Monte Carlo run, the 99 percent CL. ‘was
caleulated. Using LUPL and OPD as main effects, a two factor ANOVA was conducted
on the 99 percent CL for each satellite. This analysis allowed quantitative determinations

concerping the eflfects of LUPLand OPD on observed VMAGT.

Once all of this statistical data is computed, the data from each sample satellite will

be examined with respect to four performance measures:

1. ~First pass™ VMAGT values
2. “Last.pass” VMAGT values
3. OPD effect on the 99 pereent L.

1. LUPE effect on the 99 percent CL..

o

Statistical differenees in OPD, LUPL and OPD/LUP! interaction effects.
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V. ANALYSIS OF EARTH SATELLITE POPULATION

The analysis portion of the carth satellite population was divided into four categories.
The first section deals with the composition 6f the current population.! The second section ,
deals with an analysis of the J, perfnrb&tions. The third section deals with the development
of a satellite classification scheme based on orbital elements. The fourth section combines
the results of population, J;, and classification analysis to select representative satellites

based on our classification scheme.

5.1 Satellite Composition Analysis

“Included in Appendix E are the various graphs which were developed as part of
the satellite composition analysis. We have included the more interesting findings in this |
élmptor. The analysis was done on the most current data available. Appendix F contains
the code and some brief descriptidns as to how the current satellite population data set

was doternined.

Table 5.1 shows the populations of each of the 32 Gabbard Classes. The most pop-
ulace classes have altitudes less than 2000 km, except for Class 32, which includes tho_‘

geosynchronous satellites, and Classes 17 and 26, which, in general, are transfer vehicles.

Figure 5.1 shows the density of satellites in (lasses 1 16,

It is difficult to make any conclusions about the aistributions of satellites in the
Gablird classes. However, the relative numbers indicate most of the satellites full into

cight different classes?

Berides the distributions of satellites in the Gabbard classes, we analyzed the distri-
butions of the twoline elements in the current population. Table 5.2 gives the minimutn, -

mean, median, and maxinunn for cach of the orbital slements in the two-Jine clement sets.

Figures 5.2 through 5./ show the distributions of eccentricity. inclination, and Kozai

mean motion. The distributions of the other eloments are in Appendix E.

——— —

'Cuttent population refers 1o the first two line element set after 1 March 1990, The 1990 population 1
asstthrd to sepresent the curtent population of satelhites.
3108 watcllites nnt of 6092 fall into right «lasses,




Table 5.1. Satellite Population Within Each Gabbar! Class.

Gabbard Apogee Altitnde | Perigee Altitude
Class | Qty. { Pct. | Min Max Min Max
| % km km km km
! 189 | 3.10 0 575 0 575
2 153 | 251 || 575 1000 0 575
3 [1635[2685] 575| 1000| 5751 1000
4 205 | 4.84 [ 1000] 2000 0 575
5 939 [15.41] 1000 2000 575] 1000
6 1378 [ 22.62 | 1000] 200¢ | tooo| 2000
7 77 [ 126 | 2000] 3000 0 575
8 136 [ 223 | 2000] 3000 5751 1000
9 8 [ 140 | 2000 30007 1000 2000
10 4 | 0.07 || 2000] -3000] 2000 3000
T 37 | 0.61 || 3000} 5555 0 575
12 47 | 0.77 || 3p6D 5555 575 2000
E 32 | 0.53 [|"3000 | 6554 ] 2000 3000
14 8 | 03| 3000 3700] 3000 3700
L [ 30 [640 [ 3700  5555] 3000 3700
16 | s7Toi0 || 3700 5555 | 3700 5555
17 17 24 555 35000 0 575
187 1 68 | 112 || 5585 35000f 575 2000
19 4 {007 | 55551 35000 2009 3000
20 0 | 0.00 || 5555 35000 3000 3700
: 0 | 000 | 8555 ] 330007 3700 4555
2 A [oor [ ssss ] o] ssss] anne
A 4| 007 [[ 11110 ] 35000 | 5556] 11110
4 79 | 1.30 [[11110] 35000 11110 35000
R 7o | 1.25 [35000 o 0 575
| 2 154 | 2.53 | 35000 « | 575 2000
(G 58 | 0.95 [l 35000 oc | 2000 3000
2 25 | 0.41 | 35000 o | 3000 ] 3700
2 3 [ 0.56 || 35000 o | A100 | 5555 |
30 3 | 0.05 | 35000 x| 5551 11110
3 16 | 0.26 || 35000 ~ [ 10| 35000
12 33 | 5.63 | 35000 o {35000 o
[ AL |02 1000 0 x 0, " x




Agegee Aitatuds 1d:lemeters}

Figure 5.1. Distribution of Satellites in Gabbard Classes 1 16,

Table 5.2. Orbital Flement Statisties { Minimum, Mean, Median, Maximum).

-
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Two-Line | .
| Flement | Units | Minimum Mean Median | Maximum
WTM?WHPAM T 1 |.:£1“m“jfﬁ£“ﬁ'§ﬁ}
fiof2 [ revfday’ | -0.16062 | 520 x 107 [ R68x 10°° ] 0.4700%
/8 | rev/day? B ~4.00 x 10°% | 6.37 x 19:‘ 0. 0.22599
o deg, 0.0 72.26 4.0 144.64
il deg, 0.00 172.98 16T 0% | 35007
oo deg 0.00 THL 194.2% 350.56
‘o 196 x 10°° | 00794 | 000015 | ok
[ mifks | -1.608 0.00481 [ 736x 10°7 | 0.9983]
Mo | deg 02 les9r | 16343 359.95
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After examining the single variable cases we generated some two-variab'c plots. These
plots show if there is a relation between any two orbital elements. For instance, Figure 5.8

shows a correlation between the argument of perigee and mean anomaly.
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Figure 5.8, Scatter Plot - - Argument of Perigee and Mean Anomoly.

Figure 5.9 shows that the correlation is even more pronounced when the mean

anomaly at epoch is converted to the true anomaly at epoch.®

This correlation indicates the sum of the true anomaly at epoch and the argument
of perigee is nearly constant. ‘This finding is consistent with the 1CACS procedure of
propagating an orbit to its ascending node crossing. The only case where the ascending
node crossing is not well defined is when the inclination is near zero. Figure 5.10 shows

the relation botween the inclination and the angular difference from the node,

Ax Figure 5.10 shows, most of the large deltas from the node oceur at near zevo

inclination. There is error introduced by performing a power series expansion to change

*Nome erruts are introduced in extracting the true anomaly from the mean avomaly. The error are
greatest when eecentricity is laege.
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Figure 5.9." Scatter Plot -- Argument of Perigee and True Anomaly.
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the mean anomaly into the true anomaly and this is more pronounced at the higher ec-

centricities. Figure 5.11 provides some idea as to how large the error is in the power series

expansion.
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Figure 5.11. Scatter Plot - - Angle from Node and Eccentricity.

When both sources of angular differences from the node are taken into account, there

are very fow satellites which are not at the ascending node.

Another interesting result is the relationship between N-m\nt‘ricit y and the Kozai mean
motion depicted in Figure 5.12. The triangalar shape is due to the fact that for a particular
orbit, the Kozai mean motion has a limited eccentricity, otherwise the orbit intersects the
surface of the carth. Equation 5.2 (Figure 5.13) shows the relationship between the mean

motion and eccentricity to have a closed orbit which does not intersect the carth's surface.

»

13 ’
Ry = (%) 1= 0 (5.1)




implies
lmpiies, 2 3
e<1- <—> R@ (5.2)

Since SGP4 does not use the time derivatives of mean motion which are contained in
the NORAD two-line elements, 2/2 and 7/6, we were interested in finding if there was some
way of deriving the vaiues of /2 and #/6 from bstar (B*) and possibly other elements.
Figure 5.14 shows there is no functional relationship between B*, n1/2, and #/6.* The fact
there is no functional relationship was also confirmed by personal interview with a member

“of USSPACECOM/J3SOT (8). Without the hoped for functional relation between orbital
elements to determire the time derivatives of the Kozai mean motion, we do not have any

way of differentially correcting #/2 and #i/6.

The analysis in this section allowed easy examination of the current satellite constel-
lation composition. We examined how the satellite population fell into the various Gabbard
classes with most of them falling into the low earth classes 1-6. We also examined some of
the correlations between the orbital elements. First we confirmed the majority of satellites
were propagated to the ascending node crossing. We also showed the limits on eccentricity
given a particular Kozai mean motion. And finally, we generated a plot showing there was

no functional relationship between B, #/2, and i /6.

‘Appendix E containa the side views of the three-dimensional plat for those of us who have tzouble
visualizing three dimensions on a (wo-dimensional sheet of paper.  Figures E7, E8, and .9 are the
televant scatter plots. :
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5.2 Perturbations Analysis

There are two reasons for looking at satellite perturbations, specifically the J; per-
turbations; to identify the magnitude of the perturbations due to J;, and to aid in the
propagation of orbital elements. In Section 3.1.1 we derived the actual equations which
would be used in the propagattion algorithm within the differential corrector model. How-

ever, the examination of the magnitude of these pervurbations is performed in this section.

Figure 5.15 shows the magnitude of the time derivative of the mean anomaly at epoch,
Mo, and this is directly the difference between the true mean motion and the Kozai mean
motion. The “maximum” referred to in the graph uses the fact that the perturbations are
largest when the eccéntricity is at its maximum.® Figure 5.16 shows the differences in M,

between the maximum possible eccentricity and a zero eccentricity.®

Figure 5.17 shows the magnitude of the time derivative of the ascending node, Q.
Again as before, the “maximum” referred to in the graph.uses the fact that the perturba-
tions are largest when the eccentricity is at its maximum. Figure 5.18 shows the differences

in ) between the maximum possible eccentricity and a zero eccentricity.

Figure 5.19 shows the magnitude of the time derivative of the argument of perigee
. And for one last time, the “maximum” referred to in the graph uses the fact that the

perturbations are largest when the eccentricity is at its maximum. Figure 5.20 shows the

differences in w between the maximum possible eccentricity and a zero eccentricity.

The next four graphs, Figures .21 through 5.24, show the effects of varying one of
fg, €g. Of iy, While holding the others constant. The perturbed elements for the following
graphs are § and wy. We consider Afy an unperturbed element since for our purposes

we do not really use the true mean motion but instead the Kozai mean motion. The

graphs are all normalized to | at some meaningful point for the data. The perturbations

*The perturbation is a function of mean motion, inclination, and crcentricity, To take the perturbation
“plot-ahle”, we eliminated the cecentrivity dependence. For cach mican motion value a maximum cceentric.
ity is cnmputed using Equation 5.2 and the result is used in the perturbation equation, thus, climinating
the cecentricty dependence. The pertarbation for a given mean motion and inclination is then plotted.

“To see the cffects of climinating the cecentricity dependence of the perturbation, the perturbations
where alsy computed for 3 2eto eecentricity instead of a maximum eceentticity. The zeto eecentricity result
was subtracted from the masimum cccentricity tesult  showing cceentricity’s impact w the perturhalion
for a given mean motion and inclination. '
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Figure 5.15. Perturbations on Mean Anomaly at Epoch.
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Figure 5.17. Perturbations on the Ascending Node.
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Figure 5.18, Eccentricity’s Influence on Ascending Node Perturbations.
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Figure 5.19. Perturbations on the Argument of Perigee.
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Figure 5.20. Feceatricity’s Influence on Argument of Perigee Perturbations.
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due to mean motion are set to 1 at the maximum possible mean motion. Eccentricity’s
perturbations are set to 1 at its minimum value since the effects “explode” at very high
eccentricity. And finally, the perturbations caused by inclination are normalized to | at

the maximum perturbation value.
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Figure 5.21. Mean Motion {nfluence on Node and Perigee Motion.

As can be seen by this section, the perturbation effects due to Jy are very small, and
veeeptricity’s impact is orders of magnitude less than the others since the mean motion’s

perinrhation drops off faster than the eccentricity’s pesturbations can grow,
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Figure 5.22. Eceentricity Influence on Node and Perigee Motion.
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5.3 Classification Scheme Development

The development of a orbital-element-based calssification scheme involved more of
a statistical approach rather than an analysis of the current satellite population or con-
centration on the J, perturbations. After examining the distributions of satellites within
the Gabbard classes and the impacts of the J; perturbations we decided to create our own
classification scheme hased on the perturbations the satellites experience. The population
of satellites w:;s divided into classes based on mean motion, eccentricity, and inclination
since these are the elements which contribute to the perturbations. In the previous section
the magnitudes and relative impact of n, ¢, €y and ¢, on both the argument of perigee (wy)

and the ascending noce (£2,) were examined.

In the graphs in the previous section (Figures 5.21 through 5.24), some of the critical
points were highlighted. For instance we considered inclination effects on 2 and w. There

are three divisions which occur and Table 5.3 shows the directions of the perturbations.

Table 5.3. Sign Effects on Perturbations Dne to Inclination.

Inclination [ Sign
[ @ [ @
degrees " +/-| +/-
i < 63.4350 + -
63.4350 < + < 90,0000 - -
90.0000 < i < 116.5648 - +
i > 116.5648 + +

Iustead of using just the four inclination ranges corresponding to the four combi-
nations of & and Q effects, we created two additional “deadbands™ about the critical
inchnations. The deadbands woere picked to be a total width of 0.1 radians (about 67)
wide based on a closer inspection of the distribution of satellites near this inclination with

higher eccentricities (Fignre F. 10}, Table 5.4 summarizes the six inclination classes,

Besides inclination classes, we divided the mean motion into four classes. The number
of classes was picked somewhat arbitrarily but with some logic behind the decision. The
first class division we decided upon was the 225 minute period used 1o differentiate between

the SGP4 and SDPA orbit propagation models. We also created two other divisions; one
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Table 5.4. Orbital Classes Based on Inclination.

Inclination | Inclination Sign
Class | Min Max | @ | Q |

" " degrees degrees | +/~ | 4/~ [I
N/A | 605702 | +
60.5702 | 66.2998 | 0
66.2998 | 90.0000 | -
90.0000 | 113.7000 | -
113.7000 { 119.4296 | 0
119.4296 | N/A +

o ool vo| =

+|+|+]

at the point where the perturbation level was 20 percent less than its maximum and the
second at the 50 percent of maximum point. The grid-lines on Figure 5.21 in the previous

section denote these divisions (see Table 5.5). o

Table 5.5. Orbital Classes Based on Mean Motiou.

Mean Motion Mean Motion
Class Min | Max
rev/day | rev/day
1 N/A | 6.4000
2 6.4000 | 12.6633
3 12,6633 | 15.4891
T [Tsaso | WA |

Due to the previous analysis on J; perturbations, we decided let the ecceut.ric.it}'
classes come from the mean motion classes.A Figure 5.25 illustrates what was done. Qy
using the maximum eccentricity based on mean motion, we were able to determine the
maximum value for each of the three mean motion divisions. Figure 5.25 shows the three
eccentricities whi‘ch are at the intersections of the mean motion and maximum occentricityj
line. These three eccentricitios were then plotted on Figure 5.22 in Section 5.2. Since
the low eccentricity value contributes very little to the perturbations, the low eccentricity
~alue was dropped and the remaining two eccentricities were used as the dividing lines for

cceentricity classes (see Table 5.6).

Table 5.7 defines each of the classes. To better illustrate the classifications Figure

5.26 shaws the eccentricity and mean motion divisions. The six inclination classes occupy
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Tahle 5.6. Orbital Classes Based on Eccentricity.

Eccentricity Eccentricity
Class Min | Max
1 N/A | 0.179665
2 0.179665 | 0.479510
3 0.479510| N/A

MAXIMUM ECCENTRICITY AS A FUNCTION OF MEAN MOTION
1 T —T - T Y - T "
0.8
3'0.6 g
L]
-l
-
o
[3
*
u
80.4 3
i \
ap
Ao A PO ¥ ——d e A P N - A
0 2.% $ 1.9 10 12.% )

Hoan Rotlon ta ruv/day

Figure 5.25. Maximum Eccentricity as a function of Mean Motion.
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each of the seven rectangles in the lower-left corner. As a symbolic short hand, when a
particular class is discussed it will be in the following order: mean motion - eccentricity -
inclination. For example class 4-1-2 represents; Mean Motion Class 4, Eccentricity Class

1, and Inclination Class 2.

Table 5.7. Summary of Orbital-Element-Based Classes.

.

Mean Motion Eccentricity Inclination
Class || Min Max Min Max Min Max
rev/day | rev/day |’ degrees degrees
1 N/A | 6.4000 | N/A ]0.179665] N/A | 60.5702
2 6.4000 | 12.6633 | 0.179665 | 0.479510 } 60.5702 | 66.2998
3 12.6633 | 15.4891 | 0.479510 N/A 66.2998 | 90.0000
4 154891 | N/A | : 1 90.0000 | 113.7000
5 113.7000 | 119.4296
6 1194296 | NJ/A
MEAN MOTION AND ECCENTRICITY CLASS DIVISION
1 . 2 v e e o s v Y- o
0.8 p
>0.6 b 4
2§
(30.4 p o
0.2}
o 2 L o 4 e re s o 2 I — e e h
[ 2.5 b [ 1t [N 1S ]

Noak Notlan in rov/day

Figure 5.26. Mean Mation and Eccentricity Class Divisions.

With the classes deseribed as in Tabie 5.7, the FORTRAN code for decoding the

twoaine orbital element sets was modified to also output the satellites into their respective

&
.




classes, Table 5.8 shows the number of satellite in each of the classes. Appendix F lists
the FORTRAN source code used to divide the satellites into their classes. Appendix E.3

contains six graphs showing the distribution of the current population in these classes.

Table 5.8. Satellite Population Within Each Element-Based Class.

OE Mean Motion Eccentricity Inclination
Class Qty. | Pct. Min Max | Min | Max | Min Max
% rev/day | rev/day | —- — deg deg
1-1-1 | 368 | 6.04 | N/A | 6.400 [ N/A | 0.179] N/A | 60.57
| 1-1-2 | 65 | 1.07 ]| N/JA | 6400 | N/A 10.179] 60.57 | 66.30
1-1-4 2 [ 003 N/A | 6400 | N/A |0.179| 90.00 | 113.70
1-1-6 1 [ 002 N/A | 6400 | N/A [0.179| 119.43] N/A
1-2-1 14 1023 ] N/A | 6.400 [0.179 0480 | N/A | 60.57
1-2-2 5 1008 || N/A | 6400 ]0.179 [ 0.480 | 60.57 | 66.30
1-2-4 2 [ 003 N/A | 6.400 |0.179 | 0.480 | 90.00 | 113.70
1-3-1 [ 192|315 | N/A [ 6400 [0480 | N/A | N/A | 60.57
132 | 249 [ 409 || N/A | 6.400 [0.480 | N/A | 60.57 | 66.30
1-3-3 74 | 121 || N/JA ] 6.400 | 0.480 | N/A [ 66.30 | 90.00
211 73 | 1.20 || 6400 | 12.66 | NJA [0.179 | N/A | 60.57
212 [ 119 [ 195 || 6400 | 12.66 | N/A | 0.179| 60.57 | 66.30
2-13 | 647 [ 1062 6.400 | 1266 | N/A [ 0.179] 66.30 | 90.00
2-14 [ 458 | 796 || 6.400 | 1266 | N/JA | 0.179| 90.00 | 113.70
216 4 | 007 |[ 6400 | 1266 | N/A [0.179] 119.43] N/A
2-2-1 43 | 0.7t || 6.400 | 1266 [0.179 | N/JA | N/A | 60.57
222 20 1 033 [[ 6400 | 12.66 | 0.179 | N/A | 60.57 | 66.30
223 46 | 0.76 || 6400 | 1286 [0.179 [ N/A | 66.30 | 90.00
224 8 | 013 [ 6400 T 1266 [0.179 [ N/A | 90.00 | 113.70
2286 2 [ 003 ] 6400 ] 12668 [0.179 ] N/JA [ 110.43] N/A
31-1 302 | 496 || 12,68 | 1549 | NJA | N/JA | N/JA | 60.57
312 [ 570 ] 937 |[ 1266 | 1549 | N/A | N/JA | 6057 | 64.30
IT1T3 16312677 12ee | 1549 | NJA [ NJA | 6630 | 90.00
T4 T s ] 1268 | 1549 [ NJA | NJA | 90.00 | 113.70
315 4 | 007 | 1266 | 1549 | NJA [ N/A T 113707 11043
3ite 1o 1266 7 1549 [ N/JA ] NJA | H043[ N/A
111 25 1 o4t 1549 | N/A [ N/JATN/A T N/JA | 6057
402 |26 To43 [ 1549 | N/A | NJA I N/A | 6057 | 66.30
K 13 T o21 [ 1549 ] N/JA [ N/A | N/A | €630 | 90.00
14 6 Toto] 1540 1 N/JA | N/A ] N/A | 90.00 | 113.70
OTHERS | O
ALL 6092 | - |
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5.4 Representative Salellite Selection

In order to pick a representative satellite from each of the rewly formed classes, a
Mathematica function was written to. read in an entire class of vatellites and then compute
which satellite came closest to the ‘a.véra.ge satellite’ for the class. We decided on using this
approach over using the average because we wante& to deal with actual satellites instead
of a non-existent average satellite. Not all elements were us::d in determining the closest
satellite to the ‘average satellite.’_ The mean anomaly at cpoch was not included. The
reason for excluding the mean anomaly was we would expect the average to be very close
to 180 degrees and which would make it very likely that satellites with a mean anomaly
of 180 would be selected. Since mean anomaly changes conétantly throughout the orbit
it was an unnecessary restraiht. Appendix F has the developed Mathematica function

for performing the satellite selection, and it also lists the satellites selected in each of the

classes.

Once a satellite was selected for each of thie classes, we decided to hand pick a repre-
sentative sample of classes (satellites) to perf-:rm our unalysis en the differential corrector
model. Table 5.9 shows the classes and the satellites picked. Three féctors were part of
the decision process at this point. First, we wanted to sclect classes which had partidal:tr
types of satellites. For instance, Clazs 1 1-1 contains geosynchronous satellites. Second,
the classes with the most satellites were selected tor further analysis. Classes 3 | 3and 3 |

1 4 were selected for this reason. And finally, some classes were selected for added diversity

in our analysis. Classes 2 2 3 is an examnle of a class selected for added diversity.

Table 5.9. Classes Selected for Differential Corrector Model Analysis.

Class | Catalog Naniber | Cliss | Catalog Number
11l (KYE )] 30t 01996
112 15259 312 4443
132 1199 313 19643
213 10293 314 1720
214 10393 111 20335
(223 10R59 112 155K4
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5.5 Data Discrepancies

Some problems were encountered in producing truth model data for the represen-
tative satellites selected from the mean motion range four clagses (4-1-1, 4-1-2, 4-1-3,
4-1-4). éonsequently, an individual cross check of each of the 67 satellites in these four
classes with the Satellite Catalog (33) was performed. It was discovered that 46 of the 67
satellites in these four classes were listed as having decayed within 60 days of the orbital
element set epoch data. As our testing criteria required a run of 60 days, these satellites

were excluded from selection.

During the course of this inspection, we discovered 12 additional satellites included
in these classes were listed as having decayed prior to the epoch data of the orbital element

set. These satellites, and the pertinent data, are included in Table 5.10.

Table 5.10. Orbital Element Set Discrepancies.

Satellite | Element Set | Element Set | Satellite Catalog
Number Number Epoch Date Decay Date
13222 001 90111.81766866 14 Aug 92
16640 000 90110.75000000 05 Apr 86
02673 000 90101.75891899 13 Dec 67
13078 001 90116.31294873 06 Apr 82
13102 000 90117.80489262 01 Apr 82
13179 000 90118.60021568 19 May 82
19131 073 90086.49108799 31 May 88
20334 236 90061.55933732 21 Jan 90
13174 000 90107.44919305 15 May 82
01073 000 90063.49859744 12 Nov i
01473 000 90081.29833724 13 Mar 69
L 13097 000 9011K.78672990 21 Mar 82

ll

——

— Compiled from (33)
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VI. ANALYSIS OF DIFFERENTIAL CORRECTOR MODEL

As discussed in Chapter IV, we divided the satellite population into 42 classes based
on combinations of six inclination, three eccentricity, and four mean motion ranges.! Based
on the analysis of the satellite population discussed in Chapter VI, we divided the satellite
catalogue into the 33 populated classes and picked the “avera’gé" satellite from each class.
These satellites are listed in Appendix F.6. From these 33 classes, we selected 12 satellites

to analyze. These satellites are listed in the table below.

Tahle 6.1. Representative Satellites for Analysis.

Class | Catalog Number | Class | Catalog Number
1-1-1 15141 3-1-1 01996
1-1-2 15259 - | 3-1-2 14443
1-3-2 14199 3-1-3 19643
2-1-3 10293 3-1-4 17429
2-1-4 10393 4-1-1 20335
2-2-3 19859 4-1-2 15584

. Using the me!.h;)dology discussed in Chapter 1V, an orbital element set for each
of these 12 satellites was processed through the truth model to obtain simulated sensor
measurements. The model created a total of 40 random observation files; 10 random
observation files for each of the four observation rates (two, four, six, and eight) to be
tested. Fach random observation file was then processed through DIFC for each of the
four LUPIs (two, four, six, and eight days) to be tested. The first-pass and last-pass
VMAGT errors {residuals) for each random observation file were caleulated and stored to
the appropriate files based on LUPH/OPD combination. As discussed in Chapter IV, a

fixed mean motion variance limit of 10-'* rad?/min® was used.

6.1 Analysis of Individual Satellite VMAGT Data.

For each satellite/LUPH/OPD combination, all data from the 10 VMAGT files were

plotted in conjunction with a four-day moving average using the Mathematica software plot

Yhe differencr between 42 clasars ami vx 3%4 = T2 ia that 30 of the combinations of 1. co. and no are
tmjossible,
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routine. Using the programming ability built into Mathematica, we constructed a program

to calculate the 95 percent confidence intervals of the means, variances and 99 percent

confidence levels as presented in Equations 4.27, 4.28, and 4.29. (Reference Appendix

G for the Mathematica code used to perform these calculations and produce the graphs.

Reference Appendix H for the VMAGT graphs and summary tables for each of the 16

LUPI/OPD combinations tested for the 12 satellites in Table 6.1.)

The following sections review each sample satellite tested, examining the data with

respect to the following four performance measures:

. “First-pass” VMAGT data. Expect to observe reasonable values (approximately 14

km or less for near-earth satellites and 20 to 40 km for deep-space satellites), a

“saw-tooth” correction pattern, and no trends or setious outlying data.

. “Last-pass” VMAGT values. Expect to observe steady-state, randomly-distributed

values at a leve! less than first-pass values.

. OPD effect on the 99 percent CL. Expect to observe that 99 percent CL value de-

creases as OPD increases.

. LUPIL effect on the 99 percent CL. Expect to observe that 99 percent CL value

increases as LUPI increases.

. Analysis of variance (ANOVA). Expect this analysis to verify statistical differences

exist in 99 percent CL value results based on effects of OPD and LUPI combinations.

6.1 Classt 1 1 (NORAD Catalog Number 15141). A summary of the confidence

interval analysis and the VMAGT graphs for all LUPL/OPD combinations tested for this

satellite are located in Appendix $.1. Data analysis with respect to the performance

measures above indicate the following:

o Examination of the first.pass VMAGT values for this satollite.indicated two peaks.

The poaksvfur residual values occursed in the periods of Days 2 through 10 and
Pays 36 through 46. We believe this indicates a problem with the differential cor-

rector program correcting to, and propagating. a bad state estimate. This could be
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caused by the mean motion variance limit being unnecessarily large, thus reducing

the confidence in » previously good estimate.

¢ Examination of the last-pass VMAGT values showed randomly-distributed, steady-

state values at a level less than first-pass values.

o Examination of the OPD effects on the 99 percent CL show that, for all cases with
this satellite, the 99 percent CI., decreases as OPD increases. This was the expected

result.

¢ Examination of the LUPI effects cn the 99 pcrcet;t CL show that, for the OPD 2
cases with this satellite, the 99 percent CL increases as LUPI increases. This was
the expected result. However, for the OPD 4, 6, and 8 cases, the large overlapping

confidence intervals make a determination impossible.

o ANOVA indicates there are differences in results based on OPI) and LUPIL. However,
there appears to be no difference in results based on the interaction of LUPL and

orD.

6.1.2 Class 1 1 2 (NORAD Catalog Number 15259). A summary of the confidence
interval analysis and the VMAGT graphs for all LUPI/OPD combinations tested for this
satellite are located in Appendix 1.2, Data analysis with respeet to the porforinanc&

measures above indicate the following:

o Examination of the first-pass VMAGT valuex for this satellite indicated reasonable
and consistent data with expected results. However, with the data from LUP 8,
there is a noticeable peak in the data during Batch 5. This effect may be due to the
DC producing a bad estimate at the ead of Bateh 1. Additionally, the 99 pereont
CL for the best possible LUPLOPD cambination (8/2) was well below the 14 km
VMAG limit used by USSPACECOM.

¢ Examination of the List-pass VMAGT values showed randomly-distributed, steady.

state vafues at a devel Jess than fiest-pass values,
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o Examination of the OPD effects on the 99 percent CL show that the 99 percent CL
generally decreases as OPD increases. OPD 4 for LUPI 2 and 4 increased slightly

but decreased for the 6 and 8 OPD. This decreasing trend was the expected result.

¢ Examination of the LUPI effects on the 99 percent CL show that, for OPI) 2 cases
with this satellite, the 99 petcent CL increases as LUPI increases. This was the
expected result. However, for the OPD 4, 6, and 8 cases, the large overlapping

confidence intervals make a determination impossible.

e ANOVA indicates there are differences in results based on OPD and LUPL Addi-
tionally, there appears to be a difference in results based on the interaction of LUPI

and OPD.

6.1.3 Class 1 3 2 (NORAD Catalog Number 14199). A summary of the confidence
interval analysis and the VMAGT graphs for all LUPI/OPD combinations tested for this
satellite are located in Appendix H.3. Data analysis with respect to the performance

weasures above indicate the following:

o Examination of the first-pass VMAGT values for this satellite showed large values
with oceasional peaks with a slight positive slope of the data within batches. The
large VMAGT values are probably due to the properties associated with the orbital
dynamics associated with this class,

o Examination of the lust-paxs VMAGT values showed randomly-distributed, steady.

state values at a lovel less than fisst-pass values,

o Examination of the QP effects on the 99 pereent CL show that, for all cases with
this satellite, the 99 percent Cl, decreases as OPD increases. This was the expected
result.

o bxamination of the LUP| effects on the 99 pereent €1, show that, for the OPD 2 cases,
the 99 percent CLL increases as LUPL increases. For all other cases, the confidence
intervals are very large and overlapping, and the 99 percent CLL are not sigeicantly

different enough to draw any conclusions.,
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o ANOVA indicates there are differences in results based on OPD, but not on LUPI |

Additionally, there appears to be no difference in results based on the interaction of
LUPI and OPD.

6.1.4 Class 2-1-3 (NORAD Catalog Number 102.93). A summafy of the conﬁdence ,
interval analysis and the VMAGT graphs for all LUPI/OPD combinations tested for this
satellite are located in Appendix H.4. Data analysis with respect to the perforinance

measures above indicate the following:

. Exa'mination of the first-pass VMAGT values for this satellite showed small values
which showed occasional peaks aud a slight positive slope. The 99 percent CL for
the best possible LUPI/OPD combination (8/2) was well below .the 14 km VMAG
limit used by USSPACECOM. |

o Examination of the last-pass VMAGT values showed randomly-distribnted, steady-

state values at a level less than first-pass values with a slight periodic effect.

‘o Examination of the OPD effects on the 99 percent CL show that, for all cases with
this satellite, the 99 percent CL decreases as OPD increases. This was the expectad

result.

o Examination of the LUP] effects’on the 99 percent CL show that, for all cases with
this satellite, the overlap of the 99 percent CL makes a determination impossible
for this satellite. We believe this situation could be eliminated in fulure research by

increasing the number of random observation runs,

¢ ANOVA indicates there are differences in results based oh OPD and LUPL There
may be a dilference in results based on the interaction of LUPLand OPD. However,
the ANOVA results are the same to the ticasured accuraey and no determination

can be made,

6.1.3 Class 2 1 § (NORAD Uatalog Number 10393). A sumtsinary of the confidea: o
interval analysiz and the VMAGT graphs jor all !.l;i’l/()!'l) coinbinations teated for this
satellite are Jocated in Appendix 1.3, Data analysis with reapect to the pcd'mnaacrk

measures above indicate the following:




o Examination of the first-pass VMAGT values for this satellite indicated small, rea-
sonable, and consistent values with a slight positive slope. lHowever, the 99 percoht
CL for the best possible LUPI/OPD combination (8/2) was well below the 14 km
VMAG limit used by USSPACECOM.

o Examination of the last-pass VMAGT values showed randomly-distributed, steady-
state vaiues at a level less than first-pass values.

)

e LExamination of the OPD eflects on the 99 percent CL show that, for all cases with
this satellite, the 99 percent CL decreases as OP1) increases. This was the expected

result.

o Fxamination of the LUPI eflects on the 99 percent €L show that, for all cases with
this satellite, the confidence interval overlap of the 99 percent CL makes a determi-
nation impossible for this satellite. We believe this situation could be eliminated in

future research by increasing the number of random observation runs.

o ANOVA indieates there are differences in results based on OPD and LUPL However,

there is not a difference in results based on the interaction of LUPY and OPD.

6.1.6 Class 2 2 3 (NORAD Catalog Nuiuber 19539). A summary of the confidence
interval analysis and the VMAGT graphs for all LUPLIOPD combinations tested for this
salvjlile are Jocated in Appendix H.6. Data analysis with reapect to the performance

meastres above indicate the following:

o Examination of the first-pass VMAGT values for this satellite showed small, reason.
able, and consistent values with a slight pasitive slope. The 99 percent CL for the
best LUPL/OPD combination (%/2) was well below the 14 kin VMAG limit ased by
USSPACECOM.

o Fxamination of the last-pass VM AGT wilues showed steady. state vaines at a level
less thain first.pass values, The data alsa showed a slight petiodic offect, dampirg

with cack syccermsive batch mrection.
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¢ Examination of the OPD effects on the 99 percent CL show that, for all cases with
this satellite, the 99 percent CL decreases as OPD increases. This was the expected

result.

o Examination of the LUPI effects on the 99 percent CL show that, for all cases with
this satellite, the overlap of the 99 percent CL makes a decermination impossible
for this satellite. We believe this situation could be eliminated in future resexich by

increasing the number of random observation runs.

o ANOVA indicates there are differences in results based on OPD but not or LUPIL.

However, there is a difference in resul‘s based on the interaction of LUPJ and OPD.

6.1.7 Class 3-1-1 (NORAD Catalog Number 01996). A summary of the confidence
interval analysis and the VMAG'T graphs for all LUPI/OPD combinations tested for this
satellite are located in Appendix IL7. Data analysis with respect to the performance

measurcs above indicate the following:

¢ Examination of the first-pass VMAGT values for this satellite showed a severe bosi-
tive slope on all batches. ‘This trend becornies noticeable on the LUPI 4 cbmbinations
and is extremely obvious on the LUPI 8 combinations. Reference Figure H.62 for a
good example of this trend. This trend appears to indicate that the covariance has

- become tou exact (very sraall) and therefore the differential corrector is not atlowing
the elements to be corrected. Despite this apparent problem with the D(, the 96
percent CL for all LUPI 2 combinations was below the 14 km VMAG limit used by
USSPACECOM. |

¢ Examination of the last-pass VMAGT values showed values fess than first- pass values.
However, the data showed a ulight periouic affect with peaks at the bogiuning and
end of each batch.

AY

o Examination of the OPD) effects on the 99 percent CL show that, for st eases exropt
the LUPIL 2, OPD & combination, the 99 percent Cl, decreases as OPD incceases. In
the LUPL 2, OPD 8 combination, the large overlap of the confidence intervals smakes

a determination hmpossible. These resnlts are consistent with those experted,
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¢ Examination of the LUPI effects on the 99 percent CL show that, for all cases with
this satellite, the 99 percent CL increases as LUPI increases. This was the expected

result.

¢ ANOVA indicates there are differences in results based on OPD and LUPIL. Addi-

tionally, there is a difference in results based on the interaction of LUPI and OPD.

6.1.8 Class 3-1-2 (NORAD Catalog Number 14443). A summary of the confidence
interval analysis and the VMAGT graphs for ail LUPI/OPD combinations tested for this
satellite are located in Appendix H.8. Data analysis with fespect to the performance

measures above indicate the following:

o Examination of the first-pass VMAGT values for this satellite showed a slight positive
slope on all batches. Despite this apparent problem with the DC, the 99 percent CL
for a_ll LUPI/OPD combinations with LUPI of 2, 4, and 6, was below 14 km VMAG
limit used by USSPACECOM.

o Examination of the last-pass VMAGT values showed values less than first-pass values.
However, the data showed a periodic effect with an apparent slight upward slope of

the data within each batch

o Examination of the OPI) effects on thé 99 percent CL show that, for all cases except
all OPD 8 combinationy, the 99 vercent CL doereases as OP1) increases. In all OPD
¥ combinations. the large overlap of the confidence interval with the respective OPD
6 confidence interval nakes a determination impassible. These rasults are consistent
with those expeeted, |

o Examination of the (AP elfeits on the 99 peseent CL show that, for all cases with

this satellite, the 3 perrent O incroases ax LUPLincreases. This was the expected

resvll.

s ANOVA indicstes there 30 differenees i resalts based on OPD and LUPL However,

theee is not 4 difference in resulic based on the interaction of LUPL and OPD,




6.1.9 Class 3-1-8 (NORAD Catalog Number 19648). A summary of the confidence
interval analysis and the VMAGT graphs for all LUPI/OPD combinations tested for this
satellite are located in Appendix H.9. Data analysis with respect to the performancé

measures above indicate the following:

¢ Examination of the first-pass VMAGT values for this satellite showed an positivé
slobe on some batches. This slope is noticeable on thé LUPI 6 combinations and
extremely obvious on the LUPI 8 combinations. Reference Figure H.80 for a good
example of this trend. This trend appears to indicate that the covariance has be-
come too exact (very small) and therefore the differential corrector is not allowing
the elements to be corrected. Despite this apparent problem with the DC, the 99
percent CL for some LUPI/éPD combinations was below 14 km VMAG limit used
by USSPACECOM. The best LUPI/OPD combinations performing better than the
USSPACECOM limit are the 6/4 (best LUPI) and the 4/2 (best OPD) combinations.

o Examination of the last-pass VMAGT values showed randontlly;distributed, steady-

state values at a'level lnss than first-pass values, This was the expected result.

o Examination of the OPD effects on the 99 percent CL show that, for all cases except
LUPL2, OPD 4, and LUPL 2, OPD 6 combinations, the 99 percent CL decreases as
OPD increases. In these two cases the large overlap of the confidence intervals makes -

a determination impossible. These results are consistent’ with those expected.

o Examination of the LUP| effects on the 99 percent CL show that, for all cases with -
this satellite, the 99 pereent CL increases as LUPLinereases. This was the expected

result,

8. ANOVA indicates there are differonces in tesults based on OPD and LUPL However,

there is ot a difference in results based on the interaction of LUPL and OP.

6110 Class 3 1 § (NORAD Catalog Number 1729). A summary of the confi-
dence interval analysis and the VM AGT graphs for all LUPI/OPD combinations tested
for this satellite are located in Appendix H.10. Data analysis with respeet to the perfor.

mance measures above indicate the following:
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o Examination of the first-pass VMAGT values for this satellite, especially the longer
LUPIs, showed a similar upward sloping trend on some batches. This trend typically
alternates magnitude (high-low) between batches. A good example of this is seen
in Figure F.87. It appears to indicate that the covariance has become too exact
(very small) and therefore the differential corrector is not allowing the elements to

be corrected.

¢ Examination of the last-pass VMAGT values showed values less than first-pass values.
However, a slight upward trend from batch to batch was noted, with later batches

having growing ranges of values.

¢ Examination of the OPD effects on the 99 percent CL show that, for all cases with
this satellite, the 99 percent CL, decreases as OPD increases. This was the expected

result.

e Examination of the LUPI effects on the 99 percent Cl show that, for all cases with
this satellite, the 99 percent CL increases as LUPI increases. This was the expected

result.

o ANOVA indicates there are differences in results based on LUPI but not on OPD.
Additionally, there is not a difference in results based on the interaction of LUPI and

oPD.

6.0.11 Class 4 | 1 (NORAD Catalog Number 20355). A summary of the confi.
dence interval analysis and the VMAGT graphs for all LUPIJOPD combinations tested
for this satellite are located in Appendix Ho1LL Data analysis with respeet to the perfor.

mance measures above indicate the fullowing:

o Examination of the first-pass VMAGT values for this satellite showed that the data
was distributed over a wide range with steady-state mean values botween 48 and
272 k. Examination of the OPD 6 and X graph (Figure H.92) shows a definite
upward slope. This, like many previous satellites analyzed, seems to indicate that the
covariance has hecome too exact {very sinall) and therefore the dilferential corrector

is not allowing the elements to be corrected.
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o Examination of the last-pass VMAGT values showed randomly-distributed, steady-
state values at a level less than first-pass values, They are, however, much larger

than other last-pass values seen in the analysis of other satellites.

o Examination of the OPD effects on the 99 percent CL show that, for all cases with

this satellite, the 99 percent CL decreases as OPD increases. This was the expected

result.

o Due to program run time and extremely large VMAGT values, only the LUPI two
combinations were analyzed for this satellite. Therefore, no LUPI effects on the 99

percent CI, could be noted.

o Due to the limited nature of the output, ANOVA was not conducted on this satel-
lite. The absence of a complete output data set would make ANOVA comparisons

unreliable.

6.1.12 Class § 1 2 (NORAD Catalog Number 15584). A summiry of the confi-
dence interval analysis and the VMAGT graphs for all LUPI/OPD) combinations tested
for this satellite are located in Appéndix H.12. Data analysis with respect to the perfor-

mance measures above indicate the following:

»

o Examination of the first-pass VMAGT values for tinis_ satellite showed that the data
was distributed over a wide range with stéady-state mean values between 38 and
225 km. Examination of the OPD 6 and X graph (Figure H.95) shows a definite
upward slope. “This, like many previous satellites analyzed, seems to indicate that the
covariance has become top exaet {very small) and therefore the differential corrector

is not allowing the elements to be corrected.

¢ Examination of the last-pass VMAGT values showed randomly-distributed, steady.
sltate values at a lovel Joas than first:pass values. They are, however, much larger

than other last-pass values seen in the analysis of other satellites.

¢ Examination of the OPD effects con the 99 pereent CLL vhaw that, for all cases with
this satellite, the 99 percent CLL decreases as OPD increases, This was the vx;wr!n!‘

result.
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o Due to program run time and extremely large VMAGT values, only the LUPI two
combinations were analyzed for this satellite. Therefore, no LUPI effects on the 99

percent CL could be noted.

¢ Die to the limited nature of the output, ANOVA was nol conducted on this satel-
lite. The absence of a complete output data set would make ANOVA comparisons

unreliable.

6.2 Tuning the Differential Corrector

As mentioned in numerous analyses of the sample satellites in Section 6.1, our DC
appears to have a problem with the correction of the elements. It appears from the VMAGT
plots of many of the satellites tested that-the covariance gets so small that it will not allow
some, or all, of the elements to be corrected by the value that is actually needed. This
would result in a “bad” estimate. and the the large VMAGT values seen in the above
analysis.

This problem was first noted in the validation of the differential correction model.
All satel.litos being tested exhibited the same severe positive slope to the VMAGT data
within each batch. Figure 6.1 shows the data for Class 3- 1-2 (Catalog Number 14443) as

encountered during validation. This is representative of the data for all test cases.

We assumed this effect was due to a bad mean motion estimate. Through experimen-
tation, we determined that a mean motion variance “limit” of 10712 seemed to perform the
best. During the experimentation, the “limit” appeared to be dependent on the batch sjze.
However, no combination of batch size, LUPL and/or OP]) multiples conld be determined
which worked well. Therefore, the 107! limit was hard coded into the model such that if
the (7,7) element {07 ) of the covariance matrix was Jess than this value, then @] was sot

to 1013,

The model was then used on all 16 LUPI/OPD combinations for all 12 satellite
{orhit) classes investigated. Asailustrated by the cureent LUPL &, OPD 8, VMAGT plots
for Class 3 1 2, Catalog Nunber 14443 [Figure H.71). this limitation appeared to work for

most classes, However, this limit apparently did not work for Classes3 1 1.3 1 3,3 1 4,
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Figure 6.1. Old VMAGT data for Class 3 1-2 (Catalog Number 14443).

4 1 1,and 4-1-2 (Catalog Numbers 01996, 19643, 17429, and, possibly, 20335 and 15584)

as shown in in Sections H.7, H.9, H.10, H.11, and H.12, respectively. We l)elievc-(i this

_indicated two things: first, the limit for these satellites should have been set at a higher
value, and second, the limit value required is satellite, or orbit, dependent.

In attempt to determine if the mean motion variance limit used in our model was

not restrictive enough, the five classes (sample orbits) exhibiting the severe positive slope

of the VMAGT data were examined. Those classes {(orbits) were:

311 -~ (Catalog Number 01996)

3113 (Catalog Number 19643)

314 ; {Catalog Number 17429)

111 {Catalog Number 20335)

112 (('ala)og Number 15581)
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Assuming that the VMAGT errors were primarily in-track errors (i.e., caused i)y
a bad mean motion estimate), a first-order-of-magnitude estimate of the change in the
mean motion was made. The slope of the VMAGT data gives an approximation of the
rate of change of the in-track errors in km/day. The semi-major axis, ao, is calculated as
shown in Equation 3.14. If a circular orbit is assumed, the angular rate of change can be

approximated from the the rate of change of the in-track error and the semi-major axis.

All six satgllites have eccentricities less than 0.06, so the circular orbit assumption
seems valid. The slopes were determined using the the longest LUPI (8) VMAGT graphs
in order to get the best estimate of the slope. The largest OPD (8) was also used. This
gave the smallest slope of any LUPI/OPD combination for each satellite, and therefore
the smallest angular rate of change. In the case of the Class 4-1-1 and 4-1-2 orbits, the

LUPI 2, OPD 8 data was used. The data for this analysis is summarized in Table 6.2.

Table 6.2. First Order In-Track Error Analysis.

Catalog | Semi-Major In-Track [ Angular
Class § Number Axis Fecentricity Rate Rate
km km/day { rad/min
31-1] 01996 27 0.05379 12.5 1.2x 10°°
312 bl 7255 0.02245 1.2 1.2 x 1077
3-13 19643 7231 0.00670 2.5 24 x10°7
31 4] 17429 7242 0.01085 25, | 24x10°7
41 1] 20135 6768 0.00175 75 1.0 x 10°°
41 2] 15584 677 000234 | T3 1O x 1077

In all of these casex, by first-order approximation, the angular rate of change of the
VMAGT error is at least 10 times larger than the mean motion varianee hmit (V10-1 =
3.0 % 107%) used in the model. This was a strong indication that the mean motion varianee

needed to be limited in some way,

Once a mean motion variance limit, a . has been calculated and a determination
made that the limit is indeed needed (/a? < a,,,._ ). there are two methods of implementing

it within the DU program,

1. Diagonal adjustment. Apply the limit to only the mean motion variance tern in the

covariance matrix. This adjusted covariance matrix, £, is chown in Fquation 6.1,
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[ O3 Ope0; Ope0q OpeO, Ope0, Op:Oy UBuU,,W
oi0ge @} 0G0q 0i0, 0i0, OOy 00y
Oa0pe 0q0; 03  0q0, 0q0, 0qly 0Oqly
P.=| 0,05 0.0 0.0n 0 0.0, OOy 00, (6.1)
0,0pe 0,0; 0,0 0,0, O o“,a,,) 0.,0n |

OMOpe OMO; OmOg OMO. OO, Oy  OMOn

2
{a,,ag. On0; 0n0q On0. 0n0, OnOy On |

2. Full adjustment. In addition to the diagonal o2, term, apply the limit to the 12
other covariance elements (i.e., the elements in the bottom row and right column) of
the covariance matrix impacted by o,. This would be implemented by first creating

an adjustment matrix (/,) as shown below:

(too0o000 o0 |

0100600 O

001000 O
L=looo100 o (6.2)

000010 O

000001 0O

boooo o;:*.

The adjusted covariance matrix is formed by pre-multiplying and post-multiplying

the covariance matrix by the adjustnent matrix as shown in Eeuation 6.3.

P, =LPI, (6.3)

The adjusted covariznee matrix then takes the form shown in Equation 6.4.
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[ 0%, Op+0; 0pe0g Ope0, 00, OpeOy 0BTy, ]
0,0 o? 0;0q ;0. gi0, 0i0y  Oi0y,,.
oq0pe  0q0; od 0n0e 0ql, 0aly  0aOn,,.

P, = a.0p. 0.0; o.0q 03 0.0y O.0Mm OeOp,,,,
0,05 0,0, 0,0q 0,0, a? 0,0M  OuOn,,
OMOge Om0O;  Om0On  OMO. OMOu Uﬁ; OMOnim

| OnpmO8 O 0 On,.0n On, O On, 0y On,.0M A

(6.4)

We attempted to determine the mean motion variance limit, “3.....~ required by the
DC using our worst behaved class, 3-1-1 (Catalog Number 01996), as a test subject (refer-
ence Appendix H.7). A single random observation file was used to limit the processing time
required by the DC. Additionally, for the purposed of this “tuning,” we felt that difference
between different random observation files would not change the order-of-magnitude limit

we were searching for.

To tune the DC, we used the sum of all VMAGTSs after Day 24 (L, VMAGT),

as a performance measure. We selected day 24 because it was the default point at which
svtoz\dy-statc was declared. Using both the diagonal and full adjustment methods discussed
above, we ran the DC varying @] starting at 0.1, For cach successive ran we used a @) _
one order of magnitude Jower. This process continued until the DC did not need to use the

k]

m < 0l). The output from this process for each adjustment method was a

limit (1.0, @
listing of the incremented @ and the corresponding }:;\:__?, VMAGT. For cach method,

we chose as the limit the a7, _ corresponding to the lowest T VMAGT.

These limits were then applied and the DC model was run on all 16 LUPH/OPD
combinations for this class. However, the VMAGT results for both adjustinent methods
showed little change. This led us to believe that the DU had to be tuned for all elements,

ot just mean motion.

Again, using the same class, 3 1 1, as a test subject, we determined variance and

cavariance limits for cach element for both adjustment methods discussed above. Starting




with the element with the smallest variance, the variance limit for that element was cal-
culated using the same method used to determine o2 described above. That limit was
then implemented (i.e., used in the DC if o2 < ;) and the same process was used on

the element with the next smallest variance. This continued until the variance limits for

" all elements was determined.

Using these 7 limits as an initial guess, the DC model was run, again using only
one random observatioﬁ file. The variance limit for each element was aga;in varied while
holding all ather limits constant. The output from this process was a listing of the incre-
mented 02, and the corresponding Y/, VMAGT for each clement. From this output,
we determined the variance limit with the largest reduction in Y., VMAGT between the
limit used and an adjacent limit. The element variance limit was changed to the adjacent
limit and the process repeated until the element variance limits resulting in thé minimum
Y s VMAGT are determined. A basic assumption is that the local minimum determined
by these variance limits is close to the global minimum. This process was performéd for

both adjustment methods.

Using these limits, the DC model was run on all 16 LUPL/OPD combinations for’
Class 3 1 | (NORAD Catalog Number 01996). Both methods produced results much
better than the baseline data seen in Appendix H.7. However, the full adjustment method
did not provide results as accurate as 'the diagonal adjustment method. Reference Table
6.3 for the element covariances used in the diagonal adjustment and Appendix 1.2 for
the complete confidence interval analysis, ANOVA analysis and VMAGT graphs for the
diagonal adjustment. Of special note is the statistical difference in results based on LUPL
Prior to tuning. there was no indicated differeace in results. However, the tuning effort

highlighted this difference.

To demonstrate the abilil_\'.nf this method to "tﬁn«-" other orbital classes, the same
moethodology was applied to Class | 3 2 (Catalog Number 14199). This class was chosen
for three roasons. First, in-the initial analysis, this class did not exhibit characteristics
indicating the covariance had become too exact. Sevond, we wanted to see if “lunimz“‘
rould improve previously “good” results. Third, this class is different from Class 3 1 1in

all threr classification categories (i, mean motion, recentricity. and inclination).
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Table 6.3. Element Variance Limits Used for DC Tuning of Class 3-1-1.

[ Element Variance [ Limit Imposed |

0} 10~7 (m?/kg)?
o} 10-? rad’
o3 1677 rad”
o? None

ol None

oy None

o’ 10~" rad”/min

Tuning for this class also improved overall VMAGT results. Reference Table 6.4
for the element variance limits used in the diagonal adjustment. Appendix 1.1 contains
the complete confidence interval analysis, ANOVA analysis and VMAGT graphs for the
diagonal adjustment. ANOVA still indicates a difference iu results based on LUPI, OPD,

and the interaction of LUPI and OPD.

Table 6.4, Element Variance Limits Used for DC 'l‘uhing of Class }1-3-2.

I Element Variance | Limit Imposed |

Bhe None
a? 10~° rad’
al 10-® rad’
a? 10-'°
. al 107 rad®
o} 107" rad”
al 107" rad”/ min®

6.3 Differential Correction Model Performance

As illustrated by mnst of the last.pass VMAGT graphs in Appendixes H and 1, the
differential corrector typically gave good performance. Some of the last-pass VMAGT
graphs had resul's indicating that further information coyld be obtained from the data,
such as the periodic results and occasional spikes in the data. However, in general, the
randomly-distributed, steady-state nature of the data indicated good performance. Typ

ically, the DC reguined between four and six iterations to converge for each batch of

6.18




observations, and only occasionally did not converge within the 50 iteration limit placed

in the algorithm.

The actual run tfme of the program fc: each satellite investigated was quiie long.
Running on 25 MHz, 386 PC, a single 60-day run of the diflerential corrector, using one
random observation file, an observation rate of two obs/day, and a single LUP! (between 8
and 30 corrections depending on LUPI) could be performed in approximately two minutes.
However, to perform all 16 LUPI/OPD combinations using 10 random observation files

(over 2500 corrections) took at least twn and a half hours.

In addition, no singularity problems were encountered with the Keplerian clements
at low eccentricities and low inclinations. An eccentricity and inclination of 0.0012 and

4.99° respectively were tested. These were both for Class 1-1-1. K
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VII. CONCLUSIONS AND RECOMMENDATIONS
7.1 Conclusions

Based on the 99 percent confidence level and ANOVA analysis of the simulation
runs, w2 believe our model can be used to show the general differences in the accuracy
of an orbital element set based on varying observation rates and correction intervals. In
all of our test cases, we observed no results which indicate increasing LUPI or decreasing
OPD would improve accuracy. Qur results for mean motion Classes T'wo, Three, and Four
showed either thag accuracy improveti as a result of increasing OPD or decreasing LUPI,

or that no determination could be made due to iarge overlapping confidence intervals.

Mean motion Class One {deep space satellites) results were not that definitive. They
showed that accuracy increased as a result of increasing OPID as expected, but in some
cases, the LUP] effects may have been opposite what we expected. While ihe large over-
lapping confidence intervals make determinations difficult, the results of Class 1 3 2 after
tuning (Reference Appendix 1.1} could be interpreted as the VMAGTs for OPD/LUPL 8/8
being better than tho@ for OPD/LUPL 8/2. This may be related to the LUPI dependent

forgetting factor used in our model.

We believe the problem of the ia;ge overlapping confidence intervals is due to insulfi.
cient random observatjon runs for svecific satellites. The need for more random observation
runs showed up ia the overlap af the 95 percent confidence inierval of the 99 percent confi.
dence level. This overlap made a determination of LUPL/OPD effects on results impossible
for seme satellites. We believe the addition of extra runs will narrow ths confidence interval

and allow better determination of results,

Ax @ separate problem the accuracy of the reported VMAGT data jndicates a need
for the differential cotrector (DC) to be “tuned” prior ta yse. On several of the output
runs, the plo(u;d first.pass VMAG] values demonstrated a significant pasitive “slope”
characteristic. Apparently. this indicated the covariance had become too exact {very sinall ).
Therefore, the differcntial corrector sould pot allow the clements to be corrected. This

problem was first adeatified carly in test runs conducted to debug the 1 code,




As indicated in Chapter IV, Section 4.4.1, we examined the impact of the covariance
matrix on the correction process. To start the Bayes process, it was necessary to make an '
iﬁitial guess for the values in the matrix. The valne of 10~7 was chosen based ori an analysis
of test data. As further test runs were conducted, we noticed the “slope” characteristic in |
all of the first-pass VMAGT plots. Preliminary analysis of the output indicated this may
be the result of the DC “locking on” to a value of mean motion. Once Jocked on, the DC
refused to correct mean motion and atiempted to change other elements to make up the

difference, thus creating a bad estimate.

As discussed in Chapter VI, we incorporated a constant mean motion variance-
limiting factor into the code for the DC. The purpose of this factor was to prevent the DC
from locking onto a specific value of mean motion and then refusing to correct it further.
This ‘procedure resulfed in good ﬁrsf-pass corrections for several satellites, but not for all
satellite$. Further testing and analysis indicated ihis limiting factor is required on more
than just the mean motion variance. Additionally, the element variance fimits a.ppem‘ to

be sateliite/orbnt dependent.

In our research, we manually tuned, or determined the variance limits necessary,
for the two test cases analyzed. Based on the methodology described in Soct‘ion 6.2, an
automated process for performing this tuning for all orbit classes could he dovebpml. With
automated tuning, we believe our model could better determine the effects of 1 UP] and

OPD on orbital element set accuracy.

7.2 lollow-On Research Hecommendations

The most obvious follow-on research recommendation s whe continuation of the
project, 2z reguested by our sponsors, the It Command and Control Squadron (10 ACS),
into the final developinent of a cost henefit assessment model, The resilts of this resesrch

are intended to be used as the basis for the development of & guantitative cost fhenelit

" model to assess the effects of alterations to the SSN on orbit prediction accuracios. This

model, as envisioned by personnel at the LCACS, wonld be used ax a dorision - naking tool,

The purpose of this tool would be to compare the gain or loss of urhit prediction acenracies

with the costs or savings associated with the upgrade of a specific sensor site, the closing of

-3
[




a specific sensor site, or the changing of sensor taskings. This decision-making tool would
allow USSFACECOM to make better decisions (in terms of maintaining OFE set accuracy)

in regards to the SSN.

However, before attempting to incorporate our model into a larger application, an
automated method for tuning the differential corrector is required. Coupled with this effort
is the validation of the satellite classification method we used to select a representative
sample from the satellite population. Rased on the results of the classification inethod
validation, a determination of whether the same. variance limits can be applied to all
satellites within a class, or must be determined .'independelitly for.each satellite, can be

" made.

Other areas of recommended further research are:

o Re-coding of the model programs for computational efficiency as opposed to the
casily interpretable format usad.

o Exanination of the effects of “tuaing”™ the forgetting factor used in .thc (lif[ng'vlltiall
correction process,

¢ Development of an interface process 1o ease the dctermina.liuh of the steady-state

values for a representative set of satellites.

o Development of an interface process to allow execution of these models with various
changes to SSN sensor charactesisties (Joration and accuracies) to allow comparison
to “baseline” run and, therefore, determine affects of alterations to SSN on element:

aceuracy.

o Examination of the effieets of “age do.weighting”™ the actual observations used in the

sequential differential correction process.

o Creation of a task scheduling model. The resalts of this researeh could also be ysed
as the basis for the developrient of a scheduling andel to optimally schedule SSN
sensors to gather only the observational data reqguires (o maintain ihe desired arbit
prediction accaracies. This would ensure the 830 computers would process only the

minimum required data to maintain the OF ot accuraey.




Appendix A. SGP LIBRARY DOCUMENTATION

Documentation for
NORAD SGP4/SDP4 Units

Developed by
Dr TS Kelso

Version 2.50
1992 October 01

Copyright (C) 1992. All rights reserved.

PURPOSE

The enclosed Pascal source code implements the NORAD SGP4/SDP4 orbital models
for use with the standard two-line orbital clement sets to determine earth-
centered inertial (ECI) and topocentric coosdinates of earth-orbiting objects.
This code implements both the near-earth and deep-space portions of the NORAD
SGP4 orbital model. These units are designed to make the development of
programs based on the NORAD orbital medels straightforwvard and standardized.

INTRCDUCTION

In order to properly deteraine the position of any earth-orbiting object using
the standard NORAD two-line element sets, it is necessary that the proper
orbital model be used. Since the observations taken by NORAD for each earth-
orbiting object are reduced to orbital elements using the SGP4 (Simplified
General Perturbations) xodel, the SGP4 model smust* be used to get the most
accyrate determination possible of an object’s position and velocity. The
prinarg reason for this requirement is that each orbital model handles
perturbations (due to atmospheric drag, sclar and lunar gravitational effects,
irregularities of the earth’s gravitational field, et~.) in a differen”
manner. The NORAD tvo-line element sets incorporate these perturbations using
the SGP4 orbital model and that model is required to accurately reconstruct
:he magnitudes of these effects.

The SGF4 orbital model takes into account perturbations due to atmaspheric
drag (based cn a static, non-rotating, spherically-symmetric atmosphere whose
density can be deacribed by a pover law), fourth-order zonal geopotential
harmonica (J2, J3, and J4), spin-orbit resonance effects for synchronous and
semi-synchronous orbits, and asolar and lunar gravitational effects to first
order. The two portions of the SGP4 model are SGP4 (for objects in orbits
vith periods less than 225 minutes) and SDP4 (for objects in orbits greater
than or equal to 22% minutes). The reason for breaking the model into two
Yarts is that for lov-earth orbits the effects of gpin-orbit resonance and

unar and solar gravity are not significant. This result allowa the
development of an analytical model (SGP4) for detsrmining an object's positien
and velocity, thereby reducing the computational burden. For deep-space
orbita, 4 semi-analytical model (SDP4) is required.

Models which imploment the older SGP model should be accurate foar low-earth
orbits but really von’i be adequate for deep-space objects, particularly those
in resonance with the geopotential.

COMPUTER TNPLERENTATION

The encloned Pascal wource code vas developed in Turbo Pascal Version 6.0 to
fully i:pleanut the NORAD SGP4 orbital model. There are now twelve units
provided:

SGP4SDPY Full implementation of NORAD $GP4/5DP4 modala

§GP_083 Observer-dependent routines for calculating topocentric
information

HIENAX Ninisua/saximus functions

SGP_NATH Various trigonomstric and mathesatical routines

SaP_TINE Tise-based routines for converting asong time syetess

SGP_INIT Code and variablos needed to initialize SGP4SDP4
SGP_INTF Interface betvean SGPASDP4 and SGP_CONV (and some special-

ﬁ:rpoae prograss)
SGP_CONV utines for converting two-line data and SGP4 atate veclors
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SGP_IN Routines to simplify input of data (with error checking)

seP_out Routines for outputting program results in standard formats

SOLAR Routines for calculating the position of the sun and vhether
a satellite is in earth umbral eclipse

SUPPORT General suoport routines for machine-dependent features

These units are structured %) make development of software as simple as
possible and to reduce the time needed for validating results. A certain
amount of the development iz also tailored toward the development of a similar
set of units in C, which is vovw underway. A more complete description of
these Pascal units is included in SGP4-PLB.ITF.

0f the units provided, the wost complex is the implementation of the NORAD
orbital models (SGP4SDP4). The development of this unit was done to follow as
closely as possible the implementation contained in Spacetrack Report Number
3, "Models for Propagation -v FORAD Element Sets," (a cog{ of the LaTeX
documentation and complete FLRVRAN source code is available on this system).
No attempt has been made at this peint to optimize the code to run faster. A
future release will provide - wore streamlined implementation. To ensure the
validity of these units, no .hauges should be made to the units themselves
which have been extensively tested and validated. LaTeX documentation to
support this validation should Je available on this system soon (look for
SGP4-VAL.TEX).

A test program (SGP4TEST.PAS) is included to implement the sample cases
included in the Spacetrack Report Number 3 documentation. It should provide a
reasonably good idea of how to use these Turbo Pascal units. To determine an
object’s position and velocity, the object’s two-line orbital element set is
read into the array {sat_dat:; {Note: Variable names will be enclosed within
braces to set them apart in this document]. A call is then made to the
procedure Convert_Satellite Data passing the satellite’s index {satnumber}.
In the call to this procedure, a determination is automatically made as to
vhether the object is in a near-e~rth or deep-space orbit; the result is
returned in {ideep}. If {ideep; 18 0, then the object is in a near-earth
orbit; if {ideeg} is f, it is in a deep-space orbit. A call is then made to
either SGP4 or SDP4 depending on the value of {ideep}.

The time passed in this call, {tsince}, represents the time since (before or
after) the satellite epoch in the two-line element set. The four-dimensional
vectors {pos} and {velg are returned containing the x, y, and z ECI
covrdinates (referenced to the true aquator and mean equinox of date) and
vector magnitude of the object’s position and velocity, respectively, at the
specified time. Units are earth radii and s.rth radii per minute,
respectively; appropriata conversions sust be made to %et the proper units (as
demonstrated in the test program using Convert_Sat_State). The variable
{iflag} is used internally for keefing track of imitialization cunditions for
the deep-space portion of the model.

Running this test program should provide results quite close to those provided
in the Spacetrack rt Nusber 3 documentation. The minor differences that
do occur are due to two primary reasons. The first ia the reault of
differences in the internal precision of the FORTRAN compiler used to generate
the repert and that of the Turbo Pascal compiler. The second ia due 2o the
choice to implement a consiatent numerical precision in the Turboe Paseal code.
Examination of the FORTRAN source code #ill reveal inconsistent use of single
and double-preciaion variablea and trigonomstric functioun; the Turbo Pascal
code uses double-precision variables and functions throughout.

Because it is not very straightforward to perfors calls to the SGP4 unita
based on the timc sinco dach watellite’s eloment set epoch. a procedure is
alao provided which interfacex hetveen a standard time systes and the SGP4 and
SDP4 calla. This procedure, SGP, requires only that the user pasa the lulisn
Date of interest; the procedure Julian_Date_of_Epech converis from o date in
the format used in the tvo-linc element set to a Juiian Date. Tha S0P 3}l
alao takes carc of making the determination of vhether the ob{qc\ 12 in 3
near-aearth or deep-apace orbit and calls the appropriate model. The SGF TINE
unit contains these procedures 33 well a3 routines to vohver: Julian Dates teo
sore recognizable time formats.

The main advantage of using the Julian Date in 80P {s that there in uc probloa
calculating the time interval belveen the time of interest and the zatellite
clement sel epoch, vagardlean of whethur thia interval spans the begianing of
a year. There is slwo a functioss lo convert Julian Dales to aalondar daias
(Calendar_Datel of the form "1992 Jan 30." Epoch Time transforms ke Julian




Dates to the form used in the two-line element sets.

The test progran SGP4TST2.PAS gives an example implementation of this
approach. It is designed to produce the same results as SGP4TEST.PAS. The
main difference is that the Julian Date is calculated to be the time of the
epoch for each element set and then the offset (in minutes) is added. Be sure
to note that times outside the units are now all in sdays* not in minutes (as
they are inside the units).

CONCLUSION

These Turbo Pascal units should make it easy to implement the official NORAD
orbital models in developing any number of applications. It is now very
straightforvard to select input files (of satellite and observer data) and
time conditions (with full error checking) and output data rangin from
spacecraft ECI position and velocity to spacecraft ground tracks %latitude,
longitude, and altitude) to look angles (azimuth, elevation, range, and range
rate) to right ascension and declination. Each of these outputs uses the WGS
72 geoid (nonspherical) and takes into account atmospheric refraction, where
appropriate. ese results can be easily output as text or incorporated into
advanced graphical applications.

For a full-blown example of how to implement these functions, look for the
application TrakStar/SGP4, also available on this system. It allows output
for up to 260 satellites (or element sets for a single satellite) in the form
of spacecraft ECI gosition and velocity, spacecraft ground tracks (latitude,
longitude, and altitude), look angles {azinuth, elevation, range, and range
rate), and right ascension and declination. A separate data file is created
for each object/element set ~- a great tool for all sorts of analyses.

Future releases of these units vwill include routines to efficiently determine
crossing phenomena (e.g., satellite rise/set, sun rise/set, and satellite
entry into/exit from earth eclipse) and local optima (e.g., closest approach).
And, of course, the existing units will be converted to C vith an eye toward
portability.

In a continuing effort to promote standardization of orbital calculations, 1
vill endeavor to continue to improve this package and will gratefully accept
user feedback or contributions to this effort.

- Dr TS Kelso
Internet: tkelso€afit.af.mil
anonymous ftp at archive.afit.af.mil
in the directory pub/space

SYSOP, Celestial BBS

§13/427-0674 (modenm)

Operating 24 houra/day

Mo paritg, 8 data bits, 1 stog bit
300, 1200, 2400, 4800, and 9600 bdps
v.32/32bis. v.42/42bis

2340 Raider Drive
Fairhorn, OH, USA 45324-2001
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INTRODUCTION

The following document is intended to provide complete documentation for the
interface section of the units provided in this package. Each unit will be
presented, in alphabetical order, and the INTERFACE section is reproduced,
showing the exact nature of each call. Following this information will be a
description of the intended uze of each variable and procedure.

s¢ UNIT NINMAX -~ VERSION 1.02 #804006499085382404008¢40800080000085593580088840

Function IMin(argl,arg2 : integer) : integer;
Function IMax(argl,arg2 : integer) : integer;
Function RMin{argl,arg2 : real) : real;
Function RMax(argl,arg2 : real) : real;
Function DMin(argl,arg2 : double) : double;
Function DMax(argl,arg2 : double) : double;

These functions are used to provide integer, real, and double minimum and
maximum calculations used in the libraries.

se UNIT SGP4SDPA ~- VERSIUN 1.50 5000400500000 0080000000800008008088080080800%

Uses Support,
SGP_Init,
SGP_Nath,SGP_Time;
Procedure SGP(time : double;
var pos,vel : vector);

Procedure SGP4(tsince : double;
var iflag : integer;

var pos,vel : vector);

Procedure SDP4(tsince : dogble;
var iflag : integer;

var pos,vel : vector);

This unit contains the Pascal implementation of the SGP4 and 5DP4 orbital
models. Two methods of interfacing are available. The first method is to
access the indirvidual routines exactly as described in Project Spacetrack
Report Sumder 3 (Procedures S3P4 and SDP4). Thixz method requires the user to
caleulate the time {in minutes) since each satellite olemeant zet epoch and
determine the appropriate model te yse. The variabdle (ifl:?} in used to keep

track of inftislization status and is set _within these routines and within
Convert_Satellite _Data (Unit sa?_con‘). Thil neth :- *80Te rcco-ncndts.

The second method is to access the orbital models via a call to $GP. ieze t
user :: only required :o p::a a tzu: ?Juliaa Date) }er.lho caigulatsoa :a xﬁﬁ

satellite ECI golit&oa and velocity are returned. Determination of the
appropriate orbital model is transparent to the user. The oaly requirement is

that a 3;11 to Convert_Satellite _Data b; sade each time a new satellite is
selected before ctll{a SGP. Routines for calculating Julian Dates are
included in Unit SOP_TIRE.

o8 UBIT SGP.CUBY - VERSION 1 .00 0000000008 00000i00ttasstststsesttecstsstnnase
Uses SGP_Rath;

Procedure Convert_Satellite_Datslerg : isteger);
Procedura Convert_Sat_State(var pos, vel : vector);

The first procedurs in uzed Lo extract the data in a given tvo-line eldmeat
sot to the variables azpected by UNIT SUP4S0PE.  The Saia atruciutes
containing the two-line alement déts {e deacrided in UBIT 2GP_INIT. In
addition, a determination ae Yo whcther the near-earth (SGPY) or desp-apace

(S074) wodel ahoy) ade within Lhia wait. 3 riabk L4
pataed bolzooa §3935334°::3 §3932ﬂ§"e¢?a3 U%%; 26%,111;5’ ?xZ? n:il.. e

(3GP_TETF) should BUT be included in the main program unless abselutely
necersary te avoid uninteational changen to these critizal variables. Two
additionral variables, (catar) and {elset}, are provided to identify the
satellite elemant cot.  Finally, the variable {epech) is glodally available to
determine the epoch of the »lemant sat.

Convert_Sat_State is used to converl the Rative units provided By 3CP4/SDM
(ponition in earth radii, velocity in eatid radii/minute) to stendard setric
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units (kilometers and kilometers/sec).
s+ UNIT SGP_1IN ~- VERSION 2.00 ##e¢ [ 289480898
(*¢ This unit contains machine-specitic code #¢)

Uses SGP_Nath,SGP_Init,Support;

const
data_type : byte = 3;

var
fsat ,fobs : text;

Procadure Select_Time(message : string;
xpos,ypos : byte;
var default : time_set;
precision : byte);
Procedure Select_Time_ Interval(message : string;
1pos,ypos : byte;
var default : time_set;
precision : byte);
Function Checksum_Good{line : line_data) : boolean;
Function Good_Elements(lines : two_line) : boolean;
Procedure Input_Satellite(index : word);
Function Input_Satellite_Data(fn : string) : word;
Procedure Select_Satellites(title : string;
x,y,%.h : byte;
number : word);
Procedure Input_Observer(var geodetic : vector);

This unit is one of two units which contain machine-specific code; this
limitation will probably be removed in the future, moving all machine-specific
code to URIT SUPPORT.

The constant {data_tygc) is preset to 3 and is used to specify the format of
the two-line orbital data file. A value of 2 indicates that the satellite
data files contain ®onlye two-line data; a value of 3 indicates that each two-
line element sat is preceded by a 22-character satellite name. These data are
read into data structures as described in UBRIT SGP_INIT. The value of
{data_type} can be changed in the main program and, if necessary, should bde
done within the program initialization block.

The variables {fzat} and {fobs} are predefined text files to be ltaignqd to
the satellite and observer files, respectively. Routines used in this unit
expect to use these file handles.

The first two procedures, Select _Time and Select Time_Interval, are provided
to make it eaxy to input start/stop times and time intervals for performing
calculations. Each procedure will put a window on the screen uitz the title
specified by {messzage) at the location ({xpos},{ypos}). 4 default time set is
passed to initialize the time; the structure of this variasdle iz set forth in
UBIT SUPPORT. The variable {defauit} may be initislized manually or by a call
to Get_Current Time (for Select _Time) or Zero_Time (for Select_Time_Interval);
each of these procedures ia also in UBIT SUPPORT. The variadle {precision) is
used to indicate the precision of the data io de aslected. Precision ranges
from yeara dnun to hundredths of a vecond. A precision of 7 indicates that
all time units are to be input; a froci:ioa of & would omit inputting seconds
and hundredths of seconds. All values beyond the specified precision are et
to zero, rogardless of any other user action.

The next tuo functions are used to determine whethar 3 given tvo-line element
20t in “good” -~ al least in the sense that it passes the modulo-10 checksum
on each line and that all the aumbers appear to be in the proper fialds. A
aisple <all panajag the two-line elament set {lines) to Good Elemanls returas
TRUE 4f the data passes these lests. The fumction Checheum Good can de uied
to teat the noduls-10 chechsum for & single line of & tvo-line elemsnt set.
These functions are not usad olpltc&llyngnr&a; elomant eet input as it is
axscmed that (he uder has already done sn (all data that 1 post has already
toen aubjected to thess tmals). In fact, the program PASSUPOT, which {¢
availadle on this syntem for updating files of tvs-line clement sets from a
waster file, does this chocl;:g far you  Nowaver, {f you are snsure of the
quality of your data, it is QEGLY AECOMRENOED that you devalep your oun
preprocensor veing these functiora to tert your data.

The procedure Iaput_Satellite is uvsed to tead in individual ten-line alement
tets  The indes indicates ita placemsal within the data array This zall
assumes that {feat) hae already been AS31GHed and initislized Typically,
thie <all &s made from the Tunition laput Satellite_Data which initializes
{f2at) and reads ax anlire file into mamory from the file {fa). the sutpst of
this fuaction ia the nunber of satellites in {fa) Novever, due to semory
limitations, some files will be tos large to tead into memory In these
cagen, faput_Satellile ahould be used Ro mequentially read and process
individual element wets, sach elsmani set could be read into {index)e} and




processed before proceeding.

In cases where all the orbital data can be read into memory and {data_type}=3,
the procedure Select_Satellites can be used to tag satellites for calculations
later in the progrun using the array {selected}. Initially, no satellites are
selected. A call to this procedure will place a window on the screen with the
upper-left corner at ({x},{y}) and having a width {v} and maximum height {h}
(the height ranges from 1 to the minimum of {h} and the number of satellites).
A {title} is also put on the window. The final parameter in this call is the
number of satellites available. Selection is achieved by moving with the
up/down cursor keys to the appropriate satellite and toggling with the space
bar (an asterisk marks an item as being selucted); data scrolls in the window
as necessary. Toggling advances to the next item in the list, making it
easier to quickly mark items. The ’A’ key toggles A1l items (negates their
current status). Once the desired items are selected, the [ENTER] key
completes the process. Within the main program, items can be tested for
selection wi*h a statement such as: if selected(index] then ...

The final procedure for this unit is Input_Observer and it works somewhat like
Input_Satellite except that the data is read into & {geodetic} four-vector
where {geodetic}f1] is Noxth latitude, {geodetic}[2] is East longitude (that
means that West longitudes are negative), and {geodetic}[3] is altitude above
mean sea level (AMSL). Input is expected from the file {fobs} in units of
degrees and meters but is g-cdiatoly converted to radians and kilometers for
use within these units. Each observer entry in {fobs} consists of a single
line beginning with a 25-character site name (passed as {obs_name}); it is
expected that this name has a three-character short name (or number), two
spaces, folloved by a long name. The short name is used within UNIT SGP_OUT
for topocentric output. The remaining three numbers on this line are free-
field format, beginning on or after character 6.

o8 UBIT SGP_INKIT ~- VERSION 1.10 0060600000000460000046000000005008004008000000%

const
max_sats = 250;

type
line_data = string(69);
two_line = array [1..2] of line_data;

var
visidble : boolean;
epoch : doudle;
catnr,elset : string;
obs_name : string(28);
selacted : array {1. . max_sats] of boolean;
sat_name : array [1..max_sats) of string{22});
sat_data . array (1..max_sats) of two_.line;

data,drivo.duta_d}r.
work_drive work_dir : string;

Procedure Program_Initialize{program_name : string).

This unit is used to imitialize most of the data structurei specific to the
SGP4 family of units. The constant {max_sats) sets the limit (impomed by
iysten neanry constraints) on the maximum number of satellites availadle.
This constaat affects the storage allocation for tva-line element sets in
the array (sat_data}, satellite names in %he array {sat_name}, and the arzay
of selected satullites in (selected}. Fote that type {tvo_line} is a two-
element string of 63-character lines.

The first variable pravided is & boolean variadle (visidle) ubich ia aet
when making calls to detormine topocentric positien; if the satellite is

vigidle to the obsarver, {(visible} iu set true, otherwise jt is sot false.
Checks of this variable make sense only ia thia context. Eventually, thia

varisble vill also De veed in determining other vinidilinty conditions.

The naxt three variables pertain to tha current tun-line element set (the laat
one processad through Convert_Satellite_Data). The variadles (catar) and
{elset)} are read from the appropriate field of Line | and serve o {dentify
the data. The varisdle {epoch) marks the epoch tims (in two-line formax) of
Ihat elamant set.

Ths final for. o5 lall.s are determined in the protedure Program lnitialize.

They are ueed to specify the location of data files {(fsat} and {fols) files)
and output files. Naviag separate locations for these Ivo groupz makes
deveicpment and lesting eanier (in my opinion) and allevs for standard
lecations to facilitate {ategration with other prv?rln; (it doesn't make sense
te have vaTious versiona of two-line elemant sat files scattared all over your
hard disk). These ¢alues are specified in the configuration file
{program_name) CFG (if it exists. {f not, overything defanlis to the working
dink and divrectory). ¥>ir ezample, ia the program TRAKSTARL, thete would be »
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file TRAKSTAR.CFG which might look like:

d:
\q:n\
Lvork\

If this program were located in C:\SGP4 and the data was in C:\SGP4\DATA and
work files were to go to C:\SGP4\WORK, the configuration file might look like:

Lagpardatal
\sgpd\vork\

Note that each directory ends with a trailing \ (and should have nc blanks).
If you wish to run from the default drive (useful when using removable
cartridges and moving between systems), you might changs the above to:

\sgp4\data\

\sgp4\vork\

To specify directories which are below the working directory, you could also
use:

data\
work\

The call to Program_Initialize will read {program_name}.CFG to determine this
information (if it exists) and will also read {program_name} HDR (if it
exists) to place one page of information on the screen to identify the
program. It is strongly recommended that these parameters be used in your
programs to facilitate traceability and portability.

& call to Program End is strongly recommended to reset the teraines after
program execution. Currently, this procedure positions the cursor to the
bottom of the screen and makes sure it is on.

o8 UNIT SGP_INTF -~ VERSIOE 1.02 00000000000000000000010000020000600006000000¢

const
as =1,
tothrd = 2/3;
xmper = 6378.135; {Barth equatorial radius - kilometers (WGS '72))
1 = 1/298.26; {Barth flattening (¥GS '72)}
g = 398600.8; {Farth gravitational constant (¥GS '72)}
32 a 1.0826158E-);  (J2 harmonic (¥GS '72)}
33 = -2.53881E-6; J3 harmonic (¥GS '72))
3 = -1.65597E-6; J4 darmenic (¥Gs 17}
[3 ¥ = J3/3;
ke . -38J4/8;
xj3 - B
q0 2 39 ¢ 120/xkmper;
s = ae ¢ 78/zkmper;
eBa = {E-6,;
dpiaix = 1; {Deap-space initialization code)
dpsac -2 {Deep-apace seculur code)
dpper = 3 {Deep-space periodic code)
way
iflag,ideep © integer;

WO, IAod N0 oRegao oo xincl,
xho ,20dtic, xndd6o detar,
jnlha_opodu.nh : dowble;

This uajt defimes the conatants and vuhhhf yaed internal %o SGRASOPE.  Bote
that this version still uses ¥G3 '77 walues (vhile the impact of switchiag to

NGS *84 {8 ssmensed). It {a STROBGLY recommendad that thia usit 30T ke
included in the main program. A)] determisations usiag these constante (awch
as position of ah obrerver on the eartih's zurface in the ECI sjsiam) should be
parformed through the appropriate tsll.  Alsc, mole Uhat {iflag) and {ideep)
ars vnavailable to the maio program undey this tecommendation, forcing the nie
of the procedure 5GP to aicers the BURAD ordital sedels

a% UEIT SGP _RATH ~- VERASIOE 1 1O #40aseans sttt ittt s ol el st a0 0t eatses

type
vector = array {1 .4) of dosble,

conat
tucpi = T & pi,
zero vwactor = (90,0,0.0),

Fuaction Signlazg . double} shertiat,
Fonclion Cube(srg . double) dowble,




Function Power{arg,psr : double} : doudle;
Function Radians(arg : double) : doubdle;
Function Degrees{arg : double) : doubdle;
Function Tan(arg : double) : doubls;

Function AxcS8in{arg : double) : doudble;
Function ArcCes(arg : double) : doubdle;
Function Modulus{argl,arg2 : double) : double;
Function Fmod2p(arg : double) : double;
Function AcTan(sinx,cosx : double) : double;
Function Dot{vi,v2 : vector) : double;
Procedure¢ Magnitude(var v : vector);
Procedure Cross(vli,v2 : vector; var v3 : vector);

This tnit first defines the the type {vector} is az a four-element array (or
four-vector) consistiny (typically) of x, y, and z position and a vector
magnitude. These vectors are also used for storing other types of information
(as will be seen in UNIT SGP_0BS). Next, the constant {twopi} is defined as
appropriate for Turboe Pascal Version 6.0. Bote that earlier versions of Turbe

Pascal will NOT allow constant definitions of this form. The definition of a
zexo vector has been added for this release.

The remaining routines are dafined dalow.

Fanction Sign(arg : double) : shertint;
Output is the sign (-1, 0O, +1) of {arg}.
FPunction Cube(arg : doudle) : double;
Output is {arg) to the third pewer.
Function Power(arg,per : doudle) : double;
Output is {arg) to the {pwr} power. This is a more general-purpose
function, but is restricted to positive values of {arg}. An error
nessage is reported if {arg} violates this restriction.
Function Radians(arg : doudble) : double;
Output ‘s an angle in radians vhere {arg} was input in degrees.
Function Degrees(arg : double) : double;
Output is an angle is degrees where {arg) was input in 1adians.
Function Tan(arg : double) : double;
Output is the taagent of (us).
Function AzcSin{arg : double) : double;
Output is the arcsine of (arg) in radians. Values range beiween -pi and
+pi.
Function ArcCos(arg : doudle) : double;
gut at is the arccosine of {arg) in radians. Yalues range between O and
»
Function nodulu(ngl.usz : double) : doudle;
Cutput is the remsinder after {argl) is divided by {arg2}. This routine
is useful for Reeping Ang)u betueen O and 2epi (or U and M0 degrees).
Fenction Fmod2p(arg : double) : double:
This function im a sp«u‘k inplementation of Nodulus vhere {arg?) equals
29pi.  Used explici ly within SGPASDPA.
function AcTan{siny,cosr : double) : double;
thatpat is the arctangeat of {uinx)/{cosz} in radians. Used explicitly
within 3GPASDPE. The advantage of this function over AscTaa is that it
returns the correct quadrant of the angle.
Function Dotlvl v2 : vector) : deudle;
Output is the vector dot pruduct of {¢1} and (v1}.
Procedure Ragnitudelvar v : vector);
This procedure caleqlates the magaitude of vector (v} uiq Lompanenis 1,
2, and 3, storimg the resalt ia component 4.
Procedure Cross(el v - veclor; var v} : vecter):
Returns vactor (v} which i the veclor cross preducy of (w1} and (w2},

ae UBIT SCP_ORS ~- YERSICQE 1. 40 200asansttst it s s 0000000 04540 N0A 05 S 42 B AR1H4 44
Uses SGP_Rath;

Procedure Caleulate_User FosaVellvar gesdetic  vextor,
time . Qouble;
var oba_pos.cha_vel wector),
Prozedute Calculate Latloshlt(pos | vextor;
time . doxlle;
¥ar gesdeliz  vectet),
Procedure Calenlate Ubz(pos, val geodatic . vectlor,
time  double.
war obs_set  vector),
Procedure Calcuiate RADec(pos vel gendetic . wacter,
time - dewble,
ver obis_eet - vecter),

Thesd precedures are sted Lo provide sbssrver-epecific costdinate
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transformations of the output of the NORAD orbital models.

Procedure Calculate_User_PosVel passes the user’s geodetic position and the
time of interest and returns the ECI position and relocity of the observer.
The format of {geodetic} is as explained in UNIT SGP_IN. The velocity
calculation assumes the geodetic position is stationary relative to the
earth’s surface. This routine is made available to the user, although the
exact nature of its application is uncertain. This procedure is used,
however, as the basis for Calculate_fibs and Calculate_RADec, to be explained
later.

Prucedure Calculate_LatLonAlt will calculate the {geodetic} position of an
object given its ECI position {pos} and {time}. It is intended to be used to
detormine the ground track of a satellite. Tie calculations assuma the earth
to be an oblate spheroid as defined in WGS °72.

The procedures Calculate_Obs and Calculate_RADec calculate the stopocentrice
coordinates of the object with BECI position, {pos}, and velocity, {vel}, from
location {geodetic} at {time}. The {obs_set} returned for Calculate_Obs
consists of azimuth, elevation, range, and range rate (in that order) with
units of radians, radians, kilometers, and kilometers/second, respectively.
The WGS ’72 geoid is used and the effoct of atmospheric refraction (under
standard temperature and pressure) is incorporated into the elevation
calculation; the effect on range 2nd range race has not yet been quantified.

The {obs_set} for Calculate_RADec consists of right ascension and declination
(in that order) in radians. ain, calculations are based on etopocentrice
position using the WGS ’72 gecid and incorporating atmospheric refraction.

oo UBIT SGP_OUT ~- VERSIOR | .50 ¢066600000¢00000000000800008600800000080800000
Uses SGP_Nath;

const
day_date : boolean = true;
full_tixe : boolean = true;
B E.8.S  : boolean = false;
D XS : hoolean = se,
time_res : byte = 2;
angle_res : byte = 4;
dist_res : byte = 3;

var

fout : toxt;

Procedure Qutput_Time(time : doudle);
Procedure Dutput _ECI(time : double;
pos,vel : vector);
Procedure Cuiput_Angle{angle : doubdle;
width, dec : bdyte;
degrees : boolean),
Procedure Quiput Latlondlt(time : doudle;
geodetic : wector);
Procedure Uutpat Ods(time : double;
obs : vector);
Frocedure Outpur _RADec(time : double;
obs @ vectar):

This wnit beging with a set of conatanls uwed »r . i ."ing parameters. The
inteation hers ia to el theee values for copy./tén~. in the culpal and aet
<lutier cutput calle with foreatting infermati.c  .dile the defauit valusa
arw set ahove, iU ie easdy to change these valu- -ither globally er lecally.
For ezample, the user may decide to change thes- salues in e program
initialization step Oy, thedn valuss could v met prior teo iag calls o
reutines withia URIT SGP _QUT.

The cosatant {day_date) allows for selection of owtpul tune an dar/date (iF
trwe) or as a Juliss Data (eamier o tend intle other progriws).

The cosatant {full_time) allowe 1he sriecticos =F timee with <alona between the

:uu and mifuteg and belvesn the ataules and seconds i3 0., Ni NN $5), if set
tue .

The conatant (B E ¥ S5} is cred with cutpats of latitede acs longitude to

wpecify an ontput with Ferth/3owtdh or Eaat/Vest {if trus) tather than plus or
®siona valves.

The conatant (D N 3} allswz fot angelar cutpet ia degreee. misutes, csd
teconds ({f true) rathar thas decimal degrees

The Tinal thtee csastlanis ares seed te eet the precision of sutpul fer time.
angle, and distance variables, respectively. The defaalt for (tise_ree) of 2
iadicoten cutput te headyedihs of 2 second.  The defanit for {sagle_ree) of &
jadicates sutput te Tour decimal places (i D R S = falne) or arcrecsnde (if
DR S = true), sutpula ia dagrees, nisutes, and tecohds ate Tounded teo teas of
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arcminutes, arcminutes, tens of arcseconds, and seconds for values of i, 2, 3,
and 4, respectively. The default for {dist_res} of 3 indicates a precision to
turee decimal places in distances (i.e., meters) and six decimal places in
velocities (i.¢., millimeters/second).

The variadle {fout} is a pre-defined variadle to specify the output file.

The procedure Jutput_Time is used to output either the calendar date and time
of day or Julian Date of {time} to {foutg.

The procedure Gutput_ECI outputs ECI position {pos} (in kilometers) and
velocity {vel} (in kilometers/second) vectors along with the time.

The procedure Qutput_ingle outputs an angle {argle} in a field of width
{width} with {dec} decimal places. The variable {degrees} is used when
{D.K_S} is true to specify vhether the angular output is degrees or hours.

The procedure Qutput_LatLondlt output the time, latitude (in degrees),
longitude (in degrees), and aititude (in kilometers) of an object.

The procedure Qutput_Obs outputs the time, azimuth (in degrees), ¢levation (in
degrees), range (in kilometers), and range rate (in kilometers/second with
negative values approaching the obeerver).

The procedure Output_RiDec outputs the time, right ascension (in hours), and
declination (in degrees).

Cutput _ECI and Cutput_LutLonAlt now write ECL at the end of each line if the
satellite is in earth umbral eclipse.

Cutput _Obs and Output_RiDec now output a blank line at the completion of a
pass.

oe UNIT SGP_TINE -~ VERSIOE 1.50 040000000¢600000060060000000800000460000000000
Uses SGP_Nath;

type
clock_time = string(12];
date = string(11];
const
wmapda = 1440.0; {Ninutes per day}
secday = 86400.0; {Seconds per day)

omege B = 1.00273790934; {Earth rotations per sidereal day (non-constant))}
omega ER = cmega Eetwopi; {Earth rotation, radians per sidereal day}

va
ilSO . doubdle;

Function Julian_Date_of Year(year : double) : doubdle;
Fanction Julian_Date_of_Epoch{epoch : dauble) : double;
Function Epoch Time(jd : doudle) : deubdle;
Function BUY{yr,mo,dy : word) : word:
Fanction Fractiom_ of Day(hr.mi,.se hu : word) : double;
Function Calendar_Date(jd : doudle) : date;
Function ﬂu.ct-b&y(ed : doyblas;

full : boolean;

res : hyta) : clock_time,
Function YhetaG(epoch : doudle) : doubdle;
Functien ThetalG J30{jd : double) : daubdle;
Function Delta_ET(year : doudle) : doudle:

Thia uait containg all the reatines to parfors time comverwioss.

The functien Julian_Date_of Year calevlates the Julian Bate of Day 0.0 of
{year). Tais function is used to calsulate the Julisa Cate of aay date by
uping Julian Date of Year, 00T, and Fraction _of _Day.

The functicn Julian Date af _KEpoch returrs the lulian Date of an epoh
spacified ia the formatl uwzed ia the BOAAD twe-line elemasnt eet:

The fusction DAY caliuwlaies ihe day of the year for the specified dats.  The
calculatinen wsex 1he 7ules fof the Gregotian <alender add iz valid from the
inception of thal <alendar systea

Fraction_of Day calculstes the fractiss af 3 duy passed at the apecificd ispet
tine

The function Calendar_Dale corveris & Jalian Date te a alrjag sf the form
“Yyyy Roa 34T It is typically uzed 32 the major ovipwt time format

Time _of _Day tekes 2 Julian Date 2ad calewlates the clock Time pertion of that
date  The variabla (Tell) ia aet true i¥ {1t i desifed 1o place colenn

beiwesn Doure and winvter and Bisnter 2ad necspeds The variakle (res) it wead
2 deterwine the swabet of decimal places after the teconde in ke sulpel,

zeTo gives 3 tossiviten of seconds, cne givee 8 recelctien of teatds of
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seconds, etc. The variable {res} can take on values botweer J and 3.

The function ThetaG calculates the Greenvich Mean Sidereal Time for an epoch
specified in the format used in the NORAD two-line element sets. The function
ThetaG_JD provides the same calculation except that it is hased on an input in
the form of a Julian Date.

The function Delta_ET has been added to allow calculations on the position of
the sun. It provides the difference between UT (approximately the same as UIC)
and ET (now referred to as TDT). This function is based on a least squares fit
of data from 1950 to 1991 and vill need to be updatved periodically.

s¢ UBIT SOLAR -~ VERSION 1.20 006005000000 000000008080000460000580000080008000
Uses SGP_Math;

const
eclipsed : boolean 2 false;
show_vis : boolean = false;

var
civil,
nautical,
astronomical : double; {Twilight elevations}
solar_pos : vector;

Pracedure Calculate_Sclar_Position(time : doudble;
var solar_vector @ vector);

Functisn Depth_of_Eclipse(time : double;
v} : vector) : doudble;

The variable {eclipsed} is provided for uss with the Function Depth_of Eclipse
to reflect whether a satellite is in earth umbral eciipse The constant
{show_vis} is used to indicate shether information should be output for ali
passes or only viaidie passes (i.e., satellite above the observer’s horizon,
not in earth umbral eclipse, and the sun belos the appropriate threshold for
skies to be dark at tha observer’s location).

The variables {civil}, (nantical), and {astronomicall are initjalized %o the
thresholds for solar elevation dcfiniag the cerresponding tvilighsis. These
are defined to occyr at 6, 1Z, and 18 degrees below the horizon, respectively.

The variable {(solar_pos} iz provided to track the position of the sun as
calculated in Depth_of_Eclipss, thus avoiding an additions)l call te
Calculate_Solar_Position.

The procedure Calculate_Solar_Positiom calcolates the position of the sun in
the ECI coordinate system at tiae designated time (UTC). The procedure mates
an adjustiment for the difference betveen UT and TDT by calliag Delta BT in
Unit SGP_TINE. The variadle (solar_vector} returms the ECI posities ia
kilometers and calculates the distance to the sua.

The function Depth of Eclipse calculaten the distance an obiect at position
{r1} at {time} is inte the cone enclasing beth the earth and the sun. GOa tne
aide of the cartd avay from the sun, this cone defines the carthis umugal
ehadov. This distance is Jetermined by first fisding th+ porpeadicular
distance of the object frem the line going thrnugh the cealers af dotk the
earth aad the sua and then <al<:lati&g the distance of the edge of the come
fram this same line along the perpendicular. The dapth inte aclipse i3 dofined
ax thm differepce of there two distances. Positive values reflet distasces
outzide the oclipse zone. Becaume th: object can be withix the cone on elither
aide of the tarth, the variable feciipred) ie sot trye if The ebject is withis
the coha on the nide af the carik opposite of the swh

o URIY SUPPORT -~ YERSIQE | 31 SRase st sttt s a it toRese Mo a ottt aties S48 RRNe

const (IR FC acreen codas)
| L] ‘Y,

- {Backapaxe)

(= | - N, {Cartiage Eatyrn}

CALF . N3, {Carriage Retura,Line Feod)
RELL . g, {Terminal Bolll

£s¢ s "f. {kscape)

138 . YF. {Deleted

Up = ¥72, {Yp Csrvor}

D= v $20, (Dewn Cwreer}

A . 77 {0ighdt Curser)

Lt . ¥ {Left Corsor)

Some c o, {Seme Rey}

Endd v ¥, {End Koy}

Fglp . ¥, {Fage Up)

P L 1 N {Page Dawnl

C_ L . B1%, {Contrel-Laft Curecr)
C_ Kt LI FET-N {Contrel -Right Cussar}
C.hgip = w122, {Control-Fage Up)




C_Pghn = 3$118; {Control~Fage Down}

UpDown = $24825; {Up/Down Arxows}

Cursors = $24825826827; {Up/Down/Lett/Right Arrows}

SFrame : string = *’; {Single-Line Frame Characters}

OFrame : string = '’; {Double-Line Frame Characters}

Hfcame : string = ’7; {Nixed-Line Frame Characters)
type

options = array [0..10] of string;
time set = record
yr,mo,dy,hr ,mi,se,hu : word;
end; {record}

Procedure Cursor_0n;
Procedure Cursor_0ff;
Procedure Save_Cursor;
Procedure Restore_Cuarsor;
Procedurc ReverseVideo;
Procedurs BormalVideo;
Procedure BoldVideo;

Prucedure FrameWindow(x,y,w,h,color : byte; title : string);
Procedure NakeWindow(x,y,w h,coler : dyte; title : string);
Procedure Clear¥indow(x,y,w,h : byte);
Procedure Show_Status_Line(title : string);
Procedure Show_Instructions(title : string);
Procedure Clear_Status_Line;
Frocedure Report_Error(x,y : byte; title : string);
Procedure Beap;
Procedure ggzx; A
Procedure Bark _Time;
Procedure Zerc_Timelvar time : time_set);
Procedure Get_Current_Time(var time : time_set);
Function Yes : booclean;
Fanction Twodigit(arg : integer’ : string;
Function ThreeDigit(arg : integer) : string;
Procedure Convert_Blanks(var field : string);
Function Integer_Value(baffer : string;
start,length : integer) : integer;

Function Real _vValus(butffer : string;

start, lsngts : inteyer) : double;
Function File Exists(f{lename : string) : boolean;
Function S2lect_File(title pattern,dafault : string; x.¥,v.k - byte) : string:
Function Select Opticn(meny : options; number,x,y,w h : byte) : byte;

This unit is considerably different from the other units in this lidrary and
is intended to e a goneral vuppoert library for a specific hardware
implementation, in this case the [BR FC compatible !uil{ of ajcrocompaters
running Ricrosoft 0S8 Eventually, sdile machinc-specific code will de put ia
this unit to eshance por.ability, meraiag that only these routines will have
to be changed ta part it to another machifie. I have decided not to delay the
telease of the pachage to achieve this goal since there is no widely availadle
standsrd implemantation of Pascal to aeceasitate aseh changes. Mowever, whea
thu; gnite are codverted to C, all machine-spacific routines will be limited
o this unix

The vait begins with 3 set sf canutants whichk define the specifics of varisus
Reoys and characters oo (MR P2 their definitions are Commanled shove.

The tuo types defined are an arzay of {opticns} which aTe used witd the
function Seleci _Uption and {Uime_sal) ehich {3 8 recerd tentaiaiag the year,
s3ath, day, hour, sisute, socond, and Mndredid of secopds

The remaining routines a7e der<rided below

Procedure Curser_On,
Tme 22 & Bleck curest 3 (ha #creed 3 the <urrsst cwfdssr locatios
Procedute Corsey OFF, .
idea the currer from view
Precedsre Sare Curer,
Saves the cuttont pogitizg of the «yiner
Pracedure Restore Cursor,
Reatored the curser lecatisn 1o the laat aaved jocatics.
Procedase ReverzeVideo,
Change: the tegt attridotes to rewntse vides (Black on wdite)
Prozedure SermalVideo,
Chaxges the fest atlribates ta permal video (ehite sa biachk)
Procednte ReldVides,
Ch36gen (ke 143t atlzibuter to Beld (yellaw on Biach)
Procedsrs Frama¥indew(n, g v b cslor  byta, title sirisg).
9 2 Treme arsxad 3 wizdon (and ig cawally called ¥y MakeWindew)
Procedure NakeWindswi{s 7. v N celnr  byte. Uitle stcing).
Rades » wvimdaw, lecated at ((¥} . {y}) with wi¥h (=)} and doight (B} is
snlet {calov} & {title] ie pot en the wicdow




Procedvre ClearVindow(x,y,w,h : b,te);
ClezxWindow gimply clears a window from the display. The code does not,
at this time, aliow restoration of underlying screen text.

Procedure Show_Status_iine(title : string);
Shows status on ths lefv side of the last line of the display. Usually
used in support of rroviding brief instructions duving input.

Procedure Show_Instructions(title : string);
Similar to Show_Status_Line except providing right-justified output on
the last line of the display.

Procedure Clear_Status Line;
Clears the iast line of the display.

Procedure Report_Error(x,y : byte; title : string);
Reports the error : -jcified by {title} in BoldVides at the positiun
({x},{y}) and then exits the program.
Procedure Beep;
Sounds a high-pitiched tone to draw attention.
Procedure Buzz;
Sounds a iower~pitched tone to indicate an error con’' “ion
Procedure Mark _Time;
A cotating cursor to serve as a visual indication that the machine is
3till operating dvring time-intensive operations.
Procedure Zero_Time(var time : time_set);
Places zeros in all element of {time}. Useful in initializing in
preparation for a call to Select Time_Interval.
Procedure Get_Current_Time(var time : time_set);
we1ids the current system time into variable {time}. Useful for
initializing Select_Time.
Functicn Yes : boolean;

A function whici: waits for the © t uf a Y or N in response to a
questior. The words Yes or No r nted in response to the appropriate
input and Yes is set true if a ve response is received. For
exanple,

Write(’Are you ready? ’);
if Yes then Do_Ready else Do_Not_Ready;

Function TwoDigit(arg : integer) : strinmg,

Converts an integer to a two-digit striag with leading zerous.

Function ThreeDigit(arg : integer) : string;

Converts an integer to a three-digit string vith leading zeros.

Procedure “onvert_Blanks(var field : string);

Used with the next two functions to convert leading spaces to zeros to
facilitate text conversion to integexs or reals.

Function Integer_Value(buffer : string;

start,length : intager) : integer;
Takes the segment of {“uffer} beginning at {stcrt} and having length
{length} and conserts it to an integer numbel.
Function Roal_Value(buffer : string;
start,length : iateger) : double,
Takes the segment of {buffer} baginning at {start} and having length
{length} and cunverts it to a double precision roal number,
Punction File_Exists(filename : string} : boolean;
Checks to see if {filename} sxists.

Function Select_File(title,pattern,default : string; x,y,w,h : byte) : string;
Allows for easy seluction of input files. Select_File places a window on
the screen with upper-.oft coruar at location ({x},{y}) and having width
{v} and maximum height of {k}. The window iz labeled with {title} and
{pa*tern} specifies the pattern of files to look for; {default} is the
default pattern (this filename is highlighted, if present). Select_File

returns the filename selectud.
Function Select_Option(menu : options; number,x,y,w,h : byte) : byte;

Allows for the easy selaction of an option from a menu {menu}. The
values of {x}, {y}, {v}, and {h} are the same as for Select_File;
{num'-~c} indicates the total number of options available. Select_Option
returns the option number salected.
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Appendix B. SGP LIBRARY SOURCE LISTINGS

B.1 SGP4SDP4 Unit Source Code Listing

Unit $GP4SDP4;

Author: Dr TS Kelso }
{ Original Version: 1991 Oct 30}

{ Current Revision: 1992 Sep 03}

{ Version: 1.50 }

{ Copyright: 1991-1992, All Rights Reserved }
{sn+}

INT=RFACE
Us«s Support,

SGP_Init,
SGP_Math,SGP, _Time;
Procedure SGP(time : double;

var pos,vel : vector);

Procadure SGP4(tsince : double;
var iflag : integer;

var pos,vel : vector);
Procedure SDP4(tsince : double;
var iflag : integer;

var pos,vel : vector);

IMPLEMENTATION
Uses SGP_Intf;

ar
%dpinit}
aqsq,siniq,cosiq,rteqsq,ao,cosq2,sinomo,cosomo,
bsq,xlldot ,omgdt ,xnodut ,xnodp : double;
{dpsec/dpper}
x11,omgasm,xnodes, _em,xinc,m,t : double;
qoms2t : double;
Procedure Define_Derived. Constants;
begin
xke 1= 8qrt(3600~ge/Cube(xkmper)); {Sqrt(ge) ER"3/win~2}
qoms2t := $qr(Sqr(qo-s)); {(go-8)"4 ER"4}

end; {Define_Derived_Constants}

Procedure SGP4(tsince : double;
var iflag : integer;

var pos,vel : vector);
label
9,%0,90,100,110,130,140;

cous

al : double = G; a3ovk2 : double = 0; ao : double = 0;
aodp . double = O; aycof : double = O0; betac : double = O;
betao2 : double = 0; ci : double = 0; «clisq : double = 0;
c2 : double = 0; <¢3 : double = Q; ¢4 : double = Q;
cb . double = 0; coef : double = J; coefl : double = 0;
cosio : double = 0; d2 : double = 0; d3 . doubls = 0Q;
d4 : double = 0; dell : double = §; delmo : double = 0;
delo . double = 0; eeta . double = 0; eosq : double = O;
ata : double = 0; etasq : double = 0; isimp : integer = 0;
omgcotf : double = 0; omgdot : double = 0; perige : double = 0;
pinvsq : double = O; psisq : double = 0; qoms24 : double = O;
84 : double = 0; sinlo : doubly = Q; sinmo : double = 0;
t2cof : double =~ 0, t3cot : double = 0; tdcof : double = 0;
tbcof : double = 0: temp : douhle = 0; tewmpl : double = 0;
temp2 : double = 0; temp3 : double = 0; theta2 : double = 0;
thetad : double = 0; tsi : double = 0; xImbth : double = 0;
ximth2 : double = 0; x3thml : double = Q; x7thmi : double = 0;
xhdotl : double = 0; xlcof : double = O; xmcof : double = Q;
xmdot : double = 0; xnodcf : double = O; xnodot : double = O;
tnodp : double = 0;

var
i : integer;

cosuk,sinuk,rfdotk,vx,vy,vz,ux,uy,uz,xmy, xmx,
cosnok,sinnok,cosik,sinik,rdotk,xinck,xnodek,uk,rk
cosZu,sinZu,u,sinu.cosu,botnl,rfdat,rdot,r,pi,eisq,
ssina,ecode,epw,temp6, tempb, temp4 ,cosepw,sinaepv,
capu,ayn,xlt,aynl,x1l,axn,xn,beta,xl,e,a, tfour,
tcube,delm,delomg,templ,tempe,tempa,xnode,tsq,xr ,
o?ega,xnoddf,ongadf,xudf,x,y,z.xdot,ydot,zdot : double;
begin
{ Recrver original mean motion (xnodp) and semimajor axis (aodp) }
{ from input elements. }
if (iflag = 0) then
go«o 100;
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o

al := Power(xke/xmo,tothrd);
cosio := Cos(xincl);
theta2 := cosio*cosio;
x3thmi i= 3stheta2 - {;
e08q > a0%e0;
betac2 := 1 - eosnq;
betao := sqrt(betac2);
dell := 1, 5¢ck2¢x3thm1/(a1saisbetaosbetac?2);
a0 := ale(l ~ delis(0.5*tothrd + delis(1 + 134/81¢dell)));
delo := 1.5%ck2#x3thm1/(aosaosbetaosbetao?);
xnodp := xno/(1 + delo);
aodp := ao/(1 - delo);
Initialization }
For perigee less than 220 kilometers, the isimp flag is set and
the equations are truncated to linear variation in sqrt a and
quadratic variation in mean anomaly. Also, the c3 term, the
delta omega term, and the delta m term are dropped. }
isimp := 0;
if (aodp*(1 - eo)/ae) < (220/xkmper + ae) then
isimp :=1;
For perigee below 156 km, the values of s and qoms2t are altered.

84 = 8;
qoms24 := qoms2t;
pexrige := (aodp*(1 - ec) =~ ae)¢xkmper;
if (perige >= 156) then
goto 10;
s4 := perige - 78;
if (perige > 98) then
goto 9;
84 := 20;

9:
qoms24 := Power((120 - s4)+ae/xkmper,4);
84 := s4/xkmper + ae;

0;

pinvsq := 1/(acdpeaodpsbetac2sbetac2);

tsi := 1/(aodp - 84);

eta := aodpreos*tsi;

etasq := etaseta;

eeta = eoteta;

psisq := abs(1 - etasq);

coaf := qoms24sPover(tsi,4);

coafl := coef/Power(psisq,3.5);

c2 := coefis-od,*(aodpe(l + 1.5%etanq + eeta*(4 + etasq))
+ ).76% k2+ .i/psisqex3thmi*(8 + 3setasqs(8 + etasq)));

cl := batarsc2,

sinio := Sin(xincl);

a3ovk2 := -xj3/ck2+Pover(ae,3);

c3 := coefstsisadovk2exnodp*aessinio/eo;

ximth2 := 1 - theta2;

¢4 := 2exnodp¥coefisaodpsbetac2s (etas(2 + 0.5%etasq)
+ e0+(0.5 + 2%etasq) ~ 2%ck2+tni/(aodpspsisq)
#(~3+x3thmi¢(1 ~ 2%eeta + etasq+#(1.5 - 0.5%eeta))
+ 0.75¢ximth2s(2*etasq ~ eetas(1 + etasq))*Cos(2+omegac)));

cb :3 2%coefleaodpsbetac2s (i + 2.75e etasq + eata) + eetasetasq);

thetad := theta2stheta2;

templ := 3eck2spinvsqsxnodp;
temp2 := templtck2epinvsq;
temp3 := 1,.25+¢ck4*pinvsqspinvaqsxnodp;
xmdot := xnodp + O.5¢templebetaoex3thmi
+ 0.0625*tensp2sbetacs(13 - 78stheta2 + 137sthetad);

ximbth := | - bstheta2;

omgdot :=
+ temp3+(3 - 36%theta2 + 49sthetad);

thdot! := -templiscosio;

xnodot :® ghdotl + (0.5+temp2+(4 - 19sthetal)
+ 2¢tomp3+(3 - Tstheta2))scosio;

omgcof := bstar#c3¢Coa{omegao);

xmcof := -tothrd«coefsbstarsae/eeta;
xnodcf := 3.65sbetao2%xhdotiecl;
t2cof := | . bucl;

xlcof := 0.126%a30vk2¢sinio#*(3 + becosio)/(1 + cosio);
aycot := 0.25%a3ovk2¢sinio;

delmo := Power(1l + etasCos{xmo),3);

sinmo := Sin(xmo);

x7thmt := 7ethetad - 1;

if (isimp = 1) then
goto 90;

cisq := clect;

d2 := 4eaodprtsiscisq;

temp := d2¥tsisc1/3;
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d3 := (17#a0dp + s4)*temp;

d4 := 0,5stempraodprtsis(221sa0dp + 31#s84)*ct;

t3cof := d2 + 2#clsq;

t4cof := 0,.25¢(3#d3 + c1#(12#d2 + 10#clsq));

tEcof :® 0.24(3¢d4 + 12¢c1#d3 + 6¢d24d2 + 15¢cinq*(2#d2 + c1s8q));

90:

iflag := 0;
{ Update for secular gravity and atmospheric drag. }
100:

xmdf := xmo + xmdot#tsince;

omgadf := omegao + omgdot*tsince;

xnoddf := xnodeo + xnodotstsince;

omega := omgadf;

mp := xmdf;

tsq := tsincestsince;

xnode := xnoddf + xnodcfetaq;

tempa := 1 - cl#tsince;

tempe := bstar*cdstsince;

templ := t2cofstsq;

if (isimp = 1) then

goto 110;

delomg := omgcofetsince;

delm := xmcofs(Power(1 + etasCos{xmdf),3) - delmo);

temp := delomg + delm;

xmp = xmdf + temp;

omega := omgadf - temp;

tcube := tsq*tsince;

tfour := tsince®tcube;

tempa := tempa - d2stsq - d3stcube - d4stfour;

tempe := tempe + batarsc5#(Sin(xmp) - sinmo);

templ := templ + t3cofsticube + tfours(tdcof + tsincestScof);
110:

a := aodp*Sqr(tempa);
e ¥ @0 - tempe;
xl := xmp + omega + xnode + xnodpstempl;
bata := sqrt(l - eve);
xn := zke/Power(a,1.5);
{ Long period periedics }
axn := esCos(omega);
temp := 1/(atbetasbeta);
X1l := tempsxlcofsaxn;
aynl := tempeaycof;
xlt := x1 + x11;
ayn := esSin{omega) + aynl;
Solve Kepler’s Equation }
capu := fmod2p(x1lt - xnode);
temp2 := capu;
for i :=1 to 10 do
begin
sinepw := Sin(temp2);
cosepv := Cos(iemp2);
temp3 := axn*sinepw;
tempd := ayn*cosepw;
temp5 := axn#cosepw;
temp6 := ayn*sinepw;
epw := (capu - tempq + tomp3 - temp2)/(1 - tempd ~ temp6) + temp2;
if (abs(opw - temp2) <= e¢6a) then
goto 140;

—

130:
temp2 := epw;
end; {for i}
{ Short period prelimirary quantities }
140:
ecose := tempb + tempf;
osine := temp3d - temp4:
elsq := axnsaxn + aynsayn;
temp :2 1 ~ elsq;
pl := astemp;
v :» as(1 - ecose);
templ := 1/r;
rdot .= xkessqrt{a)sesinestempl;
ridot := rkessqrt(pl)etempl;
temp2 := a%templ;
betal := aqrt(temp);
tempd := 1/(1 + betal);
cosu :® temp2%{cosepvw - axn + aynsesinestemp3);
sinu := temp2¢(sinepw - ayn - axnvesinestempd);
u := actan(sinu,cosu);
€in2u := 2*#sinutcc.u;
coa2u := 2¢cosuscosu - 1;
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temp := 1/pl;
templ := ck2#temp;
temp2 := templstemp;
Update for short periodics }
Tk := r#(1 - 1.6#temp2sbetalsx3thmi) + O.5¢templeximth2ecosu;
uk :* u - 0,26¢temp2+x7thmi*sin2u;
xnodek := xnode + 1.6+%temp2#cosios*sin2u;
rinck := xincl + 1.5%temp2%cosiossinioscos2u;
rdotk := rdot ~ xnstempl*ximth2+sin2u;
rtdotk := rfdot + xnstempls(ximth2¢cos2u + 1.5#x3thmi);
{ Orientation vectors }
sinuk := Sin(uk);
cosuk := Coa(uk);
sinik := Sin(xinck);
cogik := Cos(xinck);
sinnok := Sin(xnodek);

cosnok := Cos(xnodek);
mx =2 -s1nnoktcos1k
my := cosnok*cosik;

~

ux = mx*sinuk + cosnoktcosnk

uy = xmyssinuk + sinnokscosuk:

uz := sinikssinuk;

vx := xmxecosuk ~ cosnokssinuk;

vy := xmyscosuk - sinnokesinuk;

vz := sinik#cosuk;

{ Position and velocity }

x := rkeux; pos[1] := x;

y := rksuy; pos[2] :=y;

z := rk*uz; pos[3] := z;

xdot := rdotk*ux + rfdotkevx; vel[1] := xdot;

ydot := rdotksuy + rfdotksvy; vel[2] := ydot;

zdot := rdotksuz + rfdotkevz; vell[3] := zdot;

end; {Procedure S5GP4}

Procedure Deep(ideep : integer);

const
zns = 1.19459E-5; clgs = 2.9864797E-6 ze8 = 0 016765;
znl = 1.58352183—4 c1l = 4.7968065E~ 7 zel = 0.05490!
zcosis = 0.91744867; zsinis = 0.39785416; zsings = -0. .98088458;
ZCOSg8 = 0.1945905 zcoshs = 1; zsinhs = 0;
q22 = 1.78916798-6; q31 = 2.1460748E-6;, q33 = 2.21230158-7;
g22 = 5.7686396; g32 = 0.95240898; g44 = 1,8014998;
g52 = 1.0508330; g54 = 4.4108898; root22 = 1.7891679E-6;
root32 = 3.73937928- ; rootd44 = 7.3636963E- 9 root52 = 1.1428639E-7;
rootb4 = 2.1765803E-9; thdt = 4.3752691E-3

label
{dpinit}
6,10,20,30,40,45,50,55,60,65,70,80,
{dpsec}
90,100,105,110,120,1256,130,140,150,152,154,160,165,170,175,180,
{dpper}

205,210,218,220,230;
const { Typed constants to retain values between EETRY calls }
iresf]l : integer = 0; isynfl : integer = 0;

iret : integer = O; iretn : integer = 0;
1s : integer = 0;
al : double = 0Q; a2 ¢ double = 0; a3 : double = O;
ad : double n Q; ab : double = 0; a6 : double = Q;
a7 : double = 0; a8 : double = 0; : double = O;
aio : double = 0; ainv2 : double = O; alfdp : double = O,
aqny : double = 0; atime : double = 0; betdp : double = O;
bfact : double = O; c : double = 0; cc : double = O;
cosis : doudble = 0; cosok : double = 0; cosq ; double = O;
ctem 1 double = 0Q; d2201 : double = 0; d2211 : double = O;
d3210 : doudble = Q; d3222 : double = Q; 410 : double = O;
d4422 : double = 0; db220 : double = O; d5232 : double = §;
d5421 : double = Q; d5433 : double = O; dalf . double = O;
day : double = 0 dbet ; double = 0} dell : double = 0;
del2 : double = Q; del3 : double = O; delt : double = Q;
dls : double = 0Q; e : double = 0, eel : double = Q;
eoc : double = 0; eq : double = 0; £2 : double = 0;
£220 : double = Q; £221 . dotble = 0; : double = 0;
£311 : double = Q; £321 : double = Q; £322 : double = C;
£330 : double = Q; £441 : double = 0; 1442 : double = Q;
£522 : double = 0; £523 : double = 0 £542 : doubls = Q;
£543 : double = 0; fasxZ : double = (: fasx4 : duable = Q;
fasx6 : double = 0; ft : double = 0; g200 : double = 0;
g201 : doubls = 0; g211 : double = 0; 300 : double = 0;
g310 : doubla = 0; £322 : double = 0; g410 . double = 0;
g422 : double = 0; gb20 : double = 0; g2t : double = 0;
gb32 : doudble = 0; gb33 : double = 0; gam : double = 0;
omegaq : double = 0; ye : double = 0; pgh : double = (Q;
h : double = 0; pinc  : double = Q; pl ¢ double = O;
preep : double = Q; sl : double = 0; 82 : double = 0Q;
83 : double = Q; 84 : double = 0; 8b : double = 0;




86 : double = Q; 87 : donble = 0; savtsn @ double = 0;
se : double = Q; se2 : double = 0; se : double = 0
80l : double = O; ses : double = 0; sgh : doubdle = 0]
sgh2 : double = Q; sgh3  : double = 0; sgh4 : double = 0;
sghl : double = O; sghs : double = 0; sh : double = Q;
sh2 : double = Q; sh3 : double = 0; shi : double = 0;
shs : double = Q; si : double = Q; si2 : double = 0;
813 : double = 0; sil : double = 0; sini2 : double = Q
sinis : double = O; sinok : double = 0; sing : double = 0;
sinzf : double = Q; sis : double = 0; sl : double = Q;
812 : double = 0; 813 : double = 0; 514 : double = 0!
[381 : double = 0; sls : double = Q; sse : double = 0
ssg : double = O; ssh : double = 0; ssi : double = 0;
ssl : double = O; stem : double = 0; step2 : double = 0
stepn : double = 0; stepp : double = 0; temp : double = 0
templ : double = O; thgr : double = 0; x1 : double = 0
x2 : double = 0; x21i : double = Q; x2omi : double = 0
x3 : double = Q; x4 : double = 0; x5 : double = 0
x6 : double = 0; x7 : double = 0; x8 : double = O
xfact : double = 0; xgh2 : double = 0; xgh3  : double = 0
xgh4 : double = 0; xh2 : double = 0; xh3 : double = 0
xi2 : double = 0; xi3 : double = 0; x1 : double = ¢
x12 : double = 0; x13 : double = 0; x14 : double = 0
xlamo : double = O; xldot : double = 0; x1i : doudble = 0
xls : double = 0} IMAO : double = §; xnddt : double = 0
xndot : double = O; mi : double = Q; xno2 : double = 0
xnodce : double = O; xnoi : double = 0; xnq : doudble = 0
xomi : double = 0; xpidot : double = 0; xqncl  : double = O
z1 : double = 0; z11 : double = Q; z12 : double = 0
z13 : double = O; z2 : double = 0; z21 : doudble = 0
z22 : double = 0Q; 223 : double = Q; z3 : double = 0
231 : double = O; 232 : double = Q; z33 : double = 0
zcosg : double = O; zcosgl : double = 0; zcosh : double = 0
zcoshl : double = Q; 2C08 : double = 0; zcosil : double = ¢
ze : double = 0; zf : double = 0; : double = 0O
zZmo : double = 0Q; zmol : double = Q; Zmos : double = 0
zn : double = O; zsing : double = 0; zsingl : double = O
zsinh : double = 0Q; zsinhl : domble = 0; zsin : double = 0
zsinil : double = O; zx : double = O; zy : double = O

begin
case ideep of
dpinit : begin { Entrance for deep space initialization }
thgr := Thetag(epoch);

an 1= xnodp,
aqny = 1/a0;
xqnecl = x1nc1
xmag = xmo
xpidot i3 ongdt + xnodot;
sinq := Sin(xnodeo);
cosq := Cos(xnodﬁo)-
omegaq := omegao;

{ Initialize lunar solar terms }
day := da350 + 18261.5; {Days since 1900 Jan 0.5}
it (day = preep) then

Goto 1
preep :=® da

xnodce := 4 5236020 ~ 9.2422029E-4+day;
stem := Sin(xnodce)

ctem := Cos{xnodce
zcosil := 0. 91375164 - 0.03568096%ctem;

zsinil := Sqrt(1 - zcosilszcosil);
zsinhl = 0.089683511‘steu/zain11;
zcoshl := Sqrt{l - zsinhlezsinhl);

c = 4.7199%72 + 0.22997150%day;
gam := 5.83E1514 + 0.0019443880¢day;
zmol :® fm d2p{c - gam);

zx := 0.39785416sstem/z8inil

zy i@ zcoshlectem + 91744867tzsinhltatgn,
zx := Actan{zx.zy);

zx = gam + zx - xnodce;

zcosgl := Com(zx);

zsingl := 8in(zx);

zmos := 6.2565837 + 0.017201977eday;
zmos := fmod2p(zmos);

{ Do solar terms }
10: savtsn := {E20;

zZcosg = zcosgs.
zsing = zsings;
zcosl := zcosis
zsini := zsinis;
zcosh v cosq;
zs8inh := sing;
cc i® clss;

Zn = zZns;

zg := zes;
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Zmo :® zZmos;
xnoi := 1/xnq;
1s := 30; {assign 30 to 1s}

20: al := zcosgezcosh + zsingezcosiszsink;

a3 := -zsingezcosh + zcosgezcosiszsinh;
a7 := -zcosg*zsinh + zsingszcosiszcosh;
a8 := zsing*zsini;

a9 :=® zsingszsinh + zcosgezcosiszcosh;

al0 := zcosgezsini;

a2 := cosi j#a7 + siniqra8;
a4 := cosiq*a9 + siniqsalo;
ab := -siniq#a7 + cosiqea8;
a6 ;= -siniq*ad + cosig*alo;
zl := alscosomo + a2esinomo;
x2 := a3*cosomo + adssinomo;
x3 := ~alesinomo + a2scosomo;
x4 := -al3ssinomo + ad*cosomo;
x5 := abssinomo;

x6 := aBssinomo;

x7 := abscosomo;

x8 := aB*coromo;

z31 := 12sx1sx] - 3sx3ex3;
232 := 24exisx2 - 6#x3exd}
233 := 120x2ex2 - 34xdexd;
z1 := 3s(alsal + a2#a2) + z31seqsq;
22 := 6%(al*a3 + a2#ad) + z32%eqaq;
z3 := 3s(a3%a3 + ad*ad) + 233%eqsq;

z11 := -Gealsad + eqsqe(-24sx1sx7 - 69x3+x5);
z12 := -6%(aisab + a3+a$)

+ eqsqe(-24#(x2+x7 + x19x8) - 6+(x3+x6 + x4»x5));
213 := -6%a3*a6 + eqsq«(~24sx29x8 - 6%x4sx6);
221 :m Gea2eab + eqsq*(249x14x5 - 69x3%x7);
222 := 6+(adsa5 + a2sab)

+ oquqe (248 (x2%x5 + x1%x6) - 6+(x44x7 + x3x8));
223 ;= 6vadeab + aqsqe(249x2ex6 - 68x4sx8);
zl := z1 + 21 + bsqez31;
22 := 22 + 22 + bsqezll;
z3 := z3 + 23 + baq*z33;
83 := cesxnoi;
82 := -0.5+s83/rteqaq;
84 := s3erteqsq;
51 := -16seqss4;
85 := x1sx3 + x2%x4;
86 1= x2sx3 + x1ex4;
s7 = x2¢x4 - x1%x3;
8e :3 slezneal;
si = s2ezne(z11 + z13);
sl := -znes3s(z1 + 23 ~ 14 - 6%aqsq);

sgh := sdezn+ (231 + z33 ~ 6);
sh := -znes2¢(z21 + 223);
it (ancl < §.2359877E~2) then

sh
ee2 :x 2‘51036

@3 s 2¢s1esT;

xi2 = 2es82¢z{2:

213 = 2e82¢(z1d ~ z11);

x13 ‘= -24383¢22;

13 := -2'33'(23 - 21);

x14 := -2¢83¢(-21 - 9seqsq)eze;

xgh? = 29549232,
xgh3 := 2e344(233 - 2z31);
xghd = -18esdsze;
xh2 = -248242232;
xhd = -2;520(223 - z21);

case 18
30 : Goto 30;
40 : Goto 40
else
Halt;

end; {case}

{ Do lunnr terus }
ase := ge;

asi i= gi}

asl = sl;

ssh := sh/siniq;
asg = sgh - cosiqessh;
862 = ee2;

812 = xi2;

812 := x12

sgh2 := xgh2;
sh2 := xh2;

sl = a3

813 = xid;

813 = x13;
sghd = xgh3
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40:

sh3 := xh3;
sla := x14;

sghd := xghd;

zCosg :
zsin

ZCO8
zsini

zcosh :

zsinh

zcosgl

zsini

zcos 1

zsinil;

zcoshl‘cosq + zsinhlesing;
:= ginqezcoshl - cosqe*zsinhl;

zn :® znl;
cc := c11
ze = zol,

o

zmol ;

ls := 40 {asaign 40 to 1s}
Goto 20;

3se
ssi
ssl

ssg
ssh

sse + se;

ssi + si;

ssl + 8l;

ssg + sgh - cosiq/siniqesh;
ssh + sh/siniq;

{ Geopotential resonance initialization for 12 hour orbits }

45:

50:
§5:

60:

65:

if (xnq < 0.0052359877) and (xnq > 0.0034906585) then
Goto 70;
if (xnq < 8.26E-3) or (xnq > 9.24E-3) then

exit;
if (eq < 0.5) then

exit;
iresfl’
eoc = eq‘eqsq;
§201 := -0.306 - (eq - 0.64)+0.440;
if (eq > 0.65) then

Goto 45;

211 := 3,616 - 13.247+eq + 16.290%eqsq;
g310 := -19.302 + 117.390%eq ~ 228.419%eqsq + 156.591%e0c;
g322 := -18.9068 + 109.7927%aq - 214.6334seqsq + 146.5816%e0¢;
g410 := -41.122 + 242.694%eq -~ 471.094%eqsq + 313.953%e0c;
8422 := -146.407 + 841.880%eq - 1629.014seqsq + 1083.435%e0c;
g520 := -632.114 + 3017.977=aq - 5740%eqsq + 3708.276%e0c;
Goto 55;
g211 := "-72.099 + 331.819%e¢q - 508.738%eqsq + 266.724%e0c;
g310 := -346.844 + 1582.851%eq - 2415.926%eqsq + 1246.113ve0c;
§322 :3 -342.585 + 1554.908%eq - 2366.899%eqsq + 1215.972se0c;
g410 := -10562.797 + 4758.686%eq ~ 7193.992¢cqsq + 3651.957%e0c;
§422 := -3581.69 + 16178.11%eq - 24462.77%eqsq + 12422.52¢e0c¢;

it (uq > 0 715) then
5520 % %i64.74 - 4664, 76eeq + 3763.64%eqsq;

Got
5520

56;
:2'-5149.66 + 29936. 9Z¢eq -~ 54087 .36%equq + 31324 .56¢e0¢;

it (eq >= {0.7)) then

Got

o 60;
g533 := -$19.2277 + 4988.61%«q - 9064.77eeqsq + 5542.21%e0c;
1= -822.71072 + 4568.6173%eq ~ 8491.4146%eqaq + 5337.524%e0c;

g521

5532
Goto

g533
g£521

g532 :
:ini?
1220
1221
1321
1322
1441

1442
1522

523

1542
1543
xno2
ninv?
templ
temp
d2201
d2211
templ
temp

A I I T ]

1= '853 666 + 4690.25%eq ~ 8624.77¢aqaq *+ 5341.4%e0c;

' ‘37995 78 + 161616 .52%eq - 229838 .2seqsq + 109377.94¢c0c;
:m -51752.104 + 218913.95veq - 309468.16%¢qsq + 146349 .42%e0c;
1® -40023.88 + 170470.89%eq - 242699 .48%eqsq ¢+ 115605.82¢q0c;
:2 giniqesiniq;

0.75¢(1 + 2ecosiq + cosq2);

1.5e8ini2;

1.875esiniqe(1 - 2ecesiq -~ Jecosql);

-1. 8750|1niq¢(1 + 2%cosiq - 3ecosql);

35¢8ini2¢£220

39.3760¢sini2esini2;

9.84376esiniqe(sinide(1 - 2vcosiq - Seconq2)

0.33333333¢(-2 + qecosiq + 6ecosqd));
s8iniqe(4.92187512e8ini20 (-2 - 4ecosiq + 10ecosq2)

6.656260012¢(1 + 2¢cosiq - 3¢cosql));

29.53125¢8iniqe (2 - 8ecosiq + conq2e(-12 ¢ 8ecosiq + 10ecosq2));
29.53125¢siniqe (-2 ~ 8ecoaiq + cosq2e(12 ¢ Beconlq ~ 10ecosq2});
xnqsxnq;

1« aqnvéaqny;

1= Jexnoleainvl;

‘s templeroot2l;

‘e tempef2200g201;
t® Lempef221eg211;
1= templeaqny;

= templerootd2;

43410

13 tempe?321eg310;




d3222 := temp*£322#g322;
templ :» tempisagnvy;
temp := 2¢templserootd4;
44410 := tempef4412g410;
d4422 := tempsf4424g422;
tempi := templeaquny;
temp := templsroot52;
d5220 := tempef5622¢g520;
d5232 := tempsf523¢g632;
temp := 2stemplerootb4;
d5421 := tempef542eg621;
d5433 := tempsf543+g633;
xlamo := xmao + xnodec + xnodeo - tigr - thgr;

bfact := xlldot + xnodot + xnodot - thdt - thdt;
bfact := bfact + ssl + ssh + ssh;

Goto 89;
{ Synchronous resonance terms initialization }
70: 1resf1 = 1
isynfl := 1;
§200 := 1 + eqsqe(~2.5 + 0.8126%eqsq);
g310 := 1 + 2%eqsq;
g300 := 1 + eqsqe(~6 + 6.60937*eqsq);
£220 := 0.75%(1 + cosig)*(1 + cosiq);
£311 := 0.9376%siniqesiniqe(1 + 3scosiq) ~ 0.75¢(1 + cosiq);
£330 :=1 + cosiq;
£330 := 1.875+£:330+£330¢£330;
dell := "antan‘aanOlqnv,
del2 := 2#dellesf220%g200+q22;
del3 := 3sdel1£330%g3009q33saqny;
dell := dellsf£311sg3 §0¢q31taqnv;
tasx2 := 0 13130908;
fasx4 := 2.8843198;
fasx6 := 0.37448087;
xlamo := rmao + xnodeo + omegao - thgr;
bfact := xlldet + xpidot - thdt;
bfact := bfact + ssl + s3g + ash;
80: xfact := bfact - xnq;

{ Initialize integrator }
x1i := xlamo;
i := xnq;
atime := O;
stepp = 720;
stepa := -720
step2 := 259200;
end {dpinit}
dpsec gxn { Entrance for deep space secular effects }
= x11 + gslet;
ougasn = omgasm ¢ augﬂt;
xnodos ;= xnodes + sghet;
_em = a0 + mmaest;
Xinc := xinel + gaiset;
if (xinc >= 0) then
Goto 90;
xine :® -xinc
tnodes := xaoden + pig
omgasm = omgasm - pi;
90: if (§€‘°!1 ®= Q) then

100: if (atime = 0) then
Gote 170;
it (¢ >w 0) and (atime < 0) then
Goto 170;
if (t < 0) and (atime >= 0} then
Goto 170;
105: it (Aba(ta >= Abs(atime)) then

dolz = stcpp
iz (t >= Q) then
delt :w atepn;
110: iret :o 100; {assign 100 to iret)
Goto 160;
120: delt := stepn;
if (¢ > 0) then
delt := atepp;
125: {f (Aba(t - atime) < atepp) then
Gota 130;
iret := 126, {assign 126 to iret)
Goto 160
130: ft = ¢t - atime,;
iretn := 140; {assign 140 to ireta}
Goto 180

140: xn :* xni ¢ xndo + xnddteftefre).5;
xl = x}{ + 10 xndoteftefteQ. 5
tolp 1w ~gnodes - + tethde;
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x1l := x1 - omgasm + temp;
it (isynfl = 0) then
x1l := x1 + temp + temp;
exit;
{ Dot terms calculated }
150: if (isynfl = 0) then
Goto 162;
xndot := del1sSin(x1i - fasx2) + del2¢Sin(2e¢(x1i - fasx4))
+ del3e8in(3e(x1i ~ fasx8));
xnddt := delisCos(xli - fasx2)
+ 2¢9del2¢Cos(2¢(x1i - fasx4))
+ 38del32Cos(3s(x1i - fasx6));
Goto 1564;
152: xomi := o-cgaq + o dttatinn
x2omi :=® xomi + xom
x21i := x1i + x1i;

xndot := d2201eSin(x2omi + x1i - £22)
+ d2211¢8in{x1i - g22)
+ d3210eSin(xomi + x1i - g32)
+ d3222¢Sin(-xomi + xl1i - g32)
+ d4410eSin(x2omi + x21i - g44)
+ d4422¢Sin(x21i - g44)

+ d5220¢Sin(xomi + x1i - g52)

+ d5232¢Sin(-xomi + x1i - g62)

+ d5421+Sin(xomi + x21i - g64)

+ 45433¢Sin(-xomi + x21i - g54);
xnddt := d2201eCos(x2omi + x1i - g22)

+ d2211eCos(x1i - g22)

+ d3210%Cos(xomi + x1i - g32)

+ d3222¢Cos{-xomi + x1i - £32)

+ d5220%Cos(xomi + x1i - g52)

+ d5232¢Cos(-xomi + x1i ~ g62)

+ 2¢(d4410¢Coa(x20mi + x21i - g44d)

+ d4422¢Coz(x21i - g44)

+ d5421¢Coa(xomi + x21i - y54)

+ d5433¢Cos(-xomi + x211 - g54));

184: xldot := xni ¢ xfact;

xnddt := xnddtexldot;

case iretn of
140 : Goto 149;
168 : Goto 165;

else
Ralt;
end; {case)}
{ Integrator )

160: iretn := 165; {assign 165 to irein}
Goto 50

166: x21i - xli + xidotedelt + xndotestepl;
xni :» xni ~ xndotedelt ¢ znddtestep?;
i!llt :m gtime ¢ delt;
case irst o

Goto 100;
198 &% 192
else

Halt;

end; {(case}
{ Epoch reatart )
170: if (¢ >= 0) then
Gote 1T

delt := atcpa.
Goto !80

175: delt :+ stepp;

180: atime := O;
xni e xaq;
xli :® zlamo;
Goto 125,
end; (dpsac)

dpper : begin { Eatrance for lunar-solar periodics )
sinks = Sin(xinc);
cosis := Cos(xinc);
it (Aba(luvttn S <30 then
Goto 2

savian ' (
SB 1v ZmOS ¢ xnmet;

205: z¢ :» pm ¢ 2'zaaosin(zn)
sin‘t - Sin(et

sO:ln:fO:inzt - 0.28;
i -0 . SeninzfeCon{2t);
sts (m ge2eg] » gelefl:
3 im giZ2ef2 ¢ gilefy;
sls := gl2082 ¢ glief3 ¢ glqeginz!;
sghs = s§h2'(2 + sgh3ef3 ¢+ gghdeniney;
lhs 1= ghief2 ¢ shiefld;
:w zmol + zalet,
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zf % zm + 2‘101‘51&(1‘)'
sinzf := Sin(zf);

= 0, SOninzftsinzf 0.25;

13 :® «0.5eginzfeCog(zf);
sel :% qe2¢f2 + o30f3;
sil :» xi2¢£2 + xi3sf3;

a1l = x12¢£2 + x13¢£3'+ xi:—sinzt

aghl :» xghdef2 + xghlsL] +

ahl := xh2¢£2 + xh3ef3;

pe 1= ges + sel;

yinc := gis ¢ sxl

Pl := sls + sll;

210: pgh := sghs + aghl;

ph := shs + shi;

xinc := tinc + pinc.
_em :® _em + pe;

if (xqncl < 0.2) then
Goto 220,

Goto 218;

{ ipply periodics directly }
218: ph := ph/siniq;
Pgk := pgh - cosiqeph;
omgasm = omgasm + pgh;
xnodes := xnodes + ph;
x11 := x11 + pl;
Goto 230;

zhéesinzt;

{ Apply periodics with Lyddane modification }

220: sinok := Sin(xnodes);
cosok := Cox(xznodes);
alfdp := sinisesinok;
betdp := sinisecosok;

dalf := phecosok + pincecosisesinok;
dbet := -phesinok + pincecosisecosok;

alfdp := alfdp + dalf;
betdp := betdp + dbet;

xls = xxx + omgasm + cosisexznodes;
dis := pgh - pincexnodesesinis;

1l = xls *

xnodes := Actna(alzdp,bctdp);

11l = !11 + pl;

omgasm := xls - xl) - Cos(xinc)exnodes;

230: end; {dpper)
end; {caae)
end; {Procedure Deep)

Procedure Call _dpinit(var sosq,sinio,cosio betao,aodp, theta2,
sing,coug,bvtacs, mdot ,omgdot,
xnodott,xnodpp : double);

begin

«qeq = e08q; siniq = ainio;
a0 1= aodp; cosql = thetal;
bagq 1 betao2; rlldot :* umdet;
xnodp = xnedpp.

Deep(l);

eony  .® eqsq. dinio = uialg;
aodp  :® ae; theta2 (= cos
betao2 = bag; mdot = xllder;

wnodpp :® xhodp;
end; (Procedure Call_dpinii)

coslq = caosio;

sinomo :® aing,;
omgdt ¢ omgdot;

cosie :® cosiq;

#in, i gincmo;
ancgot ‘@ ongdt;

rteguq
<ogomo

sa0dot

betao
con

:® detao;
i@ cosg.
(= gnedott

‘= rteqeq;
(@ cosomo;

znodett = paodot;

Procedure Call_dpaec(var zmdf ougedf xnoda, emm, xince, xan taince .
begin
x1) e xmdf; omgasm % cagadf. xnodes :® xnode; { eam
rine  :* ginec;)  xa (e xpn; t i® taince;
Deepld);
mdf e xll; ongadf ¥ omgasm; 3xnode ¥ rnodes; oam
rince = xinc; T LI N taince = ¢
end, {Procedute Call,dpsoc)

Procedure Call dppor(var e xince ongadf znode . xmam : double);
begin
.- = e, xinc 1w gince,
x1l -# rmam;
Deop(3) .
. = _ew; xince % xinc;

xmam  w x}l;
end; {Procedure Call.dpper)
Procedure SDPQ(!tif : dotble;
var i integer;

¥y pos, vnl . vector);
label

cagass :» omgadf;

omgad! = cagasm;
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thodes ® zpode;
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9 10 90,100,130,140;

: doudle = 0; adovk2 : double = O; ao
aodp : double = 0, aycof : docble = O; bdetac
betao? : donblo =0; ct : double = O; «¢2
cq double = O coef : double = §; coefl
cosg doublc = 0! cosio : double = 0] doli
delo : double = 0, eseta : double = 0; eosq
ata : double = O; etasq : double = O; dot
pcrigc : double = G; pinvsq : doudle = O; psisg
qoms24 : double = 0; 84 : double = O, sing
sinic : double = 0; tlcof : doudble = 0; templ
temp2 : double = 0; temp3 : doudble = O; theta2
thetad : doubdble = 0; tsi : double = 0, ximbth
ximth2 : double = O; xJthmi : double = O; x7thmi
xhdotl : double = 0; xlcof : double = 0; ot
xnodcf : doudble ® O; xnodot : double = O; xnodp

var
i

a,axn,ayn,aynl,beta,betal ,capu,coslu,cosepw, cosik,
¢osnok,cosu,cosuk,e,ecose,elsq,am,epu,esine, adt,
pl,r.rdot,rdotk,xfdot,rfdotk,rk :inZu,sinop' sinik,
sinnoh ;1:: sirok t.-p,tclp4 tc-ps tempG,tempa,
temne tc-yl tsq,n,uk,ux,uy,uz,vx,vy,v2,xinc, xinck,
x1, xll ,x1t , rman, ;edf, xmx , xmy ,xn,xn0ddf ,mode , xnodek,
x,Y,2,xdot,ydot ,zdot

begin

it (iflag = 0) then
goto 100;
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: double
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. double;
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Recover original mean motion (xnodp) and semimajor axis (sodp) }

from input elements. }

al := Power(zke/xzno,tothrd);
cosio := cos(xincl);

theta2 := cosioscosio;

z3thml = 3etheta2 - I;

2084 :* eoteo;

hetaol = | - eosq;

betac = aqrt{betacd);

dell :® 1. Seck2s:3timi/(alealsbetaosdetac?);

ac % 410(1 - del1e(0.5«tothrd + delie(1l + 134/81edell)));

delo := ) Seck2ex3that/{aceassbetacebetac);
zpodp :® xno/{1 ¢ dila);

acdp = ao/{1 - Jele);

Iaitializarion }

For perigee balow 156 km, the values of s and Goma2t are altered. }

54 = 9,
qomsdd = ?oua?t;
perige = (acdpa(l ~ e¢) - ae)exhmper;

if (parige >» 156) thea goto 106,
84 % porige - T8,

if {perige > 98} then gote 9;
t% (% 20;

qaasii (% Power((120 - ad)ese/rhmper.4);

sQ 13 34/skmpar ¢ e,
12

pinv*q ;= }/(acdpracdprbetsotebataal},
sing = ria{smaegac):

cang ' <oslomogaoc):

tei @ Y/ Cavdp - 24),

el3 % godprectisd;

etany * etarets,

actla * qovels,

paizq » aba(l - etany),

coel * gemaldsPover{tei ¢);

coufl = couf/Pover(paisg, ) )

€2 :® conflennodprlandpe() o 1| Seotiysq ¢ setav(4 ¢ etasq))
¢ 0. 7hechntai/paicqrdthnis(f o Ivetanqt (2 ¢ otang))),

<l .= batartcl;

winio = sinl(zincl),

alovRl ® -xj3/cR2ePover(ae 1),

Timth? = t - thelal,

<4 » Jexnodprcocfi®aodprbetaale{eatas(2 ¢ 0 S%otasq)
s eun(0 & o Jrotasq) - 2eck2etei/(acdprpaieq)
s(-Jexthmie() - 2veata & ataaqe(l.$ - 0 5%eetsy))

» 0.7bexlmth2e(2vataey - ealee(} * elasq)lecsa{2ocmegac)));

thatad (= theta2etdatal;

teapl = Jrck2epinveqesaodp,

temp? .= i'tl'(-l' piaveq.

templ .= | 25schéspinvaqepinvaqranodp,
sadot = :aodp ¢ 0.5%templrbelaserthel
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4+ 0.06259temp2obetac+(13 - 78ethetal + 137sthetad);

ximbth := 1 - Sethetal;

omgdot :» -0.5¢tempieximSth + 0.06259temp2e(7 - 114stheta2 + 395sthetad)
+ temp3s(3 - 36etheta2 + 49¢thetad);

thdotl := -templecosio;

xnodot := xhdotl + (O.5etemp2e(4 - 19ethetad)
+ 20temp3s(3 - Tethetal))ecosio;

xnodct ;= 3. Snbctaozt:hdotlccl
t2cof ;= 1.5ect

xlcof := 0 lzstuaovkitsinioO(s + 5ecosica)/(1 + cosio);

aycof := 0.25¢a3ovkZesinio;
x7thnl ;= 7ethetal - {;
iflag := 0;

Call _dpinit(eosq,sinio,cosio,betao,acdp,thetal,sing,cosg,
betao2,mdot ,omgdot, nodot ,xnodp) ;
( Updato for secular gravity and atmospheric drag }

x-df 13 ymo + mmdotstsince;
ongrdt :x= onngno + omgdotetsince;
xnoddf = e0 + xnodotetsince;
tsq = cestsince;
xnode :~ inoddf + xnodcfetaq;
tempa :®= 1 - cistsince;
tempe := bstarscdetsince;
templ :a tlcofetsq;
In = xnedp;
Call_dpsec({xmdf , omgadf,xnode,em,xinc,xn,tsince);
a = Pover(xke/xn,tothrd)eSqr(tespal;
e T em - tampe;
xmam = ymdf + znodpetampl;
Call _dpper(e,xinc,omgadf, xnode,mmam};
xl = ymam + omgadf ¢+ xaode;
bata ;3 sqre{l - ese);
In = xhe/Povwer(a,i.5);
{ Long period periodies }
axn :® escos(omgadf);
temp := 1/(asbetasbeta);
x1} = tempsxlcofsamm;
aynl = tempeayeof;
zle = x] ¢ pll;
ayn := essinomgadf) + ayni,
{ Solve Kepler's Equation }
capy :w fmod2p(xlt - xnodel;
temp? :® capu;
for i :» 1 to 10 do
bagin
sinepy @ sin(temp);
cosepy (= cos{lemp2);
tempd = axnetainepy;
tempd % ayntcorepy;
temph & aznecoepu;
tempG ® aynisinepy;
epe :® (capu - tempd ¢ tempd - 1ewp2) /(1 - tempd - temphi) * tompl,
1f (abanlepu - templ) <= oB3) thea gote 140
30
! templ = apu;
and; (far i)
{ Short perisd pralimirary quantitiec )
140

acoke % tempd & Laepb .

erine (= tewpd - tempd;

aizq ® axnsaga * ayatayn;

tewp v 1 - elpq.

pl * attenp.

t = asl(y - ecome);

tampl » /7,

gdet & ghesnngre(a)rosinottampl,

rfdot = xheraqruipl)etes!.

Lempl . » attempl,

batal » eqrt(temp),

towpd = 1/(1 ¢ detal),

<osu .w temple(cosepw - axn ¢ aynseninctiespl),
£ind o txaplelsinepe - aya - azntesinertespd),
a * actan(nisu, <o),

siadu * Zesinwtcosu;
cosdy = F8cegudcodw - §;

temp = U/pl;
tewpl .= ck2vtewmp,
templ * tompivtemp,




{ Update for short periodics }

rk := ro(1 - 1 Setemp2ebetalex3thml) + O.5etempioximthZecoslu;

vk := g - 0.25¢temp2ex7thmiesinu;

snodek := xnode + 1.5¢temp2ecosioesinlu;

xinck := xinc + 1.5¢tempiscosiossinioecosy;

rdotk := rdot -~ xnetemplisximth2esinlu;

rfdotk := rfdot + xnetempie(ximth2ecosu ¢ 1. 5¢x3thmi);
{ Orientation vectors )

sinuk := sin(uk);

cosuk :=* cos(uk);

sinik := sin(xinck);

cosik :*= cos(xinck);

sinnok := gin(xnodek);

cosnok :=® cos{xnodek);

mx = -sinnokecosik;

my := cosnokecosik;

ux :» xmxesinuk + cosnokecosuk;
uy := mmy*sinuk ¢+ sinnokecosuk;
uz := sinikesinuk;

vx := mmxecosuk - cosnokesinuk;
¥y :3 xmy®cosuk - sinnokesinuk;

vz :% ginikecosuk;

{ Position and velocity )
x := rheux; pos[1) := x;
y := rheuy; pos(2] := y;
z := rhouz; pos{3]) := u:
xdot := rdotheux + rfdotkevx; vel{l] := xdot;
ydot := rdotkeuy + rfdothevy; vel{2] := ydot;
zdot :» rdotkeuz + rfdotkevz; wvel[d] := zdot;
end; {Procedure SOP4}

Procedure SGP(time : double;
var pos,vel : vecter);

......

isiace . doudiw;

tsince := (time - julian_epoch) ¢ mmopda;
if ideep = O then
SGPalesince, iflag,pos, vel)

else
SPP4(tsince,iflag,pos, vel);
ead; {Procedure 3GP)

begin
Defing Derived Caustants;

end.
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B.2 SGP_INIT Unit Source Code Listing

Unit SGP_Init;

Author: Dr TS Kelso }
{ Original Version: 1992 Sep 01 }
{ Current Revi:ion: 1992 Sep 13 }

{ Varsion: 1.10}
{ Copyright: 1992, AIl Rights Reserved }
{$u+}
INTERFACE
const
max_sats = 250;
type

line_data = string(69];
two_line = array (1..2] of line_data;

var, |
visible : boolean;
epoch : double;
catnr,elset : string;
obs_name : stringl25];
selected : array [1..max_sats] of boolean;
sat_name : array [1..max_sats] of string[22];
sat_data : array [1..max_sats] of two_line;

data_drive,data_dir, X
work_drive,work_dir : string;

Procadure Program_Initialize(program_name : string);
Procedure Program_End;

IMPLEMENTATION
Uses CRT,Support;

Procedure Program_Initialize(program_name : string);

var
aspace,lines : byte;
line,fn : string;
fi : text;
begin
{ Input header file describing program, 22 lines by 79 columns maximum }
ClrScr;

fn := program_name + ’.HDR’;
if File Exists(fn) then
begin
Assiga(fi,fn);
Reset (£i);
lines := Q;
repeat
lines := lines + 1;
Readln(fi,line);
Writeln(line);
until EOF(£i) or (lines = 22);
Close(fi);
end; {if}
{ Input directory configuration file }
fn ;= program_name + ’.CF@’;
if File_Exists(fn) tnen
begin
Assign(fi,fn);
Reset (£i);
Readln(fi,data_drive);
if data_drive <> ?’ then
begin
data_drive[1] := UpCaze(data_drive(1]l);
if data_drive[1] in [’A’..?2’] then
data_drive := data_drive[1] + 2

else
data_drive := 27
end; {if}
Readln(fi,data_dir);
if data_dir ©> 77} then
begin
space :®= Pos(’ ’,data_dir);
if space > 0 then
data_dir := Copy(data_dlr,i,space-1);
if data_dir{Length(data_.dir)] <> '\’ then
data_dir := data.dir + ’\’;
end; {if}
Readln(fi,vork_drive);

it Hoik_drive 3> 71 then
begin
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wvork_drive[1] := UpCase(work. driveli]);
if vork_drive[1] in [’A°..3Z?] thea
work_drive := work_driva{1] + ?:2

else .
vork_drive := ??;
end; {if}
Readln{fi,vork dir);
if work_dir <> *? then
begin

spacae := Pos(’ ?,work_dir);
if space > O then
work_4ir := Copy(vork_dir,1,space-1};
if vork.dir[Length(work dir)] <> *\’ then
work_dir := work.dir + *\?;
end; {if}
Close(fi);
end {if}
else
bagin
data_drive
data_dir
work_drive
vork_dir
end; {alse}
end; {Procedure Initialize}

Procedure Program_End;
begin
GotoXY(1,24);
Cursor_0On;
and; {Procudure Program_Ynd}

2.
33
3.
33

wamew

W

.

end.
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B.3 SGP_INTF Unit Source Code Listing

Unit SGP_Intf;
Author: Dr TS Kelso }
Original Version: 1992 Sep 03 }
{ Current Revision: 1992 Sep 13 }

Version: 1.02 }
{ Copyright: 1992, All Rights Reserved }
{§3+}
INTERyYACE
const
ae =1;
tethrd = 2/3;
rkmpor = 6378.136; {Earth equatorial radius - kilometers (WGs 72)}
£ = 1/748.26; {Earth flattening (WGS ’72)}
ge = 395600.8; {Earth gravitational constant (¥GS '72)}
J2 = 1,0826158E-3; {J2 harmonic (WGS ’72)}
33 = ~2,%.3881E-¢; {J3 harmonic (WGS '72}}
J4 = -1,65597E-6; {J4 harmonic (WGS '72)}
ck? = J2/2;
ck4d = -3%J4/8;
xj3 = J%;
qo = ae + 120/xkmper;
8 = ae + 78/xkmper;
e€a = 1E-6;
dpinit = 1; {Deep-space initialization code}
dpsec = 2; {Deep-space secular code}
dpper = 3; {Deep-space periodic code}
var
iflag,ideep : integer;

xmo ,xnodeo ,omegao,eo,xincl,
xno,xndt2o,xndd6o,bstar,
julian_epoch,xke : double;

IMPLEMENTATION
end.
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B.4 SGP_MATH Unit Source Code Listing

Unit SGP_Math;
Author: Dr TS Kelso }
Original Version: 1991 Oct 30 }
{ Current Revision: 1992 Sep 28 }
{ Version: 1.30 }

{ Copyright: 1991-1992, All Rights Reserved }
{$1+}

INTERFACE

type

vector = array [1..4] of double;

const
twopi = 2 » pi;
zerxo : vector = (0,0,0,0);

Function Sign(arg : doudble} - shortimt;
Punction Cube(arg : double) : double;
Function Power(arg,per : double) : double;
Function Radians(arg : double) : double;
Function Degrees(arg : double) : double;
Function Tan(arg : double) : double;

Function ArcSin(arg : doudble) : double;
Function ArcCos(arg : double) : double;
Function Modulus(argl,arg2 : double) : double;
Function Fmod2p(arg : double) : double;
Function A¢Tan(sinx,cosx : double) : double;
Function Dot(vl,v2 : vector) : double;
Procedure Magnitude(var v : vector);
Procedure Cross(vi,v2 : vector; var v3 : vector);

IMPLEMERTATION

Function Sign{arg : double) : shortint;
begin
if arg > 0 then
Sign := 1
else if arg < O then
Sign := -1
se
Sign :* 0;
end; {Function Siga}
Function Cube(arg : doudble) : double;
begin
Cube := urgeSqr{arg);
end; {Function Cube)

Function Power(arg.pur : double) : double;
begin
{f <rg > O then
Power "= Exp{pvreln(arg))

ol

lse
¢ Vritelaloutput,’Invalid argument in Function Powert’);
end; (Fuaction Powver}

Funciion Radians(arg : doudle) : doudle;

b:sin
Radians = argepi/180;
end; {(Function Redians}

Function Degrees(arg : doudle) : doubdle;
begin
Degreas = arg*180/pi;
end; (Furction Negreas)

Function Tan{arg & doudble) : double;
begia
Tar :« Sin{arg)/Cos(arg):
end; {Functisa Taa)

Fanction ArcSin(arg : double) : doudble;
begia
drcin :® ArcTan({arg/Sqre(i-Sqrlarg)));
end; (Fuactisn Arc$ia)

Puaction ArcCoalarg - doudble) : doudle;
begin
ArcCor :® pij2 - ArcSin(arg).
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end; {Function ArcCos}
Function Modulus(argl,arg2 : double) : double;
var
modu : double;
egin

modu := argl - Trunc(argl/arg2) * arg?2;
if modu >= 0 then
Modulus := modu

Modulus := modu + arg2;
end; {Fanction Nodulus}

Function Fmod2p(arg : double) : double;
begin
Fmod2p := Modulus(arg,twopi);
end; {Function Fmod2p}

Function AcTan(sinx,cosx : double) : double;
egin
if cosx = O then
if sinx > O then
Actan := pi/2
else
Actan := 3%pi/2
else if cosx > O then
lActan := ArcTan(sinx/cosx)
else
Actan := pi + ArcTan(sinx/cosx);
end; {Function Actan} ~
Fanction Dot(v1,v2 : vector) : double;
begin
Dot := vil[1]lav2[1] + vi[2]+v2[2] + vi[3]»v2[3];
end; {Function Dot}

Procedure Magnitude(var v : vector);
begin
v[4] := Sqrt(Sqr(v[1]) + Sqr(v[2]) + Sqr(v[31));
end; {Procedure Magnitude}

Procedure Cross(vl,v2 : vector; var v3 : vector);

begin

v3[1] := v1[2]*v2[3] - v1i[3]*v2[2];
v3[2] := vi{3]*v2[1] - vi[1]*v2[3];
v3[3] := vi{1]*v2[2] - vi[2]*v2[1];

end; {Procedure Cross}

end.
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B.5 SGP_TIME Unit Source Code Listing

Unit SGP_Time;

Author: Dr TS Kelso }
{ Original Version: 1992 Jun 02 }
{ Current Revision: 1992 Sep 28 }

{ Version: 1.50 }
{ Copyright: 1992, 411 Rights Reserved }
{$8+}
IETERFACE
Uses SGP_Math;
type
clock_time = string(12];
date = stringl11];
const
xmnpda = 1440.0; {Minutes per day}
secday = 86400.0; {8econds per day}
omega E = 1.00273790934; {Earth rotations per sidereal day (non-constant)}

omega_ER = omega_E*twopi; {Earth rotation, radians per sidereal day}

var
ds50 : double;

Function Julian_Date_of_Year(yeaxr : double) : double;
Function Julian_Date_of_Epoch{epoch : double) : double;
Function Epoch_Time(jd : double) : double;
Function DOY(yr,mo,dy : word) : word;
Function Fraction_of_Day(hr,mi,se,hn : word) : double;
Function Calendar_Date(jd : double) : date;
Function Time_of_Day(jd : double;

full : boolean;

res : byte) : clock_time;
Function ThetaG(epoch : double) : double;
Function ThetaG_JD(jd : double) : double;
Function Delta_ET(year : double) : double;

IMPLEMENTATION
Uses MinMax,Support;

const
half_sec = 0.5/secday;

Function Julian_Date_of_Year(year : double) : double;

{ Astronomical Formulue for Calculators, Jean Keeus, pages 23-25 }

{ Calculate Julian Date of 0.0 Jan year }
var
A,B : longint;

begin

year := year - 1,

A := Trunc(year/100);

B :=2 - A + Trunc(A/4);

Julian_Date_of_Year := Trunc{(365.25 ¢ year)
+ TruncéSO.GOOl s 14)
+ 1720994.5 + B;

end; {Function Julian_Date_of_Year}

Function Julian_Date_of_Epoch(epoch : double) : double;
var
year,day : double;
begin
year := 1900 + Int(epoch¢iE-3);
day := Frac(epoch#1E-3)e1E3;

Julian_Date_of_Epoch := Julian_.Date_of_Year(year) ¢ day;

end; {Function Julian_Date_of_Epoch}
Function Epoch_Time(jd : double) : double;
var

a
year ,mo,dy : word;
yr,time,epoch : double;
edate : date;
begin

edate := Calendar_Date(jd);
year := Integer_Value(edate,l 4);
yr := Integer_Value(edate,3,2);

mo := Pos(Copy(edate,8,3),} JanFebMardpr¥aylunlulbugSeplctBovDec’) div 3;

dy := Integer_Value(edate,10,2);

time :® Frac(jd + 0.5);

Bpoch_Time := yre1000 + DOY(year,mo,dy) ¢ time;
end; (Function Epoch_Time}
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Function DOY(yr,mo,dy : word) : word;
const

dlyl : array (1..12] of word = (31,28,31,30,31,30,31,31,30,31,30,31);
1,day : word;

begin

day = 0 ;

for 1 := 1 to mo-1
day := day + days i] H
day := day + dy;
it ((yr mod 4) = 0) and
({(yr mod 100) <> 0) or ({yr mod 400) = 0)) and
(mo > 2) then
day := day + {;
DOY := day;
end; {Function DOY)}
Fn:ction Fraction_of _Day(hr,mi,se ,hu : word) : double;
egin
l-‘rsction of _Day := (hr + (mi + (se + hu/100)/60)/60)/24;
end; {Function Fraction_.of_Day)

Function Calendar _Date(jd : double) : date;
{ Astronomical Formulas for Calculators, Jean Meeus, pages 26-27 }

var
Z,month : longint;
A,B,C,D,E,F,alpha : double;
day yoar ¢ dotdle;
svear : string(4];
cdate : date;
begin

2 = Trunc(jd + 0.5);
F := Frac(jd + 0.5);
if Z < 2299161 then

i m

olnc
begin
llpht ;= Ine{{Z ~ 1867216.25)/36524.25);
A :=Z + 1 + alpha - Int(alpha/4);
oud {013;
. !nt((B - 122.1)/365.25);
D ;= Int(365.235 ¢ C};
E := Int((8 - D)/30.6001);
day :» B - D - Int(30.6001 » §) + F;
it E € 13.5 then
month = Rogad(E - 1)
48 else
2 nonth = lwad(ﬁ -3
{f month > 2 ; en
year = C -4
else
year = C - 4N15;
Str(year:4:0, syear);
cdate = ayear ¢ ' !
¢ Copy(* JantebNardpritayJuniulbugSeplctiovDec' Jsmonth 3) ¢ ¢ ?
+ TwoDigit(Trunc{day));
Calenday_Date = cdate;
end; (Function Calendar_Dave}

function Tin.af-bq(ﬁ! . double;

full : keolean;
ras : byte) : clock_time;
(3
it.ﬂ : leagint
time 3¢ : doudle;
ctime - atriag:
bagin
4 ree = (Rin(iMNaz{0 ren) ¥,

time = I » Frac(jd - 9.5 » half sec);
At = Trunc(time);
time :® 6D * Frac{tine).
an = Truac(time);
s % B0 ¢ Fu:(tiao) -0 %;
time = 10GO0OQ ¢ 10030 # hr * JOO » mp ¢ u<,
Sir{time : {Toren) tas clime),
Delet (cuu t.4),
if f.f
bagis
taeart{’ ' clise 5},
tarert(® ' ctise )
aad. {§f)
Tine_of_ = ctime,
end; {Feaction Time_of_Day)
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Punction ThetaG(epoch : double) : double;
{ Reference: The 1992 Astronomical Almanac, page B6. }

vax
yeoar ,day,UT, jd,TU,GNST : double;

begin

year := 1900 + Int(epoch*1E-3);

day := Frac(epochsiE-3)#1E3;

UT  := Frac(day);

day := Int(day);

j& = Julian_Date_of_ Year(year) + day;

TU := (jd - 2451545.0)/36525;

GNST :» 24110.54841 + TU » (8640184.812866 + TU s (0.093104 ~ TU » 6.2E-6));
GMST :» Modulus(GMST + secdayeomega_EsUT,secday);

Thetal := twopi ¢ GNST/secday;
ds50 := jd - 2433281.5 + UT;

{ ThetaG := Modulusi6.3003880987eds50 + 1.72944494 ,twopi); }
end; {Function ThetaG)

Function ThetaG_JD(jd : double) : double;

{ Reference: The 1992 Astronomical Almanac, page BS. }
var

UT,TU,GNST : double;
begin
UT := Frac(jd ¢+ 0.5);
jd = jd - UT;
TU  := (jd - 2451545.0)/36525;
GHST := 24110.54841 + TU ¢ (8640184.812866 + TU » (0.093104 - TU ¢ 6.2E-6));
GMST := Modulus(GMST ¢ secdayeomega_EsUT,secday);

ThetaG_JD := twopi & GNST/secday;
end; {Fanction ThetaG_JD}

Function Delta_ET(year : double) : doubdle;
{ Values determined using data from 1950-1991 in the 1990 Astronomical

Almanac. See DELTA_ET.¥Q1 for details. }
begin

Delta_ET :» 26.465 ¢ 0.747622¢(year - 1950}
+ 1.886913+Sin(tuopie(year ~ 1975)/33);
end; {Function Delta_ET)

end.




B.6 SUPPORT Unit Source Code Listing

Unit Support; (++ This unit contains machine-specific code ##)

{ Author: Dr TS Kelso }
{ Original Version: 1992 Jun 26 }
f Current Revision: 1992 Oct 20 }

Version: 1.90
{ Copyright: 1992, All Rights Reserved }
{$5+}
IXTERFACE
const {IBM PC screen codes}
BS = “H; {Backspace}
CR = "M {Carriage Return}
CRLF L A {Carriage Return/Line Feed}
BELL = “G; {Terminal Bell}
ESC = ~[; {Escape}
DEL = $37F; {Delete}
Up = #72; {Up Cursor}
bn = 880; {Down Cursor}
Rt = 877; . {Right Cursor}
Lt = $75; {Left Cursor}
Home = 871, {Home Key}
Endd = 879; {Erd Key}
PgUp = #73; {Page Up}
Pgbn = $81; {Page Down}
C_Lt = #115; {Control~Left Cursor}
C.Rt = $116; {Control-Right Cursor}
C.Pglp = #132; {Control-Page Up}
C.Pghn = #118; {Control-Page Down}
UpDown = $24#25; {Up/Down Arrows}
Cursors = $24825826827; {Up/Down/Left/Right Arrous}
SFrame : string = ’!; {Single-Line Frame Characters}
DFrame : string = ’7; {Double-Line Frame Characters}
MFrame : string = '?; {Mizxed-Line Frame Characters}
type

options = array [0..10) of string;
time_set = record

yr,mo,dy, hr mi,se,hu : word;

end; {record}

Procedure Cursor_On;
Procedure Cursor_ﬂ!f;
Procedure Save_Cursor;
Procedure Restore Cursor;
ocedure Rcvorng?idto;
rocedure FormalVideo;
Procedure BoldVideo;

Procedure FrameWindow(x,y,v,h,color : byte; title : string);
Procedure NakeWindow(x,y,# h,coler : byte; title : string);
Procedure Clear¥indow(x,y,e,h : byte);

Procedure Show_Status_Line(title : string);

Progedure Show_Instructiona{title : string);

Procedure Clear_Status_Line;

Procedure Report_Brror(x,y : byte; title : string);
Procedure Beep;

rocedure Buzg;
rocoguro Mark Time;

Procedure Zero_Time{var time : time_set);

;:oco?nrn Get _Current_Time(var time : time_set);
nction Yes @ boolean;

Function TwoDigit(arg : integer) : string;
Function ThreeDigit{arg : integer) : string;
Procedure Convert_Blanka(var field : string);
Function Integer Value(buffer : string,
start, length : integer) : integer;

Function Raal_Value(buffer : string;

start . length : integer) : double;
Function File Exists(f{lename : string) : boolean;
Function Select_File(title,pattern,default : string; x,y,v,h
Functlon Seleci_Option(menu : options; number,x,y,u,h : byte)

IRPLENERTATION
Uses CAT,DOS ,MinNax;

va
{ast_l.Llst_Y . byte;

Procedure Cursor_On;
Yar
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rags : registers;
begin
with regs do

begin

01;
ch ‘= 8
cl = 7
end; {vith}
Intr(‘IO.regs);
end; {Procedure Cursor_On}

Procedure Cursor_0ff;

var

regs : registers;
begin
vith regs do

begin

ah := $01;

ch ;- $20;

cl := $00;

end; {with}
Intr($10,regs);
end; {Procedure Cursor_0ff}

Prgcegurc Save_Cursor;

egin
Last_I := Wherel;
Last_Y HheroY

end; {Ptocodnro Save _Cursor}
Procedure Restore_lursor;

begin

GotoXY(Last_X,Last_Y);

end; {Procedure Restore_Cursor}
Procedure ReverseVideo;

begin

TextColor(black);

TextBackground(lightgtay)

end; {Procedure ReverseVideo}
Procedure NormalVideo;

begin

TextColor(lightgray);

TextBackground(black);

end; {Procedure NormalVideo}

Procedure BoldVideo;
begin

TextColor(yellow);
TextBackground(black);
end; {Procedure BoldVideo}

Procedure FrameWindow(x,y,w,h,color : byte;

title : string);
var

i : byte;
begin
{ Window(x,y,x+v+3,y+h+1);}
{ ClrScr; }
Vind-u{x,7,44u+3,y+h+2);
TextColor(color);
Vrito(DFrlﬂlfl])

for { =
Hrito(b?rnna%?})
gritQ(DFrll0L3 )d
= o

begin
GotoXY(1,i+1);
VWrite(DFrame(4));
GotoXY{(w+4, iv1);
Vrite(DFrame(4]);
end; {for i}
GotoXY(L h+2);
Uritv(b?ranw[ﬁ])é q
°

Hri!c(b!:ano%?j)
drite(DFrame(6));
Gotol¥(2,1);
Vrite(NFrawe (4] ,Copy(title,1,u) , KFrame{6]));
formalVideo;
end; {Procedure FrameVindow)

Procedure Rake¥indow(x,y,u,h,color . byte;
title : string);
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begin
FrameWindow(x,y,v,h,color,title);
Window(x+2,y+1,x4ws1,y+h);

end; {Procedure MakeWindow}

Procedure ClearWindow(x,y,w,h : byte);
begin
Vindow(xz,y,x+w3,y+h¢1);
ClrScr;
Window(1,1,80,25);
end; {Procedure Clear¥indow}

Procedure Shos_Status_Line(title : string);
begin
GotoXY(1,25);
Write(Copy(title,1,79));
C1xEOL;
end; {Procedure Show_Status_Line}

Procedure Show_Instructions(title : string);
begin
GotoXY(80-Length(title),25);
Write(Copy(title,1,79));
ClrEOL;
end; {Procedure Show_Instructions)

Procedure Clear_Status_Line;
begin
Show_Status_Line(’?);
end; {Procedure Clear_Status_Line}

Procedure Report_Error(x,y : byte; title : striag);
begin
GotoXY¥(x,y);
BoldVideo;
Vrite(title);
KormalVideo:
GotoXY(1,24);
Cursor_0On;
alt;
end; {Procedure Report_Error})

Procadure Beep;
var

i : iateger;
begin
for { := 1 to 3 do
gcgin

Sound(1500) ;
Delay(100);
foSound;
Delay(10);
end; {for}

end; {Procedure Beep)

Procedure Buzs;

vag
i listeger;

begin

for { = 1 to 3 do
begin
Sound(500) ;
Deiay(100);
SuSound;
Delay(10);
end; {for)

and; {Procedure Buzz)

Prucedure Nazk Time;
<congt

timwe couat - byte ¢ O,
bagix
case Lime_count ot

Q : Write{'~*),

t - Vrite('\"),

1 Urive(tl),

I Wrive(/?),

end; {case)
time_count = ({ima_couwnt * ) wcd 4,
Vrite("W);
end; (Procedurs Rark_Time)

Prucodire Zeto Time(var time time_set).
Degin
#ith time do
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yr := 0;
=0 = Q;
dy :» 0;
hr := O;
ai := 0;
se = O;
hg :=

= 0;
end; {with}
end; {Procedure Zero_Time}
Procedure Get_Curren: Time(var time : time_set);
dw : vord;
begin
vith time do
begin
GetDate(yr,mo, dy,dv);
o;s!’m(hr i, 8e,h0);

L »
end; (Procedure Get_Current_Time)
Fanction Yes : boclean;

var
ch : chu{;
valid : boolean;
begin
Curser _On;
repeat

ch = Upcase(Readiey);
valid := true;
case ch of
'Y degin
sriteln(’Ves?);
e '© trye;
end; {Yes)
'Y begin
eriteln(’¥o’);
Yes := false;
end; (Bo)
els

*

valid = false;
end; {case)

wntil walid:

Cursor_0Qf¢;

aad; (Fumnction Yea)

Fusction Twodigit(arg : iateger) @ styisg,
begia
Tealigit = Chr({arg div 10) » Bed(t0))
¢ Chr(larg wod 10) & 0r4(0°));
end. {Fuaction Tvedigit)

Function ThreeDigitarg - integey) . string.

%Q{ .

wndreds barg . isteger

bagin

burdreds = arg div 102,

barg . * arg - 100ehgedreds,

Threcligit = Chr(dundreds * 01d(*04)) o Twedigitidarg),
and, {Feaction ThyeeDigiv}

rf:ttiﬁtc Convetl Blazkelvar field  etringl.
'i iateger.
begin
oz 1 * Jengib(field) dewnte { 20
if Cielddly] = ¢ tben
ESTIT 189 B Y L
el (Frecedyse Ceavert Rliaske)

Ysaxtive integet Talwaibulfer ctring.
210t Jongthk  jateger)  jstuger,
*3e
shawey terglt integat
hegis
boifer * Ceppibeffol stari laagth),
Convert Rlanka{baffer).
Fal (wof o7 amaver resnlt),
it versit = O than
likteger Falwe » gagwer
alge
Integer Talue =0,
opd. (Fumctisn laleger Valgpe}

Foactisa Real Valeeibnffos  sisimg.

. stert leagth  iatmger)  desdle,
.t

B.25




minus : byte;
result : integer;
answer : double;
begin
buffer := Copy(buffer,start,length);

Conyert Blanks(buffer)
if buffer = 7
buffer := ’0’

minus := Pos(’ - buffer)
if n1nus >0t
begin
bufferminus] := 20?;
Val(buffer,answer,result);
answer (= -answer;
end {if}
Val(buffer ansver,result);
4 then

if result =
Real_Value := answer

else
Report_Error(1,24,:Invalid call to Real_Value!’);
oend; {Function Real_Value}

Function File Exists(filerame : string) : boolean;
var
filehandle : text;
begin
Assign(filehandle,filename);

i-} Reset(fi lehandle) +
g% Ignesult —10 {31 ¥

begin
File_Existe := true;
Close(filehandle);
end {if}

else

File_Exists := false;
end; {Function File_Exists}

Funct:on Select File(title,patterm,default : string;
x,¥,%,h : byte)
var
choice : char;
start,stop,
count ,select,i : word;
u1r1nfo : Searchnec,
filedata : array [1..50] of string;
begin
Carsor 0ff;
FindFirst(pattern,AnyFile,dirinfo) ;
count := 0;
select := i
vh1le DosError = 0 do
begin
count := count + 1;
filedata[count] := dirinfo.name;
if filedata[count] = default then
salect := count;
FindNext{dirinfz);
end; {while}
v o= IMax(12,9);
h := IMin(h,I¥ax(1,counat));
MakeWindow(x,y,w,h,white,title);
if count = 0 then
bagin
BoldVideo;
Write(iNo files!?’);
Delay(1000);
NormalVideo;
Window(1,1,80,25;;
Go‘oXY(i,?S);
C1rEOL;
dotoXY(; :24);
Cursor Z0R;
Halt
ena iif}
elge
begin
start := IM{ [ wunt - h + 1,select);
stop :2 start + h - };
repeat
ClrScr;
for i := stari to ricp do
begin
GotoXY(1,i~siart+l);
£ i = seloct then éoldVideo,
Hrite(Copy(filedata[iJ 1,%));
if 1 = select then IotmalViien;
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end; {for i}
choice := ReadKey;
it choico = 30 then
begin
¢hoice := ReadKey;
case choice of
Up : begin
select :» IMax(1,select-1);
if select < start then
begin
staxt := select;
stop = start 4h- 1;
end; {if}
end; {Up}
Dn : begin
select := Iuin(count select+1);
if select > stop then
begin
stop := select;
start := stop -~ h + 1;
end; {if}
end; {Dbn}
end; {case}

cu

end; iif}

until cholce = CR;

Select_File := filedata[select];

Delay(500);

end; {else}
NakeWindow(x,y,w,h lightgray,title);
Window(1,1,80,25);
end; {Function Selact_File}

Function Select_Option(menu : options;
number,x,¥,7,h : byte) - dyte;
var

choice «}
start,stop,select, 1 -
begin
Cnrsor otf;
k Ilin(h ,namber) ;
stlcct =1,
lak:ﬂindoi(:,y ¥,k ,white menuf0]);
start := INin(number - h + 1, select);
atop w start ¢+ h - I;
repesat
ClirSc
for i ‘= start to stop do
C D begin
GotoXY(1,i-start+l)
ifim ..1.<z then BoldVideo;
Hzito(lohﬂ[l])
if 1 = gelact then NomalYideo;
. end; {for i
. chotcs :* Asadloy;
if <hoice & #0 then
begin

choice := ReadKoy;
case cholce of

gin
. 2310:! - IR.:(I,sclqct 1),
T walect ¢ gtart then
© % begin

atart = gelect,
stop ¥ gtart $ -
S end, (i}
. end; {up)
' Dn : begin
o selact :» I!in(nu-b;f,oeloet*l)
if salect ¥ stop then
begin
stop ® selact;
atart ¥ alap - h ¢ Y,
end; (if)
and; (Da)
ond; {came}
end; ilt)
uyrtil choige = CA,
Seloct Optien :2& selast;
Selap{%00);
NakeVindew(x,y, v b, lightgray . meau(0]);
Windoull 1,80 ,28);
nd; (Fanciion Select Optiss}
end.
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B.7 SGP_CONYV Unit Source Code Listing

Unit SGP_Conv;

{ Author: Dr TS Kelso }

{ Original Version: 1991 Oct 30}

{ Current Revision: 1992 Sep 03}

{ Version: 1.00 }

{ Copyright: 1992, All Rights Reserved }

Uses SGP_Math;

Procedure Convert_Satellite_Data(arg : integer);
Procedure Convert_Sat_State(var pos,vel : vector);

IMPLEMENTATION X
Uses Support,3GP_Intf,SGP_Init,SGP_Time;

Procedure Convert_Satellite_Datafarg : integer);

var
iexp,ibexp : integer;
al,20,dell ,delo,modp,temp : double;
abuf : two_line;
begin

abuf :» sat_datafargl;

{* Decode Card 1 »}
catnr 1= Copy(abuf[1],3,6);
epoch :® Real_Value(abuf([1]},19,14);
julian_epoch := Julian_Date_of_Epoch(epoch);
xndt20  := Real_Valae(abuf[1],34,10);

xndd6o  := Real_Value{abuf[1],45,6)#1E-§;

iexp := Integer_Value(abuf(1],61,2);

bstar ;= Real_Vaiue{abuf{1],54,6)*1E-5;

ibexp := Integer_Valua(abuf[1],60,2);

elset = ThreeDigit(Integer_Value(abuf{1],66,3));

{* Decode Card 2 #*}
xincl := Reul_Valne(abuf(2],9,8);

znodeo ¥ Real_Value(abuf([2],18,8);
«0 := Real_Value(abuf(2],27,7)*1E-7;
omegao  := Real_Value(abuf(2],35,8);
mo := Real_Value(abuf([2],44,8);
Imo := Real_Value(abuf[23,53,11);
{ period := t/xno;}
{* Convert to proper units *}
nddbo  :» xndd6osPower(10.0,iexp);
batar 1= batarsPower(10.0,ibexp)/ae;
tnodeo = Radians{xnodeo):
omegao := Radians(omegao};
™o ;3 Radians(xmo);
xincl ;@ Ratians(xinecl);
xne ;= xnostwopi/xmnpda;
tndt2e % zndt2oetwopi/Sqr(zmmpda);
xndd6o  :» xaddGoetwopi/Cube (xmnpda);

{¢ Determine whather Deep-Space Model is needed ¢}
a1 := Powar{vYke/xno,tothrd);
temp :® 1.50ck2e(3eSqr(Cos(xincl))~1)/Pover(l - eo%e0,1.5);
dell := terp/(aleal);
20 ‘= ale(1 - dell1s(0.5etothrd ¢ delis(1l + 134/81edell)));
delo := temp/(aceao);
znodp = xuo/(l ¢ delo);
if (tvopi/rnodp >= 225) then
ideep = 1
olse
ideep v O;
iflag = 1,
and; (Procedurs Convert_Satellite_ Data}

Procedure Convart_Sat_Stats(var pos,vel : vecter),
var

i byte;
begin
for § = 1 t3 3 do
dagin
pos{i) := pos[i)exkmper; {xilometers}
vol(i) @ vel[i)oxhmper/60; (kilometers/second)
end; (for i)
Nagaitude(pos),
Ragnitude(vel);
n;ad; {Procedure Convart_Sat_State)
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B.8 SGP_IN Unit Source Code Listing

Unit SGP In; (v® This unit contains machine-specific code ss)
{ Author: Dr TS Kelso }

{ Original Version: 1992 Jun 25 }

{ Carenc Revision: 1992 Sap 13}

{ Version: 2.00 }

{ Copyright: 1992, 411 Rights Reserved }
{$n+}
INTERF
Jses SG} _Nath,SGP_Init,Support;
const

data_type : byce = 3;

fsat,fobs : text;

Procedure Select_Time(message : atring;
Xpos,ypos : byte;
vzrr default : time_set;
precision : byte);
Procedure Select-Tine_Interval(nessage : string;
xpos,ypos : byte;
var default : time_set;
precision : byte);
Function Checksum_Good(line : line_data) : boolean;
Function Good_Elements{line : two_line) : boolean;
Procedure Input_Satellit. {index : word);
Fui.:tinn Input_Sat llite Nata(.n : string) : worxd;
Procedurs Select_Satellices(title : string;
x,y,%,h : byte;
number : word);
Procedure Input_Observer(var geodetic . vector);

IMPLEMENTATION
Uses CRT,DJS,MinF x;

var
i : byte;
Procedure Echo_Time{tine : time_set;
item,precision : byte);
begin
GotoXY(2,1);
C1lrEOL;
if item = 1 then PaversuVideo;
Write(time.yr); NormalVideo;
Write(’ 2);
if item = 2 then ReverseVideo;
Write(Copy(’ JanFebMarAprMayJunJulAugSepJcthovbec’,3%time.mo,3));
NormalVideo;
Write(’ ?);
if item = 3 then ReverseVideo;
Write(TwoDigit(time.dy));
NormalVideo;
if precision > 3 then
begin
Wrice(? ?);
if item = 4 'then RaverseVideo;
Write(TwoDigit(time.hr));
NoxrmalVideo;
end; {if
if prec sion > 4 then
begin
Write(?:?):
if item = 8 then ReverseVideo;
Write(TwoDigit(time.mi));
NormalVideo;
end; {if}
if precxslon > 6 then
begin
Write(?:?);
if item =6 then ReverseVideo;
Write(TwoDigit(time.se));
lormalVideo,
end ii £}
if prec sion > 6 then
begin
Write(?.?);
1f item ="t then ReverseVideo;
Write(TwoDigit(time.hu));
NormalVideo;
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end; {if}
end; {Procedure Echo.Time}

Procedure Update_Field(choice : char;

var value : word;
1lim,ulim : word;

var pos :@ byte;
lpos,upos : byte);

begin
case choice_ of .
Up : value := IMin{value+l,ulim);
Dn : value := IMax(value-1,1lim);
Home : value := 1lim;
Endd : valus := ulim;

Lt : pos := IMax(lpos,pos-1);
Rt : pos := IMin(pos+i,upos);
end; {case}
end; {Procedure Update_Fiald}

Procedure Select_Time(message : string;
xpos,ypes : byte;
var default : time_set;
precision : byte);
const

days : array [0..1,1..12] of byte
= ((31,28,31,30,31,30,31,31,30,31,30,31),
(31,29,31,30,31,30,31,31,30,31,30,31));

var
pos,w . byte;
choice : char;

1lim,ulim : array [1..7] of word;
Function LY(year : word) : byte;
begin
if (year mod 4 = 0) and
((year mod 100 <> 0) or (year mod 400 = 0)) then

LY := 1
else
LY := 0;
end; {Function LY}
begin
Cursor _0ff;

precision := IMin(IMax(3,precision),7);
case precision of

3 : w:=13;
4 : w:=17;
5 :w :=20;
6 : w := 23;
T :w := 26;

end; {case}
if precision < 7 then
default.hu := 0;
if precision < 6 then
default.se := 0;
if precision < § then
default ,mi := 0;
if precision < 4 then
default .hr := 0;
MakeWindow(xpos,ypos,¥,1,vhite,message);

11im[1] := 1967; ulim[1] := 2200;

11im[2] := 1; ulim{2] := 12;

11im[3] := 1; ulim{3] := days[LY(default.yr),default.mol;
11im[4] := 0; ulimf4] := 23;

11im[6] :=  0; ulim[6] := ©&9;

11im[8] := 0; ulim[6] := §9;

11im[7] := 0; ulim[7] := 99;

pos :=1;

Echo._Time{(default,pos,precision);

repeat

choice := ReadKey;

if choice = #00 then
begin

choice := ReadKey;

if choice in [Up,Dn,Home,Endd,Lt,Rt] then
begin
case pos of
: Update_Field(choice,default.yr,llim[pos],ulin[pos],pos,l,preciaion);
: Update-Field(choice,default.no,llim[pos],ulin(pos].pos,l.precision);
: Update_Field(choice,default.dy,llim[pos],ulim{pos],pos,1,precision);
: Update_Field(choice,default.hr,1lim{pos],ulim{pos],pos,1,precision);
: Update_Field(choice,default.mi,llim[pos],ulim[pos],pos,1,precision);
: Update_Field(choice,default.se,llim[pos],ulim(pos] ,pos,1,precision);
: Update_Field(choice,default.hu,1lim[pos],ulim(pos],pes,1,precision);

end; {case}

N W
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ulim[3] := days[LY(default.yr),default.mo];
if default.dy > ulim{3] then
default.dy := ulim[3];
E-ho_Time(default,pos,precision);
end; {if}
end; 5 £}
until choice = ~N;
lhkoﬁndov(xpoa,ypos,v,l ,1ightgray,message) ;
Echo_Time(default,0,precision);
Window(1,1,80,25);
end; {Procedure Input_Time}

Procedure Echo_Time_Interval(time : time_set;
item,precision : byte);
begin
GotoX¥(4,2);
C1lrEOL;

if item = 3 then ReverseVideo;
Hrito(TvoDigit(tile dy));
NormalVideo;
if prccision > 3 then
begin
Write(? 7);
if item = 4 then ReverseVideo;
Write(TwoDigit(time.hr));
BormalVideo;
end; {if}
it proc sion > 4 then
begin
Hrite(’ RF
if item =8 then ReverseVideo;
Urite(TwoDigit(time .mi));
NormalVideo;
end; {if}
if prac sion > 5 then
begin
Write(?:7)
if item = é then ReverseVideo;
Write(TwoDigit(time.se));
lornaledco,
end iif}
it prec sion > § then
begin
Urite(?.?)
iriitfl - ? then ReverseVideo;
Vrite(TwoDigit(time.hu));
NormalVideo;
end; {if}
end; {Procedure Echo_Time_Iutexval}

Procedure Select_Time_Interval(message : string;
xpos,ypos : byts;
var default : time_set;
precision : byte);

var

pos,¥ bytc.

choice : char;

1llim,ulim : ;rr:y [1..7] of word;
begin
Cursor_0ff;

precision := INin(INax(3,precision),?);
case precision of

i W= 5,
4: w:= 9
5:wim 12}
6 : w w5,
T w = 18;

cnd {c e}
if procx:ion <7 thcn

defanlt . hy :=
it procision < 6 thcn

dcfnai L]
it prec sion < 6 éhcn

default . mi := 0;
if precision < 4 then

default hr := 0;
lakoUindov(xpos,ypon INax(w+1,13),2,uhite ,message);
Vrite(Copy(’ days hr:mn:sc. hu’ 1,4));

11im{3] := 0; ulim[3] := 99;
11il[4§ 1= 0, ulim{4] := 23;
11in(8) :» 0; ulim{5] :» 59;
11im(6) := 0; ulim[6] := 59;
111![7] v 0; ulim[7] := 99;
pos = 3.
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Echo_Time_Interval(defaunlt,pos,precision);
repeat
choice := ReadKey;
if choice = #00 then
begin
choice := ReadKey;
if choice in [Up,Dn,Home,Endd,Lt,Rt] then
begin
case pos of
3 : Update_Field(choice,defanlt.dy,1lim[pos],ulim[pos],pos,3,precision);
4 : Update_Field(choice,dafault.hr,llim[pos],nlin[pos],pos,3,pracision);
5 : Update_Field(choice,default.mi,1lim[pos] ,ulimfpos],pos,3,precision);
6 : Update_Field(choice,default.se,1lim[pos],ulim[pos],pos,3,precision);
7 : Updata_Field(choice,default.hu,llim[pos],ulim[pos],pos,a,precision);
end; {case}
Echo_Time_Interval(default,pos,precision);
end;.{if}
end;
until gﬁogiﬁk “M;
HakeUindov(xpos,ypos,IHax(w+1,13),2,1ightgray,message);
Echo_Time_Interval(default,0,precision);
¥Window(1,1,80,25);
end; {Procedure Input_Time_Interval}

Function Checksum_Good(line : line_data) : boolean;
var
i,checksum,check_digit : integer;
begin
checksum := O;
for i := 1 to 68 do
case lineli] of
307,.797 : checksum := checksum + Ord(line[il) - 0rd(’07);
7=2 : checksum := checksum + 1;

end; {case}
checksum := checksum mod 10;

check_digit := Ord(line[69]) - 0rd(’0’);
Checksum_Goud := (checksum = check_digit);
end; {Function Checksums_Good}

Function Good_Elements(line : two_line) : boolean;
var
result : boolean;
begin
result := Checksum_Good(line[1]) and Checksum_Good{(line[21);
if (linel1,1] <> 71?) or
(1ine(2,1] <> 72?) orx
(Copy(line(1],3,5) <> Copy(line(2],3,5)) then
result := fualse;
if (linel1,24] <> ?.?) or
(1ina[1,35] <> ?.?) or
(Copy(1ine[1],62,3) <> * 0 ’) or
(1inef[2,12] <> ’.?) or
(line[2,21] <> ?.?) or
(1ine[2,38] <> *.?) or
(line[2,47] <> *.?) or
(line[2,55] <> ?.’) then
result := false;
Good_Elements := result;

end; {Function Good_Elements}

Procedure Input_Satellite(index : word);

begin

if not EDF(fsat) then
begin
if data_type = 3 then

Readln(fsat,sat_name[index]);

Readln(fsat,sat_data[index,1]);
Readln(fsat,sat_datalindex,2]);
and; {if}

end; {Procedure Input_Satellite}

Function Input_Satellite_Data(fn : string) : word;
var
count : word;
begin
‘¢ data_type in [2,3] then
Segin
count := 0;
Assign(fsat,data_drive + data_dir + fn);
Reset (fsat);
repeat
count := count + 1;
Input.Satellite(count);
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until EOF(fsat) or (count = max_sats);
Close(fsat)
Input,_ Satellite_Data := count;
end {if}
else
begin
GotoXY(1,24);
Writeln(’Invalid data type!’);
Halt;
end; {else}
oend; {Procedure Input_Satellite_Data}

Procedure Select_Satellites(title : string;
x,y,¥,h : byte;
number : word);
var

choice : char;
start,stop,select,i : word;
begin
Cursor_0ff;
h ;= IHin(h ,mumber) ;
select :=
W = IHax(w 12);
HakeHindow(x y:%,h,white,title);
start := IMin(number - h + 1,select);
stop = start +h - 1;
repeat
ClrSc
for i = start to stop do
begin
GotoXY(1,i-start+1);
if i = select then TextBackground(blue);
if selected[i] then Write(’[s] ’) else Write('[ ] ?);
Write(Copy(sat_data[i,1],3,5),’ ’,Copy(sat_name[i],1,8~12));
C1rEBOL;
if i = select then TextBackground(black);
end; {for i}
choice := ReadKey;
if choice = #0 then
begin
choice := ReadKey;
case choice of
p : begin
select := IMax(1,select-1);
if select < start then
begin
start = select;
stop := start +h - 1;
end; {if}
end; {Up}
PglUp : begin
select := IMax(1 solect -h);
{f select < start t
begin
start := select;
stop = start +h - 1;
end; {if}
end; {Pglp}
Dn : begin
select := INin(number,select+l);
if select > stop then
begin
stop = select;
start :» stop - h ¢ {;
end; {if}
end; (Dn}
Pghn : begin
select = Ilin(nnnbor selecteh);
if select > stop then'
begin
stop @ select;
atart := gtop - h ¢+ 1;
and; (i!)
end;
end; (ca:o}
end (it}
alse
case UpCase(choice) of
' 1 : begin
selected[select] := Bot{salected{select]);

’cloct m Iﬂin(nulb.x select+l);
1 sulect > stop then

begin

B-33




stop := sclect;
start := atop ~ h + 1;
end; {if}

end; h‘o“lo}
’A’ : begin
for i := 1 to number do
ulcctcd[ﬁ := Not(selected[i]);
end; {Toggle All}
end; {case
until choice = C H
Delay(500);
MakeWindow(x,y,w,h,lightgray,title);
¥indow(1,1,80,25);

end; {Procedure Select_Satellites}

Procedure Input._Observer(var geodetic : vector);
begin
if not EOF(fobs) then
begin

Readlin(fobs,obs_name,geodetic[1],geodetic(2] ,geodetic(3]);
geodetic[1] := Radians(geodetici1]);
geodetic[2] := Radians(Modulus(geodetic(2},360));
geodetic{3] :» geodetic[3]+0.001;
end; {if}

end; {Procedure Input_Observer}

begin
for i := 1 to max_sats do
selected(i] := false;

end.
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B.9 SGP_OUT Unit Source Code Listing

Unit SGP_Out;
Author: Dr TS Kelso ;
Original Version: 1992 Aug 24
Current Revision: 1992 Oct 01 }
Version:
Copyright: 1992, A11 Rights Reserved }

{$3+}

INTERFACE
Uses SGP_Nath;

const
day_date : boolean = true;
full tino : boolean = true;

F_E B 3 : boolean = false;

D NS : boolean = false;
time_res : byte = 2;

angle_xes : byte = 4;
dist_res : byte = 3;

var
fout : text;

Procedure Qutput_Time(time : double);
Procedure Output_ECI(time : double;
pos,vel : vactor);
Procedure Output_Angle(angle : double;
width,dec : byte;
degrees : boolean);
Procedure Output_LatLondlt(time : double;
geodetic : vector);
Procedure Qutput_Obs(time : double;
obs : vector);
Procedure Qutput_RADec(time : double;
obs : vector);

INPLEMENTATIOR
Uses Support,SGP_Init,SGP_Time,Solar;

Procedure Qutput_Time(time : double);
begin
if day_date then
begin
Vrite(fout,Calendar_Date(time),’ ?);
Write(fout,Time_ of Day(time,full_time,time_res));
end {if)

elg
H:itc(!ont,tilo:16:8);
end; {Procsdure Output_Time}

Procedure Output _ECI(time : double;
pos,vel : vector);

var
1 byte;

begin

Qutput _Time(time);

for | =t to0 3
intg(fout.yonTZJ 111:3);
for { (=1 to 3
U:itc(!gne vel 1] 11:6);
if show v
ccf&pncd then

Writeln{fout,’ BCL?)
olse
Sriteln(fout,? )

else
Vriteln(fout);
end; {Procedure OQutput _ECI}

Procedure Dutput Anglo(nag : double;

width . byte;
degrees : boolean);
var
asign . shortint;
deg.min, sec : longint;
np ¢ double;
begin

if dec > 4 then
dec = 4;
i D_n_S then
begin
asign .= Sign(angle);
angle := Ads(angle};
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case dac of

O : begin
angle := Modulus(angle + 0.5,360);
deg := asign¢Trunc(angle);
end; {0}

1: begin
angle := Modulus(angle + 1/12,360C);
deg := Trunc(angle);
min := Trunc{(angle - deg) * 6)%10;
deg := asign#deg;
end; {1}

2 : begin
angle := Modulus(ang.e + 1/120,360);
deg := Trunc(angle);
min := Trunc((angle - deg) # 60);
deg :~= asign#deg;
end; {2}

3 : begin
angle := Modulus(angle + 1/720,360);

deg := Trunc(angle};
tmp := (angle - deg) * 60;
min := Trunc(tmp);
sec := Trunc(Frac(tmp)6)*10;
deg := asign¥deg;
end; {3}

4 : begin

’ angle := Modulus(angle + 1/7200,360);

deg := Trunc(angle);
tmp := (angle - deg) * 60;
min := Trunc(tmp);
sec := Trunc(Frac(tmp)*60);
deg := asign+deg;
end; {

. end; {case

if degrees then

case dac

of
0 : Write(fout,deg:width,’’);
1,2 : Write(fout,deg:width,’’,TwoDigit(min),’??);
3,4 : Write(fout,deg:width,’’,Teobigit(min),???’,TwoDigit(sec),"?);
end {case}
else
cage dec of
0 : Write(fout,deg:width,’h’);
1,2 : Write(fout,deg:width,’h’,TwoDigit(min), 'm?);
3,4 : ¥Write(fout,deg:width,’h’,TuoDigit(min), 'm’,TwoDigit(sec),’s’);
end {case}
erc {if}
else
if dac = O then
¥rita(fout,angle:width:0)

else
Write(fout,angle:width+dec+l:dec);
and; {Procedure Output_Angle}

Procedure Output_LatLonAlt{time : double;
geodetic : vector);

begin

Output _Time(time);

if N E_V.S then
begin
Output_ingle(Abs(Degrees(geodetic(1])),6,angle_res,true);
if geodatic{i] >= O then

Vrite(fout,’ ')

else

¥rite(fout,’ 8?);
if geodetic(2] > pi then

geodetic[2] := guodetic(2] - twopi;
Output_Angle(Abs(Dagrees(geodetic[2))),6,angla_res,true);
it geodetic(2] >= O then

Vrite(fout,? E!)

else
Write(fout,?’ W');
end {if)
else
begin
Dutput_ingle(Degrees(geodetic(1]),5,anglo_con, true);
Output_.Angle(Degrees(geodetic(2]),6,angle_ res true);
end; {if}
Write(fout,geodetic{3]:11:3);
if show_vis then
if eclipsed then

B-36




Writeln(fout,’ ECL’)
else
Vriteln(fout,’ )

else
Writeln(fout);
end; {Procedure Output_LatLonAlt}

Procedure Output_Obs{time : double;
obs : vector);

const
first : boolean = false;
begin
if not visible then
begin
if first then Writeln(fout);
first := false;
Exit;
cend; {if}
first := true;
Output_Time(time);
Vrite(fout,Copy(obs_name,1,3):5);
Writeln(fout,Degrees(obs{1]):angle_res+6:angle_res,
Degrees(obs[2]):angle_res+5:angle_res,
obs{3] :dist_res+8:dist_res,
obs(4):dist_res+8:dist_res+3);
end; {Procedure Output_Obs}

Procedure Output. RADec(time : double;
obs : vector);

const

first : boolean = false;
begin
if not visible then

begin

if first then Writeln(fout);

first := false;

Exit;

ead; {if}
1:rst := true;
Qutput_* ime(time);
Vrite(fout,Copv(obs_name,1,3):5);
Output_Angle(Degr:as(obs(131)/15,4,angle_res, false);
Output_Angle(Degrees{ ~bs[2]),5,angle_res,true);
Yritelu(fout);
end; {Procedure Output_RADec}

end.
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B.10 SGP_OBS Unit Source Code Listing

Unit SGP_0Obs;
duthor: Dr TS Kelso ;
{ Original Version: 1992 Jun 02
{ Current Revision: 1992 Sep 28 }
{ Version: 1.40 }
Copyright: 1992, A1l Rights Reserved }
{38+}

IBTERFACE
Uses SGP_Math;

Procedure Calculate_User_PosVel(var geodetic : vector;
time : doubdle;
var obs_pos,obs_vel : vector);
Procedure Calculate_LatLonAlt(pos : vector;
time : double;
var geodetic : vector);
Procedure Calculate_Obs(pos, vel geodetic : vector;
time : doubles;
var oba_.set * vactor);
Procedure Calculate_KiDec{pos,vel, geodetic : wocear;
time : duuble;
var obs_set : vector);

INPLERENTATION
Uses SGP_Intf,SGP_Init , SGP_Time;

Procedure Calculate_User_PosVel(var geodetic : vector;
time @ doudle;
var obs_pos,obs_vel : vector});
{ Reforence: The 1992 Astronomical Almanac, page K11. }
const
mfactor = twopiecmega_E/wecday;
var
lat,lon,alt
thctu.c s ach:p double;

begin

lat := geodetic{i];

lon = geodetic(2):

alt := geodetic[3);

theta :* Rodulus(Thetal _JD(time) + loa.twopi);
geodetic[4] ~® theta; (LRST)

€ @ 1/3qri(l o fe(f - eSqr(Sinliar)));

s .= 8Qr(y - flee,

achcp "~ (xkmperec * alt)eCos(lat);

obs por(1]) :« schepsConitheta); (Rilometery)
obs_pon[2] = achepeSin(iheta);

oba_poa(d) -# (shmperes ¢ slt)eSia(lat),

obu_vel{1] :» ~mfactorsads_pos(i]: (Rilematers/secerd)
obs_veli2) = ntn<!otto§:.’-l(tl;

ohs_vellld] o

lA;as!sA-(ntn po-)
Ragaituds(obs _vel),
end, (Procedure Caliniate_Unse Pogtel)

Proceduse Calculate Latlesd)tipos  wector,
Line  dsuble,
var geedetic  wecltor),
{ Reference The 1992 Astiressmical Almassc, page 812 )

L £

‘isl.lcn.all.

theta, 7 32,pbi .« deabla,
begin
theta * AcTenlpen{2].pan{i)).

len = Rodulun(thets - ThataS, jD(time) twofi).
1 Sqel(SQf(ra¢t!l) s Sqripee(212).
#2 = fel2 - ¥)

lag = l<¥ea(yc¢(3] ).

Tegeat

et ® lay,

< * 1/5qet{1 - aReSqriSiatphi))},

1at = AcTan(peril] & simpetecea?oSin(phil) v,

wetil 8da{lat ~ phi} € 1E-10,

et ® y/Cealiat) - akmperec.
goesdericfl) * lat,  {radiazel
gredntici{2] = lex.  {radians)
goodatic[2] + olt.  (Rilemetern)
goddetic{d] = theta, (rodiazs)

Bas




end; {Procedure Calculate_LatLonilt)

Procedure Calculate_Ubs{pos,vel, geodetic : vector;
time : double;
var obs_set : vector);

u{
: integer;
lat,lon,alt, theta,
sin_lat cos_la
in_lat lat
s{n_thoh,coa_tﬂou : doudble;
) ,az

im : doudle;
top.s,top_e,top.z : double;
obs_pos,obs_vel,
range ,rgvel . vector;

begin

Calculate_User_PosVel(geodetic,time,obs_pos,obs_vel);

for 1 := 1 to 3 do
begin
range{i) :» pos[i) - obs_pos(i]);
rgvel[i) := vel(i) - obs_ver(i);
end; {for i}

Magnitude(range);

lat := geodetic(l};

lon := geodetic(2];

alt := geodetic(3];

theta :® geodetic{4];

sin_lat := Sin(lat);

cos_lat := Coallat);

sin_theta := Sin(theta);

cos_theta := Cos(theta);

top.s :® sin_latecos_thetasrange(t)

cos_lategin_thetasra .gel2}
sin_laterange(3);
azim ;= ArcTaa(-top_e/top_s). {Azimstd)
if top.# > 0 then

azim :* azim ¢ pi;
if azim < O thea

azim :® azim ¢ t¥opi.
ol := AreSialtep z/range(d]);

+ sin_latesin_thetasrange{2)
- ces_laterange{3];

top.¢ :® -gin_thetaerange[1)
+ cos_thetasrange(2);

top.a :* cos_latecos_thetasramge(1}
*
L 2

obe_set(l] := azim; {hzimath (radians)}}

ab;_utst YR {Fiavation (radiass)}

aba_setld] @ tur[.l. {Range (2ilematars))

obe_ est[4] ;= Detlrangs.rgvel)/range{d]; (Rasge Rate (Rilometers/vecoad))

{ Cosrectiane for atmcapheric refractien )
{ Refercace. Astrenamical Algorithaa By lean Reexs. pp. 101-104 }
{ Bate' Carrection iz sesnisgleds ubea oppatent elevatisn is belew Rerizea )
oha_sot (2] .o aba_pet (2] »
fadians(l 02/ TanlRadiana({Degrees(el}*10 3/ {Dagrecalel)es 11)))2/60),
if eb%y {-i[ﬂ *» O thes
visible ¥ tree
elae
begia
sbe_eot[2] * a), (Ravet te true vievatica)
2isible = falge,
wad  {olne}
sad. {Frecednre Caleulate O}

Procodere Caleulato, MDex{pie . vod goodetic  veclar,
lime  duxble,
8¢ che get veitag),

{ Refetonce Ratdeds of Orhit Seteswinstior by Podre danee Escobal. pp 40V -492)

LY

rhi_thels,

ein_thetsy, con_thitls,

ein_phi . con i.

82,93,

Leh L t2p,

2. B3,

£y .E7.17.

f2 F2 .02,

Le ly.ia,

<oe_deita,

eix_alpha cor alpds dechle,
beogin
Caiculate Dhelpos vel goodetic time ohe oot}
7 vieible thes

bagis
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az := obs_set[1];

el := obs_set[2];

phi := geodetic([t];

theta := Modulus(ThetaG_JD(time) + geodetic[2],twopi);
8in_theta := Sin(theta);

cos_theia ‘= Cos(theta);

sin_phi := Sin(phi);

cos_phi := Cos(phi);

Lxh := -Cos(az)*Cos(el);
Lyh := Sin(az)*Cos(el);
Lzh := Sin(el);
3x := sin_phi*cos_theta;
Ex := ~gin_theta;
Zx := cos_theta*cos_phi;
Sy := sin_phi*sin_theta;
Ey := cos_theta;
Ly := sin_theta*cos_phi;
8z := -cos_phi;
Ez := 0;
Zz := sin_phi;

=

=

Sx*Lxh + Ex#Lyh + ZxsLzh;
Sy*Lxh + Eys*Lyh + Zy#Lzh;
Lz := Sz*Lxh + EzsLyh + ZzsLzh;
obs_set[2] := ArcSin(Lz); {Declination (radians)}
cos_delta :~ Sqrt(1 - Sqr(Lz));
sin_alpha := .y/cos_delta;
cos_alpha := Lx/cos_delta;
obs_set[1] := AcTan(sin_alpha,cos_alpha); {Right Ascension (radians)}
obs_set[1] := Modulus(obs_set[1],twopi);
end; {if}
end; {Procedure¢ Caiculate_RADec}

end.
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B.11 SOLAR Unit Source Code Listing

Unit Solar;
Author: Dr TS Kelao }
{ Original Version: 1390 Jul 29
{ Current Revision: 1992 Sep 3¢ }
Version: 1.20 }
{ Copyright: 1990-1992, A1l Rights Reserved }
{$0+}
INTERFACE
Uses SGP_Math;

canat
eclipsed : boolean = false;
shew_vis : boolean = false;

var
civil,
nautical,
astronomical - double; {Twilight elevations}
solar_pos . vectar;

Procedure Calculate_Solax_Position{(time : Jdouble;
vaxr solar_vector : vactor);

Function Depth_of_Eclipae(time : doudle;
tl : vector) : double;

IMPLERERTATION
Uses SGP_Intf ,SGP_Time;
const
sr = 696000.9; {Solar radius - kilometers (IAU 76)}

AU = 1.49597870E8; {Astronomical unit - kilometers (IAU 76))}

Procedure Calculate_Solar_Position(time : double:
var solar_vector :@ vector);

ar
mjd,ysar,T,M,L,¢,C,0,L82,nu,R,eps : double;
odb ¢ wector;

v

begin

mjd :® time ~ 2415020.0;

year := 1800 + mjd/365.25;

T (mjd + Delta_BT{year)/secday)/36525.0;

L Rad fans{Modulus (358 47583 + Modulus{35999.0497547,360.0)

(0. 000150 + 0.0000033+T) eSar{T) ,366.83);

Radians(Modulus (279 63668 + Hodulas(3IE000. 76892¢T,380.0)

0.Q0030252+8qr (7),360.0));

0.G1675104 - {0.0000418 + 0.000000126eT)e7;

Radians((1.919460 ~ (Q.TO4789 + 0. .0C0014eT)sT)eSin(N)

(0.020094 - 0.0U0100e1)+3in{2e}t) s 0. 200293+51in(3eM))};

Sadians(Rodulua{259.18 ~ 1934.14207,360.0});

Laa := Bodulus(L + & - Radians{0.00569 - 0.00479e5in{{i1), tvopi);

ns 4 Kodulus(® + €, twopi);

R = 1.0000002+{1 - Sqx{e))/ (1 ¢ erConlnu));

ept @ Radiane (23 45228¢ - €0.013012% + {0.09000164% ~ 0.000000503eT)eT)eT
+ .00256¢Co8(0));

R = jieR;

solar _versar{i] := AeCoallra);

sular_vector[ij = AeSin{Lan)eConleps);

solar_vector(3] :e RsSta(laaleSinleps);

solar_vector{4) := R,

snd: {Procedure Calculate Solar_Pouitioa}

Function Depth_ of Eciipse(time : doudle;
Tl : vector) : double;

var
'g-r:.r!,r1.r2-r2.k.é.ds double;
]

L

AesH ew s an

S Oa

©owactor;
bagin
Ragnitade(rl):
Zalculate delag Position{time,12);
solaz_pos % ¥2,

ity o» Sqrlri(a)).
i rd & -Dot{r} x2);
t2.r2 .= Sqele2{d});
LIBLIR I & T+ 38 &
{Calculate perpendicular distance from anti-solar vector)
4 @ Sqrelyl et - Sqriri.r2)/r2.22),
{Calinlata adadow diitsnce da)
de .7 pimper ¢ X & (ar - tkmpar);
£YF 4 ¢ ds, then satellite is in eclipse}
B (X > 0) and (4 < d8) thea
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eclipsed := true

alse

eclipsed := false;
Depth_of_Eclipse := d - ds
end; {Function Depth_of_Eclipse}

begin

civil := Radians(-6);

nantical 1= Radians(-12);

astronomical := Radians(-18);
end.
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B.12 MINMAX Unit Source Code Listing

Unit MinMax;
Author:

{ Original Veraion:

{ Current Revision:

{ Copyright:
{$1+}
INTERFACE

Function IMin(argl,arg2

Function DMin(argl,arg2
Function DMax(argl,arg?

IMPLEMENTATION

Function IMin(argl,arg2
begin
if argl < arg2 them
IMin := argl

se
IMin := arg2;
end; {Function IMin}

Function IMax{argl,arg2
begin
if aryl > arg2 them
IMax := argl

el

else
IMax := arg2;
end; {Function IMax}

Function RMin(argi,arg? :

begin

if argl < arg2 then
XMin := argl

alse
RMin := arg2;

end; {Function RMin}

Function RMax(argl,arg?2 :

begin

if argl > arg2 then
RMax := argl

else
RMax := arg2;

end; {Function RMax}

Function DMin(argi,arg?2

begin

if axgl < arg2 then
DMin := argl

el

se
DMin := arg2;
end; {Function DMin}

Function DMax(axgl,arg2

bagin

it argl > arg2 then
DMax := argi

else

DMax := arg2;

end; {Function DMax}

. end.

Dr TS Kelso }
1992 Jun 29 }
1992 Sep 03 }
Version: 1,02

1992, A1l Rights Reserved }

: integer) : integer;
Function IMax(argl,arg? :
Function RMin(argl,arg?

Function RMax(argl,arg2 :
: double) : double;
: double) : double;

integer) : integer;
real) : real;
real) : real;

: integer) : integer;

: integer) : integer;

real) : real;

real) : real;

double)

. double;

double) : double;




Appendix C. TRUTH MODEL

C.1 HPOP_IN Source Code Listing

Program KPOP_Input;

Author: Dr TS Kelso i
Original Version: 1992 Aug 20
Current Revision: 1992 Oct 14 }

Version: 2.25 }
{ Program Information: Convert two-line element sets to state vectors
for input to HPOP/SAM. }

{$1+}

Uses CRT,Support,
SGP_Init,SGP_In,

SGP_Cony,
SGP_Math,SGP_Time,
SGP4SDP4;

iy ey ey

v
agimei,times,timee ¢ time_sat;
jei,je2 : double;
sat_pos,sat_vel :@ vector;
fni,fno : string;
fi : text;
Function HPOP_Time(tm : time_set) : string;
begin
with tm do
HPOP_Time := TwoDigit(yr div 100)
+ TwoDigit(yr mod 100)
+ TwoDigit(mo)
+ TwoDigit{dy)
+ TwoDigit (hr)
+ TwoDigit(mi)
+ TwoDigit(se) + 2.
+ TwoDigit(hu);

end; {Function HPOP_Time}

Function HPOP_ETime(je : double) : string;
var
time : double;
edate : date;
begin
edate := Calendar_Date(je);
with timee do

begin
yr := Integexr_Value(edate,1,4);
mo := Pos(Copy(edate,6,3),’ JanFebMarAprMaylunJuldugSepOctNovDec’) div 3;

dy := Integer_Value(edate,10,2);
time := 24#Frac(je + 0.5);
hr := Trunc(time);
time := 60*(time - hr);
mi := Trunc(time);
time := 60*(time =~ mi);
sa := Trunc(time);
hu := Trunc(100*Frac(time));
end; {with}
HPOP_ETime := HPOP_Time(timee);
end; {Procedure Convert_Time}

Procedurs Qutput _HPOP;
var

i : byte;

int : double;

fo : text;
begin
Assign(fo,work.drive+work_ dir+fno);
Revrita(fo);

for 1 := } to 3 do
Writeln(fo,1000%sa%_pos(i]:12:3);
for 1 := 1 to 3 do
Writetn(fo,100Nesat_vel(i]:16:6);
with times ?o
int := hu/100 + se + (mi + (hr + (24%dy))*60)+60;
Writeln(fo,int:12:3);
Vriteln(fo,HPOP_ETime(jel));
with timei do
jo2 := jel + dy + Fraction_of_Day(hr,mi,se, hu);
Writeln(fo ,HPOP_ETime(jel));
Writeln(fo ,HPOP_ETime(je2));
Writeln(fo,’0.01?);
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Close(fo);
end; {Procedure Output_HPOP}
BEGIX

Program_Initialize(?HPOP-IN?);

Show_Status_Line(’Select input two-line elements’);
Show_Instructions(’<’+UpDown+’ to select, ENTER when done>’);

fni := Select_File(’Two-Line Elements’,data_drive+data_dir+’+.2LE’,?’,40,2,19,5);
Assign(fi,data_drive+data_dir+fni);

Reset (fi);

Zero_Time(timei);

Zero_Time(times);

timei.dy := 60;

times.mi := 5;

Show_Status_Line(’Time interval from epoch?);
Show_Instructions(’<’+cursors+’/Home/End to select, ENTER when dome>?);

Select_Time_Interval(’Time Interval’,40,9,timei,7);
Clear_Status_Line;

Show_Status_Line(’Output time step’);
Show_Instructions(’<’+cursors+’/Home/End to selact, ENTER when done>’);
Select_Time_Interval(’Time Step’,40,13,times,7);
Clear_Status_Line;
GotoXY(1,24);
repeat
Mark_Time;
Readln(fi,sat_data[1,1]);
Readln(fi,sat_data[1,2]);
fno := ’8V-’ + Copy(sat_data[i,1},3,6)
+ 7.7 + ThreeDigit(Integer_Value(sat.data(1,1],66,3));
Convert_Satellite_Data(1);
jei := Julian_Date_of_Epoch(epoch);
$aP(jel,sat_pos,sat_vel);
Convert_Sat_State(sat_pos,sat_vel);
OQutput _RPOP;
until EOF(fi);
Close(fi);

END.
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C.2 HPOP_IN Output/HPOP Input File Format

ECI Position(x Initial Position(meters)

ECI Position(y

ECI Position(z

ECI Velocity(x Initial Velocity (meters/second)
ECI Velocity(y

ECI Velocity(z

Step Size Propagation step size (second&

Epoch Time Epoch time of the position (YYYYMMDDHHMMSS.SSS)
Start Time Propagation start time (YYYYMMDDHHMMSS.SSS)
Stop Time Propagation stop time (YYYYMMDDHHMMSS.SSS)

Area-Mass Ratio  Area mass ration of the satellite (m?/kg)

C.3 Sample HPOP_IN Output/HPOP Input File
File: SV-19859.147

-7575194.314
~1791719.890
9.481
~76.291742
-618.161792
7868.435726
300.000
199003020756911.43
19900302075911.43
199005020756911.43
0.01

C.4 Sample HPOP Output/CONVERT Input File

FILE: PV-19859.147

Time Position(x) Position{y) Position(z) Volocit (x) Velocit (;) Velocity(x)
19900302075911 .43 -7576194.31400 -1791719,89000 9.48100 -618.1 7868.43672
19900302080411 .43 -7314412.61196 ~1907912.86617 2331213.456559 1787 88725 -155.40460 7578.49848
19900302080911 .43 ~65627544.75443 ~1887036.66329 4496446.34278 3403.31635 287.14653 6784.48618
19900302081411 .43 -5309821.98319 -1741845.94718 6367459.24499 4647.97494 668.23752 5646.17234
19900302081911 .43 -3779138.83937 ~1494310.156383 7866660.24678 5490.94581 967.76235 4331.69393
19900302082411 .43 ~2052321.28041 -1169644.27783 8962430.39496 5964.13216 1183.06842 2975.18718

19900502073411.43 -8749947.01736 ~800119.68735 5088236.46333 1904..6474 -346.79907 5884.16506
19900602073911 .43 -8037873.88455 -850440.06104 6760184.84992 2813.11029 -265.42774 5144.07122
19900602074411 .43 -7079394.34500 -963654.66123 82120868.43876 3549.03791 -165.80210 45615.64102
19900602074911 .43 -5924349,23870 -990274.92476 9464050.80267 4126.98788 -79.688569 3731.70528
19900502076411 .43 -4618259.12963 -1001824.01191 10461703.70189 4558.31158 1.87721 2915.46436
1990050207591 .43 -3202624.58393 -9896863.66330 11211748.20762 4868.93881 78 30139 2n83.25883

time: in YYYYMMDDHHMMSS.SSS Format
position: in meters
velocity: in meters pey second
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C.5 CONVERT Program Source Code Listing

Program Convert;

. Author: Dr TS Kelso i
Original Version: 1992 Jul 22
Current Revision: 1992 Qct 16 }
Version: 2.03 } )
Program Information: Convert state vectors to observations. }
{$h+}
Uses CRT,Support,
SGP_Init,SGP_In,
SGP_Math,SGP_Time,
SGP-0bs , $olar;

const
max_sites = 100;
var
first,
llmlts dark : boolean;
i,nr_sites s byte;
yr,mo,dy,
hr,mi,se,hu ¢ word;
time,DoE’ : double;
obs_pos,obs_vel,
obs_set,
solar_obs,
sat_pos, sat_vel : vector;
min_range,
max_range,
min_el,
max_el,
azl,az2 : array [1..max_sites] of double;
site : array [1..max_sites] of vector;
site_des : array [1..max_sites] of string(3];
h1,h2 : string[2];
tm : string{18];
name,buffer : string(26];
fni, fn2 fn3,fnd : string;
£i2,fo, f14 : text;

Procedure Convert_Time(tm : string;

var yr,mo,dy,hr,mi,se,hu : word);
begin

yr := Integer_Value(tm,1,4);

mo := Integer_Value(tm,5,2);

dy := Integer_Value(tm,7,2);

hr := Integer_Value(tu.9,2);

mi := Integer_Value(tm,11,2);

se := Integer_Value(tm,13,2);
hu := Integer_Value(tm,16,2);
end; {Procedure Convert_Time}

Procedure Output_Data(arg : byte;
time : double;
obs_set ,satpos : vector);

begin

Writeln(fo,site des[argJ. ',
time:16:8,°
Degrees(obs aet(l]) 7:3,0 2,
Degrees(obs_set(2]):7:3,' °,
obs_set[3):9:3,' °
obs_aet[ﬁ]:9:3.' y
sat_pos(1]):10:3,!
sat_pos[2]:10:3,’ °,
sat_pos{3]:10:3);

end; {Procedure Qutput_Data}

Function Check_Limita(obs : vector;
arg : byte) : boolean;

- - -

var
good : boclean;

begin

good := visible and
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(obs[3] >= min_rangelarg]) and
(obs[3] <= max_rangelargl);
if good then
begin
obs[1] := Degrees(obs[1]);
obs{2] := Degrees(obs[2]);
it (az2[arg] > azilargl) then
good := (obs[1] >= azilarg]) and
(obs[1] <= az2[arg]) and
(obs{2] >= min_el[arg]) and
) (obs[2] <= max_el[argl)
else

good := (((obs[1] >= azi[arg]) and (oba[1] <= 360)) or
(Cobs[1] >= 0) and (obs[1] <= az2[argl))) and
(obs[2] >= min_el[arg]) and
(obs[2] <= max_el[argl);

if not good and (max_el[arg]l > 90) then
begin
if obs[1] > 180 then
1obs[l] := obs(1] - 180
e

se

obs[1] := obs[1] + 180;

obs(2] := 180 - obs[2];

if (az2[argl > azi[arg]) then

good := (obs[1] >= azi(arg]) and

(obs[1]) <= az2(arg]) and
(obs[2] <= max_ellarg])

else

good := (((obs[1] >= azi[arg]) and (obs[1] <= 360)) or
((obs{1] >= 0) and (obs[i] <= az2[argl))) and
(obs[2] <= max_ellargl);
end; {if}
end; {if}
Check_Limits := good;
end; {Function Check_Limits}

BEGIN

Program_Initialize(’CONVERT’);
it ParamCount >= } then

1!n2 :» ParamStr(1
@

88

fn2 := Select_File{’Input SVs',data_drive+data_dir+’'PV-«.»’,’’,40,1,20,5);
Assign(2i2,data_drive+data. dir+fn2);

Reset (£i2);

if ParamCount = 2 then

fn] := ParamStr(2

else

gnl 1= Select_File('Obsexrvation Sites’,data_drive+data_dir+’s.0BS’,’’,40,8,20,5);
fn4 := Copy(fni1,1,Pus(’.’,fnl1)) + 'LIN*;
if File Exists(data_drive+data_dir+fnd) then

begin

Assign(fi4,data_drive+data_dir+fn4);

Reset(fi4);

Readln(fid);
limits := true;

end {if}
else

limits := false;
GotoXY(1,24);
Cursor_OIt;
Assign(foba,data_drive+data_dir+fnl);
Resot (fobs);
fnd := fn2;
in3{1} = '0°;
fn3[23 1= 1R,
i o= Qs

repeat

1= 4§+ 1

Input_Observer(site(il);

site_des[i] := Copy(obs_name,1,3);

if limits then
Readln(fi4,buffer,min_range[i) ,max_range(il,
min_el(i),max_el(i],az1{i],az2{i]);




until EOF(fobs);
Close(fobs);
if limits then
Close(fi4);
nr_sites := 1;
Assign(fo,work_drive+work_dir+fn3);
Rewrite(fo);
repeat
ReadIln(fi2,buffer);
until Copy’buffer,1,4) = ’Time’;
GotoXY(1,24);
Show_Status_Line(’Processing ’+fn2+’ with ’+fni+’ *);
first := true;
repeat
Mark_Time;
Readln(fi2,tm,sat_pos[1],sat_pos[2] ,sat_pos[3],
sat_vel[1],sat_vel[2] ,sat_vel[3]);
Convert_Time(tm,yr,mo,dy,hr,mi,se,hu);
time := Julian_Date_of_Year(yr) + DOY(yx,mo,dy)
+ Fraction_of_Day(hr,mi,se,hu);
if first then
begin
Hriteln(fo,: ’ time:16:8,

b
first ;= false;
end; {if}
for i := 1 te 3 do
begin
sat_pos[i] := sat_pos[i] * 0.001;
sat_vel[i] := sat_vel[il * 0.001;
end; {for i}
DoE := Depth_of_Eclipse(time,sat_pos);
for i := 1 to nr_sites do
begin
Calculate_Obs(sat_pos,sat_vel,site[i],time,obs_set);
if visible and limits then
_ visible := Check_Limits(obs_set,i);
if visible then
if Pos(site_des[i},’027 201 202 206 207 211 212 213 221 222 223 ’
+ 2231 232 233 241 242 243 951 952°) > O then
begin
Calculate_Obs(solar_pos,zere,site(i],time,s0lar_obs});
dark ;= (8solar_obs[2] < civil);
visible := dark and not eclipsed;
if visible then .
Calculate_RADec (sat_pos,sat_vel,site[i],time,obs_set);
end; {ifg
if visible then
Output_Data(i,time,obs_set,sat_pos);
end; {for i}
until ECF(£i2);
Cloaegfo)g
Close(£i2);
Progral_Ené;

FKD.




C.6 RSELECT Program Source Code Listing

Program RSelect;
. Author: Dr TS Kelso
Original Version: 1992 Sep 15
Current Revision: 1992 Oct 22 }
Version: 2.50 }
Program Information: Randomly select observations and apply noise.

$N+}

Uses CRT,Support,
SGP_Init,
Gauss?;

type
data = record
lina : array (1..98] of char;

crif : array [1..2] of char;
end; {record}

var

used : array [0..1000] of boolean;
opd,
i j 1,r : byte;
: char;
k kk ¢ word;

nobs ,day,nruns : word;
count,daily,selection : longint;

time,last : douhle;

ad : array (0..100,1..4] of double;
index : array [0..100] of longint;
buffer 1 data;

names,

fn2 : string;

fi2 : file of data;

fno : array [1..10] of string;

fo : array [1..10] of text;

Procedure Outp:i_Data(obs_nr : byte;
odata : data);

var
i,site : brta;
ob,grn : arruv [1..4] of double;
time,spos : strinyg;

begin

for i := 1 to 4 do
grnfi] := GRandom(i):
vith qdata do
begin
it Pos(Copy(line,1,3),name=) <> 0 then
aite := (Pos(Copy(line,1,3),names) - 1) div 4
else
begin
for i := { to (nobs div 2) do
cloae(to( i
Close(112);
Report _Error(1,24,’Site not found in JENSORS.0BS!’);
end; {else)
time := Copy(line,6,16);
ob[1] := Real_Value(line,25,7) + grnlilesd(site,1]};
ob(2] := Real_Value(line,34,7) ¢ grn(2])eadisite,?];
it Abs( {2]) > 90 then
E? 0 then

ob 2} t= (180 + ob(2]);
ob{1] := ob[1] + 180;
end {if)
else
begin
ob[2] := 180 - ob[2});
ob{1] := ob{1] + 180;
end; {alse)
it ob[i] >= 360 then
ob{1] := ob(!] - 360;
ob{3] := Real Valuc(line.%S.S) + grn(3)esd(site,3];




ob{4] := Real_Value(line,64,9) + grni4lssd[site,4];
spos := COEy(11ne ,63,36);
for i ;= obs_nr to nobs do
if (i mod 3
Vrlteln(fo[l d1v 2T Copy(line,1,5),time,’
ob[1]}:7:3,’ 7,
ob[2]:7:3,’ 7,
ob[3]:9:3,’ ,
ob[4]:9:3,8pos);
end; {with}
end; {Procedure Output_Data}

Procedure Input_Covariances;
var

name : string{25];
fi : text;
begin
Assign(fi,data_drive+data_dir+’SENSORS.COV’);
Reset(fl),
names := ’7’;
i:=0;
repeat
Readln(fi,name,sd[i,1],sd[i,2],8d(i,3],8d[i,4]);
names := names + Copy(name,1,4);
i:=14+ 1
until EOF(fi);
Close(fi);
end; {Procedure Input Covariances}

BEGIN

{ Randomize; }
Program_Initialize(’RSELECT4’);
if ParamCount = Q0 then
Report_Error(41,1,’Observations per day needed.’)
else
nobs := Integer_ Value(ParamStr(1),1,2);
if ParamCount >= 2 then
nruns := Integer_Value(ParamStr(2),1,2)
else
nruns := 1;
if ParamCount = 3 then
fn2 := ParamStr(3)

else
fn2 := Select_File(’Input 0B file’,vork_drive+sork dire'0B-s.e* '' ,40,1,20.5);
A8sign(£i2,vork_drive+work_dir+fn2);
Reset (£i2);
GotoXY(} 24)
Cursor _0ff;
Show_ Status _Line('Indexing *¢fn2+'... ');
last := 0;
coum. e 0:
reﬁeat
ark_Time;
Read{f12,buf fer);
time :+ Real _Value(buffer.line,6,16);
i{ time > laste} then
begin
if last = 0 then
lagt := time
else
last = laat ¢ |;
index{day] :» count;
day := day ¢ {;
end; {if)
count = count ¢ §;
until EQF(412);
index (0} := {;
index(day] := count:
for opd := | to (nobs div 2) do
tnofopd] :» *RO-'e Copy(fn2,§.Pos( .’ ,fn2}-3) * TwoDigit(Zeopd);
ryn = '@,
input_Covariances;
for 1 := | to aruns do
gaa




run := Succ{run);
Show_Status_Line(’¥riting *+Copy(fno(1],1,8)¢’/'+run+’... ’);
for opd := 1 to (nobs div 2) do
begin
is8ign(folopd] ,vork_drive+work_dir+fno[opd]+run);
Revrite(folopdl);
end; {for}
for i := 1 to day do
begin
daily := index[i] - index[i-1];
if nobs > daily then
Regort_Error(il,l.’lot enough daily observations.’);
for x := 0 to 1000 do
used[k] := false;
for j := { to nobs do
begin
Mark_Time;
selection :» Random(daily - j + 1);
kk := 0;
for k := 0 to selection do
while used[kfkki do
kk := kk + 1;
used[k+kk] := true;
Seex(£i2,index[i-1] + k + kk);
Read(fi2,buffer);
Output_Data(j,buffer);
end; {for 3}

end; {for i)
for opd := { to (nobs div 2) do
Close(fo[opd]);
end; Eior)l)
Cl 1i2);
Prg;:amiﬁna;

END.




C.7 GAUSS2 Unit Source Code Listing

Unit Gauss2;
Author: Dr TS Kelso {
Original Version: 1992 Sep 25
Current Revision: 1992 Oct 15 }
Version: 2.00}
Program Information: Generates gaussian random deviates from ten
separate streans. }

{88+)

INTERFACE

const

seed : array [0..9] of longint = (428956419,

1964324947,
1145661099,
1835732737,
794161987,
1329531353,
2004%‘;33.
141!31!43363:
1282538739} ;

Function GRamdom(stream : byte) : double;

INPLENENTATION

function GRandom(stream : byte) : doubdle;

{ Reference: Humerical Necipes, page 7}
const

first : array (0..9) of boolean = (true,true,true,true,irue,

trae,true,true, true, true);
geet : array (0..9) of doudle » (0,0,0,0,0,0,0,0,0,0);
ar

v),v2,r fac : doudle;
in

A

if tirst(stream] then
begin

RindSeed = seed{stream);
rapeat
vl = 2elandom -~ 1,
v2 '« 2eRandom - |,
¢ 2 Sqrivl) ¢ Sqr(v2);
wntil ¢ < ¢,
secd{strean) = landSeed;
fac 1= Sqri(-2elalr)ie);
gaet{strean) = viefae,
GRandom = vefac;
first{strean} :» false;
oxd {if)
else
beogin
GRandem v gaet{atrean);
firat(atream] ‘® trye;
exd; {e)lse)
erd; (Fuaction GRandam)

[




C.8 Sample RSELECT Output/DIFC Input File

FILE: RO-19859.02A.

399 2447962.83277118 180,260 4.990 39564.273 -6.203 -7576.194 -1791.720 0.009
399 2447953.23664896 128.886 11.981 8963.088 1.532 11677.060 2790.836 -573.010
394 2447954.11749340 102.560 45.089 5398.992 3.137 4879.6586 393.6¢7 9707 .166
394 2447964.66610451 122,979 6.561  4909.489 -4.309 -5693.166 -1765.160 6098.198
394 2447955.13486451 365.709 67.227 3817.028 0.282 618.988 -616.404 9946.998

394 2447955.69388.28 129.836 21.914 4032.044 -3.440 ~-4791.167 -~1629.560 7086.593

399 2448011.14527118 179.474 12.840 5090.680
932 2448011.36402118 257.270 69.927 4662.461 -
344 2448012.34318785 73.006 54,620 5267.152
386 2448012.56541007 88.497 62.601  4455.352
932 2448013.31193785 161.727 16.582 65490.990 .815 9352.461 594 .601 -1743.675
382 2448013.70082674 247.128 73.366 3805.563 .879  -8839.162 -784.460 4778.215

Where the column headings, from right to left, are: Sensor Number, Julian Date, Azimuth or Right
Ascension (degrees), Flevation or Declination (degrees), Range (kilometers), Range Rate (km/sec),
ECI Pusition (X) (km), ECI Position (Y) {km), and ECI Position (Z) (km).

.924 9656.396 632,936 -1203.649
L7177 30157.474 297.073 3685.216
.887 ~614r.328 ~100€6.698 9170.930
~7896.458 -923.961 6898.2566

CROOOoON
©
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Appendix D. DIFFERENTIAL CORRECTOR PROGRAM

D.1 DIFC Program Source Code Listing

Program DIFC;
{$E+ ¥}

Author: BMW }
{ Original Version: 22 Oct 1992 }

{ Current Revision: 30 Oct 1992 }
{ Vexrsion: 2.00 }

{ Description: Sequentially differentially corrects the classical elements }

Uses DC_Init, {constants, argument types, variables}
SGP_Couv, {procednre Convert_Satellite_Data}
$GP_Init SGP_Intf, {constant, argument types, varialbles}
SGP_Math, {functicn Radians}
8GP_Time, {function Epoch_Time}

LOWB, {procedure Load_Sensor_Info}
Prop, {procedure Propagate}
DC_Out, {procedures Init_Output_Files & Close_Output_Files}
DC_Calc, {differential correction calculations}
Support, {Integer_Value, Initialize}
Crt;
BEGIN

Program_In.tialize(’DIFC’);
IF ParamCount <> 3 THENX
begin
writs1n(’INPUT FORMAT ERROR!?);
writeln(’Command Line Format: DIFC RO-satnr.nn? aa bb’);
writeln(? vhere: RO-satnr.nn? is the random observation file,’);
vriteln(? aa is the correction ‘nterval in days, and?’);
;r%zoln(’ . bb is the number of correctionm batches desired.’);
alt;
end; {IF}
n.batches := Integer_Value(ParamStr(3),1,2);
LUPI := Integer _Value(ParamStr(2),1,2);
1) 2)] := Integer _Value(copy(ParamStx(1),10,2),1,2);
batch_size := OPD * LUPI;

{Input sensor location & covariances}
Load_Sensor_Data(Geodetic_SSN,Qinv_SSK);

{Input a single two line element set - the estimated olset}
Input.Sat_OE_data(ParamStr(1));

{Input Satellite DE Set as a string and seperate the elements}
Convert_Satellite_data(i);

{Input Satellite OE Set as a string and seperate the elements}
Orig.Julian_epoch := Julian_epoch;

{Save epoch of seed OE set for use in calc VMAGT}
Init_Qutput_Files(ParamStr(1),ParamStr(2));

{Init output files for VMAGT & Residuals}
Input_COVinv(ParumStr(1),est_COV_inv);

{Input the 7x7 COV.inv matrix - the estimated COV}
Invert (est_COV_inv,est COV);

{Init est_elset array elements to OE set elements
Init_est_elset(est_elset);
Output_elset(’Original Elset’,est_elset);
Assign(0BSinfile,vork. drive+vork_dir+ParamStr(1));

Reset(OBSlnfile)
R batch_num := 1 10 n_batches DO
Begin

writeln(? ’);
{Loop to input a batch of truth obsarvations, & calc VMAGT}
for i := 1 to batch_size do
begin

Readln(DBSinfile,sensor_num,cbtime_set[i],
true_obs_set[i,1],true.oba_set[i,2],true_obs_set[i,3],true obs_set{i,4],
true_pos_set[i,1],true_pos_set[i,2],true_pos_set[i,3]);

true_obs_set[i,1] := Radians(true_obs_set[i,1]);

true_obs_set[i,2] := Radians(true_obs_set[i,2]);

site. set[i] := Poa(sensor.num,sitestring) iiv 4;

{Set observation typa. If optical site ensure range (obset[3]) & range rate }
{(obset[4]) = 0.0 If NAVSPASUR or EGLIN, ensure range rate (obset[4]) = 0.0 }
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IFTPDS(sonsor_nnn,’Zii 221 231 241 951 952 ?) = 0
obtype_sot[i] := 3
ELSE

begin
obtype_set[i] := 5;
true_obs_set[i,3] :=
true_obs_set[i,4] :=
end; {ELSE}
IFbPog(sensor_nnm,’745 398 399 ’) <> O THEN
egin

.0;
.0;
9

0
0
3

obtype_set[i] := 2;
true_obs_set[i,4] := 0.0;
end; {THEN}
{Calc & Output VMAGT, flag if first pass VMAGT > 30 km}

Calc_VMAGT (obtime_set[i] ,true_pos_set[il,est_elset,VMAGT);
Writeln(FVoutfile,obtime_set[i]-Orig_Julian_epoch:5:2,’ ’,VMAGT:7:2);

IF (VMAGT > 30.0) AND (Batch_num > 1) THEN
writeln(Routfile, ’VMAGT = 7 ,VMAGT:8:2,’ km for Batch ’,batch_num,’ O0b ?,i);

end; {for i}
{Propagate the est elset & est COV to new epoch (time of node crossing prior to last ob}

prop.time := obtime_set[batch_size] ~ est_elset[0];
Propagate(prop.time,est_elset,est_"0V,prop_est_elset,prop.est_COV);
Invert(prop.est_COV,prop_est_COV_inv) ;

{Bayes Filter Algorithm}

bstar_flag := false;
Correct(true_obs_set,obtime_set,site_set,obtype_set,
prop_est_elset,prop_est_COV_inv,cor_elset,cor_COV);

{Calc & Output VMAGT after convergence}

for i := 1 to batch_size do
begin
Calc_VMAGT (obtime_set[i],true_pos_set[i],cor_elset,VMAGT);
Writeln(LVoutfile,obtime_set[i]-Orig_Julian_epoch:5:2,? ’ VMAGT:7:2);

end; {for i}
{Declare corrected elset & COV to be est elset & COV}

for i := 0 to 7 do

est_olset[i] := cor_elset[i];
for i := 1 to 7 do

for j :=1 to 7 do

ent_COV[i,j] := cor_COV[i,jl;
end; {FOR Batch_num}
Close(0BSinfile);
{Output Final corrected elset & COV for comparison to propagated original elset}

Output_elset (’Final Corrected Elset’,est_elset);
Output, COV(’Final COV’,est_COV);

{Propagate the original elset to time of final corrected elset for comparisons & Output}

Input_Sat_OE_data(ParamStr(1)); {Re-input original OE set data}
Convert_Satellite_data(1);

Init_est_elset(est_elset);

prop.time := obtime_set(batch_size] ~ est_elset[0];
Propagate(prop_time,est_elset,est_COV,prop_est_elset,prop_est_COV);
Output_elset(’Propagated Original Elset’,prop_est_elset);

Close_Output_Files;

END.




D.2 DC_INIT Unit Source Code Listing

{$E+,u+

UNIT DczInit;

{ Author: BMW §
{ Original Version: 21 Oct 1992

Current Revision:
Version:

{

{ Description:
{

30 Oct 1992 ;
2.00

Contains the constants, type declarations, and variables }

needed in for Units DC_Calc & DC_Out and Program DIFC. }
IITERFACB
Usas SGP_Math; {argument type vector}
cos:{_bstar = 1,0E-05; {Order of Magnitude of the Median delta values of elements}
del_xincl = 1,0E-07; {based on satellite catalog as of JAN 1986}
del_xnodeo = 1.0E-06;
del_eo = 1,0E-08;
del_omegao = 1,0E-06;
del_xmo = 1 0E-06;
del_xno = 1,0E-10;
max_sites = 30;
max_batch_size = 100;
type
matrix7x4 = array [1..7,1..4] of double;
matrix4x7 = array [1. 4 1..7] of double;
matrix7x7 = array [1..7,1..7] of double;
matrix8xi = array [0.. ] of double;
matrixBx1l = array [1..max-batch_size] of double;
matrixBx4 = array [1..max_batch_size] of vector;
matrixBxi_byte = array [i..max_batch_size] of byte;
matrixMx4 = array [1..max_sites] of vector;
v
nr,j, : byte; {counters}
batch_nunm, {sequential correction counter in DIFC}
obnum : byte; {observation number index for Bayes}
sensor_num : string[4]; {sensor number}
Geodetic_SSN, {array for sensor geodetic Lat, Lon, & Alt}
Sigmas_ 83N, {array for sensor sigmas}
Qinv_SSN : matrixMx4; {array for sensor covariances}
true_obs_set : matrixBx4; {array for true obserations}
true_pos_set : matrixBx4; {array for true positions}
obtime_set : matrixBxi; {array for obsexrvation times}
site_set : matrixBxl_byte; {array for cross referenced sensor number}
obtype_set : matrixBxi_byte; {array for sensor odtype (2,3, or 5)}
cor_COV, {corrected ref covariance}
prop_est_cOV, {propagated est covariance}
prop_est_COV_inv, {propagated est covariance inverse}
est_COV, {est covariance}
est_COV_ inv : matrix7x7; {est covariance inverse}
cor.elset, {corrected reference e¢lset}
est_elzet, {estimated elseat}
prop.est_elset : matrix8xi; {propagated est elset}
Orig.Julian_spoch, {Julian epoch of seed 2LE}
prop.time : double; {propagation time in minutes}
0BSinfile, {True obseravation input file ID}
Routfile, {Flags output file ID}
LVoutfils, {Last pass VMAGT output file ID}
FVoutfile ! text; {First pass VMAGT output file ID}
n_batches, {number of correction batches}
oPD, {Observation rate (obs/day)}
LUPI, {correctivn update interval}
batch_size : integer; {number of obs in a correction batch}
bstar_flag, {True if bstar is not used for Bayes correction}
converged : boolean; {Used in convergence test}
iteration_num : byte; {Bayes iteration counter}
converge._flag : byte; {flag for last Bayes correction run}
VMAGT : double; {vectorx magnitude of diff in true & calc pos}
description : string; {Elset output header variable}
sitestring ¢ string;
INPLEMENTATION

END.




D.8 DC CALC Unit Source Code Listing

{$E+,N+}

UNIT DC_Calc;
{ Author: BMW }
{ Original Version: 23 Oct 1992 }

f Current Revision: 30 Oct 1992 ;
Version: 2.00

{ Description: Contains the procedures used to perform the calculations }
{ for Program DIFC. }

INTERFACE
Uses DC_Init, {constants, argument types, variables}
SGP_Math; {argument type vector}

Procedure Input_Sat_OE_Data(finl : string);
Procedure Init_est_elset(var est_elset: matrix8xi);

Procedure Calc_VMAGT(obtime : doubles;
true_pos : vector;
elset : matrix8xi;
var VMAGT : double)
Procedure Corruct(truo obs_set : matrixBx4;
ime_set : matrixBxi;
site_set, obtypa set : matrixBxl_byte;
old_est olnt : matrix8xi;
old_clv : matrix7x7;
var new_est_ oIsot : -atnxaxi

var new_CDV : natrix7x7)
Procedure Input COVinv(fin2 : string;
var COVinv : matrix7x7);
Proceduze Init_7x7Array(var 4 : matrix7x7);
Procedure “nit_7xiArray(var 4 : matrix8x1);
Procedure Form.T.. Hntnx(rof elsat : matanxi,
ime, cbtype : double;
Goodctic : vector;
var calc_obs : vector;
var T : matrix4x7);
Procedure Calc_Residual(true_obs, calc_obs : vactor;
var Residual : vector?;
Proceduu Su- TQT_TQR(T : wmatrix4x?;

esidual : vector;
vu Sun TtQinvT : nat\-ix‘fﬂ

var Sun_'l‘tqinvll : natnxaxi)
Procedure Invert(X : matrix7x7;
var Minv : matrix7x7);
Procedure Calc_new_CiV(0old _COV_inv, Sum_ TtQinvT : matrix7x7;
var new_COV_inv, new_ COV : matrix7x7);

Procedure Calc_corrected_ref_ olut(old COV_iny Sun _TtQinvT, new _CIJ7 : matrix7x7;
ci est_elset, reof_elset : mtrixBxl

var dclta_rat-clut correctcd ref_elset : matrixaxl)
Procedure Test_Convergence(delta_ref_elset : watrizdxl;
new_COV_inv : matx‘iﬂx‘l
var converge.flag : byte;
var converged : boolean);

IMPLEMENTATION
Uses 8GP_Init,8GP_Intf, {constants, argument types, variables}
DC_0ut, {output procedures}
SGP4SDP4, {5GP propagation}
SGP_Time, {function Epoch_Time}
3GP_0Obs, {procedures Calculata_ 0bs & Julculate RADec}
8GP_Conv, {procedure Convert_Sat_State}
Support; {procedure Kark_time}
n‘}-
¢ matrix4x?; {observation matrix (partial obs v.x.t ref_slset)}
Sum_TtQinvT : matrix7x7; {ruaring sum}
Sum TtQinvR : matrixz8xi; {running sum}
Residnal, {True_ob: ~ calc_obs}
calc.pos, {calculated position}
calc_vel, {calculated vslocity}
calc_obs : vector; {calculated observations}
Procedure Input_Sat_OE_Data{fini : string):
v
.E\.‘{nﬁlo : text;
begin
Assign(0Bin?ile,data_ drivetdata_dir+’2LE +copy(£in1, 4,5)+? . dat?);
Reset (Okinfile);

Readin(0Biafile,sat_datal1,1]);
ludln(OEin!.‘:lo.nt-dntn {1,21);




Close(OEintile);
end; {Procedure Input_Sat_Data}

Procedure Init_est_elset(var est_elset: matrix8xi);

est_elset{0] :» Julian_epoch;
est_elset[1] := bstar;
est_elset{2] := xincl;
est_elset(3] := xnodeo;
est_elset[4] := eo;
est_elset[5] := omegao;
est_elset[6] := xmo;
est_elset[7] := xno;

end; {Procoduro Init_est_elset}

Procedure Input_COVinv(fin2 : string;
var COVinv : matrix7xz7);

var
COVinfile s text;

begin
Assign(COVinfile,data_drivo+data_dir+’COV’+copy(fin2,4,5)+’ . dat?);
Reset (COVinfile);

for i :=1 to 7 do
ReadIn(COVinfile,COVinv([i,1],C0Vinv([i,2],C0Vinv(i,3],C0Vinv([4i,4],
CcOvinv{i,5) ,Covinv[i,6],COvinv[i,7]);
Close(COVinfile);

end; {Procedure Input_old_COv_inv}

Procedure Init_7x7Array(var A : matrix7xz7);
begin
for i :» § to 7 do
for j =1 to 7 do
A[1,3] := 0.0;
end; {Procedure Init_7x7irray}

Procedure Init_ 7xiArray(var A : matrix8x1);

bas

or i := 0 to 7 do

AfLY

end; {Procoduro Init_7xidrray}

Procedure Calc, VHAGT(obtilo : double;
rue_pos : vector;

elset : matrix8xi;
var VMAGT : double);

begin
gfllg L BH {5GP45DP4 flag necessary to calc 70 constants}
Julian_epoch := elset[0];
spoch := Epoch_Time(elset[0]);
bstar = elget(1]; {Insures elements are re-initialized to the proper}
xincl = elset[2]; {value prior to reading observations 2 to "n"}
xnodeo = olset[3];
1) = elset[4];
omegao = gqlset([5];
mo = ¢lset(6];
o = olset[7];

{Calculate calc_obs based on SGP propagation}

8GP(obtime,calc_pos,calc_vel);

Convert_Sat_State(calc_pos,calc_vel);

VHAGT := gqrt(sqr(true_pos[i]l-calc_pos(1]) +
sqr(true_pos(2]-calc_pos[2]) +
sqr{true_pos[3]-calc_pos(3]));

end; {Procedure Calc_VNAGT}

Procedure Ccrroct(truc obs_ l.: : natrixBxi.
o st :
site_set, obtypc n:t : -atrixBxl lbyte;

old est 01: : matrix8xi;
old. ny : matrix?x7;
var new_ clt oIlct ! matrixszi}

var new_COV : matrix7x?);

ar
ref_elset,
corrected ref_ elset,
delta 5. Telsst : maty x8x1;
nev_Cl : matrix7x?}
label

bol'
convctio Llag = 0;
itor:t OR_num :® 0.

ref clncttﬁ] = old est_elset(i]);
10: Init 7x7lxray(8u-.7tqinvr) {Init Sum_TtGinvT array elements to 0.0}

D-5




Init_7x1Array(Sum_TtQinvR); {Init Sum_TtQinvR array elements to 0.0}
Init_TxiArray(delta_ref_slset); {Init delta_ref_elset array elements to 0.0}

{Iteration counter & Screen print of Bayes Correction status}

iteration_num := iteration_num + 1;
writeln(paramstr(1),’ batch ’,batch_num,’ iteratiom ?,
iteration_num,’ converge ’,converge.flag);

{Beginning of basic Bayes Correction loop}

for obnum := 1 to batch_size do
begin
Mark_Timo;
Form_T_Matrix(ref_elset,obtime_saet[obnum],obtype.set[obnum],
Geodetic_SSK[site_set[obnum]],calc_obs,T);
Calc_ Residual(true_obs_set[obnum], calc_obs, Residual);
{ Output_Residuals(true_obs_set[obnum],calc_obs, residual); }
Sum_TQT_TQR(T, Qinv_SSN[site_set[obnum]], Residual, Sum_TtQinvT, Sum_TtJinvR);
end; {for obnum}
Calc_new_COV(0ld_COV_inv,Sum TtQinvT,new_COV_inv,new_COV);
Calc_corrected_ref_elset(old_COV_inv,Sum TtQinvT,new._COV,old_est_elset,
ref_elset,delta_ref_elset,corrected_ref_elset);
Test_Convergence(delta_ref_elset, new_COV_inv, converge_flag, converged’;
IF NOT (converged)
THEN

bcgin
or 1 := 0 to 7 do
Gugct elset[i] := corrected_ref_elset[i];

o {o0;

n
ELSE
for i :»0to 7 d
now_clt_olsot[iﬁ := corrected_ref_elset[i];
ond; {Procedure Correct}

Procedure Form T Matrix(ref _c¢lset : matrix8xi;
obtime, obtype : doubls;

Geodetic : vector;
var calc_obs : vector;

var T : matrixdx?7);

var
del_pos,
del_vel,
del_obs 1 vector; {calc_obs changed by small change in ref_elset}
del_elset : matrix8x1; {small change to elements (del_xrdt2o, del_xndd60, etc.)}
d;l : matrix8xl; {binary counter for change in rsf_elset}
begin
iflag = 1; {SGP4SDP4 flag necessary to calc 70 constants}
Julian_epoch := ref_elset(0];
epoch := Epoch_Time(ref elset[0]);
bstar 1= ref_elset(1]; {Insures elczents are re-initialized to the proper}
xincl := ref_elset[2]; {value prior to reading observations 2 to *“n"}
xnodeo :m ref_elset(3];
e := ref_elset(4];
omegao 1= rof_elset(5];
mo :m ref_elset(6];
xno := ref_elset{7]);

{Calculate calc_obs based on SGP propagation?

S3P(obtime,calc_pos,calc_vel);
Convart_Sat_State(calc_pos, <alc_vel); {pot from DU to km, vel from DU/min to km/sec}
IF obtype <> §

THEN
Calculate_Oba{calc_pos, calc_vel, Geodetic, obtime, calc.obs)
ELSE
begin
Calculate RiDec(caic_pos, calc.vel, Geodetic, obtime, calc_obs);
calc_obs{3] := 0.0;
calc_obs(4] := 0.0;
and; {else}
IF obtype 2 THEN
calc_obs(4] := 0.C;

{dssigns deltas for the T Natrix element calculation process}

for § =1 to 7 do
del[i) := 0.0;

del_elset[1] := del_batar;
dcl_ollct[Z% 1w del_xinel;
del_elset(3] := del_xnodeo;
del_elmet[4] := del_eo;
del_elset{5] := del_omegaoc;
del_elset{6) := del_xmo;




del_elset[7] := del._xno;
{Loop that computes the T Matrix elements}
for i:» 1 to 7 do
begin

del[i] := 1.0;
bstar := ref olnnt[I] + del_bstar = delfi];
xincl = ref_elset[2] + del_xincl =* del[2];
xnodeo := ref_elset[3]) + del_xnodeo » del[3];
€0 = ref_elset[4] + del_eo + dell4];
omegao := ref_elset(5] + del_omegao * del[5];
xno = yof_elset[6] + del_xmo + del6];
:= reaf_elset{7] + del_xno * del(7];
dol[i] 1= 0,0;
iflag := 1; {8GP4SDP4 flag necessary to calc 70 constants}

{Calculate del_obs using varied elements}

SGP(obtime,del_pos,del_vel);
Convert_Sat_State(del_pos, del.vel); {pos from DU to km, vel from DU/min to km/sec}
IF obtype <> §

THEN
Calculate_Obs(del_pos, del_vel, Geodetic, obtime, del_obs)
ELSE
begin
Calculate_RADec(del.pos, del_vel, Geodetic, obtime, del_obs);
del_obs[3] :» 0.0;
del_obs[4] := 0.0;

end; {else}
IF obtype = 2 THEN

del_obs[4] := 0.0;
{Calculate Observation Matrix elements}

for j := 1 to 4 do
begin
T[j,1] := (del_obs{j] - calc_obs(j]) / del_elset([il;
end; {for j}
end; { for i}

IF (bstar_flag) THEN
tor[i =1 to 4 do

end; {Procedure Forn_T-Hntrix}

Procedure Calc_Residual(true_cbs, calc_obs : vector;
var Residual : vector);
bagin

r i = 4 do
chidull[iﬁ 1= true_obs[i] - calc_obs([i];
if Residual(l] > pi then
Residual[1] := Residual[1] ~ twopi;
if Residuall1l] < -1.0%pi then
Residual[1] := Residual{1] + twopi;
end; {Procedure Calc_Residual)

Procedure Sum _TQT_TQR(T : matxix4x7;
v, Resi uul vector;
var Sum_TtQinvT : natrix?xT

var Sum_TtQinwk : lntrixaxt)

vax
Tt : nutrix?xl,
Tt : matrix7x?;
Tt invl matrix8xi;

be,
gor i:=1 ¢t07 do
for j = 1 to 4 do

TtQinv[i j] 1= T(j,1)eQinv(j];
for ;=4 to 7
beg in

TtQinv![i] 1w TeQinv(i, llolosidualE } + TtQinv[i,ZEORonidull[2]
for § o= 0 Ttﬁinvti ,3]*Residual {3] + TtQinv(i,4]eReaidual{4];

mmm j) @ TeQinv[i,139T(1,3] + TtQinv[i,2)eT(2,]]
¢nmmuuﬂmﬂoannlﬂum.

Sum_TtQinvR(4] := Sum_TeQinvR({i] ¢ TtQinwR[i];
for j =1 to 7 do

Sua_TtQinvT{i,j] :» Sum_TeQimvT(i,j] + TeQinvT(i,3);
end; {for i)
end; {Procedure Sum_ TQT_TGR}




Procedure Invert(M : matrix7x7;
var Minv : matrix7x7);

label
abort;
const
attributes = 7;
nest =7;
var
i,j,k,1,irow,icol,11 ¢ integer;
determ,pivot hold,sum,t,ab,big : double;
index : array{1l..nest,1..3] of integer;

Procedure Swap(var a,b : double);
var
hold : double;
begin
hold ;®oa;
a = b;
b = hold
end; {Procoduro Swap}
{Gauss-Jordan inversion}
be, in

= io attributn do
index[ »3
determ ;= 1;
for i := 1 o attribntu do
begin {Search for largest element}
big := 0;
for j :® 1 to attributes do
begin
IF index([j,3] <> 1 THEN
begin
for k := 1 to attributes do
begin

g
IF index([k,3] > 1 THEN
begin

writeln(’ERROR: Matrix singular?);
goto abort;
end; {IF}
IF index([k,3] < 1 THEN
IF Abs(M[j,k]) > big THEN

b.ﬁ:v = j;

tcol := k;
big := Abs(N(j,x1);
end; {IF}
end, {for k}
end; {IF}
end; {for 3}
indox[icol 3] := index[icol,3] + {;
index([i,1]) := irov;
index(i,2] := icol;
{Intexchange rows to put pivot on diagonmal}
IF irow <> icol THEN
begin
g :.{. l:'. -g: tr bute
o a utes
Svup(l[iro'.li ticol 133

end; {IF irow <> icol}
{Divide pivot row by pivot column}
pivot := N[icol,icol);
determ := dctom ¢ pivot;
M{icol, 1c012

o u ributo ]
“Rdeel 11" Iicox.lf P pivot;
{Raduce nonpivot xon}
tog‘li 1= 3 to attributes do

a
fr 11 <> icol THEN
b‘gu

1= l[llzicoll H

[11 icol] :» 0
: hri utes do

[1: 1) :» k{11,1] - K{icol,1] » ¢;
end; {IF 11 O teol}

end; (tor 11}

ond; {tor i)

(Inuxchup columns}

10{“1‘;- 1 to attridutes do

1 := gttributes - { ¢ §;
IF indox[l 1] <> hdu(l 21 TRE®
begin




irow := index(1,1];
%colk:-i;\d:x[l,gl ibat
or X ; o agtributes
swap(M[k,irow ,Hik,icol‘]g H
end; {IF index}
end; {for i}
for k := 1 to attributes do
IF index(k,3] <> 1 THEN
begin
writeln(’ERROR: Matrix singular’);
goto abort;

end; {IF indoxl
for 1 := 1 to attributes do
for j := 1 to attributes do

Kinv[4,3] := M(4,§];
abort:
end; fProccduxo Invext}

Procedure Calc.new_COV(0ld_COV_inv, Sum TtQinvT : matrix7x7;
Sexin var new COV_inv, new_COV : matrix7x7);
g

for i :=m 1 to 7 do
for j := 1 to 7 do

no'_CDV_inv[i,j] 1= 01d_COV_inv(i,j] + Sum_TtQinvT(i,j];
Invert{(new.COV_inv,new_COV)
end; {Procedure Calc_new_COV}

Procedure Calc_corrected_ref_elset(old_COV_iny, Sum_TtQinvT, new_COV : matrix7x7;
old_est_elset, ref_elset : matrixsx1;

var deita_ref_elset, corrected_ref_elset : matrix8xi);

":olp : matrix8xi;
max_eo, {max eccentricity based on mean motion}
max_abs_bstar, {Absolute max value of bstar based on analysis of sat data}
max_xno : doubls; {max mean motion based on eccentricity)}
begin .
=
fogcép[ili: Qoldfgov-inv[i,ll ¢ (old_est_elset[1] - ref_elset[1])

t

E §

+ 01d_COV_ inv[i,2] » (old_est_elset[2) ~ ref_elset{2])
+ 01d_COV_inv([i,3]) ¢ (old_est_elset[3] - ref_elset[3])
+ 01d.COV_inv[i,4] ¢ (old_est_elset[4] - ref_elset[4])
+ 01d.COV_ inv[i,5] ¢ (old_est_elset[5] - ref_elset[5))
+ 01d_COV_inv[i,6] » (old_est_elset[6] ~ ref_elset[6])
+ 01d_COV_inv(i,7] s (old_est_elset[7] - Tef_elset(7])

+ Sum TtQinvR({i];
for i =1 to 7
doltl-ui-oluth] 1= new COV[i,1] « temp[t]

new_COV[i,2] » temp[2]
new_COV([i,3] s temp(3)]
new_COV(i,4] = temp[4])
nev_COV[i,5] » temp[5)
new _COV{i,6] ¢ temp[6]
nev_COV(i,7] » temp(7];

;onicndrnf elset[0] := ref_elaet[0];

or 1 := { to7 do

corrected_ref_eslset(i] := ref_elset[i] + delta_ref_ elset(i];

{Test for corrected elemnents being set to values outside allowable range}

P rees

max_abs _bstar := 1.0,

Ii‘bsniuzcornctcd_uf_olut {11} > max_abs_bstar) THEX
gin
vriteln{Routfile, 'Corrected bstar out of limits. Retained ref batar.?’);
writeln(Routfile,’ Batch ’,batch_num,’ Iteration ?,iteratioa_num);
vriteln(Routfile,’ ref bstar » * ref_elset[3}:15);
writeln(Routfile,! cor batar = ', corrected_ref_elset(1]):15);
corrected_ref elset{1] :» ref_elaet{l);
dcln_;.{.chot[l} 1@ 0.0;
batar_flag :

1% trye;
end; {IF)

max_e0 % 1.0 ~ Power(1.0/xke,2/3) ¢ Pover{corrected_ref_elset{7},2/3);
beschncnd-nf_dnt[4) > max_eo) OR {corrected_ref_slset{4] < 0.0) THED
gin

sriteln(Routfile,'Corrected eo out of limits. Retained ref ec.!);
eriteln(Rovtfile,’ Batch !, batch_num,’ Iteration ’,iteration_num);
sriteln(Routfile,’ ref eo = ! ref_elset(4]):15);
eriteln{Routfile,’ cor eo » ’ corrected_ref_elset{d]:15);
eriteln(Routfile,’ xno ® ! corrected_ref. elsot{?]:15);
corrected_ref_ elset(4] :» ref_elset{d];

eoad; (IFr)

maz_xno :w Power((1.0-corrected_ref_slset{4]),3/2)exke;
IF (corrected_ref elset(7] > max_xno) OR (corrected_ref_elset{7) ¢ 0.0} THER
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begin
vriteln(Routfile, 'Corrected xno out of limits. Retained ref xno.’);
writsln(Routfile,’ Batch ’,batch_num,’ Iteration ?,iteration_num);
writeln(Routfile,’ ref xno = ’,ref_elset{4]:15);
vriteln(Routfile,’ cor xno = ’,corrected_ref_elset{4]:15);

writeln(Routfile,’ e0 = ’ corrected_ref_elset{7]:15);
corrected_Tef_slset[7] := ref_elset(7];
end; {IF}

end; {Procedure Calc_corrected_ref_elset}

Procedure Test_Convergence(delta_ref_elset : matrix8xi;
new_COV_inv : matrix7x7;

var converge Tlag : byte;
var converged : boolean);

var
Sum_Squares,
Veighted RMS : double;
temp : matrix8xi;

bogin
um_Squares := 0.0;
for i =1 to 7 do
begin

temp(i] := 0.0;
fo* j :=1 to 7 do
comp[1i} := tewp[i] + delta_ref_elset[j]lenev_cOV_inv(j,i];
end; {for i}
for i :=1 to 7 do
Sum_Squares := Sum_Squares + temp[i]edelta_ref_elset([i];
Veighted RMS := sqrt(Sum_Squares/7);

{When converged, & last pass data gatherad, return boolean to allow exit}

IF ((Weighted_RNS < 0.01) AED (converge_flag = 1)) OR (iteration_num = 50)
converged := true

ELSE
converged := false;

{Output Flag if Bayes Loop did not converge, ie. iterations = 50}

IF iteration_num = 50 THEN
writeln(Routfile, ’Bayes loop did not converge for batch ?,batch_num);

{When converged, set converge_flag and run once more for “last pass" data}

IF (Veighted_RMS < 0.01) THER
converge _flag := 1;
end; {Procedure Test_Convergence}

EED.




D.{ DC_OUT Unit Source Code Listing

6:¥;'gézﬂnt;

§ Authox: BMW i
Original Version: 22 Oct 1992

f Current Revision: 30 Oct 1992 ;
Version: 2.00

{ Description: Contains the procedures used to outju’ data for Unit }
DC_Calc and Program DIFC.

INTERFACE
Uses DC_Init, {argument types}
SGP_Math; {argument type vector, function degrees}

Procedure Init_Output_Files(fini, £in2 : string);
Procedure Close_Qutput_Files;
Procedure Output_elset(descriptien : string;

elset : matrix8ri);
Procedure Output_Residuals(true_odbs : vector;

calc_obs, residual : vector);

Procedure Output_COV(description: atring;

COV : matrix7?x7);

IMPLEMENTATION

Uses SGP.Init, {argument type sat_data}
SGP_Time; {Function Epoch_Time}
Procedure Init_Output_Files(fini, £in2 : string);
begin

Assign{Routfile,work_drive+work_dir+'R?+copy(fint 4,5)+
copy(fin1,10,2)+’ . *+fin2+copy(tin1,12,1));

Rewrite(Routfile);

Assign(FVoutfile,work_drive+work_dir+'F’+copy(fini,4,5)+
copy(fin1,10,2)+?. +#2in2+copy(fin1,12,1));

Revrite(FVoutfile);

Assign(LVoutfile,work_drivetwork_dir+’Li+copy(fin1 4,5)+
copy(fin1,10,2)+’, *+tin2+copy(fin1,12,1));

Rewrite(LVouttile);

end; {Procedure Init_Qutput_Files}

Procedure Close_Output_Files;
begin
close(Routfile);
close(FV¥outfile);
close(LYouttile);
end; {Procedure Close_Output_Files)

Procedure Output_elset{description : string;
elset : matriz8zi);
begin

writeln(Routfile, *eeeesses  description,’ eeesenee’);
writeln(Routfile,’ ),

writeln(Routfile, 'epoch ®  Epoch_Time(elaet{0]):16:8);
writeln(Routfile, *Julian_epoch = ¢ eluet{0}:16:8);

writeln(Routfile, 'alsetl] (bstar) = '..1..:[1}:15,» = 7 elzer{i):11:7);
writela{Routfile,’elset[2) (xincl) = ! qlset{2):15,’ Red = !

degrees(elaet(2]):8:4,' Deg');
sritaln{Routfile, *elset{3) (zrodec) = ¢ alaet(3]:16,' Rad -,
degrees(elset(3]):8:4," Deg');
'.cloct((%:ls.' = ¢ glser{4):31:7);
', elsex [8):15," Rad -
degrees(elsst(5]):8:4,* Deg');
sriteln(Reutfile, ’elset{6] (xms) ® ', aleet[6):15, Red LI
degreea(eleet{6]):8:4,' Dag');
sritela(Boutsfile, telset(7] (xao) =t _olset(7):15,* Rad/min = *,
34060/ teopioeleat(7):12:8," Rev/day');

vriluln(lnuttiln,’olsot{(} (e0)
writsln{Routfile, ’slaet{5] (omegno)

writela(Routtile,’ 1),
eud; (Procedure Output_Elset_Info)

Procedure Jutput_Residuals(trus_ods, calc.obs, residual : vector);
begin

eritela(Routfile, teese  fResiduals for Batch ' datch_num,', Ob ',obaum,' eses’);

vriteian(Routfile,' *);

writela(houtfile, 'True Obe: *,true_obe(1):9:6," ' true_ods(2):9:6,' *,
tree_oba(3]:10:4, * true_ode{4).9:6);

writela(Rowtfile,’Calc Obs: ',calc_oba{1]:9:6,’ ¢ calc_obsf2):9:6,' *,
calc_obs{3]):10:4," ' ,calc_obs(¢):9:6);

writelaniRoutfile, 'Rosidual: ! residual(1):9:6,* * residual(2):9:6,* ¢,
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residual{3]:10:4,’ *,residual(4]:9:6);
sriteln(Routfile,’ ');
end; {Procedure Output_Residuals}

Procedure Output_COV(description: string;
COV : matrix7x7);
begin

writeln(Routfile,?eeesssce ’ description,’ *ssseses?),

writeln(Routfile,’ ')
for £ :® 1 to o
writeln(Routfile,COV(i,1]:45,? 7, cov[i,2]:16,’ *,cov[i, 3):15,” ?,
cov(i,4):15,” °,cOv[i,5):18,? 7,cov(i, 6]:15,’ +,C0V[i,7]:15);
writeln{Routfile,’ ?);
and; {Procadure Output_nes_COV}

E¥D.




D.5 LOWB Unit Source Code Listing

§45 L,

i duthor: BNV i
Original Version: 22 Oct 1992

i Current Revision: 30 Oct 1992 ;
Version: 12.00

{ Description: Contains tls procedures used to read sensor Lat, lon, and }
{ A1t from the f£ile SENSORS.0BS into a 2-D Array (Geodetic_SsB),)
{ and reads sensor sigma values from the file SENSOAS.COV and )
{ calculates each sensors covariance matvix (Qinv_$3S8). g
{ The 4:-rays are indexed by a consecutive rumder (1-30) which
{ is cross .oferenced to the sensor ID number using the Pascal }
£ POS function and a string of all sensor ID numbers ideatified }
{ as POSstring. }
INTEAFACE
Uses DC_Init; {argument type matrixKz4)}
Procedure Load_$ Data(var Geodetic_SSE, Qinv_$37 : matrixNzd);
INPLENENTATI
Uses SCP_Iait, {Procedure Progrum_ Initialize)
SGP_Kathk; {function Ladians)
var
0Bstile, {¥ar for the ¢ .08S file containing sensor pos data}
CO¥Lile : text; {Yar for the ¢.COV file conrtaining sensor cov data)
Pracedure Load_Sensor_Data(var Geodetic_S88, Qiav_338 : matrizlx4);
var
name : string[23);
sensornum : meringl4];
{,j.site . byte;

sigmal ,sigmal, si .sigmad : doudle;
latitude longitude,altitude : doudle;

begin
for i := 1 to max_sites do {Init Geodetic_S5B & Qiav_3SB arrays)
for j :®» 1 te 4 do

bdegia
Geodetic_$58{i,3] := 0.0;
Qinv_558{i,j] :® 9.0,
exd; (tor j)

{ Yaluss for Geodetic Latituda, Lesgitude, and Altitude of esch seasor)

{ Source: AFSPACECOR SATTAACK Program, wpdated by 55C 04N )
)
Sotatico: Latitude: Bertd iz ¢  Souid is - )
Lengitude: dlvaye sxpressed as * fast }
{ Sltitude:  Ezpressed iz ke 4RSL )
aspign(OBSfile data_drivesdats_dire *SEESORS UBS*),
ro:ﬂ(QBStuo)
sitestring v
while uoi soF (wtu-) do
loulh(mfno sencoraum . nams 1atitude, dengitude altitnde);
sitestriag = sitestriag ¢ Copy(reasornen i ¢);
#ite :o Pea(sennersun, sitestring) dive ¢;
Geodotic SSB(site.1]) :o Radisnallatitude); {convert dog to zodizes)
Gesdatic_S88{eire,2] .» Madimnallenglitnde); (coavery deg ‘o radiaze)
Geoderix $58(aite 3] @ alujtuie + Q.00%; {convert & 1o Mn}
ead; {vhile set oof)
closel{0B8%ile);
(Iaverse Sénser GCovariunce (Gine 550) Ratris for all eeagsze.)
seaigalCOViile data drivesdate 2ire *SEESHRS CUV*)
reast (COVIile),
while net EOF (CUVEileld de
Segin
Readin(CUFFile nenserrum rame s ignal aigmal signa2. signad);
site :® Pes{neciorcun sitestriag) div ¢
If sigmel * 0.0
TESS {inverse of A2iumtd vz Right)
Qlav_$38{nite 1) » c.0 {iscensica signs LRadisns) sguared)

3
n’giu-ssﬁsilo.ﬁ = Yegr(vadians(signal)),
if¥ sigea2 =0 0



?nu: se of Eievation or Daclemation}

THER
Qinv_SSE[aite,2] = 0.0 sigzas (Radians? squared}

SILSE
Qinv_$SE{site,2] := 1/s3qr(radians(sigma?));
IF signs3 = 0.0

THES A
Qinv_sSE[site 3} := .0 linversc o2 Range sigma (xx) syzared ot zere}

ELSE .
Qinv_SSK{site, 3] -= 1/sqr(sigea3);
IF signad = 0.0

1829
Jinv _$S¥{sitn,4) := u.0 {inverse cf Ranga Xyca (xu/sec) sigaz squarnd or zoxa}
R

ELSP
Ginv_STN[site,4] := 1/3qr{signad);
ead; {wkile not ect}
#Xose{CO¥Lile);
nsad; {Procsdure Load_Sexcor_Tata}
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D.6 PROP Unit Source Code Listing

$E+, 14}

nit Prop;

{ Author: BMYW }
{ Original Yersion: 21 Oct 1992 }

{ Zurrent Revision: 30 Oct 1992 ;
¥Yersion: 1.20

{ Dascriptior: Contsins a procedure used to propagate orbital elements }
{ (bstar, xircl, ¢, xnode, omega, xm, xn) and the position }
{ covariance. It first propagates for the time prop_time, }
{ typically the input time of the last obaervation. It them }
o calculates the time of the last ascending node crossing
{ and propagates the elements and Phi matrix to that time. }
{ It then deveights the COV matrir with an exponential factor}
{ and checks if the diag elements of the COV exceed a limit. }
{ If exceeded, the element is reset to the limit. }
{ This procedure gives only a first order propagation using }
{ only J2. }
IEYERFACE
Uses DC_Imit, {argument types}
Procedure Propagate(var prop_time : double;
input_elset : matrix8xi;
input_COV : matrix7x7;
var prop_elset : matrix8xi;
var daveighted prop.COV : matrix7x7);

THPLENENTATION
Uses SGP_Imtf, {constants}
SGP_Natkh; {functions Cube & Power}

Procedure Propagate(var prop_time : double;
input_elset : matrix8xi;
input_COV : matrix?x7;
var prop_alset : matrix8xi;
var deveightad_prop_COV : matrix7x7);

const

ae_sqr = astas; {(Radius of the earth in Distance Unit) squared}
“i,j : byte; {counters}
epsilon, {small # used in expansion of xnz in minutes~(4/3)}
dndnk, {Partial mean motion w.r.t. Kozai mean motion}
dndeps, {Partial mean motion w.r.t. epsilon}
depsdi, {Partial epsilen w.r.t. inclination}
depsde, {Partial epsilon w.r.t. eccentricity}
nz, {Kozai mean motion in radians per minute}
xke, {square root of ge (earth grav constant)}
eps2,eps3,epsd, {epsilon squared, cubed, “4}
bstarl,rincll,xnodel, {input elements}
el,omegal,xml,xnl, {input elements}
bstar2,xincl2,xnode2, {propagated elements at last observation}
e2,omega2,xm2,xn2, {propagatad elements at last observation}
nu.d, {true anomoly desired (at node crossing)}
xm.d, {mean anomoly desired (at node crossing)}
bstar3,xincl3,xnode3, {propagated elements at ascending nodas}
e3,omega3,xm3, 3, {propagated elements at aacentind node}
delta_prop._time, {time since last node passage}
vyop_time_min, {time of propagation in minutes}
meurate, {memory “"forgetting" rate}
Weight Factor : double;{dnweighting factor for COV matrix}
COV_limit : vactor;{Limits on eize of diag elements of COV}
P10y
prop_COV : matrix7x7;
begin

prop.time_min :» prop_time * 24 * 60;
{assign input.clset array to input element names}

bstari := input_elset{1];
xincli i@ input_elset[2];
xnodel := input_elset(3];
el := input_elset(4];
omegal := input_elset{5];
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xmi := input_elset[6];

i = input_elset[7];
{define constants}
xke 1= Sqrt(3600+ge/Cube(xkuper)); {DU"3/min"~2}

apsilon := (3+ae_sqr+J2¢(1+3+cos(2*xincll))) /
(8+Power(1-sqr(e1),(3/2))*Pover(xke,(4/3)));

eps2 := ¢psilon * epsilon;

eps3 ;= eprilon * eps2;

eps4 i®= eps2 * eps2;

nz :® xnl - epsilon*Powex(xn1,(7/3))

- + (7s9ps2+Pover(xn1,(11/3))) / 3
: - T+eps3*Pover(xni1,5)
+ (1925%eps4*Power(xn1,(19/3))) / 81;
dndnk :=t - (7.0 # epsilon * Power(xni,(4/3))) / 3.0
+ (77.0 % eps2 * Power(xn1,(8/3))) / 9.0
- (35.0 * eps3 * Pover(xn1,4))
+ (36575.0 * aps4 & Power(xni,(16/3))) / 243.0;
dndeps :®= - Power(xni1,7/3)
+ (14.0 # epsilon * Power(xn1,(11/3))) / 3.0
- (21.0 » eps2 * Power{xni,5))
+ (7700.0 * ops3 * Power(m1,(19/3))) / 81.0;
depsdi := - (9.0*ae_sqr*J2+sin(2#*xincll)) /
(4.0+Power(1-sqr(e1),(3/2))#Pover(xke,(4/3)));
depsde := (9.0%*alsae_sqr+J2*(1+3¢cos(2#xincll))) /
(8.0*Power (1-sqr(el), (5/2))*Power(xke,(4/3)));
{New Propagated elements at time of last observation}
bstar2 := bstaril;
xincl2 :®= xincli;
xnode2 := Fmod2p{xnodei - (3%ae_sqrsJ2+Power(nz,(7/3))¥cos(xincll))*prop_time min /
(2+¢8qr(1-sqr(e1))*Power(xke, (4/3))));
02 = 91;
omega2 := Fmod2p(omegal + (3=ae_sqr*J2sFower(nz,(7/3))+(3+5+cos(2+xincl1)))+prop_time min /
(8+s8qr(1-sqr(e1))+Power(xke,(4/3))));
m?2 :=  Fmod2p(xmi+xnl*prop_time_min);
xn2 = xnl;
{¥New Propagated elements at time of ascending node passage}
> nu.d := twopi - omejza2; {desired true anomaly at ascending node}

IFTnu*d <pi
HEN
xm.d := ArcCos((e2+Cos(nu_d))/(1+e2+Cos(nu_d)))
ELSE ~ w2+8in(ArcCos((e2+Cos(nu_d))/(1+e2+Cox(nu_d))))

xm_d :=twopi - (ArcCos((e2+Cos(nn_d))/(1+e2+Cos(nu_d)))
- e2+Sin(ArcCos((e2+Cos(nu_d))/(1+e2+Cos(pu_d)))));
IF xm2 > m_d
THEN

delta_prop.time := (xm_d - xm2) / xn2

SE,

delta_prop_time := (mm.d - xm2 - twopi) / xn2;
prop_time_min := prop.time_min + delta_prop_time;

bstar3 :» bstar2;

xincl3 := xincl2;

xnode3 := Fmod2p(xnode2 - (3¢ae_sqrsJ2+Pover{(nz,(7/3))+cos(xincl2))+delta_prop_time /
(2#8qr(1-sqr(e2)) +Pover(xke,(4/3))));

e3 = e2;

omega3d := Fmodlp(omega2 + (3+ae_sqrel2svover(nz,(7/3))s(3+5scos(2exincl2)))edelta_prop_ timo /
(8esqr{1-sqr(e2)) *Pover(xke,(4/3))));

xm3 :®  Fmodip(xm2+xn2¢delta_prop.time);

‘ m3 = xn2;

{assign propagated elements to prop_elset array}

- prop.time :» prop.time_min / (24460);
s prop_elset[0] := input_elset[0] + prop_tims;

prop.elset(1] := bstar3;

prop_elset[2] := xincl3;

prop.elset[3] := xnoded;

prop.elset{4] := 3;

prop.elset{5] :» omega3;

prop.elset(8] := xm3;

prop.elnet[7] := xn3;
{Initialize the Phi matrix to an Identity Mat:ix}
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for 1 1= 1 to 7 do
for j := 1 to 7 do

IF i = j THEN
Phili,j) := 1.0

SE
Phil[i,j] := 0.0;
‘ {Calculate the non-zero valuas . the Phi Matrix}

Phi[3,2] := (3+J2+¢prop_time_rintae_sqrePower(nz,{7/3))+Sin(xincll)) /
(2#8qr(1 - sqr(e1))+Power(xke,(4/3)))
~ (7#J2sprop_time min*ae_sqr*Cos(xincli)*Pover(nz, (4/3))+dndeps*depsdi) /
- (2+3qr(1 - sqr(el))»Pover(xke,(4/3}});
! Phi[3,4] := (-6%el#I2+prop_time_minvae_sqr+Cos(xincli)+Power(nz,(7/3))) /
(Power(1 - sqr(e1),3)+Power(xke,(4/3)))
. = (7+J2#prop_time_min*ae_sqr+Cos(xincl1)+Pover(nz, (4/3))*dndeps*depsde) /
<. (2+sqr(1 - aqr(el))*Povex(xke,(4/3)));
Phi[3,7] := (-7#J2%prop_time min*ae_sqr+Cos(xincll)+Pover(nz, (4/3))+dndnk) /
(2%sqr(1 - =qr(el))*Pover(xke,(4/3)));
Phi[6,2] :» (-15%J2+prop_time min*ae_sqrsPower(nz,(7/3))#38in(2¢xincl1)) /
(4#3q-(1 - sqr(e1))+Pover(xke,(4/3)))
+ (7#J2+prop time_mintae_sqrs(3 + 5+Cos(2#xincll))*Power(nz,(4/3))+dndepssdepsdi) /
(8#sqr(1 - sqr(e1))+Pover(xke,(4/3)));
~ Phi[5,4) := (-3%e1#J2¢prop_time_mintae_sqr#(3 + 5#Cos(2#xincll))sPower(nz,(7/3))) /
= (-2sPower(1 - sqr(e1),3)sPower(xke,(4/3)))
+ (7#J2eprop_time_mintae_sqr+(3 + 5+Cos(2#xincll)) +Pover(nz,(4/3))+dndepssdepsda) /
(8+sqx (1 ~ mqr(ei))+Pover(xke,(4/3)));
<r~ Phi[6,7] := (7*J2¢prop_ time_mintae_sqr*(3 + 5+Cos(2sxincll))+Pover(nz,(4/3))+dndnk) /
N (8+sqr(1 - mqr(e1))sPover(xke,(4/3)));
Phi[6,7] := prop_time min;
{Calculate the propagated COV matrix}
4 for 1 ;= 1 to 7 do
for j := 1 to 7 do
Phi_COV[4,j) := Phi[4,1] * input_COV[1,}]
+ Phili,2] ¢ input_covi2,j)
+ Phili,3] « input_cov(3,j)
Phili,4] » input_COV[4,]j]
Phi(i,5] » input_COV(S6,]]
Phi[i,6] » input_cOV([6,J]
Phif1,71 » input_cOV([7,j];

+ 4+ 4+ 4

for i :# 1 to 7 do
for j := 1 to 7 do

prop.COV[i,j] := Phi_COV[i,1) s Phi[j,1]
+ Phi_COV[i,2]) » Phi(j,2]
+ Phi_COV(1,3] » Paifi,3])
Phi_COV(i,4] ¢ Phi[j,4]
+ Phi_cov([i,5] ¢ Phi(j,5]
+ Phi_cov(i,6] » Phi(j,6]
+ Phi_cov(i,7] ¢ Phi(§,7];
{Deveight the propagated COV matrix}
nemrate := 1.0 - power(0.28,(1/LUPI));
Weight_Factor := sqr(exp(-memrate¢-LUPI));
for L = 1 to 7 do
for § :®= 1 0 7 do
deweighted prop COV(i,j] := {prop.COV(i,j] o Weight_Factor};

{Check for diag variance terms exceeding limit & reset to limit if exceeded)

*

Torad iTate}d) 2% okess;

ox i1:» 1 to 7T do
it deweighted_prop COV(i,.i] < CO¥_limit(i] then
deveighted prop COV(i, 4] :» COV_limie(i]);

end; (Procedure Prop_Phi}
EX¥D.
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Appendix E. SATELLITE COMPOSITION ANALYSIS
E.1 Cumulative Distribution and Frequency Histograms

This section includes the cummulative distribution and histogram frequency plots of

all satellites included in the current satellite population as investigated in this research.
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E.2 Scatter Plots

Two-variable scatter plots were done for all possible combinations of two-line ele-
ment set variables. Only plots that were between variables of interest or that showed an

unexpected correlation are included in this appendix section or in the body of the text.
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SCATTER PLOT
M
- 0.2
4
b o
3
3 ]
s 1
«
~0.15%
-
s ]
3 ]
u
a
=)
¢ 0.1
s
5 .
8
[13
3
at
£0.08
E
2 .
»
-8 3 - o 4uifioen as 00 mm  of . . . . . 4
-0.} ) .l 2.3 T.3 .3

Hean Matlea Dot awe? 7 ta geviday”?

Figure E.8.  Scatter Plot — Mean Motion Double Dot over 6 and Mean Motion Dot over
2.




bstar in m~2/kg

0.5

1
o
(5]

-1

SCATTER PLOT

4 3 Sow angEEE—IrE 00 o4+

oObe

.05 o0 % 0.2
Mean Motion Double Dot over 6 in rev/day~3

Figure E.9. Scatter Plot — Mean Motion Double Dot ove: 6 and B*.

E-11




SCATTER PLOT

T ” -r v T v v
140
[
120 - Al
-
&y . L
10. . hd
3100 L s
@ P
M
.
N Ry -
1
o0 EERNNLEL o0 e
-~ *
. g I .
. ¢ e 9 &
be! % ' NPT W’”t'n'“
‘é 60 * .‘_ AN F Y M hd - v ‘ % A
- ﬁcu- . . .
4 .s . . . . wan
E b:: ¢ o o . o o . . * a8 ~
40 ‘."' hhadadiid e . . . oo de
® % e ow e ¢ .
Q% ¢ : - ‘- > e 1 *
- - .
R RS PN S ANt S
20 w ¢ - )
-
L]
L4 LY
t\.: . . . . .' * ty ‘0.;.
. . d . e .
0 C 'l .. A. A. A A e " v A " e -y
0.2 0.4 0.6 9.8
Eccentricity

Figure E..10. Scatter Plot — Eccentricity and Inclination.




E.5 Orbital FElement Clussification Scatter Plots.

Included in this section are the plots showing how the satellites fell into the different

Orbital Element Classes. The six plots are for each inclination class. The grid-lines on

each plot vepresent the mean motion and eccentricity combinations.
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Appendix F. SAMPLE SATELLITE SELECTION

F.1 FORTRAN Source Code used to Divide Satellites into Classes

DOUBLE PRECISION TWOPI, DEGTORAD, EPOCH, XNDT2Z, XINCL
DOUBLE PRECISION XNODEZ, EZ, OMEGAZ, XMZ, XNZ, XNDD6Z, BSTAR
DOUBLE PRECISION CLXNZ(1:4), CLEZ(1:3), CLXINCL(1:6)
INTEGER COUNTER, SATOLD, SATREJ, REJOLD, LINE1, SATNO1
INTEGER IXNDD6Z, IEXP, IBSTAR, IBEXP, LINE2, SATNO2

INTEGER I, J, K, UNITNUM

CHARACTER*30 FILENAME

CHARACTER*69 TLEPT1, TLEPT2

DATA CLXNZ/ 0.027925268, 0.0662643, 0.0676843, 0.0743668 /,
: CLEZ/ .179665, .47951, 1.00000/,
¢ CLXINCL/ 1.05715, 1.16715, 1,5708, 1.98444, 2.08444, 3.141593/
:  COUNTER/ O /, SATOLD/ 0 /, SATREJ/ 0 /, REJOLD/ 0 /,

TWOPI/ 6.283185307179586477D+0 /

DEGTORAD = TWOPI/360.0D+0

OPEN(UNIT=50, FYLE=’1990.tle’, STATUS=’0LD’)
OPEN(UNIT=51, FILE=’0e9003.fix’)

OPEN (UNIT=52, FILE=’firsts_9003.tle’)

10 READ (60, 801, END = 999) LINE1, SATNO1, EPOCH, XNDT2Z,
IXNDDSZ IEXP, IBSTAR, IBEXP
READ (50, 802, END = 999) LINE2, SATNO2, XINCL, XNODEZ,
EZ, OHEGAZ XMZ, XNZ

IF (((LINE1.KE.1).0R.(LINE2.NE.2)).OR. (SATNO1.NE.SATNO2)) THEN
PRINT *, LINE1, LINE2, SATNO1, SATNO2, EPOCH
SATREJ = SATNO1
GOTO 10

ELSE IF (XNZ .LT. 0.0D+0) THEN
PRINT », SATNO1, XNZ
SATREJ = SATNO1
60TO 10

ELSE IF (DBLE(IBSTAR)*1.0D-5%10.0%+(IBEXP) .GT. 1.0D+0) THEN
FRINT , SATNO1, IBSTAR+1.0D-5%10.0%%(IBEXP)
SATREJ = SATNO1
GOTO 10

ELSE IF (EPOCH .LT, 90061.0) THEN

c PRINT «, SATNO1, EPOCH

SATREJ = SATNO1
GOTO 10

ELSE IF (SATNO1 .EQ. SATOLD) THEN
GOTO 10

ELSE IF (SATNO1 .EQ. SATREJ) THEN
4070 20

ELSE
IF (SATREJ .NE. REJOLD) THEN
PRINT &, SATREJ
REJOLD = SATREJ

20 BACKSPACE(UNIT=50)
BACKSPACE(UNIT=50)
READ (50, 800, END = 999) TLEPT1
READ (50, 800, END = 999) TLEPT2

REJOLD = SATREJ

XNDD6Z = DBLE(IXNDD6Z)e1.0D-6#10.0%»(IEXP)
BSTAR = DBLE(IBSTAR)e1.0D-6¢10.0e» (IBEXP)
XNODEZ = XNODEZ¢DEGTORAD

OMEGAZ = OMEGAZDEGTORAD

INZ = XNZ+DEGTORAD

XINCL = XINCLeDEGTORAD

Xuz = XNZeTWOP1/1440.0D+0




XNDT2Z = XNDT2Z»TWOPI/(1440.0D+0%1440.0D+0)

XNDD6Z = XNDDG6Z*TWOPI/(1440.0D+0%1440.0D+0%1440,00+0)
SATOLD = SATNO1

COUNTER = COUNTER + 1

I=1
J= 1
K=1
30 IFI(XN§ .GT. CLXNZ(I)) THEN
GO TO 30
END IF
40 IF (EZ .GT. CLEZ(J)) THEN
J=J+1
GO TO 40

END IF
50 IF (XINCL .GT. “LXINCL(K)) THEN
K=K+ 1
GO TO 50
END IF

FILENAME = ’0e9003_xnz’ // CHAR(48+I) // ’_ez’ //
¢ CHAR(48+J) // °’_xincl’ // CHAR(48+K) // ’.fix’
UNITNUM = 100%I + 10+J + 1sK
OPEN(UNIT= UNITNUM, FILE = FILENAME)
WRITE(UNITNUM, 803) EPOCH, COUNTER, SATND1,
: XNZ, XNDT2Z, XNDD6Z,
: XINCL, XNODEZ, OMEGAZ,
EZ, BSTAR, XMZ
HRITE(Si 803) EPOCH, COUNTER SATNOY,
XNZ, XNDT2Z. XNDD6Z,
XINCL, XNODEZ, OMEGAZ,
: EZ, BSTAR, XMZ
WRITE(52, 800) TLEPT1
WRITE(52, 800) TLEPT2

GOTO 10

800  FORMAT (A69)

801  FORMAT (Ii, 1X, IS, 11X, Fi14.8, 1X, F10.8, 1X, I6, I2, 1X, Is6, I2)
802  FORMAT (I1, 1X, 16, 1iX, 2(F8 4, 1X) F7.7,1X, 2(F8 4, 1X), F1i. 8)
803 FORMAT(F14.8, 1X 15,1X, Is »3(/, 3(1X.E15 8)))

999  CLOSE(50)
CLOSE(61)
CLOSE(52)

Do 901, I =1,
D0 901, J = 1,
DO 901, K = {,
UNITNUM = 100%
CLOSE (UNITNUM)
CONTINUE

4,1
3,1
6,1
I+ 10s] + 12K
901

END

F.2 Ezample of FORTRAN Qutput

file 0e9003_xnzl_ezi_xincl6

90061.08689731 1901 7369
0.13404702E-01 0.60601710E-12 0.00000000E+00
0.21824330E+01 0.48838449E+01 0.65970479E+00
0.81123000E-02 0.00000000E+00 0.56344499E+01
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F.8 Satellites that Failed Satellite Division Criteria

Satellites that did not have a two-line elenent set in our data file after 1 March 1990

but did have an entry between 1 January and 28 February 1990.!

02473

Satellites that had B* > 1.0 on first and possibly subsequent occurrances of two-line
element set entries after 28 February, but did have at least one entry with a B* < 1.0.?
00579 02372 02933 05316 06192 08785 09330 09468 09635
11550 16103 18615 18672 18995 19164 19394 19452 19502
19644 19751 19964 20004 20044 20201 20454
Satellites that had B* > 1.0 on first and possibly subsequent occurrances of two-line

element set entries after 28 February, and did not have one entry with a B* < 1.0.3

11888 12078 14182 15147 18231

F.4 Mathamatica Function for Sample Satellite Selection

<<Statisatica‘ DeacnpnveStaustxca‘ <<Statistics‘ContinuocusDistributions‘’;
<<Statistics‘DataManipulation‘;

(» This function selects one 2-line OF set with the least *)
(= deviation from the mean, using the elements specified in Vmean o)
(» below. .)
(» Example useage: *)
(s select["~/math/oe/0e9003_xnzi_ezi_xincli.fix") )
(s Limitations: *)
( It requires more than one 2-line OE set to choose from. )
(s It chootes the second 2-line OF set if there are only )
(» two to choose from. *)

select{filename_ ] := Block{ {oe, epach, counter, satno, yxnz, xndt2g, xnddéz,
zincl, xnodez, omegaz, ez, bstax xmnz, Vmean, Vstdev, partoe, exzpon, seol},
oe - Rndl.i.nt{tilcnm Table(¥uaber, {12}));

epoch = Truupou[oo] H
counter = Tnn:pou 2 ):
satno = 'hrmspou [ 3}
Inz - Truupou 4 B
mdt2z = 'h'uupou oo S :
ddéz = Transpose[ oo 6] ;
xincl = Tranapose{ae]{(7]]:
nodez = Transpose oc]E 8]].
omegaz = Transpose[oe}([3)]}:
@2 = Transpose{oe xoﬁ;
bstar = Transpose(ce}({11}});
82 = Transpose[oe] [{12]];

Vaean = {(Nean{xnz}), Mean(xndt22z), Mean(xincl), Rem[mddszl
Mean[znodez] , Mean(omegaz). Nean{ez]. Mean(batar)}:
Vstdev = (StandardDeviation(xnz}, Sundardboviauoa(xadth]

YThese satellites were excluded from further analysia.
These satellites were included in further analysis for the TLE eatry with B° < 1.0
*These satellites were excluded from futther analysis.
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StandardDevia’cionExinclJj StandardDeviation[xnddGz]j
]

StandardDeviation

xnodez], StandardDeviation[omegaz

StandardDeviation[ez], StandardDeviation[bstar]};
partoe = {xnz, xndt2z, xincl, xndd6z, xnodez, omegaz, ez, bstar};

expon

= Product [If[Vstdev{[i]] > 0, PDF[ NormalDistribution[
Vmean[[i])

vstdev([11]], partoe{[i]]] * (Sqrt[2Pi] =

vstdev([il]), 11, {i,8});

sel

= Last[Sort(Transpose[ {expon, epoch, counter, satno, xnz, xndt2z,

xnddéz, xincl
(se1[[2]],8e1([3]],me1[[4]] 801 (6] ,8e
iel[[iO]],sel[[il]],sel[[12j

omegaz, ez, b

xnodez star, xmz}] 1 1;
([611,2e1L(71],se1(8]1,8e1L (911,

1}

F.5 FEzample of Mathematica Input for Sample Satellite Selection

In[2] := salect{"~/math/oe/0e9003_xnzi_ezl_xincli.fix"]

Out[2]= {90089.8, 4314, 16141, 0.00425943, -2.06046 10

-12
» 0., 0.08716,

> 1.26768, 3.41056, 0.0012268, 0.000099999, 2.87378}

F.6 Selected Sample Satellite Two-Line Element Sets

CLASS: 1-1-1
1 15141U 83
2 15141

CLASS: 1-1-2
1 15259V 84

4,

66 F 90089.84366136 -.00000068 00000-0 99999-4 0O 06562
9939 72.6272 0012258 195.4106 164.6556 0.97618901 8101

95 A 90104.43454589 .00000021 00000-0 14999-1 0 06436

2 15289 64.7864 162.4815 0018219 201.8083 158.2010 2.13103289 43653

CLASS: 1-1-4

1 08822V 76038 C 90062.13597810
2 08822 109.

CLASS: 1-1-6
i 07369U 74

2 07369 125.

CLASS: 1-2-1
1 12497V 81

2 12497 23.

CLASS: 1-2-2
1 12827V 81

2 12827 63.

CLASS: 1-2-4
1 16614U 86

2 166149 98.

CLASS: 1-3-1%
1 13958V 67

2 13958 26.

.00000003 00000-0 99999-4 O 05949
8562 320.0595 0042402 261.2019 98.3915 6.38859342322640

54 A 90061.08689731 .00000020 00000-0 00000+0 0 09770
0442 279.8237 0081123 37.7983 322.8302 3.07213139175423

50 B 90088.32850727 .00016164 00000-0 36133-2 0 03019
9029 101.2132 4582441 111.9356 302.0469 6.29011949171514

88 F 90089.41666294 -.00000000 00000-0 99999-4 0 09685
3458 225.1199 4536648 331.3832 9.8124 5.48793671171338

19 B 90121.16504499 .00000058 00000-0 51294-3 0 01217
8247 43.7071 4697651 253.3377 51.5618 5.50352988 84146

1 AL 90089.18539481 .00009294 00000-0 60407-2 0 08470
8024 177.9088 6611432 174.3619 200.5635 3.11659651113951

F-4




CLASS: 1-3-2
1 14199V 83 73 A 90089.01439699 .,00000107 00000-0 21689-2 0 04476
2 14199 64.0314 151.8929 6984908 267.2024 18.2015 2,30522784 52889

CLASS: 1-3-3
1 14041V 83 38 E 90094.88172405 -.00000073 00000-0 99999-4 0 03588
2 14041 66.7266 183.3419 6291201 269.0441 23.4762 2.03595797 51648

CLASS: 2-1-1
1 00053V 60I0T 5 90062.60444147 -.00000024 00000-0 99999-4 O 02939
2 00053 47.2785 159.8122 0099598 163.6009 196.8084 12.16554951321254

CLASS: 2-1-2
1 10440U 76067 R 90061.69524654 .00000769 00000-0 24872-2 0 04444
2 10440 65.6201 178.4067 0731810 171.0166 190.4830 12.37045978615841

CLASS: 2-1-3
1 102930 77 79 J 90066.05843306 .00000005 00000-0 99999-4 0 07414
2 10293 74.0232 211.3035 0135375 191.4952 168.2984 12.25140528337691

CLASS: 2-1-4
1 10393V 74089 EJ 90062.62858901 ~-.00000005 00000-0 99999-4 0 06127
2 10353 101.5836 125.5560 0159384 186.4464 173.4562 12.23222517688959

CLASS: 2-1-6
1 03307V 68 55 A 90061.30107875 -.00000004 00000-0 99999-4 0 03273
2 03307 120.8360 49.7361 0016628 304.3898 §55.5064 6.42179368507994

CLASS: 2-2-1
1 14670U 84 8 A 90089.71771437 .0N003989 00000-0 22435-2 0 04016
2 14670 36.1314 231.2740 3062374 228.4523 101.0035 8.83565400199084

CLASS: 2-2-2
1 19990U 64 6 T 90061.50986469 .00036262 00000-0 A4575-2 0 03393
2 19990 €0.7998 107.0493 2240370 111.3711 273.9290 10.63979039 33063

CLASS: 2-2-3
1 19859U 63 14 EQ 90061.33277128 .00001585 00000-0 53835-1 0 01474
2 19859 85.7520 193.3073 2180139 351.0306 5.6905 8.77440823 12684

CLASS: 2-2-4
1 03825U 69 25 C 90064.05404288 .00001522 00000-C 75393-3 0 04030
2 03825 104.7482 291.,9495 2730748 143.19%- .70.1864 9.47917380721352

CLASS: 2-2-6
1 04841V 68 55 D 90074.10938230 .00001:33 00000-0 15271-2 0 02071
2 04841 120.7474 345.7001 2717040 280.3u14 58,7999 9.26652751199759

CLASS: 3-1-1
1 01996U 65096 D 90062.57233723 .00029976 00006-0 §7772-2 0 01333
2 01996 34.2488 168.4994 0537978 239.8435 114.7693 13.98433357202306

CLASS: 3-1-2
1 14443U 77121 BF 90086.44518818 ,00010006 00000-0 49856-2 0 09526
2 14443 65.6376 243.2938 0224462 174.3899 186.0178 14.05013696441828

CLASS: 3-1-3

1 19643U 78121 € 90062.46477114 .00000628 00000-0 32995-3 0 01914
2 19643 81.2328 216.8294 0067007 164.6783 195.6607 14.11871226 70214
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CLASS: 3-1-4

1 17429U 86 19 FQ 90086.10116666

2 17429 98.9992 173.5282 0109612
CLASS: 3-1-6

1 07738U 75 27 B 80061.92256864

2 07735 114.9854 32.3886 0049798
CLASS: 3-1-6

1 02327U 66 63 B 90063.84215319

2 02327 144.2199 82.3338 0017522
CLASS: 4-1-1

1 14002U 83 33 A 90086.44246605

2 14002 46.5599 241.9884 0070169
CLASS: 4-1-2

1 13972U 83 27 A 90088.251957356

2 13972 65.8266 153.4866 0009504
CLASS: 4-1-3

1 16438U 85121 E 90086.00040288
2 16438 70.9442 188.7777 0064322

CLASS: 4-1-4
1 16036U 79 17 P 80092.07768260
2 16036 98.1206 141.8874 0023457

CLASS: 4-1-2 (2nd Choice)
1 15584U 85 18 A 90086.75596273
2 15584 65.8387 217.5705 0023397

CLASS: 4-1-3 (2nd Choice)
1 04497U 70 64 A 90062.21980962
2 04497 74.0185 133.5216 0004296

CLASS: 4-1-1 (2nd Choice)
1 20335U 89 93 A 90061.64390307
2 20335 51.6166 147.1234 0017535

.00012418 00000-0 68353-2 0 04994
173.9167 186.3401 14.08678078172316

.00000817 00000-0 44554-3 0 05202
313.3500 46.3487 14.20662747771802

.00003471 00000-0 30012-2 O 07997
175.4422 184.6370 13.82228492187809

.00466655 83983-4 16472-2 0 07221
291.6506 67.7970 15.84324476380871

.00192985 00000-0 92495-3 O 04456
229.4544 130.5459 15.81905388390904

.00580501 00000-0 39896-2 0 03141
113.8059 246.9918 15.70202629231132

.00236728 00000-0 22353-2 0 03377
193.5278 163.4477 15.65936551614361

.00071118 00000-0 95413-3 0 02527
269.2089 90.6387 15.57222498283684

.00083972 00000-0 41670-3 0 08423
347.6032 12.4936 15.84015404 91061

.00009759 00000-0 12823-3 0 01290
227.5475 132.5147 15.59068893 15116




Appendix G. MATHEMATICA CODE FOR PLOTS

The code below was used to plot the VMAGT noints for each of the LUPI/OPD

iterations using all 10 random observation files for a specific satellite.

<<Statistics‘DescriptiveStatistics’; <<Statistics‘DataManipulation’;
<<Statistica‘Novingiverage’; <<Statistics'Confidencelntervals’;

(s This function creates a graph of a residuals file (vmatriz). o)
(e It computes a moving average over four days. Steady-state is *)
(e manually declared at “mazday”, and “scale” is the duratiom oi &)
{o data span. It also outputs the graph info to file "CI_FILE". *)
(e Example usags: .)
(e eplot [14443,188m,.,28,60] e)

eplot{satno_Integer,wmatrix_,LUPI_Integer,maxday_Integer.scale_Integer]) :»
Block[ {nruns, wat, opd, lave, move, vmagt, avp, ave, std, p99, avsCl,
varCl, p99CI, averi, aver2, varri, varr2, p99ri, p99r2, top},
nruas = Length{vmatrix];
mat = Sort{Columnloin[vmatrix{{1]], wmatrix{[2]], wmatrix(
vmatriz({4)), vmatrix((5]], vmatrix{{6]], vmatrix|
vmatrixz((8]5, vmatriz((9)], vaatrix((1011];
opd = Length[wmt]/(nrunseccale);
lave = Table(Sumlvwe[(i}). {i,{(j-1)eopd+1,jecpd)]/(opd),
{j.1 Lcngth[nt]/(opd))]
move = ListPlot[Movingiverage[lave,nrunse4-1],
Plotloined ~> True, BisplayFunction -> Idantity];
wmagt © ListPlot[wmt, Prolog->PointSize[.00S],
PlotJoined -> False, DisplayFunction -> ldentity];
arp = Table{trimstuff{vmatrix({i)]) maxday),{i,1,10}};

- v

{3l]
zll

ave =- Rean{Transpose[avpl ({1}]) };
std = Sqre{ Mean[Transpose[avp}({2]} 1] 1;
po99 - Rean[Transpose[avpl[(3]) );
aveCl = lcucl[fru.gouf:'p][[tl] 1:
varCl = NeanCI{Transpose{avp)([2]3} };
p99Cl & NeanCI{Trunsposelavpl({3)) );
averl = loué[lmuuﬂ[[lgll!m.o;
aver2 = loud(!OOnnCXE 2]1)/100.0;
varrl = Round[10CerarCI([1]}]}/100.0;
varr2 = Round !00"!!615 2]1)/100.0;
p99rt = Round(100+p99Ct{{1}3]/200.0;
p%x! = Round[100+p99C1{{2]11/100.0;

top Floer(5/3+p33] + 3,

Openldppend ["CI_FILE"], Putdppend({satno LUPL opd aver) aver2, vassl,
varr2,p99s1,p93972) . “CI_FILE“]; Clesel“CI_FIt§");

Shov{move, wmagt, Preleg -> {Graylevel{.5), Thickaeas{ . 003%],
Lise[({wasday.0), {mazday,1000))}), GrayLeval{0}.
Line{{{naxday,p39}, {scale.p99})]), Thickness[ 003}, Poinrsize(.008]),
Test[“stesdy-state e«h:«-.(uz-s.,-smu«..m:.f}. {~1.0}, (0.1}],
Text[~“ILE 99X CL™, {(masdayencale) /2, pMosaop/30),.(0.11]),
Epileg -> { Graylevel{Q},
Tert {951 CI 991 ClL “TextForw(pd3r1], { 92cale tepsis $/60) (1.0},
Text [~ ~“TextForn{pdr2) . (. Sscale, tapsis 5/60) ,(-1,0})],
Test[“931 CI mean = TestForm[aver1). {.9scale.tepess $/69).{1,0)},
Test[" ~“TeatFarw{averd) , { Secale, tops’0. $/62) {-1,0)),
Text{"95X CI var. = TestFors{vacri), { Gacele lopshd $/60) {1,0}),
Yot (" -“TestForm{vared) . { Zecale tops$4.5/60) ,({-1,2)}
Frame-3True, Azea -> Falde, Flothaage -3 {{-0 scale} i-0 tspl),
Gridlises-> (TatYe[lUPls#i (2,2 Fleer{scale/ts¥l]} v 11}, deismatic),
Framelabel -> {"Time since iaitial spsch in dapa™, “Fexitica arysr in W7},
Plstiobel -2 opdTCRS/DAV - TAUE POSITION EREDA KD 4 DAY RIVIED SVEALGE™,
Displayluncticea -> $Lieplegivactian}

)
(+ Competes svarage CI axd RLE variscce afler remcvisg adeys. *)
trimateff{vmt_ cdays.] ¢ Gleck{{trim, sve, var, p2I),
tris = BealeanSelect{vmt, Tablefvma{{i . 1))>»udaps. (i, ums(mm ).
sve + Rean{Colama[trim 2]];
vay = 'ltib‘(‘“(t‘lﬂ{lti\ EVR
P ® ava ¢ 7.32605e8qri{var};
{ave, var, p99)

]
Zata(filenams_] e Jasdlist{filenane, TablelSunder, {2))].
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H.1 CLASS: 1-1-1 (NORAD Catalog Number 15141)

Appendix H. VMAGT GRAPHS

H.1.1 Prediction Performance. The tables below provide the statistical information

on the ability of the estimates to predict for 1 LUPI after differential correction.

Table H.1. 95% Confidence Interval Analysis on Class: 1-1-~1.

Catalog Mean Variance 99% CL
ﬂNumbet LUPI| OPD Min | Max | Min Max Min | Max
” days | obs/day km km km? km? km km
15141 2 2 21.64 | 31.46 | 487.95 ] 1404.68 | 72.85 [ 116.61
15141 2 4 21.99 | 28.80 | 530.10 | 1155.96 | 75.26 | 106.76
15141 2 6 21.00 | 28.41 | 455.47 | 978.87 | 70.75 | 100.01
15141 2 8 22.03 | 25.82 | 467.74 | 864.38 | 72.84| 93.13
15141 4 2 29.39 | 47.00 | 86.08 | 2031.48 | 69.17 | 141.68
15141 4 4 27.75 | 33.51 | 339.87 | 775.17 | 72.2T | 95.77
15141 4 6 24.66 | 29.58 | 232.68 | 499.46 | 60.29 | 80.48
[ 15141 4 8 2347 | 2831 [ 239.09 | 443.33 6059 | 75.74
15141 6 2 38.38 | 54.89 | 474.79 | 1067.75 | 89.09 | 129.23
15141 6 4 35.31 | 43.29 [ 422.10 | 1328.83 | 83.38 | 130.76
15141 6 6 34.60 | 41.05] 30838 | 66355 75.21 | 100.16
15141 6 8 3446 | 3845 ] 299.10 | 525481 T4.64 | 91.29
15141 8 2 44.77 | 65.60 | 358.74 | 994.31 | 50.7) | 135.61
15141 3 4 39.58 | 52,65 | 274.12 | 48220 7947 | 101.96
15141 8 6 3740 | 4T.70{ 26332 | 386,98 | 79.02| 8939
| 15141 3 [ 3827 | 45.63 | 245.5T | 32444 | 75.84 | 26.28
Table H.2. ANOVA Analysis on Class: 1-1-1.

Source of Degrees of | Sumn of | Mean T Table |

Variation | Freedom | Square | Square | F ¥ i

[ Replications | 9 10023.69] 1113.74] 244 1.88

b Main Fflects:

it 3 165363 1 158121 339 260

_ﬁ QPD 3 17804.13 | 3934.71 | 1299 2.60

lateraction 9 345%.18 | 38453 | 0.84J8 | 18R

Error 135 61638.12 | 436.58

f Total 159 Joisisas] | | 1
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Figure H.1. Class: 1-1-1 (Catalog Number 15141), LUPl 2, OPD 2 and 4.
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2 OBS/DAY = TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure H.3. Class: 1-1-1 (Catalog Number 15141), LUPI 4, OPD 2 and 4.
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Figure H.6. Class: 1-1-1 (Catalog Number 15141), LUPI 6, OPD 6 and 8.




2 OBS/DAY ~ TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure H.7. Class: 1-1-1 (Catalog Number 15141), LUPI 8, OPD 2 and 4.
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Figure H.8. Class: 1-1-1 (Catalog Number 15141), LUPI 8, OPD 6 and 8.
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H.1.2 Differential Corrector Performance. The table below provides statistical in-

formation on the last-pass residuals of the differential corrector.

fosition error in km

Table H.2. Selected Last-Pass 95% Confidence Interval Statistics.

Catalog Mean Variance 99% CL
Number | LUPI | OPD Min | Max | Min Max | Min | Max
days | obs/day {| km km km? km? km km
|L15141 [ 8 I 8 ﬂ 2'.'.021i 32.23 ['231.70 [ 344.92 [ 62.49 | 75.13
8 OBS/DAY ~ TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
M S Y 9sy CI 99% CL &2.45 - 75.1)
5% CI mean .02 - 32.23
™ CI var. 1.7 « 344,34
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Figure H.9. Last-Pass — Class: 1-1-1 (Catalog Number 15141), LUPI 8, OPD 8.
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H.2 CLASS: 1-1-2 (NORAD Catalog Number 15259)

H.2.1 Prediction Performance. The tables below provide the statistical information

on the ability of the estimates to predict for 1 LUPI after differential correction.

Table H.4. 95% Confidence Interval Analysis on Class: 1-1-2.

Catalog Mean Variance 99% CL |
Number | LUPI | OPD || Min { Max | Min { Max | Min | Max

days | obs/day | km | km | km® | km’ | km km
15259 2 2 2.04 ] 256 1.55] 3.16 [ 4.98 [ 6.61
15259 2 4 1.83] 2.56 | 1.64 | 5.20 | 4.87 | 7.66
15259 2 6 1.61 ] 2.28 [ 1.14 | 3.82 | 4.22| 6.64
15259 2 8 1.52] 2.00]1.33 | 3.57]4.19] 6.29
15259 4 2 2.16 | 294 | 1.52 | 7.42|531| 8.86
15259 4 4 1.98 | 3.06 | 224 | 7.77] 540 9.34 |
15259 4 6 143 209/ 085 | 3.52|360] 6.28
15259 4 8 1.03] 1.46 [ 042 | 1.34[2.59| 4.03
15259 6 2 2.18] 354|190 8.56(557| 9.96
15259 6 4 1.28] 2.14 | 036 | 3.75]| 3.17| 6.26
15259 6 6 1.16 | 1.67]035] 1.8312.69] 4.63
15259 6 8 091 ] 1.24 024 0.81]215] 3.21
15259 8 2 222 | 389|226 | 10.97 | 5.64 | 11.28
15259 8 4 1.38 ] 1.86 | 1.05| 2.20] 3.82| 5.18
15259 8 6 1.36 | 1.89] 097 | 2.07]375] 5.11
15259 3 8 1.16 ] 1.801064] 2151 3.12] 5.06

Table H.5. ANOVA Analysis on Class: 1-1-2.

Source of Dagrees of | Sum of | Mean Table
Variation Freedom | Square | Square| F ¥
Replications 9 84.16 938 2.92] |.88
Main Effects:

LUPI 3 25.34 845 2627 260

oPrPD 3 267.94 1 89317 2075] 2.60
Interaction 9 12242 1360 4.23] 1.88
Error 135 434.57 3.

[ Total IR I I B
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Figure H.10. Class: 1-1-2 (Catalog Number 15259), LUPI 2, OPD 2 and 4.
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Figure H.11. Class: 1-1-2 {Catalog Number 15259), LUPI 2, OPD 6 and 8.
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Figure H.15. Class: 1-1-2 (Catalog Number 15259), LUPI 6, OPD 6 and 8.
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Figure H.16. Class: 1-1-2 (Catalog Number 15259), LUPI 8, OPD 2 and 4.
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Figure H.17. Class: 1-1-2 (Catalog Number 15259), LUPI 8, OPD 6 and 8.
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H.2.2 Differential Corrector Performance. The table below provides statistical in-

formation on the last-pass residuals of the differential corrector.

Table H.4. Selected Last-Pass 95% Confidence Interval Statistics.

Catalog Mean Variance 99% CL
Number | LUPI| OPD | Min | Max | Min | Max | Min | Max
days | obs/day || km | km | km? | km?® | km | km
[15259 | 8 | 8 [057]0.75]0.10] 0.17] 1.30] 1.70 |

3 8 OBS/DAY ~ TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
o ' ' ) s¢ c1 99% cL | 1.3 - 1.7
= 95% CI mean P,57 - 0.75
. b 95% CI var. { 0.1 - 0,17
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Figure H.18. Last-Pass — Class: 1-1-2 (Catalog Number 15259), LUPI 8, OPD 8.
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H.83 CLASS: 1-3-2 (NORAD Catalog Number 14199)

H.8.1 Prediction Performance. The tables below provide the statistical information

on the ability of the estimates to predict for 1 LUPI after differential correction.

Table H.7. 95% Confidence Interval Analysis on Class: 1-3-2.

Catalog Mean Variance 99% CL
Number | LUPI | OPD || Min { Max | Min Max Min Max
days | obs/day | km km km?* km? km km
14199 2 2 25.24 | 32.07 | 380.73 | 856.34 | 72.78{ 97.34
14199 2 4 22.33 | 28.87 | 263.28 | 671.48| 58.85| 88.53
14199 2 6 16.01 | 20.54 | 78.17| 387.41' 40.13] 63.22
14199 2 8 11.89 ( 14.71 | 70.56 | 119.53| 32.08} 39.29
14199 4 2 35.98 | 49.00 | 665.86 | 1630.12 | 95.68 | 141.01
14199 4 4 19.94 | 27.64 | 56.91 | 845.67; 49.68| 87.73
14199 4 6 13.08 | 17.92 | 109.61 | 203.29 | 37.69 50.42
14199 4 8 1047 | 13.77 | 60.06 | 1u7.34; 28.63| 37.50
14199 6 2 42,48 | 63.08 | 934.39 | 3612.94 | 115.09 | 197.46
14199 6 4 1714 [ 2432} 7781 497.16| 43.40| T71.67
14199 6 6 13.00 | 16.73 | 94.78 | 182.74 | 36.27| 47.30
14199 6 8 11.85 | 14.73 | 59.88 | 122.89| 30.26 | 39.74
14199 8 2 32.15 | 48.88 | 459.80 | 2118.17 | 85.23 | 150.42
14199 8 4 16.43 | 26.71 | 143.11 | 45005 45.54 | T73.89
14199 8 6 15.09 | 21.75 | 132.45 | 330.04 | 42.38 | 62.67
14199 8 8 1433 | 18.56 | 90.98 | 21299 | 36.74| 51.51
Toble H.8. ANOVA Analysis on Clasgs: 1-3-2.

Source of Degrees of | Sum of Mean Table

Variation Freedom Squere | Square F F

Replications 9 1304 ’s-’ﬂ;xf:ms.«m 0.2482] 188

Main Effects: T T

LUPI 3 2601.79 1 867.26 | 0.1490 | 2.60
OoPD 3 1611678 } 53722.6 9.23| 260
Interaction 9 26143.48 | 2904.83 | 0.4991 | 1.88
Error 135 785705.8 | 5820.04
| Total | 159 ] 988618.99 | i |
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Figure H.19. Class: 1-3-2 (Catalog Number 14199), LUPL 2, OPD ¢ and 4.
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6 OBS/DAY ~ TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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H.3.2 Differential Corrector Performance. The table below provides statistical in-

formation on the last-pass residuals of the differential corrector.

Table H.6. Selected Last-Pass 95% Confidence Interval Statistics.

Catalog Mean Variance 99% CL ||
Number | LUPI | OPD [ Min | Max | Min | Max | Min | Max ||
days | obs/day [[ km | km | km® | km® km km J
14199 | 8 | 8 [ 6.34]8.15]752]19.16]12.92][17.98
8 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
25 b ' ¥ 951 cr 99% oL 1R.92 - 17.98
N 95% CT mean [5.34 - 8,15
95% CI var., {7.52 - 19,16
o
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Figure H.27. Last-Pass — Class: 1-3-2 (Catalog Number 14199), LUPI 8, OPD 8.
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H.4 CLASS: 2-1-8 (NORAD Catalog Number 10293)

H.{.1 Prediction Performance. The tables below provide the statistical information

on the ability of the estimaties to predict for 1 LUPI after differential correction.

Table H.10. 95% Confidence Interval Analysis on Class: 2-1-3.

Catalog [ Mean Variance 99% CL
lLNumber LUPI| OPD | Min | Max [ Min | Max | Min | Max
| days | obs/day || km | km | km® | km® | km | km

10293 2 2 1.62] 21311.01} 3.38{3.95, 6.29

10293 2 4 1.28 ) 146 066 | 1.0213.17} 3.79

10293 2 6 1.20 | 1471068 1.53 | 3.10| 4.14

10293 2 8 1.16 { 1.36 ] 0.71 | 1.47[3.091 4.15
| 10292 4 2 || 210 274 2.26 | 551 (543 8.8

10293 4 4 201} 273 1.80 ] 4.73[5.25] 7.62

10293 4 6 203 23212.16] 2.85} 548 6.20

10297 4 8 1.851 216 | 1.62 | 2.92|485| 6.08
10293 5 2 2801 3.5|3.70 | 10.10 | 7.31 | 11.11

10293 8 4 235) 296 | 2.18| 4.52592| 7.73

1€293 6 6 2.04| 266 (1.32| 3.61|4.80| 6.91

10293 6 8 1.86 | 242 1.01 | 215} 4.17] 5.79

10293 8 2 258 382176 7.78 592 9.94

10293 8 4 2,08 | 281 11.24 | 3.57| 479 7.04

10293 8 6 1.90 | 256 1094 2.58| 419 6.19

10293 8 8 1.80 1 23310551 274|380} 594

Tabhle H.11. ANOVA Analysis on Class: °-1-3.
Source of Degrees of | Sum of | Mean | Table
Variation Freedom | Square | Squarc | F F
| Replications 9 17.08 1.89 [ 0.8971 ] 1.88
Main Effects:
LUPI 3 172,99 | 57.66 1 26.74| 2.60
OPD 3 148.61 4954 | 2298 | 2.60
Interaction 9 36.53 4.06 1.88| 1.88
Error 135 291.07 2.16
[ Total [ 156 | 667.27] | N [
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Figure H.28. Class: 2-1-3 (Catalog Number 10293), LUPI 2, OPD 2 and 4.
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Figure H.29. Class: 2-1-3 (Catalog Number 10293), LUPI 2, OPD 6 and 8.
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Figure H.30. Class: 2-1-3 (Catalog Number 10293), LUPI 4, OPD 2 and 4.
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Figure H.31. Class: 2-1-3 (Catalog Number 10293), LUPI 4, OPD 6 and 8.
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H-36




6 OBS/DAY - TRUE POSITION BRROR AND 4 DAY MOVINC AVERALGE
L Ad

10 r —
. R ! 95% cI 9q% cL 4.4 - 6.91
] . o4 ) 958 CI qean 2.04 - 2,66
M . - ®e 95¢ CI qar, 1.33 - 3.61
. (1] ‘2 :
l : ¢ " hd
s 3 ‘g
3 * .
. v X
¢ * o [ . * ., o .
J-| s " 3 5. c‘ ' g{ ': .
¢ . L3 »
S ! j’ ! : ] '_t_. MLE 398 I J o
* v ' x
¥
° '! 0‘. J .e ! : °: d Y 3 ¢ s,
H LY o, hd - ‘3’ .
. : ‘1 | K
“ * ﬁ
2 4
% 4
o B
Y
2 f
3
[+]
Time since {nitlal epoch in days
@ OBS/DAY ~ TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
v R i g T fsecrssfer 4,.17-5.79
* . 95% CI fean 1.84 - 2.42 |
: . 958 CI dar. 1,01 - 2,15
‘I Y
y W -
b >
' M % o :
[ 2 . L
g‘ . 4 L &
! . > : :
h Py
- M) i > " s 0 A%
c M & ‘1 ‘; » ~ o} o: 1 °o.
-t . <
w I, :f)' o : *e - we'bv o ¢ N »
LN 3 ».
E o * 4 ooy t? :* o ': . 3\ .
- 4 » ' 0.. . ':“ R . ) o . @ . * o
. - * L .
8¢ ] ﬁ"‘,s O - e !._-'.'. 1 — N s
A Jo o eets b ‘l‘ M LI Y .t ‘Q. . e
- Q‘“ (3:6' ‘e 4 e e ’..}1 ..: - - e q [
H N1 W ¢ o\ v e 6 ! % v, > ‘At et
P .;.‘0 X & S'."‘ ""3r ) "';’ 2 v ' 0\ 2‘\\
*
2 B s ‘. .. >
p .t P
3 X > . \d e
LR ] .{ > o‘ \O v 4
‘ \5 ¢ . A 3 Ve [ Y ! ()
2 " . . A :"..o . .‘c . v
- * Y .
) SO Bl L O £ N
o N - e J Y T, Iy M * - - .,
10 20 30 40 S0 60

Time since {nltial epoch in days

Figure H.33. Class: 2-1-3 (Catalog Number 10293), LUPI 6, OPD 6 and 8.
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Figure H.35. Class: 2-1-3 (Catalog Number 10293), LUPI 8, OPD 6 and 8.
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H.4.2 Differential Corrector Performance. The table below provides statistical in-

formation on the last-pass residuals of the differential corrector.

Table H.8. Selected Last-Pass 95% Confidence Interval Statistics.

%

Catalog Mean | Variance | 99% CL
Number | LUPI | OPD | Min | Max | Min | Max | Min | Max

days |obe/day || km | km | kw? [ km’ | km | km
[10293 T 8 T 8 J0.64]0.68]0.10] 0.13] 1.37] 151

8 O33/DAY « TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE

3 v
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Figus:- H.36. Last-Pass — Class: 2-1-3 (Catalog Number 10293), LUPI 8, OPD 8.
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H.5 CLASS: 2-1-{ (NORAD Catalog Number 10393

H.5.1 Prediction Performance. The tables below provide the statistical information

on the ability of the estimates to predict for 1 LUPI after differential correction.

Table H.13. 95% Confidence Interval Analysis on Class: 2-1-4.

Catalog Mean Variance 99% CL
Number | LUPI| OPD | Min | Max | Min | Max | Min | Max
days | obs/day km km km? | km? km km
10393 2 2 1.26 } 1.52 1 0.68] 1.74 | 3.19 | 4.51
10393 2 4 1.03 | 1.31 {046 ] 096 2.60 | 3.56
10393 2 6 096 1.23{043} 0.77] 245| 3.27
10393 2 8 1.01 | 1.19]047] 0.76 ] 2.63 | 3.18
10393 4 2 1.70 1 1991 1.19] 191|430 5.13
10393 4 4 1.271 1.66 §0.76 | 1.21 [ 3.30 | 4.19
(0393 1 6 | 122| 150 | 0.71| 1.17 | 3.19 | 3.99
_‘ﬂ393 4 8 1,181 1.36 [ 0.61 ] 094 | 3.01 | 3.59
10393 6 2 193] 293 {101 5.14] 457 7.89
10393 6 4 1.514 2141065 2.65] 3.55| 5.73
10393 6 6 1461 1.93[0.71 ) 1.80 | 3.43 | 4.98
10393 6 8 149 1371074} 1.421 3.30 | 4.60
10393 8 2 i 2121 329 1.11 ] T.19 ] 4.86 | 9.15
103921 8 4 1967 244 | 1.]3 | 2.86 | 4.48 | 6.26
10393 8 6 1,74 ] 20910831 1891392} 518
| 10393 8 8 1169 198 [066] 1.58 1369 .78 |

Table H.14. ANOVA Aualysis on Class: 2-1-4.

v

T Soutce of chm:s of | Sum of | Mean | " Table
| Variation Freedom | Square | Square | F ¥

Replications 9 | 4077] 487T] 441] 158
Main Effects:

Lept 3 107.71] 3590|3153 260
1 oep 3 R1.38 | 27.13[ 2405 2.60
b_tnmmion 9 1217 135] 119} 188
i Error 135 ] 152297 113
{ Total [ 159 Tesa] 1 | R
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Figure H.37. Class: 2--1-4 (Catalog Number 10393), LUPI 2, OPD 2 and 4.
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2 OBS/DAY ~ TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure H.39. Class: 2-1-4 (Catalog Number 10393), LUPI 4, OPD 2 and 4.
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2 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure H.42. Class: 2-1-4 (Catalog Number 10393), LUPI 6, OPD 6 and 8.
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Figure H.44. Class: 2-1-4 (Catalog Number 10393), LUPI 8, OPD 6 and 8.

H-49




H.5.2 Differential Corrector Performance. The table below provides statistical in-

formation on the last-pass residuals of the differential corrector.

Table H.10. Selected Last-Pass 95% Confidence Interval Statistics.

Catalog Mean Variance | 99% CL
Number | LUPI | OPD | Min [ Max | Min | Max | Min | Max
days | obs/day || km | km | km?® | km? | km | km
10393 [ 8 l 8 0.56 [ 0.591 0.0SJ 0.09] 1.21 I 1.30
R 8 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
[ i ¥ M ody cI 99s cL f,21 - 1.3
9S% CI mean p,56 - 0.59
95% CI var, p.08 - 0.09
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H.6 CLASS: 2-2-8 (NORAD Catalog Number 19859)

H.5.1 Prediction Performance. The tables below provide the statistical information

on the ability of the estimates to predict for 1 LUPI after differential correction.

Table H.16. 95% Confidence Interval Analysis on Class: 2-2-3.

Catalog Mean Variance 99% CL
Number | LUPI | OPD |[ Min | Max | Min | Max | Min | Max
days | obs/day || km | km | km? | km? km km
19859 2 2 2.16 | 3.55 | 4.71 | 17.78 | 6.86 | 13.14
19859 2 4 1.73 | 2.26 | 1.73 | 2.78 | 4.76 | 6.13
19859 2 6 1.50( 1.9111.06| 2.74]3.98| 5.64
19859 2 8 148 | 1.85(1.07] 2.26| 3.95} 5.26
19859 4 2 2.15| 3.40 ] 261 | 8.11579| 9.90
19859 4 4 191 2.73 | 2.12| 5.06]|5.11| 7.95
19859 4 6 1.76 | 2.33 | 1.75| 4.004.86| 6.89
19859 4 8 164 [ 2.0711.25] 281 4.26| 5.89
19859 6 2 243 | 410 | 2.74 | 15.25 { 6.77 | 12.65
19859 6 4 2.05| 2.82|2.04| 529|536} 8.06
19859 6 6 1.82 | 2421149 | 3.49| 4.67| 6.68
19859 6 8 1.74 1 230 096 | 3.16 | 4.17| 6.26
19859 8 2 198 3.43 (136 7.58]4.98; 9.46
19859 8 4 202 3.341 152 592|503 8.76
19859 8 6 208 3.04 | 1.74 | 4.51 530 7.81
19859 8 8 1.87 1 3.05] 1.10 | 4.60 [ 4.70 | 7.72
Table H.17. ANOVA Analysis on Class: 2-2-3.

Source of Degrces of | Sum of | Mean Table

Variation Freedom | Square | Square F F

Replications 9 165.00 { 18.33 461} 188

Main Effects:

LUPI 3 10.59 3.53 | 0.8886 | 2.60
oPD 3 276.79 1 9296 | 2321 | 2.60
Interaction 9 87.63 9.74 245 1.88
Error 135 536.69 3.98

{ Total | 159 1 1076.72 | [ ]
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Figure H.49. Class: 2-2-3 (Catalog Number 19859), LUPI 4, OPD 6 and 8.
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H-56




o
» ﬂ‘ - et s SO @ PRI e -3
W FORIE D8 s ~ ﬂl % ™ .
D RS B AR e 455 AXT Sms
[y ® e e, o Y [ d o oo
' o e ST ] wae
TN R » 53 111 o
o v 13 v ELwd
waw- g O A - - S =~ D
<« 01._.00.0. *‘o * 3 'f . e m
. o« «-O ©
. < -~
ot R (855 o
gfees wl_ e s B
M A H ofa = 7 0
Gfno® 258 3
20w w gl ©
L1 R Lo
PN < N =
Olwn > n R [+ 9
= e h K] G v
W.. (4N = el
b »e " > i |
x > [o3 3 -
> s = > =
-3 ° nt 35 (=)
o
- 5 8 < ®
a < - LT B oA FPYELE g i - (2]
4] a Py g S0 BY S M0 P T P-4 1
m ] d %0 o Oy A 4 143
a Z ° 4 % R o e Q [
o °® -e *wnre, * S ﬂ. -5
g < & o mm e RN . B
o .
E— 5 gh S R Y ratae o A PR &
F . - ol Rad PR - kd ‘Q-.O ) o Py
[+ § o o, 5 zF . . wies o (ALY 2 . H
a .o 4 e 54 = 2 1~ ° * Pk E- &5 kel no
a L4d Qooo d orﬁﬂx uoo” “ & - o 9 oo P -e ® Wb. . ao.oarl. o A
0 » . [ - & - "
o] c_ ; s vl *®ofe e ‘n. >4 2 ‘m
14 s1efosp @31vIs-Aprais hd g a o v > el bkt &
- paIefoap Is-dprois 4 . o, 300 ”.L“‘.Am 3 3 “ & PazeTadp siedmApwegs had .-oc-\ . % . - =
5 ot J>fe 1 2 = b KRR f ~ s 7 e O
51 § . .. ..ootu.. he S & N- DA A .WA .ol E >
' S Al m.A . . y(.w N & JU
» bod i
“ > b oo e % - \.’.& o
a 3 . of %t et 7.&»}. s /.u
0 ~ *e o ®oe of ¢ oo BN hd
g a L S L ) ..
() - @
-1 <
< T v P as ‘IM‘
thha\o heoe 000 - BRop L C
dhtatd e 00‘0!\ 'c“_w..

(It 3 wohooo L
w2
==

1 )
—
} =)
BoO
- o—y
=

o -] o
- - ~N o

o -
Wy U} ICII® UOTITFOI Wy Ul IO0IIB uofITsOd




, L o 9% €I 99% L, H.98 - 9.46
12 1 . 95¢ T mean [1.98 - 3.43
R ¢ 95% CI var. .36 = 7,58
. 'g L]
of o E K]
i — Oy .
10 P .1 ¥
3 . r .
. 31 - ° .
"
.5 * o * “'; PR ¢ . ¢
5 8 A * .
. + 3 N o MLE 99% CL ¢ 4
- . LI . D v v -
: N K . '.o". o o0 3 <
¢ . LY . . ot [ N LI . -.
[ v v 0 A 0 4 [
Q 3 . . . M4
P T .
i e 1t
8 RN
4 v
'. *
7 .. ..
L XY
o s *
2 e
A
. 3
*
L -
¢ 10
Time since initial epoch in days
12 4 OBS/DAY ~ TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
v, ’ e 9% CI 99% CL f.O3 - 8.76
} A R 95% CI mean R.02 - 3,34
’ .e 95% CI var, fl.52 - 5.92
04 3 ' .
L)
10 LK ¥ o i
.r : ‘. L] * 'S
ve 4 § . .
- .}.. . . .
L] (34
ﬁ . . .
-E 8 “ 3 1) 5 s Oy
L]
5 g c td MLE W% CL 3
15 . v . o o .
£ 5 IR W a3
¢
[
Q
-t
o
-l
3
[}
2
Q

2 OBS/DAY -~ TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE

Time since {nitial epoch in days

Figure H.52. Class: 2-2-3 (Catalog Number 19853), LUPI 8, OPD 2 and 4.
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H.6.2 Differential Corrector Performance. The table below provides statistical in-

formation on the last-pass residuals of the differential corrector.

Table H.12. Selected Last-Pass 95% Confidence Interval Statistics.

Catalog Mean Variance | 99% CL ||
Number | LUPI | OPD || Min | Max | Min | Max | Min | Max ”
days | obs/day [| km | km | km? | km® | km | km ||
19859 | 8 | 8 [0.72]0.79]0.13] 0.19] 1.57] 1.78 ||
3 8 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
R I ’ 9%t CI 99% CL [L.57 - 1.78 ¢
95% CI mean P,72 - 0,79
. ) 95% CI var, P.13 - 0,419
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Figure H.54. Last-Pass — Class: 2-2-3 (Catalog Number 19859), LUPI 8, OPD 8,

H-50




H.7 CLASS: 3-1-1 (NORAD Catalog Number 01996)

H.7.1 Prediction Performance. The tables below provide the statistical information

on the ability of the estimates to predict for 1 LUPI after differential correction.

Table H.19. 95% Confidence Interval Analysis on Class: 3-1-1.

Catalog Mean Variance 99% CL
Number | LUPI| OPD || Min | Max | Min Max | Min | Max
days | obs/day km km km? km? km km
01996 2 2 3.59 | 4.67 6.80 | 18.02| 9.94 | 14.17
01996 2 4 2.88 | 3.27 4,28 860 7.74 9.97
01996 2 6 261 298 3.45 596 | 6.95 8.60
01996 2 8 2751 3.26 3.96 6.84| 7.36 9.30
01996 4 2 9.40 | 12.89 | 49.48 | 122.80 | 26.11 | 37.87
01996 4 4 9.45 | 11.22 | 43.61| 73.54 | 25.10 ( 30.77
01996 4 6 9.04 | 10.38 | 36.56| 62.17 | 23.32| 28.40
01996 4 8 889 9.83f 39.57| 50.33{ 23.80| 26.02
01996 6 2 2249 | 25.36 | 243.10 | 342.69 | 58.99 | 68.05
01996 6 4 1944 | 21.38 | 178.25 | 203.37 | 50.67 | 54.37
01996 6 6 18.16 | 19.63 | 145.37 | 177.94 | 46.40 | 50.43
01996 6 8 17.76 | 19.50 | 138.18 | 168.70 | 45.17 | 49.61
01996 8 2 33.68 | 43.85 | 466.65 | 918.71 | 84.95 | 112.91
01996 8 4 33.79 | 38.83 | 502.01 | 637.48 | 86.04 | 97.31
01996 8 6 33.27 | 36.84 | 484.39 | 606.50 | 84.49 | 93.99
01996 8 8 32.70 | 35.04 | 452.60 | 556.18 | 82.31 | 89.70
Table H.20. ANOVA Analysis on Class: 3-1-1.

Source of Degrees of [ Sum of Mean Table

Variation Freedom Square Square F F

Replications 9 1224.52 136.06 4.20 1.88

Main Effects:

LUPI 3 151974.00 |} 50658.00 | 1563.90 | 2.60
OPD 3 2373.27 791.09 24.42) 2.60
Interaction 9 570.47 63.39 1961 1.88
Error 135 4372.93 32.39
| Total | 159 | 160515.21 | ] { R
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€ OBS/DAY = TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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2 OBS/DAY ~ TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure H.57. Class: 3-1-1 {Catalog Number 01996), LUPI 4, OPD 2 and 4.
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2 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure H.59. Class: 3-1-1 (Catalog Number 01996), LUPI 8, OPD 2 and 4.
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2 OBS/DAY = TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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H.7.2 Differential Corrector Performance. The table below provides statistical in-

formation on the last-pass residuals of the differential corrector.

Table H.14. Selected Last-Pass 95% Confidence Interval Statistics.

Catalog Mean Variance 99% CL
Number | LUPI | OPD || Min | Max | Min | Max | Min | Max
days |obs/day || km | kmi | km® | km? | km | km

foi996 | 8 | 8 [ 235] 2.58]1.38] 1.88]5.09 | 5.75 ||

10 8 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
L v L) v v

9g% CI 99% CL b.09 - 5,75
95% CI mean [R.35 - 2,58
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Figure H.63. Last-Pass — Class: 3-1-1 (Catalog Number 01996), LUPI 8, OPD 8.
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H.8 CLASS: 8-1-2 (NORAD Catalog Number 14443)

H.8.1 Prediction Performance. The tables below provide the statistical information

on the ability of the estimates to predict for 1 LUPI after differential correction.

Table H.22, 95% Confidence Interval Analysis on Class: 3-1-2.

Catalog Mean Variance 99% CL
Number | LUPI | OPD | Min | Max | Min | Max | Min | Max
days | obs/day || km km km? km? km km
14443 2 2 242 ] 3.21 | 253! 6.61] 6.06 9.09
14443 2 4 198 220 1.86| 2.36| 524 5.68
14443 2 6 1.81 | 2.07| 1.28| 231 | 446 554
14443 2 8 162 192 1.22| 2.00| 4.20| 5.17
14443 4 2 3241 430 5.10| 9.88| 834 11.60
14443 4 4 2571371 283 792| 6.63] 10.03
14443 4 6 2231329 180 | 634! 5.52| 890
14443 4 8 2.16 ] 2.80| 2.09{ 4.29| 552! 7.58
14443 6 2 4.09 | 599 8.08 | 31.08| 10.81 ] 18.46
14443 6 4 3.59) 464 | 524 | 15.14} 9.15| 13.36
14443 6 6 336 | 410 553 10.63| 8381 11.58
14443 6 8 3.36| 3.851 5.80{ 11.17| 898} 11.51
L 14443 8 2 527 7.36 | 14.64 | 30.84 | 14.31 | 19.97
| 14443 8 4 5211 6.71 | 11.55| 21.15] 13.11 | 17.29
14443 & 6 4,72 | 580 8.87| 1554 | 11.66 | 14.87
14443 8 8 4,72 | 557 9.181 14.01 | 11.80 | 14.20
Table H.23. ANOVA Analysis on Class: 3-1-2.
Source of Degrees of | Sum of | Mean Table
Variation Freedom | Square | Square F F
Replications 9 14951 | 16.61 3391 1.88
Main Effects:
LUPI 3 1869.48 1 623.16 [ 12707 | 2.60
oPD 3 340.80 | 113.60}F 23.171 2.60
Interaction 9 20.64 229 1 04676 ] 1.88
Error 135 662.03 4.90 _
[ Total IEEERECE [
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6 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure H.65. Class: 3-1-2 (Catalog Number 14443), LUPI 2, OPD 6 and 8.
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2 OBS/DAY ~ TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure H.68. Class: 3-1~2 (Catalog Number 14443), LUPI 6, OPD 2 and 4.
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Figure 11.70. Class: 3-1-2 (Catalog Number 14443), LUPI 8, OPD 2 and 4.




6 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure H.71. Class: 3-1-2 (Catalog Number 14443), LUPI 8, OPD 6 and 8.
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H.8.2 Differential Corrector Performance. The table below provides statistical in-

formation on the last-pass residuals of the differential corrector.

Table H.16. Selected Last-Pass 95% Confidence Interval Statistics.

Catalog Mean Variance | 99% CL
Number | LUPI | OPD || Min | Max | Min | Max | Min | Max
f days | obs/day || km | km | km? | km® | km [ km
ﬂ 14443 8 8 " 1.00 [ 1.03 | 0.25( 0.29 J}.l? [ 2,27
A 8 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
v v N afs cI 99% cL R.11 - 2.27
954 CI meany 1. - 1.03
[958 CI var. pP.25 - 0.2
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Figure H.72. Last-Pass -~ Class: 3-1-2 (Catalog Number 14443), LUPI 8, OPD 8.




H.9 CLASS: $-1-8 (NORAD Catalog Number 19643)

H.9.1 Prediction Performance. The tables below provide the statistical information

on the ability of the estimates to predict for 1 LUPI after differential correction.

Table H.25. 95% Confidence Interval Analysis on Class: 3-1-3.

Catalog Mean Variance 99% CL
Number | LUPI [ OPD || Min | Max | Min | Max | Min | Max
days | obs/day || km | km | km? | km? km km
19643 2 2 2121 270 2.70| 6.83] 6.06| 8.61
19643 2 4 1417 1.93| 1.24| 233} 4.01| 543
19643 2 6 148 | 1.80| 136 269 | 4.21| 5.56
19643 2 8 138} 164 1.35| 206 4.08| 4.95
19643 4 2 278 346 4.51| 887 7.82]| 10.23
19643 4 4 227 285 3.52| 669 | 6.72} 8.74
19643 4 6 2071 250! 3.52| 534 647 781
19643 4 8 181} 2241 251 427 552]| 6.98
19643 6 2 3.71 1 4.79| 8.62| 21.68 | 10.79 | 15.27
19643 6 4 3491 4.22| 7.64 | 14.64 | 10.03 | 12.94
19643 6 6 312 387 75111199 969 11.70
19643 6 8 3.13] 368 6.93]10.65) 933} 11.15
19643 8 2 6.07 | 8.52 | 26.50 | 58.81 | 17.99 | 26.01
19643 8 4 5.181 6,93 18.81 | 33.05 | 15.25§ 20.15
19643 8 6 500! 627 17.53 | 29.77 { 14.90 | 18.69
19643 8 8 .05 594 1779 2931 | 14.98 | 18.34
Table 1.26. ANOVA Analysis on Class: 3-1-3.

Source of Degrees of | Sum of | Mean Table

Variation Freedom | Square | Square ¥ F

Replications 9 167.42 18.60 4.79 1 1.88

Main Effects:

LUPL 3 3860.32 | 1286.77 | 3131.02 2.60
OPD 3 279.89 93.29 | 24.00 2.60

Interaction 9 48.11 5.35 1.38 1.88

Error 135 524.78 3.59

Total [ 159 Tassos2 [ I 1
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2 OBS/DAY -~ TRUE POSITION RRROR AND 4 DAY MHOVING AVERAGE
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Figure H.73. Class: 1-1-3 (Catalog Number 19643), LUPI 2, OPD 2 and 4.
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Figure H.75. Clasa: 3-1-3 (Catalog Number 19643), LUPI 4, OPD 2 and 4.
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Figure H.77. Class: 3-1-3 (Catalog Number 19643), LUPI 6, OPD 2 and 4.
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H.9.2 Differential Corrector Performance. The table below provides statistical in-

formation on the last-pass residuals of the differential corrector.

Table H.18. Selected Last-Pass 95% Confidence Interval Statistics.

Catalog Mean Variance | 99% CL ||
Number | LUPI | OPD | Min | Max | Min | Max | Min | Max ||
days | obs/day || km | km | km® | km* | km | km H
19643 | 8 | 8 [ 0.73]0.76] 0.13] 0.15 | 1.58 | 1.66
3 8 OBS/DAY = TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
) N ' 914 CI 99% CL .58 ~ 1.66
95% CI mean pP.73 - 0,76
95% CI var. P.13 - 0.15
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Figure H.81. Last-Pass — Class: 3-1-3 (Catalog Number 19643), LUPI 8, OPD 8.
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H.10 CLASS: 8-1-4 (NORAD Catalog Number 17429)

H.10.1 Prediction Performance. The tables below provide the statistical informa-

tion on the ability of the estimates to predict for 1 LUPI after differential correction.

Table H.28. 95% Confidence Interval Analysis on Class: 3-1-4.

Catalog Mean Variance 99% CL
Number | LUPI| OPD || Min | Max | Min | Max | Min | Max
days | obs/day [ km | km | km? | km? km km
17429 2 2 1.97 | 236 | 1.18| 4.61| 4.81| 7.05
17429 2 4 173 2.04| 096 3.24| 4.25] 6.01
17429 2 6 1.64 | 208} 1.15{ 3.02| 4.23| 5.98
17429 2 8 1.73 | 194 1.59| 2.36| 4.68} 5.49
17429 4 2 3.03] 4.17| 4.56 ) 20.02 ] 8.39 | 14.05
17429 4 4 3.17| 3.85| 658} 10.25| 9.13] 11.25
17429 4 6 2,78 | 3.521 4.651 9.50| 7.92] 10.51
17429 4 8 264 | 3.16 | 4.00| 695 7.36| 9.18
17429 6 2 433 590 9917} 30.32| 12.13 ] 18.15
17429 6 4 4,16 | 5.23 | 10.30{ 27.97 | 12.12 | 17.02
17429 6 6 3.95] 4.75 1 10.40 | 21.46 | 11.63 | 15.29
17429 6 8 3.71 | 4.38 | 8.47 | 20.53 | 10.87 | 14.52
17429 8 2 5.64 | 8.82 | 16.94 | 59.17 | 15.77 | 25.93
17429 8 4 535 | 6.58 | 21.03 | 30.86 | 16.22 | 19.22
17429 8 6 5.32 | 6.15 | 18.44 | 30.12 | 15.45 | 18.67
17429 8 8 4,79 | 5,931 18.65| 26.07 | 14.97 ¢ 17.62
‘able H.29. ANOVA Analysis on Class: 3-1-4.

Source of Degrees of | Sum of | Mean Table

Variation Freedom | Square | Square F F

Replications 9 266.84 29.¢0 488 ] 1.88

Main Effects:

LUPI 3 3573.71 | 1191.24 | 19595| 2.60
OPD 3 160.89 53.63 .82 2.60
Interaction 9 48.39 534 ] 0.8844 | 1.88
Error 135 820.71 6.08

| lotal [ 159 14870.53 | | |

v
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Figure H.82. Class: 3-1-4 (Catalog Number 17429), LUPI 2, OPD 2 and 4.

H-92

ssfcr|eoy cf 4.8 - gE
. L 998 qI near] A4.97 - R,
1 94% Q1 fard .18 -~ H.68
.
- ;
. L
- ¥
. L E . ) “
° |» ‘o <
e [ ¢ 1 o 4 o
* h .
1 < 1 o
(]
A . m. - *
- o . . n 4 1
b el 4 |8 oI 4
< 1 ¢ o . $ 9
o . . . 4 4 {’ .
P . oY 1 4 4 . . .
. . . .
b e b L L o L [
* o' - < ’. ¥ al g 1 - : o v ‘A
: oot ] %4 [ . -9 o, r o '1'
A . e .cn.’ut . K feled Fdot,
- -~ . - p
Q' - Tar .: t.'. f.0a ] . d .1e. [N 0. 0: qetla ] e . L K ﬂ 0’4 )
e b - B R W h*o| o \' %l e + L, o
4 . . of*deg e X R1K “’o A B .
ol Fid -l ofee, P AS e b O " e
Ld * ] Ci . 4 ¥ 1'%
. . .1;.'. A\ ;o f “ o o[ ol o [efere P oY .Z"..»}o.ba. 23 ALY ,‘{‘.' ¢ g
¢ it & 4‘ o E S N o ot Coal L] o2 oW¥a [Sogon ]t 82 [Re
e MY ¥4 7 [XY '-3": - W P Ty QRS T b N ol e”
R L,....t R PR R o
;. 3 . L) ‘ S O R T - « P rod 3 e -
-..i" H & P » 3 Y el s . 4 1. * le . .
10 - 30 40 50 ) 60
Time since initial epoch in days
4 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
. ssjcriogy cuy 4.2 - B.
L . 938 dI neard Y.7% - B. 4
. < 93 qI dard 4.9€ - B.
1 q P
‘ 1413 ‘ 1 1]
. . - o]
1 2 1
3
r L I3 : q' L
1 “.‘l . p
» o @
N 1% IR BER 1 EER
°d 149 ME M\ FL b
. N § 9 -l Y
. . Y3 J 4 . o 3 J4 4
- < L o o .
. 3z <Y y “ 4 L L ‘l .
p r . o L ol o } “.
. o . . L 4 4 . o - 4 R
. el . . < o o)
of ) e ) B R .® q.O J4 o4 .\0..,! Q... '
. 4 .d o o n' * L o e *le
¢ 3y 3 Yo S 1. '.'.'-1-1 '] (cdsg] ']' ™
:' ‘3 " o] ~ ‘: ) . q N "1 . "‘.4.: N '~1‘}ﬂ.1ol'. -y
P i AOrel 118 H g Pe{d g M i 9
el vl o 'A 5‘ '.L - * 4 y -~ 40‘ d* o d 49
- ‘ - . ¢ .
RIS A AR
5 a. we "3 1 » 3 . &t Wfe 1y
¥ .}'-'- .ol Y iy Py g Ny .
AN M o.‘ 2 . Solpe g ™ Y o 4¥3 Lo d
B b B ot o 4 Y L o W ; A o e e
P ot A N s ., " ‘1 & . 0
. . . o (% .
10 40 S0 €0



o
[ ™ -
- TP .
v 1|.|Iﬂvc.ﬂooo y: .’ﬁq”o . - ¢* o . OQJ{
o 31 .
v wrnpT—3 ) SEA v el £3 -~ Py TFTE IR PR @
et ¢ e ~lre P " : it
L e A a4
LI I M % ou‘lﬂ Ol{ ¢ 4, Lo [ ! ’ T. Sy w
o ML 22 Gl [rwwm
oY W AR Y e ~w . el DA ©
Arke Sy - - s
ke P . * b4 o LI Y A 2 o
v rs v
T r—ferv— P A e T TS P 4. - s y 4 o,
k| " ﬁ 3 5 hdl . . 0
Bi Ml b 7] ki -S4 gt - .
212 ‘ * OOQ‘ ﬁ' iy ”II LA
] XX v ] - 4+ > ’ o3
g Bew - * N e o P sl t . -4 ~
AC““ n L ~ A\ﬂ!ﬂo ey o\ ik o'ot.o -y . o
GN99 I - . V‘ . e d ot 33 oy WS R oﬂo- y =
v -
z L4 t? ' Voo ¢ - Fod e ‘4 ﬁo‘d < -3
g LY - - hid G . > - pd - w n. -
I - .
M 3 MR BRI~ Ty e 1¥ % $ \d W ool o ﬂﬂil"t A ) \ﬁldl A
.“ > A L L 4 r 3 Al e -y [ ] ﬁ
“ L AR I L X J r g X P . PY - - * > < <
ol * . . [~ o - ~ |
e e - Ml - g Py - L A < =~ A
- . ’q 2 3 a A . m = |
Q LA A . - m m - L e q,QJ Pt ‘ s |
m hd 4 . . 't o ° 1.1 3 . -1 |
3 9 * * i LR 0 . - W A “F ? A 4 o Pew o e m ™
o - - - . “~o o o . o = b4 - ] S 2
{ MR AT M) Shad -
| B B T S 5 T et TRTARSTI NG = 2 =
- > I e 5 < =
: —rmesit] s 2 . ¥
- : 4
E S Y ~1 8 & LN BT I
3 - < - L) -
b4 lpaawro9p aiwps—Apeaas il X 4 XA . » & paze(sap sirvhs-Aprass e : F«w
v 0 —~
[ v w . bt FTE S % Y -y M m +] o* ¥ o c).- - - . & -~
2 ~ o o o g N— o e Y P04 > Sus e o e -y
(2] amg Lal 2o damD gaar T ewe . o L X 4 s ¥ o oo ™~ ; - DI D Sy « . ..._A
-
h LAl J v ” e .. L 4 ".‘“ %..‘. - &
< o vy 3 Pv 2
s v g *li 3
“ a - -
n'w -y o bt poo -\’oon 3 m
- - racar o o
\ad -
* hd oooﬂbcﬂo oqqo QMQJ'QQQ 3 o 2 1 %
v
hald b v . [ - ‘I{AIO. - - » M .
g
-
coh oy m
> -
. T | S N AR N R )
-
l}[lrl-.plr. 2 - M fze
e 3551 Al A P
® o~ o ® L =3

w -
Nu. uy ToIxW :M.“u._ng WX U} 10318 UOI3I}e0d




2 OBS/DAY ~ TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure H.84. Class: 3-1-4 (Catalog Number 17429), LUP1 4, OPD 2 and 4.
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Figure H.85. Class: 3-1-4 (Catalog Number 17429), LUPI 4, OPD 6 and 8.
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Figure H.86. Class: 3-1-4 (Catalog Number 17429), LUP1 6, OPD 2 and 4.
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Figure H.87 Class: 3-1-4 (Catalog Nuwber 17429), LUPI 6, OPD 6 and 8.
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Figure 11.88. Class: 3-1-4 (Catalog Number 17429), LUP! 8, OPD 2 and 4.
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ON ERROR AND 4 DAY MOVING AVERAGE
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H.10.2 Differential Corrector Performance. The table below provides statistical

information on the last-pass residuals of the differential corrector.

Table H.20. Selected Last-Pass 95% Confidence Interval Statistics.

Catalog Mean Variance | 99% CL
Number | LUPI| OPD || Min | Max | Min | Max | Min | Max
days | obs/day {{ km km | km® | km? km km

[17429 | 8 | 8 [0.95]1.05]024] 0.33]2.11] 2.36 ]

8 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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H.11 CLASS: §-1-1 (NORAD Catalog Number 20335)

H.11.;

Predictior Performance. The table below provides the statistical informa-

tion o the ability of the estimates to predict for 1 LUPI after differential correction.

Table H.21. 95% Confidence Interval Analysis on Class: 4-1-1.

Catalog Mean Variance 99% CL
Number | LUPI | OPD Min Max Min Max Min Max
days | obs/day km kin xm? km? km km
20335 2 2 221.25 | 272.45 | 26671.12 } 35662.20 | 610.60 { 701.10
20335 2 4 124.21 } 159.24 | 13770.20 | 18708.94 | 403.52 | 470.21
20335 2 6 67.04 | 81.81 | 6821.62 | 11493.47 | 261.20 | 326.02
20235 2 8 48451 59.03 | 1279.98 | 4183.47 | 138.20 { 203.27
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2 OBS/DAY ~ TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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6 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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H.11.2 Differential Corrector Performance. The table below provides statistical

information on the last-pass residuals of the differential corrector.

Table H.22. Selected Last-Pass 95% Confidence Interval Statistics.

25
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w

Position error in km
-
o

Catalog Mean Variance 99% CL ||
Num LUPI | OPD || Min | Max | Min { Max | Min | Max ||
days | obs/day || km | km [ km® | km? km km ||

[20335 | 2 | 8 | 4.18] 5.99] 561 36.41]10.70] 19.08 |
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H.12 CLASS: 4-1-2 (NORAD Catalog Number 15584)

H.12.1 Prediction Performance. The table below provides the statistical informa-

tion on the ability of the estimates to predict for 1 LUP! after differential correction.

Table H.23. 95% Confidence Interval Analysis on Class: 4-1-2.

Catalog Mean Variance 99% CL
Number | LUPI | OPD Min Max Min Max Min Max
days | obs/day km km km? km? km km
15584 2 2 189.4 | 225.47 | 17671.3 | 26701.23 | 503.21 | 598.48
15584 2 4 123.62 | 161.46 | 9317.29 | 13954.9 | 351.06 | 432.14
15584 2 6 68.16 | 88.76 | 6604.32 | 9418.69 | 258.28 | 312.53
15584 2 8 37.86 | 60.33| 1376.26 | 5189.10 | 118.41 | 224.58
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H.12,2 Differential Corrector Performance. The table below provides statistical

information on the last-pass : zsiduals of the differential corrector.

Table H.24. Sele..ed Last-Pass 95% Confidence Interval Statistics.

Catalog it Mean Variance 99% CL

Number | LUPI}| OPD | Min | Max Min Max | Min | Max
days | obs/day f| km | km km? km?> | km | km

15584 | 2 | 8 | 398] 6.69] NOTE 1] 8152 ] 10.6] 25.33

NOTE 1: The 95% confidence interval indicated this value was less than zero,
which is not possible.
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Appendix I. TUNED VMAGT GRAPHS

I.1 CLASS: 1-3-2 (NORAD Catalog Number 14199)

I.1.1 Prediction Performance. The tables below provide statistical information on

the ability of estimates to predict for 1 LUPI after tuned differential correction.

Table I.1. 35% Confidence Interval Analysis on Class: 1-3-2.

Catalog Mean Variance 99% CL
Number | LUPI} OPD Min | Max Min Max Min | Max
days | obs/day km km km? km? km kin
14199 2 2 14.83 1 20.02 ] 124.84 ] 295.80] 40.42 | 59.47
14199 2 4 977 13.85 31.74 | 135.26 ] 23.72 | 39.63
14199 2 6 8.801 12.44 | NOTE [ | 233.04 ] 20.13] 43.07
14199 2 ) 10.61 | 12.7% 77.51 | 136.23 | 30.78 | 39.78
14199 4 2 16.60 | 24.67 | NOTE 1 | 1046.81 | 40.49 | 90.76
14199 4 4 14.44 | 19.16 97.08 | 277.721} 38.39 | 56.40
14199 4 6 il.177] 16.19 6154 | 205.17 | 30.62 | 48.04
14199 4 8 9.51 | 12.69 47.39| 136.55] 25.31 | 39.28
14199 6 2 19.55| 26.86 | 151.66 | 86584 | 53.99 | 89.57
14199 6 4 8.95] 2066 | NOTE 1 | 47449 22.60| 64.44
14199 6 6 || 7.65| 11.03] 20.57| 106.35] 19.28 | 33.62 |
14199 6 8 6.56 | 8.44 15.27 | 46.23] 15.77 | 2331
14199 8 2 11.97 | 23.97 | NOTE 1| 722.68] 24.98 | 74.51
14199 8 4 3.07 | 13.81 083 | 21365 18.97 | 44.21
14199 ] 6 6.70} 9.96 1171 | 82353 16.44 | 29.57
| 14199 8 3 6.07T| 35.18 10.24 46.271 13.48 | 23.36
TNOTE 1: The 85% crnfidence intorval indicated this value was loss thas sero, which is mol possible.
Table 1.2. ANOVA Analysis on Class: 1-3-2.
Source of Degrees of | Sum of | Mean Table
Variation Freedom | Square | Squate F F
Replications | 9 3400.11] 37779 1.24] 188
Main Effects:
LUPI 3 5007.16 | 1669.06 | 5.49| 2.60
oPD 3 25892.25 | 8630.75 | 28.42 | 2.60
Interacticn 9 444841 49427 163 188
| Error 135 40993.27 | 303.65
| Total [ 159 [r9741.20] | ] B
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Figure 1.1. Class: 1-3-2 (Catalog Number 14199), LUPI 2, OPD 2 and 4.
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Figure 1.2, Class: 1 3-2 {Catalog Number 14199), LUPI 2, OPD 6 and 8.
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Figure 1.6. Class: 1-3-2 (Catalog Number 14199), LUP1 6, OPD 6 and 8.
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Figure 1.6. Class: 1-3-2 (Catalog Number 14199), LUPI 8, OPD 6 and 8.




I.1.2 Differential Corrector Performance. The table below provides statistical in-

formation on the last-pass residuals of the tuned differential corrector.

Table 1.2. Selected Last-Pass 95% Confidence Interval Statistics.

T Catalog [ Mean Variance | 99% CL ]
Number | LUPI | OPD || Min | Max | Min | Max | Min | Max ||
" days |obs/day || km | km | km? [ km® | km | km |]
14199 8 | 8 Jlo87]o0.91]0.23]0.25[1.98]206]

8 OBS/DAY = TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
v

17,5 o Ml s cr sq cn poad - 11073
[958% CI mean M.82 - 3.59
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12 CLASS: 3-1-1 (NORAD Catalog Number 01996)

1.2.1 Prediction Performance. The tables below provide the statistical information

on the ability of the estimates to predict for 1 LUPI after tuned differential correction.

Table 1.4. 95% Confidence Interval Analysis on Class: 3-1-1.

Catalog Mean Variance 99% CL
Number | LUPI| OPD |{ Min | Max | Min | Max | Min | Max
days | obs/day || km | km km? km? km km
01996 2 2 2771 363 4.16 9.10[ 7.61[ 10.49
01996 2 4 1.99] 236 [ 2.12| 3.22| 542 6.47
01996 2 6 1.67] 209 1.23] 332 4.37| 6.19
01996 2 8 1.68] 198 1.38| 2.57| 4.42| 5.66
01996 4 2 4.57| 5.73 | 17.58 | 32.87 | 14.28 | 18.92
01996 3 4 235273 ] 211 388] 5.77] 7.24
01996 4 6 1.97] 236 | 1.40] 2.66 | 4.73| 6.11
01996 4 8 1.89} 238} 1.07| 2.60] 4.35] 6.03
01996 6 2 4.13] 6.03 | 9.89 [ 42.91]11.26 | 20.72
01996 6 4 2.69| 361 | 2.39| 5.06| 6.37| 8.72
01936 | 6 6 [ 249]3.02] 2.0| 389] 590 7.63
01396 6 8 J[255] 311 ] 257 4.02] 6.30] 772
01996 8 2 ][ 4.94] 642 10.78 ] 29.34 | 12.78 | 18.60
fl 01996 8 4 J14.39] 564 ] 9.51]18.08]11.56 | 15.41
01998 8 6 || 418] 531 (1043 17.00] 11.67 ]| 14.83
01996 8 8 J417]512]10.06]15.65 [ 11.55 ] 14.26 |

Table 1.5. ANOVA Analysis on Class: 3-1-1.

Source of | Degrees of | Sum of | Mean “Table
J Vasiation Freedom | Square | Squate| F F

Replications 9 82.19] 9.13] 1.66] 1.58 ]
Main Effects:

LUPL 3 1201.65 | 400.55 | 72.68 | 2.60
Oorh 3 127122} 423.74| 76.89 | 2.60
Interaction 9 373./81 41.53| 7.531] 1.88

[ Error 135 734.96| 5.5

[Totl | 159 BEITI N
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6 083/DAY - TRUE POSITION LRROR AND 4 DAY WOVING AVERAGE
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L1.2.2 Differential Corrector Performance. The table below provides statistical in-

formation on the last-pass residuals of the tuned differential corrector.

3.5

Position error in km

0.%

Table 1.4. Selected Last-Pass 95% Confidence Interval Statistics.

| Catalog T Mean Variance | 99% CL |
Number | LUPI | OPD [ Min | Max | Min | Max | Min [ Max ||

days |obs/day | km | km | km® | ks | km km_J
01996 | 8 | 8 J087[091[023[0.25]1.98] 2.06]

———

Time since lnitisl epoch irn days
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