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Abstract

This study provides the basis for the development of a cost/benefit assess.ient model

to determine the effects of alterations to the Spac? Surveillance Network (SSN) on orbital

element (OE-) set accuracy. It provides a review of current methods used by NORAD and

:he SSN to gathe' and process observations, an alternative to the current (,abbard classi-

fication method, and the development of a model t, determine the effects of observation

rate and correction interval on OIE set accuracy. The proposed classification scheme is

based on satelhit, J, perturbations. StAcifically, classes were established based on mean

motion, eccentricity, and inclination since J7 perturbation effects are functions of only

these elements. Model development began by creating representative sensor observations

ns., highly accurate orbital propagation model. These observations were compared

to prcu it i,',! observations generated using the NORAl) Simplified Genetal Perturbation

(S(;P.I) model and •'•i5erentially correct•t using a Ilav•,, sequenttial estimation, algorithm.

A 1o.run Monte Carlo ana.N is was performed using this model on 12 satellite., .,sing 16

different nbwervation rate/coprection interval combinations. An ANOVA and comfidenice

interval analvyis of the results show that tih4- .nodel does dermon.irat- the differences in

steady s.tate position error bamed on varying observa ;on rate and cortection interval.



I

AN ANALYSIS OF USSPACECOM'S SPACE SURVEILLANCE NETWORK

SINSOR TASKING METHODOLOGY

1. INTRODUCTION

1.1 BaIkground

Following the launch of Sputnik I on " October 1957, the United States realized that

it needed the capability to track and identify objects in earth orbit (7:12-10). Shortly

thereafter, development began on a system of sensors to perform that mission. Today. it is

tht, responsibility of the United States Space ('ommand (UISSI \(', OM ) Space Surveil.

lance Center (SSC). at ('heyenne Mountain Air Force Base (C(MA'I"B) in Colorado. to

detect, t iack. identify, and catalog all objects in earth orbit (26:1) (*-3:39). To perform

these tasks. tihe SS(' requires accurate positional data on all of the objects in orbit. This

data is provided by t he 25 worldwide sensors of thie, Space Surveillance Network (SSN).

The sensors of tohe SSN continuously track approximately 6,000 mati-madtl objects

in earth orbit and gathe'r metric (positional) data oni them. TIhe senssors send t he'st, 0l).

servati().s (approximately 10,000 o)bservationls a day) to the SS('. "1'he SS(" use, li.i, data

tit classifry :•1i( identify all detectl,d objects and nmaintaini thIn orbital element (MOl') set, oil

eacu'h (if t liese objects ( L[:,•). The OE sets are' used to predirt the' position of any object at

ani It iie. These. predictions have many ilportatt operational appliratimis that include:

.cllisionl avoidallc". satellite' decay and impart predict ions. satellite mtntan ver identili'a.

tion, warniing of a satellite pa.ssinmg ovcer ;a specific gemgrapliic area. mid warning o" attar'k

uiln |'S spare aiss-ts (7:1l2- 10. 12.11). Therefore'. maintaining the arnlracy of the ()-: sets

Ut'ed to make t.hese' l)rielictiowI.i is e.-•.-setial.

ll.s,,'d on he llcurrenit a.:ltellit'l growt It rate. tite SS( will he in;tintainiing surveil;lmnce

01i ahonut 10,0M)) objects l. the' year 200(0) (17:5,'•). (COrres•lmiitiiigh%. the nulmber of oh.

.e'rvatieo,% cm Ihes, ohject. rece'ived and proce.se'd by thle SS( will also rise. (;Oveni thi,

growth rae', hv tracking lhinits of the SSN. and current comiput|atioinal limits. thi, ca.1pacity

I!



of the SSC will evenitually he reached. In order to maintain the required orbit p)redliction

accuracy on this steadily increasing fhnumber of objects, new or upgraded -'flsors andl comn-

puters will be required~. However, in the future military budget clrnate, money for these

upgrades may riot be available. USSPACECCOM miay also find itself tinder pressuire to shut

down somew of its older sensors that are demdtoo exp~ensive to operate.

1.2j Pro bir m

The p~roblemi which USSPA( l(OM will eventunally be faced with is how to miaiintain

orb~it predictiont andl OE set accuracy onl an increasing numberw of object~s while possibly

having to ( I) decrease t he number of .visors, (2) decride' where to place, new sensors, and/or

(3) dlecideh which weitsor(s) or comp~uter systeum( s) to upgrade with limited available funding.

lin other words. how to operate' the SS( and SSN as eflficiently as possible wvith mi utinlianu

resources (senisors and comtiputer systems).

1.4I Ib.sarrh Obje-elet

'I here a~re two objt-ctives of this research. The first i.- to analyze USSlP.'C(COM's

current senfsor tasking met hodology, fortisin.- on current operationial prordiauresnntnd met h

cils eof classifying tie' e-arih mitelite population. The Second Is it), develop anti lruttiwmsirAte

A im10(e-Ie fronti which you ran tietermine the effects of observation rate and coirrectitin in.

te'rval tin the accuracy of all OE wt. This- researrh is intendtkl in provide the bisfor the

ileve'loilimien. 1)f :1 cualltitativ,' Cost /belnehft a111CHztmen irellt allo Sk'"(- ')h to

a.%.*% t Ike' ette'ct% tif alivrAtievi% to hIe' SSS tmin srirt ptreirtion accuracies.

lhui' re%ratcmh i- br-ing ;wrtfortnre' at thce rm.juet oif the W twit (entandau anci ( ontril

Squta~lremme ait ( 'Im1-elve'ne \'Niist am A FII. { olo1ralio.

I Ili, eIfer! i% diviled Into It%,- -.IN-ifir arx-a- if re--earch and Thevi~ Il fiio~ atc-a

%%III bw' art Anal%ý'i' (of the SSN, TIhe U-rlnel arra will 11'r art analy~i'. of the earth ~at.-Ifite

I"Opillatiln and *Sl m*.-\ IA ()O.\1 crmrrrnit tinethaxi of rla.mkifing cate-lljtm,. Thie thirif arra



will be the development of a highly accurate "truth" model used to produce simulated

observations from t-e sensors of the SSN. 'fihe fourth area will be the development of a

differertial corrector (D)C) used to correct satellite orbital elements based on a set of "truth"

observatiun.. The last area will be a statistical analysis of output from the differential

rorrctcr te estimate the position accuracy of various observation rate - correction interval

combintations on a set of representative satellites.

1.4.1 Analysis of th1 £SSN. 'Te purpose of this analysis is to determine the methods

currently used to task sensors of the SSN to gather observational data, and, to update

satellite orbital element sets. This data will establish a baseline for comparison with

rsults from the dyvnamics model. In the performance of this analysis, the. following specific

(questions will be examined:

a What are t! .h localions and operational characteristics of S sensors?

0 WhiaI are the4 capatbilities Of the SSN?

e Ilow are the sensors of the SSN tasked and how was that method d,,veloped?

s flow are the -,,,:sor observatiot data prockswed.?

* What are the opeuralional requirements for orbital eleiment accuracy?

* llow does the SSN classify the objects it tracks?

a IHow do s'*USSPAtCE(COM update orbital elements?

a IHIw does ;utmospheric refraction alh~rrt SSN seusor observations?

* Wbat are thle error characteristics of the SSN sensors?

"I'l, answers% tohese questions, and the results of this analysms, will be, presenated in

the Literature Review.

1.4. 1 .l.,dysbs of IA"itl .'S'wlulliie Populalion. hli addition to maiderstanlding the cur-

rent niethod,; used to task sensors to gather ob -rvational data oia earth satellites antd to

u pdate satellife orblial elements. an undeh standing of the saulellite o. ihita! characteristics is

essential. The purpose of aaaalyzing the earth satelliitO population is to examiln, tile orbital

chlaracttristics of satellites in earth (,Alit anad si'lec, a rel)rsentative sanmple for analysis.
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1-4.. 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.

1.4.4 Differential Corrector Development. The differential corrector model is in-

tended to update satellite orbital elements based on simulated observations from the truth

model and output the vector magnitude of the error between the "truth" position and the

predicted, p~osition for each observation. Since the results fronm this model will be comn-

pared to actual data from USSPACECOM, we will attempt to simulate methods used by

USSPA('1COXM as closely as possible and model the composition and characteristics of

the SSN as realistically as possible.

I..4.5 Statislical Analysis. A statistical analysis of the output from the differential

corrector wil! 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.

These estimations can, in turn, be used to show the effect of observation rate and correction

interval on the true position error of a satellite.

1.5 Linnilations of Res'arch

In performing this research; we will limit, our analysis to ouly objects cataloged

by NORI\) as of 1 March 1990. l)ue to various prolblemns encountered il translerring

orbital element set data from IrSSi'A(1'C(OM to A'Tl'F. and time restrictions (uhe to thesis

subinittal requirements, this set was the most current cotmplete set of data available for
amualysis.

l-]



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 for

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

e SSN sensor types and characteristics.

a Composition of the SSN.

* SSN sensor locations, limits, and coverage areas.

a Error associated with SSN sensors.

a SSC satellite classification methodology.

e SSC sensor tasking methodology.

* SSN sensors observation processing methodology.

* SSC observation processing and orbital element correction methodology.

* Previous analyses of SSN capabilities.

2.2 SSN Sensor Types and C'harvwiteristics

The SSN uses two basic types of sensors: optical anrd radar sensors. Optical sensors

measure the visible energy emitted or reflected by objects and are typically u6ed to track

deep-space objects.' Radar sensors nieasure high-frecjuency radio waves reflected by objects

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

2.2.1 Radar Seinsors. Thie development of radar has been called the greatest ad-

vance in tile renmote sensing of objects since the invention of the telescope in 1608 (1:1).

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

'Orbital period greater than or eqtual to 225 minutes (24:223).
'Orbital periol less than 22.5 minnites (24:223).
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• that time, the basic principle of the system has not changed but the technology supporting

the system has changed dramatically.

1 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 becolmes 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..Tihe ability of a radar to detect and track a target can be shown to be a function

of tihe 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).

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

section (R.CS). RCS (a) is defined as

Si=4rx(2.1)

Swhere 'I', is defined as the reflected power per unit solid angle in the direction of the source,

andi *It is (lenhid as the p)ower per unit area of the transmitted signal (1:66, 110). The

units for a are generally m•i or dl)m'n. If a target were to scatter the radiation uniformly,

the RC.S would be the area from which the power was extracted from the incident wave

(1:66). [f the target 'an be modeled as a sphere with constant area cross section from all

viewing angles, the RCS tiiay be modeled as a single value (1:80). The larger the value for

lR( S, the larger the quantity of reflected energy or target echo.

Tlhe echo returned by a simp~le point target will be an exact reproduction of the

transmuittedl signal, tlowever, the signal is shifted in time dute to range dlelay, shifteel in

frequency b~y the I)opptlr shift due to the target's radial velocity, and shifted in amplitude

clue t~o the geometry of the radar and target situation (1:2-3). By analyzing these shifts

in frequ+•ncy, the range and velocity of the target may be dletermfined.
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2.•.1.1 Radar Functions. There are two basic functions carried out by a

radar: search and detection (29:4). 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 view. 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 used in

the SSN. If the same antenna transmits and receives, the system is called a mono-static

system. However, if separate antennas transmit and receive, 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 composed 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 phased-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).

The search philosophy for each type of radar is different based on its strengths and

limitations. However, both methods are based 'oi the probability of a target being in a

specific sector of observation. While a mechanical tracker may search in a circular pattern,

the probalbility of detecting the target improves if the location of the target can be limited

to a certain sector for search. In a similar manner, the phased-array develops an a posteriori

probal)ility of a target being in a certain cell of observed space. The search is then begun

in the cell with the highest probability of containing a target (29:8).

l)etection, the second function of a radar, is the process of determining the presence

of a target in the presz'nce of competing electromagnetic signals. rhese competing signals

arise fromn many souices. The niost Coninlon sources of these signals are backgroulnd

radiation, undesirable echo, or the radar receiver (1:1). nhe liinitiug precision (standard

deviation) of angular invasurenonks associated with target detection will he on the orde(r of
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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, = 2R (2.2)
c

where c is the speed of light, Atr is the return delay time of the pulse, and R is the iange

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 shifted from the

transmitted pulse, fl, by:

A, +fd =A (C + Vr. ) (2.3)
(c - vr)

where fd is the frequency of the Doppler shift, c is the velocity of light in a vacuum, and

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

'lhe remaining characteristics are azitnuth and elevation. With these additi6nal

pieces 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 Sciisors. There are three types of radar sensors in the

SSN: mechanical radars, phased-array radars, and a radar interferonmeter. Meclanical

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 emitted 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 Georgia and California (23:40).

Each transmitter and receiver 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 all 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 comnposed of an electronic detector, optics, and ass6ciatedl electronics.

The Ground-based l'lectro-Optical Deep-Space Surveillance (*,OODSS) sensors are the

primary optical siensors used 1(y the SSN. G"OI)SS uses a low-light-level charge-coupled-

device (CCI)), cot)putr analysis, and large telescopes to provide observational data to

the SSC in real time (7:12-12).

"3Approximatcly 85 percent of the currenIt satellite population. Se:. Figure ,55.
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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).

2.3 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 specifically for the SSN as tracking

sensors (18:7) (23:39-43). The remaining 19 sensors were originally designed with other

primary 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 cm in diameter (17:587). In addition to the 7,000 objects larger

than 10 cm currently tracked, it is estimated that there are 48,000 to one million objects

"ranging in size froom 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

agenicy has operational control over the sensor and when the sensors provide support to

the SSN. T[hose categories are: dedicated, collateral, and contributing sensors.

2.3.1 De-dicated Sensors. D)edicated sensors are those with a primary mission of

slpa('e surveillance. There are seven dedicated sensors in the SSN with the majority of

them being optical syste(ns. The premier dedicated system is the C lEOD)SS. C(EODSS was

designed to replace the Baker -Nunn camera system (7:12-12). There are four operational

(GI'"Oi)SS sites (with one inore plannevd) roughly spaced evenly around the globe to giv,

complehte coverage of all satellites ill ge)sylil'ronoills orbit (17:586 ). 'The pllerational sites

are(,: Socorro. New Mvlexico; 'l'aegu, So illh Korea; Malli, Ilawaii; alld l)iego Carcia inl the

Indiani O'ean (23:39).
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The Maui Optical Tracking Identification Facility (MOTIF) is co-located with the

GEODSS site at Maui. It is similar in capability to the CEODSS 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, California; Robins

AFB, Georgia; and Eldorado AFIB, Texas. These radars track only near-earth objects

(18:7).

The lBallistic Missile Early Warning System (BMEWS) consists of a mechanical fan

radar at (lear AFIB, Alaska, a two-faced phased-array radars at Thiule AFI.I Grelnland

and a three-face phased-array radar at Fylingdales Moor, United Kingdom. These radars

have a primary mission of ICBM detection and a secondary mission of space surveillance

(2:3:40). '1 itese radars track only near-earth objects (18:7).

'The, PItrimeter Acqltisition Radar Attack Characterization System (PA:IC('S) is a

phased-array radar located at ('avaiir. North Dakota. It has a prituary mission of S IAM

detection atnd a secondary mnission of space surveillance (23:40). It tracks orly near-eairt 1

objects (18:7).

The last two collateral sensors are the ('OBiRA : ): NE, phased-array radar at Shentya

AFIll. Alaska. and the steerahle tmechanical-tracking radar at Pirinclik. 'l'urke•. Both have
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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 thle

Western and Eastern test ranges (23:40). These sensors all perform near-earth tracking

(18:7).

The Advanced Research Projects Agency (ARPA) -Lincoln Tracking and Identifi-

cation Radar (AILTAIR) and the ARPA- Lincoln Coherent Observables Radar (ALCOR)

on Kwajalein Atoll in the Pacific Ocean are 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 llHaystack radars located on Millstone lill itt Massachusetts

perform scientific research and development. They are operated by Liucolu Labs for the

Massachusetts Institute of Technology (23:40). When supporting tile SSN, they both

l)erform deep-space tracking (1 8:7).

Tlable 2.1 provides a summary of sensor category, sensor type (pliased-array radar,

mmechanical-trackimg radar, radar interferometer. or ol)tical s.ensor). and sensor ntission

(near-earth or deep-space).
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Table 2.1. SSN Sensor Category, Type and Mission.

IISensor - F Sensor Sensor J Sensor
I1 Number(s) Sensor Name Category T rype Mission
[F211. 212, 213 GEODSS SOCORRO Dedicated EO DS
jf 22.1,222,.223 GEODSS TAEGU Dedicated EO DS
d 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 DS
337,401,403,404 PIRINCLIK Collateral MTR NE and DS
344, ???, ??? FYLINGI)ALES' Collateral PAR NE
349,339 CLEAR Collateral M'rR NE
354, 355 ASCENSION Contributing MTR NE
:163 ANTIGITA Contributing MTR N E
369 MILLSTONE HILL Contributing MTR DS
370 MILLST'ONE U11F Contributing- MTR D)S
382, 383 G. (OODFELLOW Collateral PAR NE
"184, 385 - ROBINS Collateial .PAR NE
386,'387 (APE COD) Collateral PAR NE
3J88,339 BEALE Collateral PAR NE
393 COBRA I)ANE Collateral PA R NE
394, 395 !.IIULE Collateral PAR NE
396; ihT PCS . Collateral PAR N E
398,399 E(, .!N Dedicated PAR NE and D)S
741 747 NAVSPASUR D).dicated RIF NE
932 KAENA l)iNT ('ontributing MTR NE

51 MOTIF Dedicated 0 D)S
952 AMOS Contributing 0 1)S

* New three-facr pla.,ed-arrav radar. Sensor n,"mimrm for two.facet unknown.

PAR = Pha.,dArray Itmar 0)S = l)rp-Spare atellite tracking
MTR Merhaniral.'rrarking Itudar N. = Nras.Katil satellite fraekinK
HIF = Radar ntrreferometer
o = Optical Wn'or

E0 -lectro)-Otfaln w____r
('ompiltA Iront (35:3.4). 13i:16 I1) and ( 1l:4.2!
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2.4 Space Surveillance Network Coverage and Limitations

To provide the best possible coverage of the space environment, USSPACECOM

has attempted to locate the sensors around thc earth 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. T'llh( GEODSS optical deep-space sensors

were located as near the equator and as equally s,, -ed about the earth as possible to

provide optimal viewing geometry for all geostationa.y satellites.

Table 2.2 contains a summary of the varioius seitior locations. Table 2.3 contains a

summary of the range, azimutth, and elevation limitations for the sensors. Figure 2.1 is a

representation of the worldwide locations of SSN sensors.

2.5 Space Surv'eillance Network Sensor Accuracies

2.5.! 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 error to be estimated

under any set of operating conditions. In general, the error will be a function of thie time of

measurement, th(, value of thie qutantity to be measured, and the environmental condil.ions

present during the measurement (1::11A).

lFr pturposes of analysis., error is comittnly divided into two coomponents: systemuat ic

(bias) aiid rantdomt (noise). Systeniatic errors are characterized by their pre•,ictability and

itr y be eliminated fromi the linal mneasure•nent. If the error is the sante for all possible

observation conditi ions. a single n umber mtay he usvd to repre.sent the error and thenl

su btracted front the measu r•mtent. hi general. the imeasure values will vary arouind a

tueanl value (true bias) ( i:3St).

If the bias Prror is ('tr5sta nt for exteiiledd lengths of ti me compjuared to thel calibration

and operatin min l ,e of 'hv sys•slt,, Ihuen tlie error may be rentoved through calibration. If

errors are in trodunced as a fun Inl ion of ihe rn.asmi red q nant ity. then the speed at which t his.

quaitity varies will determinei, how much of the error appears as syste,•atitc and randomll

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 MAUI* 20.708 203.742 3056.5
241,242, 243 GEODSS DIEGO GARCIA' -7.411 72.452 -63.0
333 ALCOR 9.395390 167.479131 60.7
334 ALTAIR 9.395390 167.479131 60.7
337,401,403,404 PIRINCLIKI 37.905219 39.993182 887.9
344, ???, ??? FYLINc-DALES" 54.37 359.33 298.0
349,359 CLEARt 64.291157 210.807021 211.5
354. 355 ASCENSION' -7.940 3145.598 97.0
363 AN'ri(;UA 17.143601 298.207327 -1.7
:69 MILLS'TONE HILL 42.1317404 288.50895,' 121.0
"370 MILLSTONE 111F 42.61956 288.508606 111.1
:82,383 (G'OODFELLOW1  30.978253 259.4.17024 7T2.1
3:84, 385 ROBINSt 32.581227 276.4306,10 83.9
386, 387 C'APE COM 411.752423 289.46,1731 78.6
388, 389 BEAIEý 39.136044 238.649121 113.9
39:1 COBRA D)ANE 52.737262 174.090931 894
3941, 395 T"iULE1 76.570286 291.700759 422.6
396 PAIRCS -18.72,1788 262.100257 3.455

398, 399 F(;olIN' 30.572,125 273.785153 33.3
7.11 7.17 N A\VSPASIIt 11 33.0 . Variuii Varioti
9:12 KAENAl'1OINT 21.572097 T201.73.125s 29T.9
951 MOTIF . 20.708-162 '203.7-1202.1 3057.4
952 AMOs 20.70a311 203. 74"2486 - 3,.2

4 Average to-'•tlin tad ahtitudr fu( near r,•. o-atel wrsto.oo

t Mullilir c,' loat'al merhaniral.tvarkiajsi sa-nkr.
Actual ;irtiticmn data fil new thr.t-.facr pha-*rt.array radar not aw-ailahlr. Eiatt-t
I'iliasn ba-d an mafitwitu data of aid mrbihauita-tracking fadzat (341. 14.1. anl .143).

. o " farI4' pha.wt-array radlat with fagre ,'u-localra.
S(t'm,,ijtm o,,if %it1L.Lr immitiounrld roughly at 31 north latitudte anel ewtuly aparrsi) etcrvu

.43 anl *'76 Ia,. lIogitude.

(roilsulmu from (3M:3 12 to 3.2,), I :-,27) anl (.14)
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Table 2.3. Space Surveillance Network Sensor Limits.

SCnsor It lange Elevation Azimuth
[JNumber(s) Sensor Name Min jMx i Max MillMa

kn J km de deg deg ldeg

211,212,213 EOI)SS SOlORRO 5555 10000 20 90 0 3130
221, 222,223 (;E()I)."S TA E(tU 5555 40000 20 90 0 360
231,232,233 GEOI)SS MAUI 5555 .10000 20 90 0 360
241.242, 243 (;EOI)SS DIEGO 5555 40000 20 90 0 360
r__--__ G(;ARCIA
333 ALCORt 0 .1500 0 95.8 0 360
334 AI/I'AIi1 rs:5 10000 2 92 0 360
337. 401 "PiIN('LIK 0 5100 2 86 0 360

PIR.103,404 1IN('LIK 5555 400)00 2 81; 0 360

3.14. "???, ??"-! M ;1ALES 1 0 5555 3 85 0 360
3,19. 359 CLEAR 0 4910 1.5 90 0 360
35-1, 355 AS('ENSION 0 1900 1. 90) 0 360

363 ANTIGUA 0 2550 0 90 0 360
369 MILLSTONE 1IILI,-1 5,5-5 40744 1 90 0 0 360
370 MIIL.STONE iIFr 5'I 5 107-I-I O M5 0 1 360
382. 3•3 ()O01WELLOW 0 5555, 3 AS 70 310
3-4,385 ROlBINS .0 is5 3 85 "0 250

386se. 387 CA PE; ('01) 0i 5555 3 14 34i7 221
3 88, 389 ILA.E0 :$S55 3 85 12t; I?

3!93 ("0RA I):AN . 40o 0.6 so 5 19
3-. 395 ll111 0" 3 m , 17 7
396 PAIS030 39% 9~ a

3911 E4;.l ,lA400 19 lS 12

..- A
N0 13230 1.9 to's 170~t 240

KA \NA POINt T1300 0 9040 i 360

SSS!'" 0,000 1 YO -ý - 3C.0
•:1 OSTl: i(6"

O1' F. V ht i t-,r, all mi ~rh p..part sc~'umno ,'urbV to hir .It' 1".1, 406W0 LiIt.

aitd.*4 othetw~w %PI1 co3

No,,iil' data, 4%,%lA (3.;1 A3.12 tan 4o.).nl 4

FAIM11va 13mt. (; 1m



0043
23z
*Z

m 0l0

2- M



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 elements. The components of error are then measured

or calculated in a root-mean-squa re (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 unless there is a clear physical link which would result in a common variation of

two or more elements (1:324).

2.5. 1.1 Noise. 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-

veloplment effort., several studies were performed to determine tlh( effect of thermal noise.

Usiig a Gaussian al)proximation of a pulsed beam shape, Swerling of RAND Corporation

derived the followig expressions for the limiting precision (standard deviation) on a con-

stant a.mplitude target. Equation (2.4) is for (S/N) << I. and Equation (2.5) is for (S/N)

>1.

0-
S= .58 (s/N)j (2.4)

.= . (2.5)

where 0 is the half-power 1,ainwidlth, 7) is tile nulmber of pulses received between tile

half-power points on the one way pattern, and u,,m,, is tile standard deviation ([: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, ralige

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 antennas. The random component of this error comes from

thermal noise and multipath effects, as well as the random portions of the bias

elements (1:325-326).

* 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 applications. 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).

e 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 increasew (1:331-335).

9 Collimation and Drift Errors: If the electrical system of the radar is stable, this

error depends on the care exercised in calibration. Certain environmental factors

contribute to this error and change too quickly to be removed by calibration. To

conduct a complete review, the position 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 (1:335-339).
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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.

6 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 Eummarized 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 takeoff non-linearity
gravity or heating and granularity

-Pedestal deflection due to
acceleration

Target-Dependent -Dynamic lag -Dynamic lag
Tracking Error -Glint

-Scintillation
-1Beacon modulation

Propagation Error -Average tropospheric -Variatiun in tropospheric
refraction refraction

-Average ionospheric -Variation in ionospheric
refraction refraction

Compiled from (1:326)

2.5.2 Prolmgation Effects. The propagation of the electromagnetic signal is a prob-

lem 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
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

-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 Attenuation. The basis of attenuation calculations ill the troposphere

are based on the original work of Van Vleck in 1947. The result of Van Vleck'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 oxygei. Fbr X-band radar (10,000 Mliz), the attenuation may be as great as 1 dB

'per mile. However, for C-band (5000 Mllz), the attenuation is only one-eighth as great

(1:468). Studies by Millmani in 1958 showed that radars operating above 100 MlIN will

not suffer attenuatioih greater than approximately 1 (1d even under the worst conditions

of ionospheric density (daytime values) (1:470, 171).

Ai aladditional problem with Water vapor and oxygen is the ability of the molecule

to extract energy from the radar wave. Since atmoslp~iric molecules are able to extract

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

E.in = radians (2.6)
4000

where h11 is the altitude of the target in feet. For a satellite with an altitude of 200

kilometers, Emit, • 110.

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.

0..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. Early radar calculations used the same methodology with good re-

suits 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 mc) may be

described by the Smi th-Weintratib constants in the following eC(Iuation:
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N n-1 05 77.6 P+ 4810p\ (2.7)N =(n- 1)x106os-- "P+
T T'

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 compo.,ent, n is the

refractive index, and N 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 th• day and time

of the year. Changes of 20 to 40 N units are common for diurnal cyclee. This inmplies the

refractivity of a single site may change 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 refracti'ity 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 10-6 radians (2.8)

where Eo is the angle that the ray arrives at the earth, E, is the angle the ray would have

arrived at had there been no atmosphere, an(I AE, represents the total bending of the ray.

The values b and a are functions tcf the elevation angle E.. For :un elevation above 50, b is

approximately the cotangent of i*o and a is approximately 0. Therefore (1:479-481):

AEt s, N, cot Eo x i10- 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 additioti 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 (or) and angle (oa,) measurements may be calculated from:

ar = V/21JLAN 2 x lO-6 radians (2.10)

o, = IA-N:L/Io x 2 x l0- 6radians (2.11)

In these equations, 1, is the scale length of the tropospheric anomalies causing the fluc-

tuation, L is the path length containing the anomalies, and AN 2 is the mean square

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

2.5.2.4 Ionospheric Refraction. The effects of the ionosphere must be taken

into account for targets over 60 to 70 miles above tile 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 written as a function of the radar frequency:

-iF :r: 2 1Noe2

= (n - 1) x 101 = xVr 106  (2. 12)2

711W 2  2 c0 nW2 2.2

where N, is the electron density per int, e is the charge of the electron, m is the electron

mass, w is the frequency, and (, is the perinitivity of free space. If you insert the values

for the known constants, this equation reduces to:

N. ý- ,40 N,) (2.13)

where f is the frequency of the radar and f = 9v, is the critical frequency of the tlledium

(1:,491).

2.5.3 Optical Stensor l'rrar. Like the radar s(nsor. the fuction of an optical .ewisor

is to acquire the target, auid track it. Again, like th(, radar, the physical limits of the

optical system impact its ab)ility to 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 error

are averaged over the dwell time of the track4 (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 (pixels) 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). Tihe missed or late target

track will sevcrely corrupt the"data for orbit element determination.

The other general sources of acquisition error are air turbulence, visual tmagnitulde

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 elevation measurements of the target. Visible

magnitude is the apparent brightness of the target. If the target is not bright enough to

register oln the C(CI). a missed or late target error may occur. lBackground radiation also

imnjparts target magnitude. If the background is brighter than t lie target, the target will

"wash out" ainl not he visible (32:,45).

A general factor of all elect ronic equiiipent is the emission of randomn t herlnud noise.

Tlhernial noise is the geierntioi of electrons due to the temperature of the eqmmipment. For

a (('1). t hese extra electrons will be translated into false ihages for very brief periods or

il iue. II is possible to elimni ialte this ranidoim error by observing tie, target for long periods

of timle. Hlowever, the time available for tracking may not be su(licient if you are a it iempting

to observe a low-cart It satellite passing quickly through the lield of vihv (32:47).

'The reqtuired obkvrvation ltintO ' uvv.w . ary for 1ht iii.,,ill.
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2.5.3.2 Tracking Error. Tracking is 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 op~timal position. The ineasure 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 proyide the suipport, stability,'and movement for the optical sensor. Gimbal

p~erformlance may be evaluated fromt four areas: angular range, balance, stiffness, and bear-

ing size. Anmgular range refers to the azimnuth (comrpass) motion and elevation (mieasured

from horizon to zenith) motion of the gimbal. The dlesired azimutth range is :360 degrees,

but 270 degrees is acceptable for miost tracking applications. Elevation should cover the full

range of 0 to 90 dlegrees. The gimbal should have its mnass eiqually dlistributed to provide

stability. The stiffness and bearing size are dlesign variables which dlependl on the overall

systemn requniremnllts (4J1 16).

Tin general, the tracking errors are indeIpendlent of the gimnbal size. However, smaller

systems are quicker and easie'r to control andl are more capable of rejecting undesirable

(list urbances. On the other hand, large systems are harder to (disturb). Other errors nmav be

linutited b~y spreadling thme imuage over two or more pixels. 'l'his would red(uce the movement.

of the system. Hlowever, the size of the( imtage is limitied bky the physical characteristic.s of

thie optics and thle range to the( target. For most satellite t racking ap~plications. a siatv Ii 's

dIimiensions are very smuall in comuparison to thle altitudle. Th'lerafore thte size of the( imatge

iiiaY not rover mimI I] ple pixels.

Vitriotis dlistuiirbance errors smuch as wind. seismlic forces. gyrosc-ope noise, andielhc-

tronic noise h1;ave Mll 1)(4-i mme;1smured or contputed. Tlhey may he facrtoredl int it() -i cal('ula.

tionis for posit ioti and siubt racted to obi aiim the finial answer. Time typical tracking error for

;1V;m(l vaile Ielf-scopes is ;I st anmi~r(I deviat ion of less t han .500 wnamoradiamis (:32:53). Track-

ing rate is the velocity tlie( selisor iimist swivel to follow I lt' target. The faster the target

imio~vs. thie soommer tw leIaget leatves tble senisor field of view. ibm' major case of error
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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 hydrostatic oil bearings and compressed air bearings where high angular rates are

reqi;red (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 in.dtrumentatioii techniques are available to provide inertial control to the

gimbal (5:154).

2.5.3.3 Pointing Error. Pointing is the requirement to maintain a constant

direction value for azimuth and elevation for the senisor. Pointing error is a static mea-

surement taken when the sensor is not moving. For most satellite tracking applications,

this is not applicable (except for geostationary orbits observed front the equator). The

current systeni requirements are for less than a .5 microradian difference above 20 degrees
in elevation measurement. The key to pointing control is ia the thermal control of the

gimbal device.

All metals expand when heated. When the ginibal structure heats up aid expands,

small errors iin pointing are detected. The key is to contro! the expansion through insulation

or active cooling (32:60).

For overall system perfoirmance. various miianufacturing errors may be detected and

subtracted out since they will reniaii cons!ant with tilue. ('tzuniiioin gimbal errors itnclude

axis misaligunient and incorrect mass allocation of tei ginibal structetir (iheavier on one

side than the other).

J.5.4 St ns.r Blins.,,.md .%ignia. All of these effects comtbine to create uniqut. errors

for ealh sensor which vary for earch observation. T'hese errors niist be, removed froni

the observations if an arcurate correction to Ohe element set is to be obtained. 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 acceunt

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 orbital data 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 tile 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 oh-

tained front )MA for this satellite have an accuracy on the order of five meters (1:4.-2).

'1The SS(' tasks all sensors to routinely gather observations on calibration satellites.

An SSC program called SPCALX is executed daily to calculate the sensor biases and signias

(24:205) (36:239 2,11). T'hese values are stored in thit LOWB lile for use in processing the

observations and correcting the elements (24:206.1). They are also routinely monitored by

SS prso~nnel for dlegradlat ions ill the sensors.

"lTables 2.6 and 2.7 providet a representativc samlple' of observation sigmnas and bi-

ases for each of the smnsors of the SSN. The majority of thhese values are compiled from
the, 22 Sptendwr 92 daily weights auid hias,,s muessage released by the SS( . When data

Was untl inIcliidId il th,,e tessage foir a particular sen.mr. data from the November 19.•o

A\FSPA :( IOM/I)OA Metric Accuracy Study was tlslse (11:4.2 to -1-I6).

"For ru~mlr, NOIRAI) C'atalog Sl rl 691.19
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Table 2.6. Representative Sensor Sigmas.

Azimuth or YIevation or Range
Sensor Rt Ascehsion" Declination" Range Rate
Number(s) Sensor Name Sigma Sigma Sigma Sigm.a

cl degrees degrees km km/sec

211, 212, 213 GEODSS SOCORRO [ 0.005 0.005 Note 1 Note2
221, 222, 223 .GEODSS TAEGIU 1 0.005 B.005 Note I Note 2
23f, 232, 233 GEODSS MAUI 0.005 0.005 Note I Note 2
24!, 242, 243 GEODSS DIEGO 0.005 0.005 Note I Note 2

GARCIA

33.3 ALCOR? 0.011 0.01! 0.090 0.0007
334 A'I'AIR 0.011 0.0)11 0.090 0.0007
337, 401 PIRINCLIK1  0, 42 0.021 0.028 0.0035

.403. 404 PIRINCLIK 0(1.055 0.041 0.500 0.0002

344, ???. ??? FYI,I1i(;DALES1 0.028 0.027 0.056 0.0019
349, 359 CLEAIR 0.045 0.021 1.511 0.0019
354, 355 ASCENSION 0.007 0.006 0.074 0.0065
363 ANTIGI(U A 0.009 0.009 .0.070 0.004C

369 MILLISTONE liII,.L. 0.005 (,.005 0.005 0.0001
370 MI[,I, STONE 'U1I- 0.005 0.005 0.005 0.0001

382. 38. Coo1WEL-Ow 0.02! 0.02"rf 0069 0.0020
384, 385 ROWll NSi 0.045 u.034 0,064 9.0025

386. 38T ('APE (C0 1  0.0".,2 no..s 0.069 010021
388, 389 IIEl'F, 0.020 0.020 0.042 0.0020
393 ('OliRA DANE 0.014 0.009 0.022 .. 0o12

394. 395 THU"l'I 0.021 0.028 0.045 0.00 11
396 "PAR('S 0.Ip06 0.014 0.055 a.DooI

398 E(;L IN 0.056 0.045 0.700 Note2
399 0Z(i1. o.01s 0.018 0.036 Note

1741 TV4 %AAV'.PAS1IIt (M.,S) 1 0012 0.01o o.3,s S1 -

93.1 KAEN.A POINT 0.004 0.004 0.039 0.000o

951 mo y0.005 0.0015 \o. ot.-

Note I: -•sur tlcw' not ieport mantr data.
Not- ': S.unsor to--e rtot report range rate data

# Right aw(sto-toI anti decliatiflon -por"tAd for optical m-oat.s otnly.
t No data 4 aiilahr. o"t this gr-.ratrh. Pigusa.. a4ý.mtl .atne a. wa, u 114.

. Ait aA, Or-v tae of nsultiple ro.lcmated oat -ral co.lcratc, d s-mmi.
j lttithat"I't tgmax fa, new thue•.rvr phasc1.t-ataday Ilaifi ron avruag- ,FImao of all

PA~VE eAW." s (w•, .1s" hru IN9q. 1%, Aon1 1i9-1.

1 N\, data avatlaWh'. Fog thti i•watch, sigmas. aotutned same a* .rwmar, .169
N data a ila•. For thisi trrualrah. rngaaa.- afumextd kamc ai ()EOll-S"1 WnU90



Table 2.7. Representative Seasm Bias.

Azimuth or Elevation or Range
Rt Ascension* Declination' Range Rate

Number(s) Sen., - Name hiats Bgiaees km ik/as
_ __ ecs ds egrees kin m/s

211, 212, 213 G(UE)SS SOCOIIt(' _ Note I Note 2
221, 222. 223 GEO'SS 'TAEG;UI Note I Note 2
231, 232. 233i GEOISS MUY _______ ______ Note I Note,'2
241, 242. 243 'EODSS DIEGO Note I Note

G(;ARCIA'

333 ALCORt
334 ALTAIR 0.098 0.012 0.075 .0.00cI
337. 401 PIRINCIKI - -0.o0os -0.002 -0.035 .0.OOOS
403. 404 PIRINC[II
344. ???. ?!'? F'YLIN(;DAI.FS'-
•.0', 359 ('LEARI. .0.017 0.014i 1.133 0.0045
354, 355 AS(CENSION 0.003 0.006 0.01. .0.0005
363 ANTIGUA .- 0.o)6 -0.003 0.000 0.0005
369 NIII,LST'ONE 1il1.1" o.00, 0.0H3 0.002 0.0000
3TO MILLSTONE UIT 1_
38.. 383 (;OOIFEI.LOW' 0.013 -0.o01i 0.01T 0.000o0
3HI.. 1o HiN. 3" oTo 0.006 . 26 0.000 .04
Pit;.3U7 ,APEo COoo 0.011 .0.004 -1.00i oUAW
WK8. 359 BEAV.E" '0.019 0.000 0.0o51 .o.oo0-1
3191 iT'IRA t ANE 0.014 .0.006 -00" 1 0.0001
4114. 19S rT1111.E .0.911 .0.040 10.00!9 -.0.04•.•.3S. lltIF'.0.009 ,0.00o 0.001 .oi.tmo
196 PAkc, 0.0o4 .o J . 6.o0 o0003

"9- EGIN No-te399 .(m9
__.000 .117i *0i!. Ole

9.0.001 00bo ~ iii~o

'aiNale- I %ýmoi.. Joe'* n~ot irp~oil r'anr 4ata

.Nole I .S'at~ttsrum tdoý not ?"t :atbsr¢ ftealcda.

11 suht aU-.%•.n apld 4hllebata wrfletrd fat OP'4l. am*-,s w iy -44
SN. data a mulahl-

Ii~sa"~' are Arefaa~r Of sutzltlpir xx.Ioratc of atwa Cf..ICW~l4 *ftslmr.

Com~kiItiti(.14; and fit 4 tf
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2.6 Orbit Classifications

There are two reasons for creating orbital classes. The first is a shorthand to make

communication easier; informal classqes serve this purpose. The second reason is because

they share some characteristic that makes them wvorthy 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

tb-n or equal to 225 minutes, a satellite is typically classified as near-earth or as deep-space

based on its period (16:1). In addition to the near-earth or deep-space cla~sification, other

types of orbits are often considered as classes. For instance, geosynchronous satellites have

p~eriods that nmatch the earth's rotation rate.. Geostationary satellites are geosynchronouis

satellites that remain above the samec sub-point onl the earth's' surface.

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

has an) !inciat~ioil less than 90 degrees while a retrograde orbit has anl inclination greater

than g0 degrees. Zoro inclinationi orbit., are termied "equatod al." LePss obvious, but no

le'ss imp~ortanlt, are the two critical inclinatious. Satell ites at a critical inclination have a

stationary argumnent of perigee. Other satellites ar" terinedl suni-synichrontous because the(

ascendinig node regresses, at t lie same rate w, the earth's anguilar rate, ab~out the Still.

2.6.2 (;ab~iitl C lasimis. For taWskinig, tlie( SSIN classifies satellites uising what are

Called thie ( abbar'l A~asses. 'I here are :12 Gabbaird classes. The :12 ( salbard classes dlivide

tilt, %mvlliti' popllla~ 14)1 accordinig to perigee 111d1 ap)gee- ;l~tittid(1'. The1 cla~sss i're014 one

the' faret ors iivecl by thie SS N for t askigi tite nettwork's sen(. rs. l'able 21.A list ;he art intl

classes~ and thet pe'rirc4 and apogee limitits for *'arl of tt,e classes. Figu:re% 2.2 throught 2A1

provitd4' a ir't hod to visiualize each of thet :12 6,isr...s

*lThe rea;sons~ for t1ew part irtila~r rlwe~se% art 2,:11:

1.w 'Ualt ittiadl' blwli .7., kilouirt-r. i.% a rexitsin where.%atldtileis will v,'~periw'ttre rrat ivrly

sevs'rt at it1(8j~hric draig. E~rientirir orbits i if sunial debri,%% If i mtititueuir tit rirruiarize

%h-t bm'n rigai. drift% lielo~ this limit.
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Table 2.8. Gabbard Classes.

Gabbard Apogee Altitude Perigee Altitudef Class If 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 3000
20 5555 35000 3000 3700
21 5555 35000 3700 5555
S22 5555 11110 5555 11110
23 11110 35000 5555 11110
24 11110 35000 11110 35000
25 35ooo 0 _o 5__5
26 35000 ,x 575 2000
27 35000 '" I 0o0 3000
28 3000 x, 3000 3700
29 35000 x. 3700 5555
30 35000 S 5555 tlll
S31 35000 3 5 1101 30
32 35000 35000 L

2ompilod tom (IS: 143-144:



2. 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.
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Figure 2.3. Deep-Space Gabbard Classes (High Eccentricity).
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Figure 2.A. Deep-Space (Cabbard Classes.
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2.7 Sensor Tasking Methodology

The sensors of the SSN are tasked by the SSC to gather observations on all earth-

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 goals of Selective Tasking,

as defined by USSPACECOM Regulation 55-12, are:

* Obtain the correct number and dispersion of observations for each satellite.

* Ensure the most efficient use of the Space Surveillance Network.

a 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:

e 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.

e 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.

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

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

Observational data requirements 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

for all satellites. As stated in NORAD Technical Publication 008,6 RTASK uses the results

from a "System Capability Study" performed between September 1973 and April 1974 to

determine the ntimber observations required for all near-earth satellites (24:L:2,223). The

"6Dated 6 April 1992, last 11printed 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). S-SC 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 Suffixes. Tasking categories defi ne 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 amotunt of data on all satellites. Tasking suffixes define tIhe actual

amount of observational data that must be gathered for the satellite and the frequency of

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

Gabr Satellite JLUPI j Required Obs JAverage
/ Class Type (Days) Per LUPI Obs/day

I Payload 7 30 4.3
IT Rocket 6 20 3.3
It Debris 5 +30 +6.0

2T- Payload 7 20-30 2.9-4.3
2 Rocket 7 20 2.9
21 Debris 6 +30 +5.0
3 Payload 11 12 1.1
3 Rocket 10 13 1.3
3 Debris 9 13 1.4
4t Payload 6 30 5.0
4f Rocket 7 30 4.3
4T Debris 7 20 2.9
5 Payload 11 14 1.3
5 Rocket 11 16 1.5
5 Debris 11 15 1.4
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
8t 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

11 Payload 6 30 5.0
III Debris 11 +30 2.7
121 Payload 10 15-20 1.5-2.0
127 Rocket 10 20 2.0
12"' Debris 17 +30 1.8
1Wt Debris 16 +30 1.9
14' Payload 13 15 1.2
14t Debris 14 15 1.1
15r Payload 14 20 1.4
15t Debris 15 30 2.0
18, Payload 17 30 1.8
18T Rocket 13 30 2.3

19-321 N/A N/A Note I Note I

Note I: No data obtained.
* =Il Length of Update Interval.
t Test sh ,iple small, data erratic, or both.
SDid not meet 12 kint vector magnitude accuracy goal

regardless 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-Earth Sensor Tasking. The categories used with near-earth mechanical

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

e Category 1: Events of the highest priority. Used for satellites requiring instantaneous

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.

* 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.

* 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

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

• Category 1: Same as Category I for mechanical and phased-array radars above.

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

* Category 3: Satellites with orbital parameters making them diflicuilt to track and,

therefore, requiring continuous observations. Kickapoo-referencedT observationts re-

quired on all passes. l)ata is sent by ROUTINI", precedence.

* ('ategory ,: Satellites in stable orbits. One IKickapoo referenced observation from the

most westerly pass during each successive 2.4-hour period. Data is sent Iby iOU'lIN E

precedeaoe.

rlKickapoo 6s the tintur of the town where" thr main NAVSPASUR~ ire-tive-r is lhwatedl.
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Table 2.10. Near-Earth Mechanical-Tracking Radar Tasking Suffixes.

Tasking
Suffix Description

A Maximum data on all available passes.
B 1 1/2 minutes of data on all available passes.
C 1 1/2 minutes of data on four passes/day.
D I minute of data above 150 elevation, centered about culmination, for

2 passes/day separated by 12 ± 4 hours. Used for calibration satellites.
E I observation/day. Select portion of pass providing the best quality data.
F 1 1/2 minutes of data on 2 passes/day.
G I observation/pass for 2 passes/day. Select portion of pass providing the

best quality data. Use I ascending and I descending pass when possible.
H 3 observations/pass for all available passes.
J 10 observations/pass for all available passes.
S Special tasking as set by SSC.
T Final TIP tasking; maximum data on all available passes.

Compiled from (36:78)

Table 2. 11. Near-Earth Phased-Array Radar Tasking Suffixes.

Tasking
I Suffix jDescription 0

A Maximum data on all available passes.
13 15 observations/pass on all available passes.
C 6 observations/pass on all available passes.
1) :3 observations/paiss on all available passes.
E I observations/pasms on all available passes.
F I observation/day.
G 2 observations/day.
II 3 observations/day.
J 'I observations/day.
K I observation/day on an wscending pass.
l, I observation/day on a dhscending pass.
NI 2 observati,,is/day. I ascending pass and I descending piass.
p 9) observatioins/p,,s above 70 elevation, for 2 lpass.s/tlay.

_ selparated.by 12 ± 4 hours. 11sed for calibration satellites,
S Special tasking requiretitents s set by SSC.
' Fhual T iP' taskhing niaxinnuni data on all available asse•s.

Compilled rroni (36:79)

2-35



# Category 5: Satellites of special importance. Observation requirements as set by the

SSC. Data is sent by ROUTINE precedence.

* 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 togather 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). Thlis 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 Priority List (12:Appcndix 2) (3):

7,15, 399, 393, 382, 363, 354,,331, 932, 337, 3,19, 342, :194, 388, 386, 384,

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

SI Sensor Sensor

Nt~mlier Name "tasking

745 NAVSPASUrR Category_:1_for all satellites with inclinations > 30.
:199 EGLIN Category 311 for all satellites.
:196 PAR(S Category :111 for all satellites with inciinations > :100.

382 ELDORAIA)O Category :111 for all satellites with inclinations < 50".
_______ _Category :F for all satellites with inclinations > 50°

(Compiled fronti (12:2.)

2. 7.3 Ict'p.,S'iwr .Sci.sor '.1'king. The categories used with all sensors that track

(l11,pl.5ac, satellites are (:16:7.t):.

S(Category 1: Same as (ategory I for mtechanical adl phased.array radars above-.

o ('ategory 2: Same as (Category 2 for mechanical and phlased.array radars alove.
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* Category 3: Routine satellites and satellites that have not been tracked in the last 4

to 30 days. Data sent by PRIORITY precedence.

@ Category 4: Satellites that have not been tracked in the last 2 to 4 days. Data sent

by ROUTINE precedence.

* 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 optical

sensors..

Table 2.13. Deep-Space Optical Sensor Tasking Suffixes.

Tki _ _ _ _ _ _ _ _ _

Suffix Description
A Maximum data on all available pases.
B 15 observations/pass on all available passes.

* C 4 observations/pass on I pass/day.
1) 4 observations/pass on 2 passes/day separated by at least .150

______of true argument of latitude.
E 4 observations/pass onl 2 passes/day separatedl by at least 300

of true argument of latitude.
I' 3 observations/pas onl I pass/day. Used for calibration satellites

NI 4 observations/pass onl a mininmum or 2 passes/day to verify position.
If object not detected or orbit deviation suspected, change to S.

N 'I obse'rvattions/pass onl I pass/clay every -ven-nuxnbered days.
0 4 ol1servatiolns/pass onl I pass/day every odd-nmbiiered (lays.
Q 1 obsewrvntions/pass on I pass/day every 5 days.

It Sperial tatsking as set by the SSC.
S Ani iii-trnek or cross-track seardi otce/dity. When object found,

______cange to N1uhhix E.
I'. Finial 11l1 tasking. 3 oliservaticons/pass on 3 jiawsse/dlay. If object

not iletietril, echange to S.uffix S. _____

('omapilr.2 ffmm (36:84 X6)

Eachrl sensor tasked to gather obhservation~s ou dlepj)spad-d satellittes receives a daily

tasking titssage from thme SSC. TibiS inessA~t listsý the se:tsrmr's- zaskinK recluiretuents for all

* dlrp-spare s.atellites(hi:6) Vpdates to this tmASsaKP are- 111de b thme SSC as redluiremnents
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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 I pass/day.
3D 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 3 observations/pass on 1 pass/day. Used for calibration satellites
M 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 I pass/day every odd-numbered days.
Q 4 observations/pass on 1 pass/day every 5 days.
R Special tasking as set by the SSC.
S An in-track or cross-track search once/day. When object found,

maximaml data required.
'1' 10 observations/pass on all available passes.

Compiled from (36:84-86)

2.8 SSNV Sensor Observalion Processing Methodologxy

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.f15 describes all observation types that the SSC is programinel

to handle.

Tiable 2.15. Observation l)ata Types.
Observation O)bservatioal l)ata

Type (lathered by the Sensor

0 linie, range rate.|iiI Tile a .,,.o..,. th. elevatio..
"2 Tilie, azimuth, elevation, range.
3 Time,. azimuth, elevation, range, range rate.

-1 Time. azimuth, elev~ttion, range, range, rate.
azimut Ih rate, ehlevation rate. range arcelt-ration

5 - 'ime• right ascension, declination.

6 "Tine. range.

( 'Co piled from ( 2-1:211)



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

SSC. 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 coniuionalitý between operations is thought to be among similar

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-

granimers have the ability to reprogram the systems. A recent example of this ability was

reported to have improved the processing ability of the sensor at lEglin Air Force Base

(22:5).

On an annual basis, sensors of the SSN report more than 32,000 uncorrelated targets

l("1's) to the$SSC; however, only 5 percent are actually Ir('Ts (22:5). The reprogramming

at Eglin was designed to redure the itumber of l'('Ts by collecting mtultiple observations

before labeling the target as unrorrelated. The effort at Eglin resulted int a redurtion of

uncorrelated tracks froin 175 to 70 aind unrorrelated targets frot, 3500 to 800 (22:5).

2.9 Obstrr'ation Prwrcssitag orad Orbital EIc turnIt C orrr-doit

2.9.1 IYSV Obsi rt'utioa Prm-rcssiny. All ittrouing observ-ation data and Pikctronir

tnessage.. are •Mnt throtgh the systeru input prore..or (SIP). The SIP -.ervt as a filter

to .-iort out smiisor obkservations from othet electronir iimtagm. All observations are thent

routed to the POI.S prograim in th.l SS" j3:,:5.(;). The flow of observational data i,,. shcwn

in Figur,, 2..'s.

"Tlhe PO1S program ronver.. thi, obse•,rvation froin stn..r forrmat to interral ,%("

foirmat for prores.sing. .Additionally, the observation., are sorted and error rhlckedl. Obser.

vatio,.i whlich hayr no errors other than satellite numb-r are r,.utdl tit the varion, otlwr
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Figure 2.5. Processing Flow of Observations.

programs.. From the POBS program, obser,"tious are routed to three possible programs

based on their -association status': ELMAIN, TRA('KS, or POMP (35:5-6).

The associatio|n status (ASTA'I') of an observa:ion is determined by conmparing the

observed location of the satellite to its prm'irte-d location. To lip fully a.,)tiated (AST'AT

1), the observed location must fall within limits established around the predictt,0 location

(2-1:l5S). These limits form a volume in space and are referred to as height (Ah radial lo.

ratiton), time (At in.track location), anti plant- (.). As limits are exce,,ded, the assoriation

.tatus rhan.es. Thl hinits for these mn.sur-,rs arr: .h . 1O kilometers, -11 - 0.0," niinnts-,..

and .J 0.05d4-h're- (24: 1.'). Tablea 2.16 outlines th,' AST.| and limits used by the. SS(.

-I-Ah.' 2.16. A_,.mwiation Statuis.

Niglr'.'t 1. .Me, and .14

M t .1. Within 4 x ~hand 41 x

('nmpi.'.| frutn t 24:1 :"•

2 .IO
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ELMAIN verifies correct satellite number tag by computing residuals and comparing

the residuials to acc~eptable thresliol1 values of plane, time, and height. 'Ahe purpose of

this analysis is to de-t-ermitic the association stat'ii of thle satellite. Thle purpose o f the

association process is to dIetermnine the proper "tag"1 for thle observation (24:1571). If Lihe

satellite has Association Status I (ASTATI 1), the observation is routed to the file VOBS

(24:159). Observations with ASTAT 2 or 31 are routed to the UVOTI file (.35:5-6) (24l:157).

Satellites with ASTIAT 4 are routed to thle wii-associated obstei vations file (UAOB) (24:159).

The TRACKS program combines observations fron' multiple sensors to create tracks

oil :?atellitei and build1( initial element, sets. 'I'he. nitial 4etnent set is then refined by a

(lifferenitial correction process. Oiice refined. thle elemtent set is compared to thle satellite

file (SATF) and a degree of correlatioti is established. If thle TlRAC'KS programi cannot

build an Pellement sOt. filie observationis are routed to tihe UVOR file. Any observations

in('eting ASTAI' 2. 3. or 4 criteria and deep-space object crite'ria are routed to the VOIIS

file and the( deemp-space htold bucket- (1,5:5-7).

.The POM P programti idleilt ifies obse-rva tions.. w hichI might be associated with a satellite

b~rea kup or new~ lauinch. POM P uises a plaite rherk to verify the observationms. Verified

observations are' roiitedl to the lauinthl and bre'akiii procssor. Observat ions whtich are not)

verified are' routitfl to the- ' U\*Ol file' (3 5 :5-7j).

'Flee RET:'A( progratiz is tliet neex: step inl pr'esin ohb.e'rvatiotis froin filt UVOBI

file'. T16,; prograzin is aittoinat ically ii ni-t i~eil every :10 unintit's or wlet'n t here art' 1.10

o')se'ruftionls ill fih-e' VORI lih'-. IET lA( ; orrelates% t';mdm obehrvat ion inl ha'- I' V(ll filt' with

Vthe'alv 'eeietw il fill, S.\11. If ail olese'rvat ioni correljittes toe ASTATI I oir if fill-' %aielljte is

forrced vl je-d it) 1. lilthe observat ion is Ovae~ rot ited ite hOw \'OIS file. If file- rtirre-LaJoit is

ASTT ~icr:1 zic a r ub~' fag(sm t *hlt '). 17) It&% b'e~n set, tlht- PE V 1. 1 AC. .

rmie ý c ll-e~th oseb.rvat i-nil tee lilt' pairtially ;,.'suriatedc i4)lcstrvat ite ( P:AOlt) filt-. Ir [tih- :ASTAT

is : cor I1 andI aI tristil~lt flat, has nlot Iit'en Net t *il, ccbstrmatilln i% rocuted ill lilt- UA0 ) lilt-.

If ie it eehse'rv.t i~i is ASrr :1 and mie' oif th-I lt' rt'e Iwe.t rxiii-tie sat' ae'llites, has ac t riattlelf

VOG %et.1F~t~ ill roln te II, he' ebmervat itin teh'lA)I i..Al.I~'vt tn ntIeP i

file, I hat are' etre' thait . dimv old arv rotettl ee ithefll U'V13l lii. f5:



Table 2.17. Trouble Flags.

Flag Name Description
SALAUN Launch Flag
SAMNVR Maneuver Flag
SABKUP Satellite Breakup
SALOST Lost Satellite Flag
SANDK Decay Flag

Compiled from (35:5-8)

2.9.2 Differential Correction: Batch and Sequential. l)ifferential correction is a

method by which a new estimated state (i.e., the orbital elements) is determined by cal-

culating the state (orbital elements) that "bubt fits" the orbit based on a set of sensor

observations. The SSC uses two method, to differentially correct element sets from re-

ceived observations: batch and sequential. Table 2.18 outlines the programs used for the

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

Table 2.18. l)ifrerential Correction Programs.

SSequenitial Batch
1Progranm 'l'heory Program. Theory

E lMMA IN (General P.rturbation BAT1(II (G'neural IPerturlbtion
/ ~~EIItII,(

STA(GEX Special Prrturhatioi"" MNI-AN)C Spt',ial or t;enieral Ptrturbation

('Compiled from (3W;J-9 'w-10)

-Sequenltial processing uses the old matrix of element. ((;MAT for gueral perturba.

ltion atnd HMIAT for special perturbation) and the new obsrvations or ob.ervation track.

"This proc(edure results. in a time weightintg of the ob.rvations with more weight beiig

1 p;ired oil newer ohs.,rvati•n.N. Ilatch prre.%sinKg list-.% more observationIs over a longer %p)an

--thlii tilUe'ntial prore.-ing. FOr batch proi'e!.Siug. all Olbsrvations dirrryv conlhtribute to

the c-orrection proweN%. There is no time weighting of o.bervatio.s. Hlowever. there is a

we'ightinlg of the- •elm.,r osrvat iotus f la..ed oni the ;icrurary of the win.sor (3ti:,',-9).

"T'he advant;;g,', of."lurntial rorrection vs the.. sped of th,- computer run. Ilowiw,,r.

.,equviitial corrections cii otilv le run t-il orbit.-. sinice a single had ob.ervation will

seriou.sly imp;%ar the corre-ctimn prwces.. A had olowtvation and. therefore,. a bad residual

2 12



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

used (35:15-10).

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 nece.;sary observations have been collected, the differential correction process begins.

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

tile 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 SCCUX program. The SCCEX program controls the

execution and data exchange between all application programs used by the SSC (25:119)

(24:204). Within the SCC(.X program, the control list is used to control the time sequence

of events required to maintain the element sets (35:5-10). 'To do this, the SCL is divided

ihLo two sections. Section 1 is for updating element sets requiring special perturbation and

Section 2 is for updating elhments requiring general perturbation (35:5-10). The flow of

the automated correction process is shown in Figure 2.6.

ElI.AIN is the core of the automated differential correction process. This program

takes observations anl performs a general sequential correction. If the correction is success-

ful. the s.Aellite's G(IAT and SATF files are updated. If the correction fails, the satellite

is identified ior batclh correction. ElMAIN will not attempt to correct element sets of

satellites whirlh have beeui tagged for batch correction. All satellites with a OlOTF number

are tagged for S'I'At ;lX processing and are not routed through ELMAIN (35:5-10).

As part of tlhe antonmvited process, the program ELAN LX is manually called by the

attalyst ou a regular basis. This program measures the accuracy of the general pertur-

hations rlruennt sets. ElI.A\NI.X complares thme predicted position of the satellite with tile

most current vrified observationm. If t le vwctor miagnit mude (V M A( ) of the difrernce (time

residual) is greater than -I1 kilometers t he satellite is selected and marked for BArl'CII

rvorrertim in the S(il . (3I:he- I).
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Figure 2.6. Differential Correction Process Flow

An additional automated program is ELTRAN. ELTRAN is tine 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 l1) (3). If the DUTI has expired,

ELTRAN will tag the satellite for BATCH correction (24:20.1.3).

BATCH is an autonmatically 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).

EIREC isi automatically called based on elapsed time. This program reads satel-

lite numnbe's from the control list and then attempts a general p)erturbation correction.

However, unlike the BATCtl program, LII. has the ability to access the PAOB and

tJAOB file aid edit observations prior to the correction process. If the correction process

is suiccessful, the SATEI' 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 a message on the console and must manually correct

using LOBDC (35:5-12).

2.9.2.2 Manual Element Set Maintenance. The program MANDC provides

the analyst manual control of the differential correction process. MANDC will directly

queue the ELTRAN prograwm 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 same 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 requirement was dropped, 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 spTcifically

identified the comma(id and control structure, the data processing caapability, and the

communication systems associated with the gathering of satellite observation informatioli

(31:4-1). 'he study concluded that the requirements of the catalogue sujpport inission
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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 Calibration, 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 tile 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 tile Orbital Prediction Accuracy study. The Sensor Calibration study

provided ineasuremnnt biases and standard deviations (a) for sensor measurements. This

informatiou was input into our differential corrector and used to analyze the satellite pop-

ulation. The SSC (Capability study provided background information into tile operation

of the SS( and the sensor tasking methodology. The Orbital Prediction Accuracy study

providled background on t he orbital pridiction p)roblem.

"These area .%tudie. reiulted in several rwncluxions (9:1.s3):

T hl'e compidter usage amd procmsing tiue i:,creascil as thie complexity of tihe orbit

[prediction nodel increwa.d.
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a The computer processing time increased as the quantity of observations increased.

* 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, range, 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 (a) (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 a. Examples of these

errors are: refraction, signal to noise ratio, and satellite-dependent physical characteris-

tics (i.e., shape, orientation, aPd surface area) (10:3-1). However, all, of these errors are

accounted for in the values for bias and a 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 seen 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).

sin teruiks of bias and or.

2-17



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 natre 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 (lays for LEO satellites and 7-.10 (lays for high orbit satellites (11:3-9).
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III. THEORETICAL BACKGROUND

3.1 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 J2 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 interested 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 J2 disturbing function is (37:83):

R2a 3 (1- - (21) (3.1)

Reference (37t47-48) provides the disturbing-function form of the Lagrange planetary equa-

tions:

da 2 OR (3.2)
.it na OM0o

dc 1 - C2 OR v,1 -e'e OR
e= - = JaVe na2e OW (3.3)

. di cot i OR OR
2= = V/TT7U)W - .U2 VT-T2-1ilidf (3.4)

tit ~Ou na st iO
di I O (3.5)1

dw o/' I? cot i OR (6

dt na', Oe na"-12Vi i (3.6)
dM,1  2 OiR I - c2 OR

= - --- -11--.
,t0=d--l = nO (:3.7)

na _;4 nt'-,"

'AiWu, calltl swcular.
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Using the Lagrange planetary equations, we can derive expressions for the time rate

of change in the orbital elements. First, we must find the time derivative of the orbital

elements due to R2,,,,. The expressions for these time derivatives are listed below:

it = 0 (3.8)

S= 0 (3.9)

= 0 (3.10)
'= 31LJ2 Rcosi.

2a5 (1 - e(23.

3pJ 2R (3+ 5cos2i) (312)

8a 5 (1 - el)• n

3yJg2 R2(1 + 3:cos2i) (3.13)

8a' (I - e2)"/2 i

Strictly speaking, the NORAD two-line element sets do not contain the semi-major

axis (a). Instead, the Kozai mean motion (nj) is used. Solving this problen 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 finction of the Kozai mean motion.

First, ising the identity between n and a (Elquttation 3.14,), we rewrite Eliuatiois

"3.-.3.13 without a.

a Y 
(3.15)

= ()0 (3.16)

i :0 p3.1!;)

= 0 (1.17)

21j'/3(I -
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V3J2 Rnl/3(3+ 5cos2i)
8 p2/ 3 (I - e2) 2  (3.19)

= 3J2RIn 7 /3 (l + 3cos2i) (3.20)
8,u2/

3 (I - e2)
3/2

Notice that the orbital elements which are functions of time (Q, w, M0) have time derivatives

( M•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 Equationm 3.15, we have to redefine the mean anomaly at epoch to be constant

(i.e., lo = 0).

n,,n +i+io (3.21)

Integration of Equations 3.15 3.20 with respect to time yields:

n,(I) =(3.22)
3J-R:I n' 1( + 3ros 2i,)

n. R.n( + c~2~ (3.23)• -te •. -p:•l
1 ( I - r• )•' - (.2

r(i) (3.2-1)

a(l) =(3.25)

,3J IPtn'n rc, ,,

•l(1 = h ---.......... 4.* (I. )
140' 1-' (3.26)

Next. -since the tw'-O.inr orbital element w~tj ruontain the Ktvai meran mIotion, we nec•!

to find n,, in teruis of n. We ran rewrite Equation 3.23 as:

3.3



3J 2Rln'1 3(1 + 3cos2io)9

nx,o = no 1 + 8,u2 3(1- 3/ (329)

or,

no no (I+ (t43(3.30)

where,
3J 2R'(1 + 3 cos2io)

8p1 ( e)0 (3.31)8 = 2/3 21 _e,3/2

As long as fn4/ 3 in Equation 3.30 is small then we can make the approximation that

the no inside the parentheses is nearly n,.

no + 74/ (3.32)

nbx o1o n'' 4/ .(3.33)
1 + ,

Actually, by nesting Equation 3.32 four times and substitutting no,, for no, no is

rorrect through 0(((t n }))

-o (31.34)

1+,
l+,

1+,! 4- q,j}

Equation .1.3.1 ran lw rewritten a.o a Impwr .

S. 19~2., i -•'

no - n% 7 -i.-- + 0,3.3'
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In order for- the power series to converge, we assumed ~n 4/
3 was small. Figure 3.1

is a plot of the magnitude of e in canonical' units with an eccent~ricity 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 (no~ remains small for satellites with ~eccentricitises less than .92.

EPSILON VALUES OVER AREA OF INTEREST IN CANONICAL. UNITS

0'gr .1.02ln( ausoe raofItrs (a~ucl ii.)

OlItr:(ttatI.I :1..i lstttdnt jtain33.~i olexett tuilr h

1eierl qal oIii eero ndcditetra~t~n~foi .. sutrd0 ra

:1.' :1t11. 0q



Since our approximation is good to order (fcno 13 )4, if n 1
3 is maximized thenl - n-ntnitude

of the error will also be at its maximum. Figure 3.2 shows the maxi::... error induced for

all possible nAo and i0 combinations.4

MI E[AOR {IMCiED I 4 ?.xITACT•UA OF ME.AN M)TtON ItnI) FRIOM KOZAI HIMEA ),dtO Ink)

6. 10

1. to

Yi~guro- 3.2. Error Indured in Extracting it,, fromt ,aj .

Fi~tire 3.2 shiows cleatly that ltie power-.-.rie- t'xpawidwl I.- very rfxjJ for mosAt 1IIIaII mbotions

itt~n even at itsi worst it Is le thaa I x 1 0 ' drg/dav in error.

S1r131111ariziirx (lie Imiportant eqjuations -.0 far:

n~ti) 3.3)

2p'( )

Th Aximrum cu~t t" itY withmit rmnitar tmv h ra~th 6 sugfa'. cWa. O.mi"4' fol ct ~alit of in

at).
1 

Ia"' alongs Withto irk U).flJtim tifl$
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3J 2R2no (3 +3 5cos2io)

W(t) = + (1 1, 2)) (3.41)

M(t) Mo + n+ (t- to) (3.42)

where,
4 7 a2•12 ,

no w, nr,o --. , 0o + 32 n ,o 7Eano.o + 81 4 .0

3JM2 R(i _ 3cos2i0 )
E 8 3 (1- .2)3/2

Now, since we have the ,olution to the state variables for any time (i) given the state

at some initial thne (to), we can find the state-tran--ition matrix analytically (by taking

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

.3.1.2 The State-'Tra'nsitionk Matrix. T'il state-transition matrix is osed in propa-

gating the covariance of an estimated state. In our case, the state ',..,bles are:

awd the state-tr&,nsition matrix *(t, t1) is defined as:

Ox(t)

The partials in D can be written viowextentesively as:

O01)() 01n O(i) i)n 0 () dn'(1) 011"(I)

ih(t) Oc(t) O,(1) ou(t) O(t) Of (t)

( i(Of1, 0i) if -i-5) i)um(,

Ons.,, O,,, ili,-- i)S,., Ou,,,, O (;t,,,

O~lI.0=1_1() 1)(1) ai)l~t )l~ as •I IF, -VT.[ i)w(t) il,) aw(l) 0a.(f) 0a4t) O,(J)
01", i;h , dii i)1 O ,,, .11 am

am~~n a.11(t) ail~t.l im: )a~l m



Eliminating the easy ones:

1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0
$(b,t,))= aM(t) aC9(t) of2(t) 1 o (3.46)

afln(, ac() Dio
i,,.(t) OW(t) Dw(t) 0 1 0
NoI(, . 0 0  Dio

t-to 0 0 j 0 1

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

,l _ 9J.li,,(sirn 2i0 ) (3.47)--1  = (:{..(17)
W. j) 3/

d i , 4 / 1 .l: ( 1 _I ) 1

9J.,1R" 1?( I + "1 cos 2ij)(

7 I t ( 3 .) 36575
-�•' ,•1 - "..o +. ---+ .

:d K + 9 t 24.3

(I -- 1 211" fx ) + -- . ," ,, ,)1 .

sh. ,ix partials are:

im12( / ) 7 J. , I ,? m$ ill 111,

iht .u 21 ( 1 -- ,2)ji. (I -- It,) I d(3.52)

MiM s i 7J dI? :.it r ( .S.i ,, dil ( ,

Il 2pi (I 2p~ iI I (~cIt dill

i,(I - i**,,' P +l c( (21.5,)
"4'ii .), 3f/ 4 1 - i) 2 i,4 _,.) r "--7.14 1(t . ,, 3.

R"iI ,i 3.l.,, ,4- (:3 + "5 co'.•2i. dnlI ii

k 2•,a (,-, i;•)~' ) ,p,( .,i;,)- d,~ )i3
3-,"x



(3.55)

ow) 15J 2Rn sin2io 7J 2R2n'(3 + 5 cos2io) dno de (356)

ko 411i (1- eo)2  + 8 (1- eo•) 2  "d- ) "

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 4. We will use •, provided in Equations 3.46

through 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 estimate 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 to (x(to)) by using a

series of actual measurements, or observations (O(ti)) taken at different times ti. In orbit

determination, least squares attempts to determine the orbit most likely to produce the

observational data. The estimate is determined by minimizing the sum of the squares of

the residuals between the actual observations (O(ti)) and predicted observations (O(ti))

based upon a reference state. Weighted least squares comes from associating an observation

weighting, or instrument covariance matrix (Q(ti)), with each observation vector 0(ti).

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

state at. that time can he written as

O(It) = Ii x(ti) + ej (3.57)
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where e3 is the true error in the data and Hi is the linear relationship between the obser-

vations and the state at time tj (x(tO)).

In a linear dynamical system, the state at time t4 can be written as a function of the

state at time to as shown in Equation 3.58 below.

x(t,) = 4(t;,to)X(to) (3.58)

Solving Equation 3.57 for ej and expressing it in terms of state at time to gives the following:

e- = 0(t4) - Hi P(ti, to) x(to) (3.59)

= 0(ti) - Tjx(to) (3.60)

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

time ti to the state vector at the epoch time, t o.

T2 = Hi (tiIto) (3.61)

Using a matrix shorthand notation. we can define the total observation data vector,

0, the total observation matrix, T, and the total instrument covariance matrix Q, to be

as shown in E'quatiomis 3.62, 3.63, and 3.64.

O(t,) -

0- 0 (3.62)

0(tN)

7'1 111 C /t, Ito)

7 '., H 2~ 12(1., 10)

'1 I 1N ¢(N,.I t1)
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Q1 0 ... 0

0 Q2 ... 0Q = (3.64)

0 0 ... QN

where N is the total number of independent observations, O(ti).

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

estimated state !(to), Equation 3.60 can be restated as

r 0 - T (t0 ) (3.65)

The probability of obtaining these particular residuals is then shown by Equation 3.66.

P(r) = (21r)-" IQI eV- T Q''r) (3.66)

To determine the. state estimate i which maximizes P(r), the quantity (rrQ-1r) must be

minimized. This results in the minimization problem

S((6 - 711g) ~ 0 (31.67)

which, when solved for the estimated state, I(to), gives

i(to) = ( Q-1 T, )-I "r1 Q-1 (3 .$)

where the quantity (T'Q-TY')-I is the covarian'e of the estimated state. Pt.

In orbit determination, the.dynamics are very raim-linear. h•owever. if the diffIrren,'e

lbetween the true state and a reference state (bx) is small, the non.linear dytimitirs nay

b)e linearized aho)Ut this reference state, x*. li addition, the observation data i.% alsn a

nonlinear function of the tihme, i, and the state at that time. x(0,}. This ob•ervatinti

relationship cat Ihe written as showit in Equation 3.69. %

O(1') = (;(x(t,).t,) (:1.69q)
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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

OG
e, ;t x(4) = H, 6x(ti) (3.70)

where e1 is the true error in the actual observation data and Hi is the data linearization

matrix for the observations at time Ii.

The residuals betheczi actual observation data and calculated observations based

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

r. = 0t() - G(x(t1),ti) (3.71)

The state transition matrix, *(tI.t,) relates changes to the state at time t4 to changes at

time 1t) as shown in Equatiou :.72.

hx(4) = (4,tu)dhx(tu) (3.72)

Tlhe residual vmtor r, is then written as shown in lEquation 3.73.

r, I!, bx(I,) = 1i, •(I,. 10) bx(Lo) = I• bx(t 0 ) (3.73)

'.%in, Ihe sailt e I•II-lhod that arrivdl at Etquation 3.6,8 for linear least squares, the

corrrection to the esthiated state call be dvtermhined as showit in Eq"uation 3.74.

•x(t 0 ) = ( r* Q- " )' r (3.7,1)

with the Covarianre of t he st.timiated state bring .-. slhowii ill E"quationI 3.715.
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The new estimate of the state is determined as shown in Equation 3.76.

z(to) = x*(to) + fX(to) (3.76)

3.2.2 Bayes Estimation Algorithm. The Bayes filter uses the old estimate of the

state, Rold, and the state covariance of the old estimate, Paid as the initial data point along

with a new set of observations (0) and their associated covariance (Qnet).

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

as

T= (3.77)
T L]

Q= [ P.d 0 (3.78)
[0 One.

Rold -- X*

r 0 =(() ] (3.79)

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

-I (T T Q T)-1  (3.80)

SP1n + (TQw -M) (3.81)

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

shown in Equation 3.83.

bx(to) = Pn,, TT Q-t r (3.82)
P,. ( P•, ( -old x*) + T°,,Q-,1r,,,) (3.83)

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

shown in Equation 3.8.1.

(to)= x'(t,) + bx(t,) (3.8')
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The entire sequential estimatioir process can be summarized using Equations 3.81,

3.83, and 3.84. Given the prior estimate of the state and the state covariance (R.Id and

PoId) and a set of new observations (6) and associated covariance (Q), a new estimate can

be determined.

3.3 Numerical Calculation of the Observation Matrix.

As seen in Section 3.2, the observation matrix is calculated using Equation 3,:5.

Ti = Hi *(t,to) (3.8C5)

This is all in X matrix where li is the ntumber of observation nicasuremnents and it is the

number of state elements. It relates the observations at time t, to the state vector at the

epoch time, to. As discussed in Section 3.1. simplifications were mad.- In the algorithmn

used to deterlmine the state transition matrix (B~(,, I1,)). llecause of these smnplifications,

we did not want to us(, ]Equation3 :3.15 to calcukl. T'. Sirne the NORAI) orbital inolkel,

SC,'I was available, a inumerical Inethod for calculating this mat rix was used.

(Given all observation consisting of rour ineastireI, tnts and a state conisisting of six

elemnents, all expansion of Equation 3.85 t-Iwollnes%:

i)rg(1,) i).r( , It) i)Or(t,) i)r(l, do ) 1 )x, l( t, d dx l(I,)

i)O:,( 1,) i)Or.( 1,,) i)O3 (l,~) iJ(.r (I,) dx () 1,,) dxf, (I,)
i. ( ix,) ir(/)i,, ~ t) O i Ir(,) idr;{t,,I drl,I.{,,

i)z(1.dl) 1)x(t,) i)(t 1,) id,)x {t,) 1, dx,1)
it~rltu) ir•(t )IU )i•{o 0(G)4U iWx•(U, dOW,(

"Tlhe eleim'iis of thi, iniatrix could Ile I'ah-Ilated nutierirally bv utiig fhe dMini til-n

of a derm t ive. The dclelitition of a derivative resuilt., ii the ,valutathin of the ajj eknineint

of 1, is slithowI ill l:qulation 3.S7.

+ ())I XU•, ., ,
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If Equation 3.87 is evaluated, not as lim&k...O but as AXk approaches an incremen-

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

8Ao3 ti) _OA(x(to) + AXk-(to), ti) - 03(xto), ti) (3.88)
CXk(to) AXk(to)

3.4 Variance Reduction' Techniques

We considered two variance reduction techniques available for our use. The first

technique uises common random numbers (CR.Ns). The second technique uses antithetic

variates 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

(2 1:Clhapter 11 ). rh'le following is a. brief overview of these two techniques.

31.4. 1 CJommon Randomn Nunibers (CRNs). Common random numbers is a variance

reduction technique applicable to experimental testing of different system configurations.

Tlhe general principle behind the application of ORNs is that differences in performance

betweeii alteritaie combinations, or system configurations, of anl experiment should be duie

to, differences otily in- the systemn conifigurations and not inl the experimental conditions.

T'herefore. the diffe'rent system c:onfigurations should 1)0 testedI undler as close to identical

experimental coudlitions as possible. lit simulation, the experimental conditions are the

ranidom variates generated for uise inl the nmodlel (21:61.3-614),.

Tlhe ideal use- of CH N is to usew the same random number, or randoin number stream,

for t-xartly thle, saine p~urpose ill onte systemt conifigulrations test. as another. 'l'Mis is called

5sv mitcroni7.at iou. Tihis sy nchironiziation gives %-ou a high confidence that thle difference in

perforniancer 1b't Ween1 different systeumi configu rat ionms is dumie only to the( different con figurai-

tionis, and( has lit) contributionm inserted duie to dillerentt exp~erimental conditions (generated

ranidom variateis) (21:617).

3.4.2? .4,titlaetic V ~ariousi (.Al's). Antit hetic variates is a varianive redluct ion tech-

nitpia'. apiL-lirihlle to a :-inlgle systinu confliguration. Thme ge-neral prinmcip~le of AVs is to

perforsm experi nwnt al te-st onl thie systemt in pair:s such that anl observation on il( rut' insii~

tinegativdvl ccmrrvated to an observamiio,. t, other run. It' thle two observat ions are theni



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 attempts to include a negative correlation by using complementary pairs of ran-

dom numbers. For example, if the first random number of a pair was a uniform 0 to I

:'andom number (Uk), the second number in the pair, its complement, would become I - UL.

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 response

to a random number used for a particular purpose be monotonic, in either direction. As

in CRN, cynchronization must also be applied (21:629-630).
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IV. METIlODOLOGY

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 popt: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 elemt'nts, and calculate

the vector magnitude of the error between the "truth" position and the pxoition

predicted by the rSSPACE(COM/NORAI) orbital m(idel. Run this model for each of

the, r.-presentative satellites using ,lifferent observations rates and correction intervals.

-1. Perform a statistical analysis on this data trying to determine 3 steady-state position

error for different observation rate, corr0o-tion interval comnbinationts.

4.1 A. inlysib t£ Earth .Sadctlilr Popuhltims

There are two primary reasons for analyzing the "a'ttellite population. The first reasone

is to rhararterize the composition of earth orbiting objects as completely as po.siihle. Prior

ts undertaking any atnalysi6 of -arth orbiting %atellite.s, an tniderstanding ,of their rharar

t.ristic.s and cotmposition is em,,ential. The second r-asmn for performing this analyis is to

he. able' ts deveqon, an initial Clox-.ifiratiom .chettmee to allow the weletion of a representativr.

sa.,tmple of satellites for further atnalysis as part of this research effort.

,.J 1.1 .arllebr ( 'onapos.dIu .-tos a~soy. 'mWe chim- its exanue the romnp•oition of the

most Current NOR.IA) two-line- element set file availaile to Us-. "lThi was the, March loJO

two line- Imenmt set file- 1990.TLE (. i to) this, a FOt") R.AS N firgramn. REDUCE TLE.FOR.

was written to ele-t the- first ti'rmrrenrr of each sate•llite'\ two line Pe-ment w•t from thi%

file and to output it into a Mathematica readable file OE9003.FIX. The OE9003.FIX file

contain' this first Irwurre.nce of rach .atelliteI in the 1990.TLE filio ,mile%% it dtt-, not pas, a

'I



series of simple tests as stulnmari?.ed in Appendix P.3.' Each entry into thle 0E9003.FIX file

contains the epoch, a counter niumber, thle NORiAI catalog number, and the nine orbital

elements from Lthe NOJIADI two-line element set: fKozai mecan motion ( nq.), Lthe First time

dlerivative of miltall motion di vided by two (h1z2), tile second Ltime derivative of mean motion

dIivided by six (hi/6i), inclination (i,,), niode ( 11o), arguimenit of perigee (w13), eccentricity (r()),

bstar (B'P), and finally the niiean anioimaly at epoch ( M0 ).

Once in Mathieniatica-readable fornmai, we processt'd graphs of each of the( above

element~s and variab~les that are dIerivab~le 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 interetetml in two areas: correlations between any two

orb~it al elemnent fisnd liow tlie satellite popuilation fell inito tilie various G ab~batrd r1asses.

Oil occasion we gf-neirated plots showing tilt, relationships bet ween t Itre Variab~les. InI

particular, We uised 3 variable plots to di termiine if there is a relIat ion be-twern IP anid the

h1/2 and ii/fi tertits. However. tile problem With this Inivestigation Was at ti-itplinjg to sIV at

tliree'-djiienstn~I)IdI Will., wh. wwe. limitetd it) a two-cdixensiottal sheetl of paper.

J. 1.. J' hrHurlmuilon.% .-inalyms. Since tilt J, pertlirbl~aiimn are tilie primary :source of

pbert urbing effects til mas~t earlh ii rhiting %atellites, tilt, Wa.s the ontlY pertutrbiat ion elffert-

aziavte. W. wate'dto deiii~vhe. n llittilde of this' pert urbltaion effect on the satellites

inI thiltii rrentt populat ion. A., hown in Sect ion 3.1.1. tile only three ciriiiAl ele-ment

alrecteil by J, perturbations. are the mean atitomalv. ;trgument of lirrigre. and a'r-*mding

tiote. 'I lie ltime derivative% o dithesi, threr rleinvint.s elemettsr1 werg- ploltm;te % as a unction fit

tile rlementt' t hat affect the niagnitude oif tile lert urk'-fftI ions man motion. erceutririt v.

And incfflnationI). 'I lie'.. plotst ahllnm-d u4% tit visualile tile relative pe.-tarbing, efferot fill the

%atellite%' in tilie rurrvit ptilimtlat ion.

lIII Addition. A prcillaxai on rciiitint- forT th, ditfeirmtital corredoi mc-del tam rixireil.

Ilit-, rout inctt htad to erftiri tm-o finct ions. VirI. determiune thle ctrithul eknent, after

%411u14. propwrua lion Ilitte gi vem Il, vienwlin't prior lto PrcpAgAt Ion. Sermidne .(,-termmlie thle.

sItr ate Iva razmc Crnlat ox after a givegi pinpagat ion little give tm he %tater riwariantre Print tot

j,ý thmrii' Ofi~~-0 9001 I IX fik ag h-Ate t'.ct g.f _to o e'I'll i! whi Voput~~iblals~



propagation. As shown in Section 3.1.1, after deriving the secular time-rate-of-change of

each orbital element, it was possible to analytically integrate the equations with respect

to time. This allows the expression of the orbital elements a.s a function of time. fly

differentiating these expressions with respect to the orbital elements, it is possible to find

the state transition matrix as a function of time.

Htad this not been possible, 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 .,pproach due

to the comptitation",1 ,me involved.

4. 1.3 (C'hiJicatioai Sche'n"c Dlr 'lopmilet. An orbital-element-based classification

scheme was developed based on hoth i the analysi. of the current composition of satellites

and the analysis of the elfect of J, f,,rturbations. Thc rlass.ts weret ba.med strictly on only

tlit three orbital elements that influence the imagnituimde of the J. perturbations. "rhe rode

that performed the actual separation of all satellites in the current population into their

rm,.pective classes wah the .iame cotde that deuotled t Ie 1990.TLE file.

A ba.sir a.s.•miptioh u.-de in th,. developmaernt of this rla.'sifirationt scherme is that that

.atllit.'. with sihnilar perturbation etrcts. would ha.e .imilar okservation requirtre-itict. for

tnaintainuinu the orbital vh.,ent s.ets.

4. 1.j Irprrsrni tali .%,SIrlhir .44rrcho".. After the ,.atellite pipulation w*a. divided

intel thteir variouus rlani';.. we -,rledted a rmprmentativr !.atrllit frotm each Tl., .lhe .ate•fite

cl,,,emt t thle ".verage" .satrllite wa.' u-.lrcte4l. 1o determine mhirh .,atrllite r1,a m ri•r t to

the. average. the mean and variance of r•ech cla.ss wa.• ralculated tor the relevant hrhital

,-t,-int,. Then. the c•eviation frtan the mr:an of each orbital eleme'nt wa, v-ighted h%

the %ariarel tif lhi element j maller variant',m having larger ,ignifiranrv). %%e wieletril the

%atr-lit,. with the h'%mnal-,t overall devialifn a. our repre,•entati,, ,at'4hite. In either w•,rdt.

to mak,1 Isur 'o,-t, tinn we fesreld an n etauaientia:mal (;,anian lijt rihution. and lretutnine,

u hirh -a.tellit, orrcrrred rl•.•%t tot th-e mean.
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4.2 SGP Program Library

Iln an attempt to simulate the methods used by USSPACECOM as closely as possible,

we used the SGl ,t and SI)P4 orbital models in use by IUSSPACIXOM. The specific models

used throughout this research come from th, SiP program library. This library contains

a set of Turbo Pascal ' 6.0 units and documentation written by l)r. Thomas S. Kelso (19).

Ihe main componentN of this library are the SGPl and SD),IN orbital models whi.h were

converted from NORAI) FORTRAN co(h, as plblished in Reference (16). The remaining

units contain routines that ar, either necessary for SCPI's operation or aid in interfacing

S(;P,1 with both the truth model programs and the dynamics model programs. The library

consists of the, following units:*

* S(;I'4SDI)'4. Full implementation of NORAI) S( ;4 and Sl)lP, m1lels.

0 S(;I,_i.VIlT. (Cuntains constants, variables, and type declarations needed t) initialize
• ,' ;l4,'Dlb4.

* .%(1'.I,1"F. (,onstant,.. variable,, and type declarations nthIed to interfare between

S(;i'4SDI'4 and t P ( "•OX." "(and )t [er irograims).

* s.;t' IIA I'll. Variou. trigtimnutrih and inat henatival romtines.

S .(;:P TIMI.E. Tine ba."i rr'uting- for -on vertin, attiong tim.e Nystritis.

* .SOI'PII. (Grnrral -uppurt rbutine, f'or madirhi dependentm fvatures.

* .'*(';. (''|VI. R1outines, ftr ctmnverting *wv, line data and ;(;P.-1 %fall- er•ltrs.

* .'€;' I.\I. Routliiw to ,,itzqp;f% ;. put bf[ datai ~ithh error cherikng ).

* .%(* O()I 1'. •suline-' igb cauipult prIgram re(ul-m, In ttaudard ftirmuats.

9 .'4.I' 018%. ()hIw-vrr dp-im-,,eant rsutines. f',r calculating tcquwu-nl c int rziiican.

* VIl\.i.\N. NMiniz1um/mhmunli tta , aIIti,(11.

*% 1I 1 11. ltzuxtint-% •ir val tilatint the puftIitin of the ozn and if a sat-lli. , in -art h

I[



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

code listings of all 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.

These obser,.,ations are used to simulate the observations gathered by sensors of the SSN

for a specific earth-orbiting satellite. To allow a Monte Carlo analysis, the model is capable

of producing multiple random sets of observations at various specified observations rates.

"The methodology wsed in the .eletlion of the nLmber of r.n don, sets and observation rates

is presented in Section 4.5.

4-.J.1 Model Development. Tie primary elemert requited fer thik- trttth incdel is

a highly accurate orbital propagator. A comnt-'rcially available orbital model, the Ifigh

Ptecision Orbit Propagator (HPOP) program, Version i.1, produced by Mi.rocoam, Inc.

of'l rra:1 ce, CA was nsed for ou" research. H POP .se. the Rdnge-Xtutta-Fehilberg method

of order 7(8) to integrate the equations of motion. h also includes accurate miodels for all

of the major peiturbations afteciing an earth-orbiting satellite aud all major pred;ctablh,

tnmitions of the earth that affect a satellite*% apparent position ( 15:1 2). ThPee perturbation

miodels include:

s ;eopotential effects. U.-k-s an unria-silied 21 x 21 spherical haronoic expansion

modei ((Godard Earth Model 1013) of the earth geolmtential.

* -Solar anti lunar gravitational efferts. A"Iuntae 1)inott .asseS ant! uses the I'.S. Naval

Obtrvatory romnprrs.ted eplhtneris ao predict the positious of the suit anti moon.

* Atmsnophrric drag. A,,stitne• ..inglo.callisi-in specular reflertiont a~d .e. tlh. t14rrih-

Primter attnospherir wotIel, intylifirtl to take into account the diurnal bulge. to

romput, the atumpheric den.sity.

* Solar radiation pres.sure.

* I'r:vr,.v-i.o of tl.e equinox.

* N utatiuh.



* 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,

HPOPIN, CONVERT, and RSELECT, written by Dr. Thomas S. Kelso, were provided to

translate HPOP data into the formats requirtu for our research.

HPOPIN uses SG;1 Library routines, primarily tite procedares of SGP4 and SDP4 in

the unit SGP4SDP4, to convert satellite orbital element set data into an ECI position and

velocity state vector. It places this data, along with the specifi•l. interval for propagation

and the propagation step size, into the in',t fornat required for HPOP.

CONVERT converts each of the HPOP "trua.l" ECI positio.:i anti v•loity vectors

iatu SSN sensor observations (e.g., time. a-iainuth, elcation. ratnge, rang( rate) given the

SSN sensor locations, observational li;,itatiou's, aitd data kypes. For our research, the

SSN loratio'ts.. limlnaticr.s. and tiata typem used are listed in Tables 2.2. 2.3, and 2.15

respectively. CONVERT uses the SGI; library procedture (alrulatreObs or C alrulalf.RA Iker

front th,, unit SGPOIlS. to pe.rf:o the EC(' to topocrentric coordinate transformation of

the E('l position and velocity vectors to either azinitith, elevation range and range rate

oWisrvatiuns or right ascension andi ticflitiation observations. Additionally, CONVERT

incorporate. the effects of almospherir refraction on the different types of observations.

RSELECT uses the observation file created by CONVWRT and perftrmis three ftinr.

tions: indexes the file by day of observation, adds random noise to the individual obs•rva.

lions, and generates random (lnservttion filps barel on the rrquirei maximum number of

n)bservatimns per day and randomn obs4rvation sets.

"lI-1 lmtake the randomn selection. RSELECT first indexes the oh•,.rvation file to separate

the ob•servations by day. Ba.,"e on the reccuired number ofboservations wr clay. RSELECT

.I-6



then creates the files by randomly selecting observations based on the required maximum

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

included 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

Ile last two random observations chosen are added to only the 10 observations-per-day

Based on the required number of random sts, RSELECT uses a different random

number seed to select observations fromn the indexed (lays. The seed numbers were created

using the SLAM simulation software (28). These seed numbers were then hard coded into

the Turbo Pascal unit (;ausss2. This unit uses a numerical procedure to create a Gaussian

randout number with a mean of zero based on the input seed number (27:213 23T). This

random number process is located in a function called (3Random and used by RSELECT.

The purpose of this random number process is twofold: specific seed numbers allow for

repetition of residts while still inducing a random process into the observation processing

met hoology.

In addition to the obse•-ation conversion and selection process performed in CON-

VERT and RSELECT. these progranis also pass, unchantied. the ECI position vector pro-

durled 1y HPOP. This vector 6, ued within the differential rorrertor to calculate the Vector

magntittide or the true po~.ition error (V.|A(;IT).

When combined, these f-'ur truth model pronramn, take a satellite orital elt, ment ,wt

am1d create fmcn it a spcifiled number of -wta of randoit observations at various xpecified

ob.eri-ation rates. The flow of the truth model i. tr bown in Figure .1.l.

A.3.! M|odel f&irrulion. The elements. of the truth model ;, •recutrd to flow u

shown in Figure -1.1. A description of the execution method and input/output file f(rimat1

for each of the rlements of the truth model follows.
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4.3.1.1 HPOPIN. The program HPOPIN 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. HPOPIN

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 iode listing for this program is in Appendix
('.1

4.3.2.2 FIPOP. 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, titme-tagged.

ECI position and velocity vectors for the input satellite data. Reference Appendixes ('.2

and ('C3 for the format and an example of HPOP input files. A sample of an HPOP output

rile is in Appendix CA.

4.3.2.3 CONVERT. This prtoram acrepts as input the HPOP created PV.

satnr.els file of the format .een in Appendix Section ('.4, It reads data from a *.OBS

file containing SSN ensor locations and a *.LIM file rontaining SSS snsor obr,,rvation

lintits. It usei a uer friendhl windown style interfare allowing easy %election of the '.OBS.
and ".LIM data file', and the PV.satnr.els input file. Its output consi.ts of an OB'satni.els

file. fornated the 'sa.nt ax the RSELECT output xample shown in Appendix Section (VS.

containing the obM'rring sensr. ohl-Arvation time, obw'rvAtions (aiitnut h or right are-nsion,

elevatinn or drclination, range, anui rante, rate). aml. thr truth W('I poiti.mn tX. Y, and Z,).

The Turlb Pascal source rode for this program is located in Appendix (C.'•.

j.3.?.j RSELECT. This prgram= accrepts as input a CONVERT rreated OB.

satnr.elr file. It e.v's a user friendly winclows-myle interface allowing easy se••ction of this

4.9



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 maxinmum observation rate (even number of observations/day) desired and

mM is the number of sets of random observations (I 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 alphabetic index (A, B, C, ... ,

Z) corresponding to different randomly-selected sets of observations. For example, if a

maximum observation rate of 10 per day (nn = 10) and 10 random sets (am = 10)

is specified, RSELECT will create 10 random observation files (A through J) each for

observation rates 2, 4, 6, 8, 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 l't-rijflation. 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 programn 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

0.5:1). Ilowever, %e had no means available to verify this level of accuracy. To0 test the

program, E.(|I position and velurity vectors from HPOP were compared to the output of

S(;I'I-SDP4 for various test satellites. The results of this romp-arison indicated the level

of acruracy would be sufficient for th, purpose of ,. .'.ernrrh. This program may be

replaced by some other special perturbations rode if it can:um bw %aiidatvd a" s itable for

this purpose.

The HPOP IN. RSELECT, and CONVERT programs were verified by D)r. Kelrm prior

to our uxe. Ilowever. to ensure proper pwrformazre of the programt. we stepped through

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

4.10



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 between the "truth" position and the calculated, or predicted, po-

sition (VMAGT) for each observation. The specific elements corrected will be from the

NORA D two-line element set: bstar (B'), inclination (i0), right ascension of the ascending

node (flu), eccentricity (eo), argument of perigee (w0), mean anomaly (AID), and mean

motion (no). Because the results from this model will be compared to actual data from

USSPACECOM, the model will attempt to model the composition and characteristics of

the SSN as realistically as possible. Additionally, it will use the same SGP4/SDP4 orbital

models u.sed by USSI:\CECOM.

.4.4.1 mlrtl Drt'eopment. The differential corrt-ctor was coded using Turbo Pascal.

Version 6.0.. primarily due to the existence of the SGP Libraries' validated Turbo Pasral

rode for the VSSPACECOMI/NOtRA1) orbital models, SGP4 and SDP4 (presented in Sec.

tion 4.2). This model consists of two primary elements: the actual differential corrertor

(IW) algorithm and thge orbital element/covariance.propagation algorithm. Additionally.

various sewondary elemnents providing for the input and output of required data and variable

initialization andi manipulation are included in the model.

Upon initiation, the model first reads the data files retaining the SSN sensors Wo.

ration data (latitude. longitude, atid altitude) antid weighting data (observation sigmas)

as ptesented in T•bles 2.2 and 2.6. The estimated state is initialized to the same orbital

elementn. ustd to itlitialixe the truth model. The estimated state rovari4u.re tnairix js also

initialized.

It was n•rs•sary to "guems-i a Value 'if the ihitial .tat' r•,variaurr ,lstimart, whirh

would give sonc- conficlenre in the initial state estinmate3 and keep the %start up' time to

a rea•Onable level. Ilo-wever. ue did not want to give too, sthch confidence in the state

estitniate and prevent the todirl from rorrmting the element,. Afier examination of the

Covatiantes of v-aritns tet satellites, a value of 1.0 x 10' was chosen. Fur simi-icity. a

"'tl e.aa -rhrm•l t1tWt to crtxetartr thr truth o * Wtiru. iav. ,nput a* the smtsal rifle c.stvwita-
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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

specifk'd 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 observation.

The predicted VMAGT for each observation is then calculated. The observation

tinie antd the current state estitnate is passed to SGP4/SDP4. which calculates a predicted

ECI position (r1,,ry,,r,,). VMAGT is calculated as the simple vector magnitude of the

difference betwen the this ECI position and the truth EC! position (r•r,,,r:0 as shown

in the following equation.

VMAGT - r,.)' +(r,.- r,0) +(r., -r ,) (4.1)

The eatinated state and rovariance are then propagated to the new epoch time. The

bime of last ..&t ,iding node passage prior to the last observation prorersed was rhosen a3i

t te new epoch time because this is how.l"SSPA('E(CO. propagates the majority ofsatelite

eporh.s (2-1:259). hecaue of simplifications used in the development of the propagation

routine, derrihb-el in detail in Section 4.4.1.2 below, we experted the tuodel to induce

frItl error in th, propagaied state and imnariancr. flecaus•e of this known source of error.

the estimalted mate and rovariance wuer propagated prior to differential corre•rtion. "his

allowed the DC to co r•-t the errors indured h" the prop.ogation routine and provide the

"ibst pssihble estimate for the calculation of ViA "T.

A balch of observation data anld the propagated tlate and rovariance are passed

to a diffetential crrr•ction routine. desribed in detail in Section 4.4.1.1 below. Upon

convergence, the DC returns A crrrec-ted state- and cocariancr. which are then declar" the

new estimater Another 44t of NAI %i -Tý i% calculatet for the current o -wrwaliwn hatch
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based on the newly corrected state. While this data is not used in the analysis, it is useful

as a check to ensure the DC is providing "good" corrections. The flow of the dynamics

model is shown in Figure 4.2.

44.1.1 Differential Correclion Algorithm. As explained in Section 2.9 above,

USSPACECOM uses a combination of sequential and batch correction methods to correct

satellite orbital elements. It this research, we simplified the correction methodology to use

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

The correction routine begins when passed the current estimated state, t, and co-

variance along with a batch of observations, 6j. These observations are indexed by time

and the sensor producing the observations. A reference state, x', is set equal to the cur-

rent estimated state, it. For each observation time li, a predicted set of observations, O.

is calculated using SGPI/SDI4. S(;PI/SI)P,4 calculates the predicted observations as a

function of 1, and the current reference state, x'.

0, = O,(x(10 ),0,) (5.2)

The residual vector. r,. ix then calculated as shown in Equation -5.3.

0= 0.- 0 (4.3)

An obwrvation matrix 7, b- th ralculaWted for each I,. llcavae the snsors .of

the SSN report different types of ohb-rvatisnu (Orereurr Se4tion T.). 7, rould take on

differrnt dimensiuns for each of the di-ffrent observation typ* treported. The SSN rnisor,

ure vtodceld Dily report three oblsrvation, t.¢pes: Thre-. Two. and Iiwr (reference Sect ion

For cOmUpuIatIMal %implirity. 1^ was given a ronutant dimension (4x7) buld on

ObzA.rvation Tvyp, Three. whirh reports largtest s-t of data lazinmuth. elevatioti, ranr .

asd range ratu). Thr ohu-rvation matrix for Type Three ohwtrvatio, is shown below in

4.5.'1
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Equation 4.4.

01);; 0i0  Ofl0  at. Own0  OA10 Ono0

7i a1);; ai 04,o Orn awo 01110  Otto

04,A OR,, 0',i p~ OwnA OM,,) OA,

The observation matrix for 'l'ype Two observations (azimulth. elevation. anti range) will

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

UA( E) I(t,) e9A:(fm) BE:(t,) OE1(I,) OA:(i.) OA:(I,)
04,) oil. Ot, i.Lwf, 0 OAt, Ono -5

a= l. aOPt. apf0 a1, OR, .) 0314 1.) , (/4.5)

S--itR, Tr, -a:..- 0.110 an

0.0 0.0 0.0 0.0 0.0 0.0 0.0

The obwrvation matrix 6or type tiveP observactis (righ~t asrenmion and aerlinatioti) will

contain a two rtowv* ortft ucw astm,w brlim in t.*4,uai4,II *i.G

0.0 0.0 0.0 0.03 0.0 0.0 0.0

In thi- tatigxi. thr degattrnt.% tf ihr obMwrAliPI mattrix A-rrr cairtilailrd ,wumorivAyl

smiurK tEquaition 3.%% "tafv4 Weow. a.,. presintxi in Sreltn.- .1.3

~J7~ I I+



The incrementally -mal lAXk values used were experimentally determined by com-

paring the significant figures in the S(IW4/SI)P4 calculated observations shown below.

OJj (X0t0). ,J(ls

and

Oj(x(t0 ) + Axt(d!),t,) ().9)

The matrix suums 7 I 'i and 'I;TQ..' r, are t hen ralcu',ated for each Ii. IThe Sen-wr

rovariance matrix, Q,, is delpndent on the sensor reporting the obsermations. As with %i.e

T, matrix, it will be a different dimension based on the observ.iion type of the sensors.

but for the purpx,, of this model is held at a constant dimension (Ux-). Equations .1.10,

-1. 11. and 4..12 show the weighting matrix for Observation Type Three. Two, and Five,

res pe0t i rely.

04 , 0.0 0.0 0.0

0.0 0•0 0.0 0.0•,-" (-4.0o)

I0.0 0.0 t'U 0.

A 0.0 0.0 0.0

0.0 -, 0.0 0.0, 
4.11)

0.0 0.0 n& 0.0

0.0 0,0 0.0 0.0

, .O 0.0 0.1
.T 0,O.q 0.0

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0



As the matrix sums Ti' QT-I Ti and TT Qi ri are calculated for each ti, the running

sums

ST T Q•iT7, (4.13)

and

STT Q- ri (4.14)

are maintained.

After all observations have been processed. The ,iew state covariance, - is cal-

culated as shown in Equation 4.15.

. P. + FTiT Q ' (4.15)

where P-d' is the old, or a priori, inverse state covariance.

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

bx(tO) = PneW (P1 (iAod - X*) + E TTQ.i r,) (4.16)

with the corrected reference state then being calculated as shown in Equation 4.17.

x4+ 1 (tO) =x(t0) + bx(to) (4.17)

To prevent the DC from attempting to correct certain elements to a value outside

their allowable range, some checks and limits routines were implemented. [he three el-

ement, uf concern were B*, e0, and no. First, a maximum absolute value of 1.0 was set

for JP. If this limit was exceeded, the corrected BO value was reset to the uncorrected.

or previous re!.,rence value. This value was chosen as a reasonable wvlue based on the

statistical analysis of the current population. Additionally, if this B" limit is exceeded, IP

is remowvd from the RMS calculation for convergence.
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The maximum limits for e and it were set based on Eqnations 4.18 and 4.19, which

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

emaz(no) = 1 - RO(nf/p)1/3  (4.18)

na,(eo) = (1 - eo) 3 / p/R 3 (4.19),

A value of 0.0 was set as the lower limit for each of these elements. A check was

first performed on e0. If outsile these limits, the corrected e0 was reset to the previous

reference value. Similarly, if no was outside these limits, the corrected value was reset to

the previous reference value.

The correction is then checked for convergence. We .sr-d the weighted root mean

square (RIMS) of the calculated state corrections as shown in Equation 41.20.

RItMS = -/"(,a) /"-1(+)7 (to) (4.20)
V 7

If the weighted IMIS value is less than 0.01, the process is considered converged.

Tlhe corrected reference state. x;+,, and corrected covariance, P(+). are passed out of the

differential correction routine and then declared the new estimates. If convergence is not

dheclared. the differeintial proress begins again using x;+, as the new reference state.

4 I.. 12 ixiPgaltiOns Houtitir. Prior to peifforuing differential correction, the

epoch of the current estiniated element set is tiiiovCd to the time of tile last ascending

node crossing prior It) the last observation promested. To do this. arn analytir ilwthod was

decidtel upoin for roioiputationlal efficienuy and because t hi, is how the majority of Katellite

eporlis are propagated (2.1:259). Once, propagated to tilhe AM time., lhe state covariance

matrix is propagated to provide an vstilnat,, of how good fhlie new state vertor is.

"The elements used by S(;P are mlean K.,pleriain orbital elements. The llean elemients.,

in a sense, average out the j)'rtllrlubations over an orbit andl, thus, are only accurate for

longer.teriu predictions. Tio avoid any rciunulative dffe•-t. of propagating the orbit to any

placie in its pai h, thc aIcen~ling node crossing i. i.ed to provide a Consistrpill Point to av-tage

• In n n •*t* - -



the orbit. This also reflects what is done by the SSC's current differential correction

techniques as can be shown hi Figures 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 21r only when

the inclination and the eccentricity are close to 0 does the .sum of the two appear to be

fairly random. The divergence at higher eccentricities is due to convergence problem- of

extracting the true anomaly from the mean anomaly.

To proagate the mean Keplerian orbital elements, we decided to Nitially perform

element propagation for J2 peiturbations only. Also, the air drag and resonance effects are

not considered. Additionally, we made no attempt to incorporate the h and ii terms into

the propagation. Section 3.1 explains the derivation of the propagated elements and tile

state transition matrix.

Since the longest propagation time is going to be oln the order of ten days, the

exdcuswio of the resonance terms is expected to have only a small impact. For satellitez

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 Ihow good the estimate is The forgetting factor is actually a 7x7

matrix that is a function of propagation tiame. Additionally the forgetting factor could

be ,tulified to account for the air drag and resonance shortcomings ol the propagator.

hiowever, we decided against im.plementing thi.,, due to our time restrictions. We\u mace

anothwr simplification in our mudlel to assume the forgetting matrix was a diagonal

matrix with all the elements being identical, this effectively reduces our forgetting inatrix

into a forgetting scalar. Refrence (2-1:202) provides the baseline forgettitig sral.tr. usui by

I:SSPAC(ECOM. that we will u.e, providing it does not over eznphasize or dleemphasize the

estimate. Over ,tnphasi. will manifest itself as all estimate whirh tefuses to change thus

the first mi£d last pass residuals grow. Over deeutphasis will bh, estintatls which flurtuate

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

4.j1.2 .leteri E.rrruliun. The primary prog.anm implentratihg this, model is called

DIFC. Six additional Turbm Pascal units provid.- routine,. necmesary to support the main
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program DIFC. Source code listings for these units, described below, can be found in

Appendix D.

* DC INT. Unit containing constants, variables, and declarations needed to initialize

the DC and interface the DC with the other routines.

* DCCALC. 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.

* LOWB. Unit containing routines for reading SSN sensor locatiuns and weights data.

* DC OUT. Unit containing routines to output program results in standard formats.

Dl; c accepts as input a 2LEsatnr.DAT file containing the initial estimated state (or-

bital elements), a CO1 'satnr.DAT file containing the initial estimated state covariance, and

a RO-sat..r.nnX file, specifird it: a command line parameter, containing random observa-

tCons. Recall that tlh.s file contains randont observation set X, at observation rate nn. for

satellite satnr. DIFC alitoinatit ally reads the SENSORS.OBS and SENSORS.COV data files

containing ihe SSN sensor lecation and weighting data. The correction interval and desir,,d

number of corrections are sp.rifie-d as '-owmand line parameters in the following format:

DIFC RO-samr.nnX aa bb

where aa is the desired 'orrection i'iterval iti days and bb is the ,h-sired nuniber of cor.

re-ciors to be perfoructd. lie aware that 'Ne product ;4a.bb must b-, less thatt the total

tnumbher of days of observatimo. data in 0i qO-satnr.nnX fib-.

DIFC outpuh, thrme difrerent filves:

* F'ile Fsatnren.aaX onatilning obervation time (exp'es.,tl in days since rpch of the

original estimate elset) and the VMA(;T prior to differential vorre-tit-in.

* File Lsatnrnn.aaX containig observatit,n timeu (expresrd! in clays since e•oh of the

original ,stimate erset) aqd the VMA(GT ;-ft,-r differential correction.
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* 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 rawndora 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:

* Matrix and Vector Operations. Intensive verification of all matrix and vector opera-

tions used within our differemtial corrector model was performed using the Mat Lab4

numeric computation software package, QuatroPro1 spreadsheet calculation software,

and in some cases hand calculations. Test routines were placed in the progrant to

print the values of matrix and vector elements prior to, and following, all operations.

"T'hese same input val•ues were used to perform t he same matrix or vectoroperations

using one or both of tihe software packages discussed above. This procedure was

performed several times, for different test cases, throughout the development of the

model.

* Numerical (alculation of OIu6ervation Matrix Elements. Stnterical accuracy of the

variables used to calculate the elehtents of the observation matrix were verified man.

utally. Test routines were placed in the programs to print the values of the variables

used to calculate the lemtnepnts otf the T, matrix OI(x(vo). t,). o({ x(ti) a&(Io). t,

and "Ax(to)). The"| 1 nume1 r of significant digits present in the difference calrulations

were examined.

* Dynamics Model Flow. The proper data flow of information in the progr-im. as

well as the inpui and output of data by the promram wa.s verified by examining

.M~at Lab ii a trad.ark -of Th., ,tathW\orL. ro-.
:lQualrnPrci i: a 11,4k-walrk af Boa i~dat rrgoatinai.
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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 model 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 Obsrrvation Rate/Ulplate Interval Selection. The differential 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

('apability Study (reference Table 2.9) and used by the USSPACECOM tasking program.

as described in Section 2.7. show required average observation rates of between one and five

ob.servations.-pr-day. A review of the typical observation tasking for routine satellites, as

shown in Table 2.12, shows current observation tasking on routint, satellites being between

approximately four and nine observations.per.day. Based on these values, we chase to

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

The Ssc's autonlatic element smt update process flags a routine satellite for a difter.

ential correction every 2-1 hourg (reference Section 2.9.2.1). Based on this data. we deridedl

tI examinw update intervals of two, four. six, and eight days.

4.5. ? .Alaiar Carlo Anal.ysi.s. One purpose of simulation is to thoroughly examine

an alternative by generating values for tih' random variable at frerci•ewis indicarted 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 are 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 simulations will run for the various combinations of cor-

rection interval (IUPI) and number of batches used for correction. Observations will be

calculated for a period of 60 days. To test the ability 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 Pach 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 detertined by the number of simulation trials. To estimate the number of trials. we

utiilized a method suggested by Lapin (20:504 5109).

First. we g9urssed a value for the samuple deviation. Based on the assumption of a

uniform dist ribution, lapin suggests the following rule of thumb for making such a guess:

Largest Value - Stiallelst Value
as =(4.21)

Since the SS(* flags. hservations. for eletuent get iilnlate if the positieon error is 1H

kilonwietrs or greater. we Set our largest value to 1-1 knl. Tlhe s.1nallest polsible ,aulu is 0

kmi and intdicates a perfert prediction of the satellite position with restxct Ito th• mieasiuredl

po.itio.l, lla.%ml Oil E1luation .1.21. a, = 2.333 kilometers.

To determine in. the' nutnlwr of trial..s t. th level' of prevision (ii) and reliability (1

111lst h establisheil. Lapin ef'ines lpr'cision as the mIaximunl deviation frot the' true vi.!ui-
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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:

z2 2

n = 2 (4.22)

As an initial trial, we select a value for d, based onl 10 percent of the largest value.

Therefore, d = IA kilometers. At the .90 reliability level, the normal deviate is z = 1.65.

Ba.sed on these choices, Equation 4.22 gives a value

(1.65)2(2.333)2 =7.56;znl = =75
(1].4)2

At the .95 reliability level, z = 1.96 and the value for Equation 4.22 becomes n

10.67. For thie ptirpose of our Monte Carlo simulation, we chose to execute 10 runs for

each case.

4.5.3 IVarianr. RIh'eition. Of the two variance-reductiou methods discussed in Sec-

tion 3.. the only variance-reduction technique we will use is common random numbers.

As discussed in Sertion 3.4i, a fundamental requirement for using A\'s is that the random

variables must be mnotnotonic. After some inspection of our model, we determined thie

random numbers are not mnonotonic for the following reasons:

* For the observation selections, it is exipeted that an ob.Arvation that fell relatively

clrse in time to another in one replication, would not behave any differently in its

antithetic pair replication since hoth observation., would occur at a different time but

still rlose it eahrl other. The nlaxitnunt benefit would occur if the observations were

spread out (suppoidly).

* For the observation niose. an error elually in one direct ion probably would not behave

much differently than its antithrfir pair observation. A negative large error would

have an antithetic pair error of a large positive error bhoth impart tile systetu
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negatively. In general, observations closer to the mean behave better than ones more

distant.

4.5.4 Data Analysis. The major measure of performance of the differential cor-

rector model for the various 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

VMAGT, = E(VMAGT,) N 0VMAGTX, (1.23)N

Var(VMAG'I,) = E=,(VMAGT,, - VMAGTt)2  ('1.24)
N - I

where x indicates the one of the 10 different Mlon;x Carlo runs (A thru J), anti N is tile

total number of VMAGT measurements taken since steady-state was declared for a given

runs.

A 99 percent confidence level (99% CL) for each VMAGT (99('L(VNIA(;T',)) was

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

99L(~l(1,)=VNIAG(, + 2.32635~(VrV A~) (.1 -425)

where 2.32635, represents lite one-sided standard normal .q9 portent confidence Itvel.

1'ring variations of Kquations 4.23 and 4.24 wit It the mean, variance, and 9!) percent

ronfidence level values calculated froin all 10 Monte Carlo runs (z = A through J). the

fiilowing means and variances were then calculated:

E( E{VM A(;'I'.) ) Var{ E( \' A{ ;', ))

E(Var(VMA(T1',)) 'ar(I'ar(V NI A(',I'))

E(99. 'I.(V*l AG', I }'a r(99('L( V:•l A(,T',)
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Recall that the 100(1 - a) confidence interval for any value 2,:n) cain be calculated

ai shown below:-
E(Z(n)) ± Zc,l/(F/ar(7g(n))) (.1.26,1

Using Equation 4.26 with a = 0.05 (z/ 12 = 1.96) the 95 percent confidence :'Wtei ,als

for E(VMAGT,), Var(VMAGT,), and 99CL(VMAGT,) are calculated as shown in the

three equations below:

E( E( VMAGT,) 1.96 (FVfir E7(VM AGT:))) (4.27)

E( Var( VMvAGTr,)) ±1.96 ( Vur( Var(VNMAG7Tr))) (4.28)

E( 99( 'L( VNMAGTJ)) 1.96 (\ Vur( 99( 'L( VmAGTAr)) (4.29)

The results from Equation ,4.25 were also used in the performance of an analysis

of variance (ANOVA). For each lUPI/OPI)/Monte Carlo run, the 99 percent CLi was

calculated. Using 1,1PI and OPI) as main effects, a two factor ANOVA was rondurted

on the 99 percent (?1. for each satellite. Tbis analysis allowed quantitative determinations

concerning the effects of 1I,1P1 and OP ) on observed VNIMA(T.

Once all of this statistical data is computed. the data from each .ample satellite will

be examined with respect to four performance meaiures:

i. -First V,%"u" VMA(;T values

2. *,Ast.pai VMtA(;T values

3. OPI) ffec-t on the 99 percent (T.

.1. I. API effect on the 99 percent (C.

, t. ,t.tistical differelnres in OPI), 1,17M. and O,)/l.1'"l interaction effecs.
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V. ANALYSIS OF EARTtH SATELLITE POPULATION

The analysis portion of the earth satellite population was divided into four categories.

The first section deals with the composition of the current population.' The second section

deals with an analysis of the J2 perturbations. The third section deals with the development

of a satellite class;.fication scheme based on orbital elements. The fourth section combines

the results of population, J2, 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

chapter. The analysis was done on the most current data available. Appendix F rontains

the code and sonme brief descriptions as to how the current satellite population data set

was determined.

Table 5. 1 shows the populations of each of the :12 Gabbard Classes. The most pop-

ulace classes have altitudes less than 2000 kin. except for Class 312, which inclutds the

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

Figure 5.1 shows the density of satellites in (la;Ne.zs 1 16.

It is difficult to make any conclusions about the nistributions of satellites ini the

Gabb:.rd classes. However, the relative numbers indicate most of the snatellites f4kll into

eight dilferent rla.ssm.

Iletitles the clistributions of satellites in the Gabbard clasu,,', we analyzed the distri.

hutions of the two-line elements in the curretil population. Table 5.2 gives the minintum,.

lnvall. mt-dian, anti nItaximilltl for i &,rh of thpeorbital elements in the two.line ell-ment stits.

Vipures 5.2 through 45.i ilmw the distribution% of eccntricity, inclination, and hotai

nwean motion. "Eh'l distributions of the other elenients are in Appendix V.

{Cuttrnt populatnhI reis- to the fitat two lina ,-1m-rat Wt alh-i I March 19990.. rb,- 1990 populalion to
*Aumrq to fn e-pt#t thr ruftrnt population of SAiC1htc1.

5l0o 3414144ut.-0 " of WI faJll into mights 4 l ,m.
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Table 5.1. Satellite Population Within Each Gabbar! Class.

Gabbard Apogef Altitude Perigee Altitude
Class Qty. Pct. F Mn Max Min Max

% km___km kri ki km

1 189 3.10 0 575 0 575
2 153 2.51 575 1000 0 575
3 1635 26.85 575 1000 5T7 1000
4 295 4.84 1000 2900 0 575
5 939 15.41 1000 2000 575 1000
6 1378 22.62 1000 2000 1000' 2000

7 77 1.26 2000 3000 0 575
8 136 2.23 2000 3000 575 1000
9 85 1.40 2000 1 39 1000 2000
10 '1 0.07 2000 7...000 2000 3000
ii 37 0.61 3000, 5555 0 575
12 17 0.77 35555 575 2000
13 32 0.5•3 .3,3000 555, 2600 3000
14 8 O.- 3000 3700 3000 :1700
1,. 30 A.119 3700 5515A 3000 3700
16 0.10 3700 5555 3700 5555
17 173 1:14 '55,5m, 35000 0 575
1." 68 1.12 -55,55 35000 57.5 2000
19 4 o.o7 55,,.5! 35000 2000 3000
"20 0 0o 0 5555o 35000 3000 3700
21 0 0.00 M55 35000 1 3700 55m,

, 22 .4 0.07 n555 11110 -555 11110

23 .1 0.07 11130 30"0 5555 11110
241 79 1.30 11110 35000 13110 35000
25 7t, 1.25 35000 0o 0 S75
26 15.1 2.53 35000 oc 575 2000
27 U8 0.95 35000 . 2000 3000
28 25 0.41 35000 o 3000 3700
29 34 0.56 35000 oc 3700 5555
30 3 0.051 35000 ;Jk I5J 1310

33 16 0.26 35000 1c11330 MA00
32 313 5.6. L 300W 3 50 0

ALL 6092k 100.0 0 0. o ___.
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FREQUENCY HISTOGRAM
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After examining the single variable cases we generated some two-variabt d 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.

SCATTER PLOT

350 q he'•

300 -

o ____•_•
0250

u 200

I..

¢.l0
ISO

r~100 _____

U '.

0 50 100 150 200 250 300 350

Arqument ot Periqee in deqreei

Figure 5.8. Scatter Plot Argument of Perigee and Mean Anomoly.

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

anomialy at epoih is converted to the true anomaly at epoch.'

This correlation indicates the suim of the true anomnaly at epoch and the argument

of perigee is nearly constant. This finding is consistent witll the ICACS procedure of

propagating an orbit to its ascending node crossing. The only case where the ascending

no0e crossing is not well defined is when the inclination is near zero. Figure 5.10 shows

the rolation bet•.sn the inclination and the angular difference front the nodle.

As Figure 5.10 shows. tnost of the large deltas front the node occur at near zero

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

omrt efrrot" air ihirotldts- in rXtzratilg the true anomlay IfIo the Rican anoma•y. The elrorto ur
Kttratirt when rereatrihrty i% latgr.
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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.

SCATTER PLOT

0.6 -•' '__

0.6

U

0.4
iii

0•.2 - _____ _____ - • .

- 4----4--
-150 -I00 -5O 0 s0 100 ISO

Angle ftom NMode Ln deqrees

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

When both sources of angular diflerences front the node are taken into account. there

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

Another interesting result is the relationship between eccentricity and the Koozai twan

imotiou depicted in Figure 5.) 12. The triangular shape is due to the fact that for a particular

orbit, the Kozai mean motion has a limited eccentricity, otherwise the orbit interscts thi,

surface of the earth. Equation 5.2 (Figure 5.131) shows the relationship btween the wean

motion and eccentricity to have a closd orbit which dosm not intersect the earth's surface.

etr ' =-r)



implies,

e < I - 213R (5.2)

Since SGP4 does not use the time derivatives of mean motion which are contained in

the NORAD two-line elements, h/2 and fi/6, we were interested in finding if there was some

way of deriving the vaiues of 4/2 and fi/6 from bstar (B*) and possibly other elements.

Figure 5.14 shows there is no functional relationship between B6, h/2, and fi/6.4 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 determine the time derivatives of the Kozai mean motion, we do not have any

way of differentially correcting fi/2 and fi/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 t'he limits on eccentricity

given a particular Kozai mean motion. And finally, we generated a plot showing there was

no functional relationship between Y%, A1/2, and hi/6.

'Appendix F rpntainf the .%idi view.s of thetr-diminai plot for thoe of ua who have trouble
Vi.,aaliaing three LimrtuioMu on a Iwo-diwnsiotnal Ahvt of paper. Figures E.. E.S. and E.9 are the
relevant lwa!ief plot*.
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5.2 Perturbations Analysis

There are two reasons for looking at satellite perturbations, specifically the J2 per-

turbations; to identify the magnitude of the perturbations due to J2, 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 perturbations is performed in this section.

Figure 5.15 shows the magniiude 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 eccentricity is at its maximum.5 Figure 5.16 shows the differences in M0

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-
I

tions are largest when the eccentricity is at its maximum. Figure 5.18 shows the differences

in Q between the mnaximum possible eccentricity and a zero eccentricity.

Figure 5.19 shows the magnitude of the time derivative of the argument of perigee

w. 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 nmaximnum. Figure 5.20 shows the

dilferences in cb between the inaximunt possible eccentricity and a zero eccentricity.

The next four graphs, Figures 5.21 through 5.24, show the effects of varying one of

no, r0. or id, while holding the others constant. The perturbed elements for the following

graphs are Ila anti w.. We consider 1al an unperturbed element since for our purptxpes

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

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

'Thr Iperturbation i%' a function or mean motion, inclination. anal et-u-etricity. 'ro make the perturbation
"Oplot-aIe%. wt. elininatdra the crentirity depend.-nce. For Vari mean motion value a maximum Ct'eeti Tir.
ity 6 romp uted "ttg Euation 5.2 and the rouht in "tMl irk the perturbation eqnation. thu-6. eliminating
the rrreurIirty dependefner. The perturbation for a given me-an motion antd inclination in then ptcutt-d.

'T"o ue the effects of eliminating the ivenitirity drpendene- of the perturbation. the ewrtorbation"
where ali.,, rumpute|l lot a Irro eerntiric-ty inteael of a maximum crenttirity. The leto eerentricily re'olt
wax Subtrarted from the mallirnum ectentricity result Ahowing eccentricnlty' impart -M the, perturhation
fat a given mean motion and inclination.

5-13



HAXIMl RATE OF CHANGE OF THE HEM ANOKAL.Y AT EPC (lOdot)

M~doc In deq/day

15

I In Ldog

an V* tv/day

is
0

Figure 5.15. Perturbations on Mean Anomaly at Epoch.
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Figure 5.A7. Perturbations on the Ascending Node.
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due to mean motion are set to 1 at the maximum possible mean motion. Eccentricity's

perturbations are set to I at its minimum value since the effects "explode" at very high

eccentricity. And finally, the perturbations caused by inclination are normalized to I at

the maximum perturbation value.

IM.AJN MTtON tFLUP.NCE ON NOOF. AND PTA tGP. MOTt X

C.11

;0.4

a.,'

Figure 71.21. Mean Motion Influenre on Node and Perigee Motion.

As can he seen by this section. the perturbation effects due to J7 are very small, anti

ecrentririty's inipart is orders of magnitude lesw than ith- others sinre the tuean %notion'%

perti rbation d."ps off faster than the orcentrivity's perturbations ran grow.
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Figure 5.24. Inclination Influence on 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 J2 perturbations. After examining the distributions of satellites within

the Gabbard classes and the impacts of the J2 perturbations we decided to create our own

classification scheme based on the perturbations the satellites experience. The population

of satellites was 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 ngo, e0 and io on both the argument of perigee (WO)

and the ascending node (f20) 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 inclitiation effects on Q and ý,. There

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

Table .5.3. Sign Effects on Perturbations l)ue to Inclination.

Inclination Sign

(Igtletre +1- +1-

i < 63.,1350 +
6:1.11:150 < i < 90.0000 j -J-

90.0000< i < 116.56,18 - +
i> 116.56,19 + +

Ilstead of using just the four inclination ranges corresponding to the four romlbi.

Itit ionIs (if ý, and i effects, we created two additional "deadbands" about the critical

inlchniations. The deadbanlds were picked to be a total width of 0.1 radians (about 6r)

wide, based on a closer inslpection of the distribution of satellites niear this inrlination with

highet erceut ricities( Figure F.10). Table 5.4, summarizrs the six inclination rlases.

Besides iurlination rlahes., we divided the itian motion into four rlasss. "l'The iutntlwr

of Classes was pirked Momewhat arbitrarily blut with so.m logic behind the derision. The

first dlam, divisiot we decidled upon was the 225 minutie prioil usel to differntiate between

lhe S(;l',1 and SI)l,4 orbit propagation zijtdele. We also created two other divisions: one

r)20



Table 5.4. Orbital Classes Based on Inclination.

Inclination Inclination Sign
Class Min Max c, fldegrees degrees +/- +/-

1 N/A 60.5702 + -
2 60.5702 66.2998 0 -
3 66.2998 90.0000 - -
4 90.0000 113.7000 - +

.5 113.7000 119.4296 0 +
6 119.4296 N/A . +

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).

Table 5.5. Orbital Classes Based on Mean Motioln.

Mean Motion Mean Motion
Class Min Max

rev/day rev/day

I N/A 6.4000
2 6.4000 12.6633
3 12.6633 15.4891
4 15.44891 N/A

Due to the pre.vious analysis on J2 perturbations, we decided let the eccentricity

classes come from the mean motion classes. Figure 5.25 illustrates what was done. By

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 which are at the intersections of the mean motion and maximum eccentricity

line. These three eccentricities 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

,value was dropped anti the remaining two eccentricities were used as the (lividing lines for

eccentricity classes (see Table 5.6).

"Table 5.7 defines each of the classes. lo better illustrate the claiwsifications Figure

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

D Eccentricity Eccentricity
Class Min I Max

1" N/A 0.179665
2 0.179665 0.479510
3 0.479510 N/A

MAXIMUM ECCENTRICITY AS A FUNCTION OF MEAN MOTION

0.8

US

0.4

0~ 10

M04n MotIon in etv/44y

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 i Max

_ ..... rev/day rev/day degrees t _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 15.4891 N/A 90.0000 113.7000
5 113.7000 119.4296
6 119.4296 N/A

MAN NOTION AND ECCENTRICITY CLASS DIVISIONS
1-

0.3

U
ua0.4

J.5, i ti

F'ilzre 5.26. Me1an Motion and Eccentricity (lass Divisions.

With tle rlas.,es described as in Tabi, 5.7. the FORTRAN code for de-oding the

twoiine, orbital 'lpnwnt wts was snodified to also output the satellites into their respective
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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.

0 E Qt. Mean Motion Eccentricity Inclination
Class Qty.. Pct. Mini Max MinJ Max Min [ Max

-1 % rev/day rev/day -- I- 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/A 6.400 N/A 0.179 60.57 66.30
1-1-4 2 0.03 N/A 6.400 N/A 0.179 90.00 113.70
1-1-6 1 0.02 N/A 6.400 NA 0.179 119.43 N/A
1-2-1 14 0.23 N/A 6.400 0.179 0.480 N/A 60.57
1-2-2 5 0.08 N/A 6.400 0.179 0.480 60.57 66.30
1-2-4 2 0.03 N/A 6.400 0.179 0.480 90.00 113.70
1-3-1 192 3.15 N/A 6.400 0.480 N/A N/A 60.57
1 -3-2 249 4.09 N/A 6.400 0.480 N/A 60.57 66.30
1-3-3 74 1.21 N/A 6.400 0.480 N/A 66.30 90.00
2-1- 1 73 1.20 6.400 12.66 N/A 0.179 N/A 60.57
2. 1 2, 119 1.95 6.400 12.66 N/A 0.179 60.57 66.30
2-1 3 647 10.62 6.400 12.66 N/A 0.179 66.30 90.00
2-1 4 458 7.96 6.400 12.66 N/A 0.179 90.00 113.70
2 1 6 4 0.07 6.400 12.66 N/A 0.179 119.43 N/A
2-2-1 43 0.71 6.400 12.66 0.179 N/A 'N/A 60.57
2 2 2 20 0.33 6.400 12.66 0.179 N/A 60.57 66.30
2-2 3 46 0.76 6.400 12.66 0.179 N/A 66.30 90.00
2 2 4 8 0.13 6.400 12.66 0.179 N/A 90.00 113.70
2 2 6 2 0.03 6.400 12.66 0.179 N/A 119.43 N/A
3 1-1 302 4.96 12.66 15.49 N I N/A N/A 60.57
3 1 2 571 9.37 12.66 15.49 N/A N/A 60.57 66.30
3 I 3 1631 26.77 12.66 15.49 N/A N/A 66.30 90.00
3 1 .I II11 18.24 12.66 15.19 "N/A N/A 90.00 113.70
3.1.5 .1 0.07 12.66 15.49 N/A N/A 113.70 119.43

3 1 6 I1 0.I1 12.66 15..t9 N/A N/A !19.43 N/A
•1 1 l 25 0.43 15.49 N/A N7A N/A N/A 60.57
4 1 2 26 0.43 15..9 N/A NA N/A 60.57 66.30
4 1 3 13 0.21 15.49 N/A / A N/A 66.30 90.00
• 1 .1 6 0.10 15.4I1 A/A N/A N/!A 90.00 113.70

OT1-I Els 10o

ALl, 6092
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5.4 Representative Satellite Selection

In order to pick a representative satellite from each of the iewly formed classes, a

Mathematica function was written to read in an entire class of vatellites and then compute4

which satellite came closest to the 'average satellite' for the clasb. We decided on using this

approach over using the average because we wanted 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 epoch 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 constantly thr6ughout the orbit

it was an unnecessary restraint. Appendix F ha; 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 tVe classes, we decided to hand pick a repre-

sentative sample of classes (satellites) to perf-irm our analysis on the differential corrector

model. Table 5.9 shows the classes and the satellites picked. Three factors were part of

the decision process at this point. First, we wanted to select classes which had particular

types of satellites. For instance, Cla:.s I I 1 contains geosynchronous satellites. Second.

the classes with the most satellites were selected for further analysis. (lasses 3 1 3 anti :1

1 4I were selected for this reasont. And finally, some classes were selected for added diversity

in our analysis. ('lasses 2 2 3 is an example rf a class selecttd for added diversity.

Table 5.9. (lasses Selected for Differential Corrector Model Analysis.

ji (cl.ms (Catalog Nmn-lr C liss Catalog Numlber

I 11 151.31 3.1•O
i i 2 15259 3 1.2 1".1--13
1 3 2_ 1-1191) 3 1 3 106-13

2 1 .. 10293 :3 1 4 17-11•,
2rr 1 -13 - 1 110335"•'-iT-t 'Ini:i _ _ __o.3

2 2 3j- MOWt9 -1 1 2 15__-I
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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 classes (4-1-1, 4-1-2, 4-1-3,

4-1-4). Consequently, 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 o01 90111.81766866 1 Aug 92
16640 000 90110.75000000 05 Apr 86
02673 000 90101.75891899 13 Dcc 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
131774 000 90107.44919305 15 May 82
01073 000 90063.498597,14 12 Nov i,,
01,173 000 90081.29833724 13 Mar 69
13097 000 90118.78672990 21 Mar 82

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 "average" 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.

Table 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 methodology discussed in Chapter IV, 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 '10 random observation files; 10 random

observation files for each of the four observation rates (two, four, six, and eight) to be

tested. l'ach random observation file was then processed through DIFC for each of the

four I, Pls (two. four, six, and eight days) to be tested. The first-pass and last-pass

VNA(;T errors (residuals) for each random observation file were calculated and stored to

the appropriate files based on ,UPI/OPI) combination. As disrus.ed in ('hapter IV, a

fixed mean motiou variance limit of Io-'s rad'h/min was used.

6.1 A|may~is of Iudividual Sairlhir VM.4; 1Data.

Foir each satellite/131PI/O1l) combination, all data from thr 10 VMACT filft.I were

plotted in rrbnjumletion with a four-day moving average using the Mathetmlatica Moftware plot

'Thr Jigetr'ar'r tw-it-'n 42 daou-s aud t,xx.4 T I2 6 that ' of the rhnmbiAtio"i of #a. ro. And no ate
imjaioiwie.

ii.-I



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:

1. "First-pass" VMAGT data. Expect to observe reasonable values (approximately 14

kin or less for near-earth satellites and 20 to 40 km for deep-space satellites), a
"saw-tooth" correction pattern, and no trends or serious outlying data.

2. "Last-pass" VMAGT values. Expect to observe steady-state, randomly-distributed

values at a level less than first-pass values.

3. OPD effect on the 99 percent CL. Expect to observe that 99 percent CL value de-

creases as OPD increases.

4. LUPI effect on the 99 percent CL. Expect to observe that 99 percent CL value

increases as LUPI increases.

5. Analysis of variance (ANOVA). Expect this analysis to verify statistical differences

i, xist in 99 percent CL value results based on effects of Ol11) and LIPM combinations.

6.1.1 (Class I I I (NORAD aCatalog Number I1I51). A summary of the ronlidenre

interval analysis and the VNIAGT graphs for all LVtPI/OPI) combinations tested for this

satellite are located in Appendix 11.1. Data analysis with respect to the perfortnance

measures above indicate the following:

0 Examination of the first.pam VN\IA(;T valtes for this satollite.indicated two peakks.

The peaks. for residual values occurrei in the periods of Days 2 through 10 and

l)ays 36 throtgh i.16. We blieve this indicates a problem with the differential cor.

rector program correcting to. and propagating. a bail 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.

* 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,

* Examination of the LUPI effects on the 99 percent 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.

* ANOVM indicates there are differences in results based oai OPt) and LUPL. However,

there appears to be no difference in results basod on tie interaction of LUlI and
OlPI).

6.1.2 (lass 1 1 2 (NORAD ('atahdo Numnber 15259). A sumnmary of the confidence

interval analysis and the VMAGT graphs for all 1,1'PI/OPI) couibinations tested for this

satellite are located in Appendix 11.2. IData analysis with respect to the performance

measures above -ndicate the following:

E. amination of the first-pam VMA(;T values for this satellite indirated reasonable

and consistent data with expected results. However, with the data front IPI 8,

there is a noticeable peak in the data during Blatch 5. This elfewt ntay be due to the

DC' producing a bad ratinmate at the end of nlath I 1. Additiottally. the 9.9 percetml

Cl. for the best possible l.t'Ph/Ol') combination (9/2) was well below the 1.1 km

VMAI; limit used by USSPACECOM.

* Examination of the lest.pass VMA(;'T values showed randeomly.distributed. steady.

state value at a hlevel less titan first-pa.s values.
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a Examination of the OPD effects on the 99 percent CL show that the 99 percent CL

generally decreaser as OPD increases. OPI) 4 for LUI'I 2 and 4 increased slightly

but decreased for the 6 and 8 OPD. This decreasing trend was the expected result.

* Examination of the LU1I effects u-1 the 99 percent CL show that, for OPI) 2 cases

with this satellite, the 99 peicent CL increases as LUPI' increases. This was the

expected result. lHowever, for the OPI) 4, 6, and 8 cases, the large overlapping

confidence intervals niake a determination impossible.

* ANOVA indicates there are differences in results based on OPD and LUPI. Addi-

tionally, there appears to be a difference in retsults based on the interaction of LUPI

and OPD.

6.1.3 ('Clss 1 3 2 (VNORA D Catalqg Nunber 14199). A summary of the confidence

interval analysis and the VMA(T graphs for all LU ,PI/OPD combinations tested for this

satellite are located in Appeidix 11.3. Data analysis with respect to the performance

ameasures above indicate the following:

* E'xamninaation o1 the Iirst.pass VNIA(T values for this satelite showed large values

with occasional peaks with a slight positive' slope of the data within batches. The

large \'24A(;'' values are lrobably dlue to the properties associated with the orhital

dynamics assctriated with this class.

0 E:xanminaation of the lista-pa.s VNIAGT values showed randtmIly.distrihutel, st.radyo

state values at a level le,' than lirst-pa.ss Values,

• Exankiflation (if the ONI) effects otn the 91 perremt (I. show that. for all cares with

this satlellite. the 99 percent ('I. delrea.r s as ON) ilorreas•s. Thi% was the exIem'rt"d

resuilt.

0 E~xamination eo(the I. PI eftertson the 99 percent C1 show that, for theOPt) 2 cases,

the 99 percent VI. increases as .IYPI increa,,es. For all other ram-s. tlhe cnfidrnci

interval. are very large and overlapping, and the 99 percent Cl are not .ig1ilicantly

differenl e-maemgh to draw at1y conclusions.
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* 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 10293). A summary of the confidence

interval analysis and the VMAGT graphs for all LUPI/OPD combinations tested for this

satellite are located in Appendix 11.4. Data analysis with respect to the performance

measures above indicate the following:

* Examination of the first-pass VMAGT values for this satellite showed small values

which showed occasional peaks and a slight positive slope. The 99 percent CL for

the best %mosible LUIIl/OPD combination (8/2) was well below the 14 km VMAG

limit used by USSPACECOM.

* Examination of the last-pass VMAGT values .:howed randoinly-distribitted, steady-

"state values at a level less than firstpass values wi.th a slight periodic effect.

* Examination of the 01"D eff-cts on the 99 percent ('l, show that, for all cases with

this satellite, the 99 percent CL decreases as OP ) increases. this was the expected

result.

* Examination of the UI-11 effects'on the 99J 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 future research by

increasing the number of random observratiol runs.

* A-.OVA indicates thero are differences in results based oan 011) and IXPI. There

may be a dilrerence in results has.d on the interartion of LrI.IPI and OP1. loW-ever,

tho ANOVA results are the sUnw to the Itwas.4urld arcutrAc anti no determination

can be made'.

6.1.4 (.U".a 2 1 4 (.NORA D) ( "aMi4o .umbrr JO.?pl). A suummary of the runfidenw

interval analysi• and the VMA'I" graphs ior all I.'PI/OPI) cominathi-". tctrtd for this

satellite are located in Appendix Ul.S. )ata analysis with respect to the pedfo-mauce

"nwasurers abmve indicatc he hfolloring:
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e Examination of tie first-pass VMAGT values for this satellite indicated small, rea-

sonable, and consistent values with a slight positive slope. However, the 99 percent

CL for the best possible L11PI/OPI) combination (8/2) was well below the 14 km

VMAG limit used by USSPACECOM.

* Elxamination of the last-pass VNIACT values showed randomly-distributed, steady-

state vahjues at a level less than first-pass values.

* Examination of the OP|) effects on the 99 percent CL show that, for all cases with

this satellite, the 99 percent CI decreases as OPT) increases. This was the expected

result.

* Examination of the LVP! effects on the 99 percent CL show that, for all cases with

this satellite, the confidence interval overlap of the 99 percent CL makes a determi-

nation impossihle for this sa.ellite. WVe believe this situation could be eliminated in

future research by increasing the number of random observation runs.

* ANOVA indicates there are differences in results based on OPI) and LIYPL. However,

there is not a difference in results based on the interaction of LtPI and O'Il).

6.1.6 ( Inas 2 2 3 (NORA D CaUnllg Xuuinr , A summuary of the ronfidenre

interval analysis and the VM\.AT graphs for all LCI'IOPI) combinations tested for this

sateilite are located ;n Appendix 11.6. Data analysis with respect to tia performance

Mraflures above indirate the following:

" Examination of the firstpasn VIIAlT -alues for this .atellite showedI snall. reason.

able, andt con-.Oitejt Valnue with a slight positive slope. The 99 percent ('L. for the

btl I.IPI/OPI) combination (v12) wa wrell beWow the 14 kint \,IA.; lin;it n"d by

t',SPA( tCOX.

" 'xarnination of the lasI-pa.S X\A.(;" ValuVs .ihoud steadth.,late Va-ur, at a ]evd

less thail 6rst.paM w-juers. The (lata AIO ahhowed a %light petiidi- effect. darnp•.g

with •cac, strcrsive batch msr-rtiun.
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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.

e 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 research by

increasing the number of random observation runs.

* ANOVA indicates there are differences in results based on OPD but not or LUPI.

However, there is a difference in results based on the interactior, of LUPT and OPD.

6.1.7 Class 3-1-i (NORAD Catalog Number 01996). A summary of the confidence

interval analysis and the VMAGT graphs for all LUPI/OPD combinations tested for this

satellite are located in Appendix I[.7. Data analysis with respect to the performance

measures above indicate the following:

* Examination of the first-pass VMAGT values for this sstllite showed a severe posi-

tive slope on all batches. This trend becomes noticeable on the LUPI 4 combitiations

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 too exact (very small) and therefore the diffTrential corrector is not allowing

the elements to be corrected. Despite this apparent problem with the 0C(, the 99

percent CL for all LUPI 2 combinations was below the 14 km VMAU; limit timdl by

USSPACECOM.

* Exiomination of the last.-pass VMAGT values showed value% les. thaii firstpase values.

However, the data showed a dlight periodiic effect with peat:s at the. og.iusiing ahd

end of each batch.

Sl',xamifation of the 01)1) efl'ects on tlie 99 ptercent C(L show that, for -.0i case exr-,pt

the LUPI 2, ()Pl) 8 combimatioz3, the' 99 percent C(, decreases as 01I) inrr'i-.fs. In

the IIPI 2, 0I1l) A conibinatioii, tle large overlap of thie confidene intervals laikes-

a determinatioo impossible. lhese resl!s arp cousistent with those exp.rted.
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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 LUPI. 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 all LUPI/OPD combinations tested for this

satellite are located in Appendix 11.8. Data analysis with respect to the performance

measures above indicate the following:

* Examination of the first-pass VMAGT values for this satellite showed a slight positive

slope out all batches. Despite this apparent problem with the DC, the 99 percent CL

for all LUII1/OPD coibinat-ionS with LUPI of 2.4, and 6, was below 14 km VMAG

limit used by USSPACECOM.

* 1'xainination of the last-pass VMA(;T values showed values less than first-pass values.

Howevcr, the data showed a periodic effect with an apparent slight upward slope of

the data withini each batch

* Exawinatioii of the 01'1) effects oil the 99 percent CL 0low that, for all cases except

all OPD .4 co;mlhinations, the 99 .vercent CL d.•creaste a. Ol4) increases. In all 0I)

8 comihitations, the large owerlap of the confidence interval with the respietive O01l)

r eonfi.elhene ;nterval ntakes a determinaton impli cible. These rý,sults are consistent

witi1 thost ex'cted.

0 i'xamination of thm GINl er;r.ts on the 99 percent (L. Ahow that. for all cams. with

tliig stellite 1he-3 rcf'eut Ci. itriasz, as I.41Pi inrreasts. This was the expected
restli.

6 ANOVA indicrmes ther,- •r' illereor. il res,,lt., Iha,!d %.n OPN) and LI'PI. Hlvwever,

thtee i' itct a diifferenre in ishi;. based on ih- interaction of I.I1'I And ONI).



6.1.9 Class 3-1-3 (NORAD Catalog Number 19643). A summery 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 performance

measures above indicate the following:

a Examination of the firbt-pass VMAGT values for this satellite showed an positive

slope on some batches. This slope is noticeable on the LUPI 6 combinations and

extremely obvious on the LUPI 8 combinations. Reference Figure 11.80 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/OPD 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.

* Examination of the last-pass VMAGT values showed randomly-distributed, steady-

state values at alevel loss than first-pass values. This was the expected result.

* Examination of the 01l) effects on the 99 percent CL show that, for all cases except

LIPI 2, OI) 41, and WUPI 2, OPI) 6 combinations, the 99 percent Cl, decreases as

O'l) increases. In these two cases the large overlap of the confidence intervals makes

a determination impossible. These results are consistent' with those expected.

* Examination of the IAIPI effects on the 99 percent CL show that, for all cases with

this satellite. the 99 percent CL inrrea.ses as LI? P1 increases. This was the expected

resulht.

e AN\.OV.\ indicaty. tlhere, are diffetrence. i results ba-.md on 01I) and LU:PI. However,

there s not a diferere, in results based on the interaction of II:PI and O14).

6.1. M ( Ilass *. 1 1 (.SOlt.IAl) latal•g Numbrr 17J29). A summllary of the cogili.

deure ilterval anmalysis awl the VIMAI(T grapljs for all 1,:PI/OPI) coIminalions tested

for thi. satellite are located in Appendix 11.10. Data analysis with resplct to the prfror.

inance ievasure,% above indicate lthe fillowing:
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* 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 L.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.

a Examination of tile LUPI effects oil 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 l,1PI but not on OPI).

Additionally, there is not a difference in results based on the interaction of LUPI and
II OlP).

6.1.11 Cla~ss 4 1 1.(NORAD ('atnho Number 20355,). A summniary of tile cotifi-

deuce- interval analysis and thle VtAG1'' graphs for all 1XIIl/O111) comblinationls tested

for this satellite are located in Appendix Ilf 11. Data analysis with respect to the perfor.

titance ineasures abov-e indicate the foiluwi ng:

E rixainairition of tile first.pa.s V\-IA(;T values for this satellitt showed that the data

was distributed over a wide range with steady-state mean values x'tween -41 and

.272 kin. Examiniation of tlwe 01l) 6 And 9 graph (Figtire 1l.92) shows a definite

upwatd %lolw. This, like many previots satellite. analyzt4l.,,Mins to indiratr that the

rovarian(r, has leroin tot, exact (very small) and threfore the differential corrctor

is not allowing the eemient.s to Iw correctdl.
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e 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-pasb values seen in the analysis of other satellites.

* 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.

* Due to program run time and extremely large VMAGT values, only tile LUPI two

combinations were analyzed for this satellite. Therefore, no LUPI effects oln the 99

percent CL could be noted.

e 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 Chuuss 4 1 2 (NORAD ('alalj Numb'r 15584). A suinniary of the confi-

dence interval analysis and the VMAGT graphs for all LUPI/OPl) combinations tested

for this satellite are located in Appendix 11.12. Data analysis with respect to the perfor-

tiance measures above indicate the following:

* Examination of the first.pass VIMA;T valies for this satellite showed that tile data

was distributed over a wide range with sti'ady.state mean values Imtween 38 and

2"25 kin. Examination of the ON'l) 6 and 8 graph (Figure 11.95) shows a definite

upward slope. This, like, many previous satellites analy7zle. .,ile% to indicate that the

rovarianre has bheoine um exart (very sutall) and therefore the differenitial corrector

is not allowing the Plements to be corrertme.

* :xalitiiation of the last;pass .•'\IA(;T values showel randomlydi.tributed, steady.

stuite values at a level les. than first.pa.ss values. They ar,. however. much larger

than other last.pa&-; valoes seen inl the analysis of othersatellites.

* Examiinaltiot of the ON)I effects. ia, the 99 perrent (VI. OJv that. for a!! ras... with

this satellite, the 99 perrent (L. d(crea.es as OPI) increae.s. Thi. was the exiweted

re.sult.
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@ 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.

a 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.

6.2 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

plot.s of many of the satellites tested that tie 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 tile above

analysis.

This problem was first noted in the validation of the differential correction model.

All satellites being tested exhibited the same severe positive slope to the VMA(T 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 had mean motion estimate.. Through experimnen-

tation, we determined that a mean motion variance "limit" of 10' £ sweied to perform the

best. l)uring the experimentation, the "limit" appeared to be dependent on the batch size.

However, no combination of batch size, U1t1P, and/or 01'1) multiples could be determined

which worked well. Therefore, the 10- "• limit was hard coded into the model such thal if

tile (7,7) element (er,) of the covariance matrix was less than this v•lue, then ayo was set

to tO"t•

The model was then used on all Iii M,1'4'/014) combinations for all 12 satellite

(orbit) classes investigated. As miiustratetl by the current I.PI sX, 011) A, VMA(;T plots

for ('lass 3 1 2. Catalog Number 1-1-14:1 (Figure 11.71). this limitation appeared to work for

mnost rlasýsrs. However. I his limit appatrntly did not work for tlass•s 3 I 1.3 I 3. 3 1 4.,
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Figure 6.1. Old VMAGT data for Class 3 1-2 (Catalog Number ,14,13).

4 1 1, and 4-1-2 (Catalog Numbers 01996, 196-13, 17,129, and, possibly, 20335 an~d 15584)

as .lhown in in Sections 11.7, 11.9, 11.i0, 11.11, and 11.12. respectively. We believe(i this

indicated two things: first, the limit for these satellites should have been set at a higher

value, and serond, the limit value required is satellite. or orbit, dependent.

In attempt to determine if the meant motion varianre limit used in our model was

not restrictive enou1gh. the five classes (sample orbits) exhibiting the severe positive slope

of the V\"MA(;T data were examined. Those classft (orbits) were:

3 1 1 (Catalog Numbrr 01996)

3 1 3 (Catud.oo, u:ner 190413)

3 1 .1 (Catalog \umber 17429)

-I 1 1 (Catalog Number 20335)

1 1 2 (Catalc% Number I;5:,1-1)
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Assuming that the VMAGT errors were primarily in-track errors (i.e., caused by

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 s~emi-major axis, a0, 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 satellites 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.

C'atalog Seni-Major In-Track Angular
Class Number Axis Eccentricity Rate Rate

km kin/day rad mini
3 131 01996 7277 0.05379 12.5 1.2 x 10-
3 1 2 l1-.1-0 7255 0.02245 1.2 1.2 x 10-'
3-4 3 19643 7231 0.00670 2.5 2. x 10-j
3 1 4 17429 7242 0.01095 2.5 2.AI x 10-1
4 i I 20335 6768 0.00175 75 3.0 x i00-
4 1 2 15584 6774 0.0023-1 J 75 1.0 x 10

In all of these rases. by first.order approximation, the angular rate of change of tile

VMAGT error is at least 10 timnes larger than the inean motion variance limit ( =

3.0 x I0") used in the, intmiel. This was a strong indication that the mean inotion variance

needed to he limited in some way.

Once a tanean motion variance 'imnit, o'.,_. has been calrulated and a determination

Made that tile limit is indm'd needed r. < a.,. ). ther are two methods of implementing

it within the DC pr"igram.

L. l)iagtmal adjustment. Apply the limit to only the meani motion variancu terin in the

rovariance nialrix. This adjusted covariance matrix, IP. i., 'hown in Equation 6.1.
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2. Full adjustment. In addition to the diagonal af2,,,. 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 a,,. This would be implemented by first creating

an adjustment matrix (I.) as shown below:

1 0 0 0 0 0. 0

0 1 0 0 00 0

0 0 1 0 0 0 0

1 0= 0 0 01 0 0 0 (6.2)

0 0 0 0 1 0 0

00 0 o 0 1 0

0 0 0 0 0 0 f" "--

The adjusted rovariance matrix is formed by pre.multiplying and post multiplying

the covarianre matrix by the adjtustnient matrix as shown in l'quation 6.3.

1=. 1414 ((6.3)

The adjuste4 rovarianre matrix then takes the form shown in Equation 6.4.
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(6.4)

We attempted to determine the mean motion variance limit, a,,, required by the

DC using our worst behaved class, 3-1- 1 (Catalog Number 01996), as a test subject (refer-

ence Appendix 1[.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 tuiie the D)C. we tts•,d the sunt of all VMA(;Ts after l)ay 24 ({ =4 VMA(;T),

as a prformance measure. We selected clay 24 because it was th,, default point at whicii

steady-state was declared. Using both the diagonal and full adjustment methods discussed

above, we ran the D)(' varying e. starting at 0.1. For each successive run we used a

one order of magnitude lower. This procers continued until thee DC did not need to use the

limit (i.e., 0_ < ac). 'The output from this process for each adjustment method was a

liting of the incremented a', anti thee, corresponding Y,.. 4 VMA(;T. For each method,

we chose as the limit the e(',,. corresponding to the lowest -s V'\'A(;l'.

"Th'es. limits were then applited andi the l)(' mioel was run on all 16 [0XPI/OP1)

combinations for this cla... iowever, the VMA(;T rmsults for both adjustment methods

showed little changer. This led us to believe that the' DC had to be, t uned for all elments.

not jttft mean Iolationl.

Again. using the -kaie rclas. 3 I 1. a.s a tWst subject, we deternmined variance and

-ovariancre limits for each ,lement for both adjustment methods discus'ed above. Starting
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with the element with the smallest variance, the variance limit for that element was cal-

culated using the same method used to determine 0.. described above. That limit was

then implemented (i.e., used in the DC if v'2 < am) 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 observation file. The variance limit for each element was again varied while

holding all other limits constant. The output from this process was a listing of the incre-

ented h. and the corresponding Ei=24 VMAGT for each element. From this output,

we determined the variance limit with the largest reduction in EV=24 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 the minimum

i=.24 VMAG'r are determined. A basic assumption is that the local minimum determined

by these variance limits is close to the global mininmum. This process was performed for

both adjustment methods.

Using these limits, the D)(' model was run oni all 16 LUPI/JOPD comnbinations for

('lass 3 1 1 (NORAI) Catalog.Number 01996). lBotht methods produced results much

better than the baseline data seen in Appendix 11.7. However, the full adjustment method

did not provide results as accurate as the diagonal adjustment method. Reference Taible

6.3 for the element covariances used in the diigonal adjustment and Appendix 1.2 for

the complete confidence interval anialysis. AN OVA analysis and VIA(;T graphs for the

diagonal adjustment. Of special state is the statistical difference in results based on I.PI.

Prior to tuning. there was no indirated ldifference in results. Ilowever. the tuning effort

highlighted this difference.

"Toi demonstrate the ability of this ,etarhod h, "tmne" other orbital rlases, the sauw

methidoltov was applied to 'lass 1 3 2 (Catalog Sumber 1 199). This rla-,s wits chow

for three reasons. First, in-thr initial analysis. this class did not exhibit Characteristics

indicating the rovariaunce had herone to 1 exact. Second. we wanted to see if -tuning"

rould innprvr previously "goxd' resul" . Third. this class is different from (Class 3 1 I in

all thlr' claxsifiralion categories (i.e.. mean motion. orcentricity, and inclination).
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Table 6.3. Element Variance Limits Used for DC Tuning of Class 3-i-I.

[[Element Variance Limit Imposed

a B2. 10.-' (m'/kg)'
0'_? 10-_ rad2
0 I 0-' rad'
a,2 None
a.2 None

_ "_,t None
0... 2 1-' rad'/min2

Tuning for this class also improved overali VMAcT 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 in results based on LUPI, OPD,

and the interaction of LUPI and OPD.

Table 6.A. Element Variance Limits Used for DC Tuning of Class 1-,3-2.

Element Variance Limit Imposed IJ
0 None

10-- rad'

orat 10" rad•
#• 10-10

"10• rad'
0"'0 rad'iminP

6.3 Diffrrrntial (Crrrmciv:, Alodri Prrforinrnrr

As illustrated by most of the last.pass VMA(T graphs in Appendixes It anti I. the

differential corrector typically gave good performance. Somte of the lartVpass \:MA;T

graphs had resul's indicating that further information could be obtained front the data,

such as the 1wriolic results and occasiona spikes in the data. However. in general, the

randomly.distributeld. steady.stato nature of the data indicated good performance. Typ.

ically. the DC retluired between fonr and six iterations to ronverge for era-h batch of
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observations, and only occasionally did not converge within the 50 iteration limit placed

in the algorithm.

The actual run time of the program fc: each satellite investigated! was quite long.

Running on 25 MHz, 386 PC, a single 60-day run of the differential corrector, using one

random observation file, an observation rate of two obs/day, and a single LUPI (between 8

and 30 corrections depending on LUPI) could be performed in approximately two minutes.

However, to perform all 16 LUPI/OPI) combinations using 10 random observation files

(over 2500 corrections) took at least tw.o and a half hours.

In addition, no singularity problems were encountered with the Keplerian elements

at low eccentricities and low inclinations. An eccentricity and inclination of 0.0012 and

4.99° respertively were tested. These were both for Class 1-4-I.
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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, w'? 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 LiPI or decreasing

01l) would improve accuracy. Our results for mean motion Classes Two, Three, and Four

showed either that accuracy improved as a result of increasing ON)l or decreasing LUPI,

or that no determination could beniade due to large overlapping confidence intervals.

Meani motion Class One (deep space satellites) results were not that definitive. They

showed that accuracy increased as a result of increasing OPD as expected, but in soea.

cases, the ILUMI effects may have been opposite what we expected. While 0ie 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 VMA(;Tsfor OPI)/LUPI ,/8

being better than those for OPD/LUTPI 8/2. This may be relatel to the. IUPi dependent

forgetting factor used in our model.

We believe the problem of the large overlapping confidence interv-als is due to insuffi.

rient random obwervation runs for secific satelites. The need for more random observation

runs show-d up in the in'ersap of the Toi percent confidencr itierval of the 99 percent confi,

deuce level. This overlap mad,- a determination of It'P1/OPt) effects on results. impossible

for some satellites. We believe the addition of extra runs will narrow t hv confidence interval

and allow better determination of results.

As a separate problem the Arcurary of the rriurted V*MA(*T data iadirate-s a neeod

for the differential corrector (l)W?) to he "tuned" prior to use. On svevral of the output

runs. the plottei first.pa" VMAG I v•aue" deonsimrated a xignificant pnsitive -slope"

characteristic. Apparently. this indicated the covarianrv- had becorme t o exar (very small).

"Therefore. the differential corrector uaould not allow the elenwmnt to be corrected. This

problem was fir•t identifief early in trst runs conducted to debug the DC co••.
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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

initial guess for the values in the matrix. The value of 10- was chosen based on an analysis

of test data. As. further test runs were conducted, we noticed the "slope" characteristic in

all of the first-pass VMAGT plots. Preli'ninary analysis of the output indicated this may

be the result of the DC "locking on" to a value of mean motion. Once locked on, the DC

refused to correct mean motion and attempted 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 resulted in good first-pass corrections for several satellites, but not for all

satellites. Further testing and analysis indicated diis limiting factor is required on more

thiin just the mean motion variance. Additionally, the element variance limits appear to

be satellite/orbit dependent.

In our research, we manually tuned, or determined the variance limits necessary,

for the two test cases analyzed. BIased on the me'tlhodology descril)ed in Section 6.2. an

automated process for performing this tuning for all orbit classe.coul he (hevelulped. With

automated tuning, we believe our model could better determine the effects of 1I1I and

OPD on orbital element set accuracy.

7.2 Follow-On RIis'arch ltcomnrncnlett.ons

The most obvious follow-on research recommendtiicon is •i•- conlinuatioti of the

p)roject., :,:; requested by our :ponsors, the Ist (Comm lnd and Co(trol Stuicalron ( l(A(CS).

into the liial developlmelilt ofi a cost. henefit asse,,siieiel inmoe-I. The•,-80,sil.4 of thib rePeatd,

are intended to I)e -used as the basih for the developiniint of a (jnantitatilei rsi./lielit

Inodel to assess I he effekl.i or aillerations Lo t he SSN on orbit , retiticitnn nrcurtacit,. Tlhk

liiodeel, as elivisione.l by personneiiil at the I 'A(WS, woold he uised ;i derisiwi nark.ng itool.

'T'he purpose of this tool wotilut bi to compare thl gain or !tom oforhbi i'ditMiction atiur'.ries

:;ithe cosis or savings iissoiated tvwit It the upgralc' of a .prcifir .ilsor ilte,. I li, 6l1.ing iuf
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a specific sensor site, or the changing of sensor taskings. This dccision-xnaking tool would

allow USSPACECOM to make better decisions (in terms of maintaining OE set accuracy)

in regards to the SSN.

However, before attempting to incorporate our model 'Into a larger application, an

automatedl method for tuning the differential corrector is required. Coupled with this effort

is the v'alidationi of tile satellite classification method we used to select a representative

sanhjlf' fromn the -satellite population. Based on the resiults of the classification inethod

validation, a determination of whether the same,. varianfe lim-it-o can be applied to all

satellites within a class, or must be determined indtpendently for each satellite', can be

made.

Other areas of recommended further research are:

* Re-coding of the miodel programs for computational efficiency as opposed to the

easily initterpretable format uis-d.

* Examimizutioti of the effects of "tuaing" the forgetting factor used in the difrertential

correctiont p)rocess.

* D~evelopment of an initerface process to ease the cleterminatioii of the steadyv-state

values for a rep~resenltative' set of satellites.

* lDeveloptnent of an interface I~rcx-t%,; to allow execution of these tmodels with various

vii~inges to SSN wtvwsr characteristics (locaitioti and accuracies) to allow comnparisont

to -i~asefiim& run anid. therefore, determine affects of alterationis to SSN ont elemtent

arcuracy.

* Ex.aminaiion of thet e-ffects of "age de-wrigliting" the actual obst-rvations u"e int the

seqiteitruiAl different ial correct ion prws

* ('.eatitai of a tash- schedulinr tuodtel. Thie results of this research could alsoi he to-ed

AA tit hbasis for til he ive'lopnilent (if a %cheduling .;oditel to optinuall% schedule SSN

senso~rs to gmthwr wi!Y tie 1bservational data resquires: to majutain O le desired oirbit

;preidictiomt accuracies. *1 his would ensure the SSC computers %mmuild prrm only (ihe

minimium retquir"d ilata to muaintain thbe OV mbe1 acrittr-,ev.
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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 element sets to determine earth-
centered inertial (ECI) and topocentric cooEdinates 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 models straightforward and standardized.

INTRODUCTION

In order to properly determine the position of any earth-orbiting object using
the standard WORAD two-line element sets, it is necessary that the proper
orbital model be used. Since the observations taken by kORAD for each earth-
orbiting object are reduced to orbital elements using the SOP4 (Simplified
General Perturbations) sode), the SGP4 model *must* be used to get the most
accurate determination possible of an object's position and velocity. The
primary reason for this requirement is that each orbital model handles
perturbations (due to atmospheric drag, solar and lunar gravitational effects,
irregularities of the earth's gravitational field, etc.) in a different
manner. The NORAD two-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 atmospheoic
drag (based en a static, non-rotating, spherically-symmetric atmosphere whose
density can be described by a power lap), fourth-order zonal geopotential
harmonics (12, J3, and 14), spin-orbit resonance effects for synchronous and
semi-synchronous orbits, and solar and lunar gravitational effects to first
order. The two portions of the SOP4 model are SGP4 (for objects in orbits
with periods lees than 225 minutes) and SDP4 (for objects in orbits greater
than or equal to 22b minutes). The reason for breaking the model into two
ar ts is that for low-earth orbits the effects of spin-orbit resonance and
unar and solar gravity are not significant. This result allows the

development of an analytical model (SGP4) for determining an object's position
and velocity, thereby reducing the comtotional burden. For deep-space
orbits, A semi-4anlytical model (SDP4) is required.

Models which implement the older SGP model should be accurate fir low-earth
orbits but really won't be adequate for deep-space objects. particularly those
in resonance with the geopotential.

COMPUrRR IMPLEMENTATION

The enclosed Pascal source code wao developed ia Turbo Pascal Vetrion 6.0 to
fully Implement the NORAD SGP4 orbital model. There are now twelve units
provided:

SP4SDP4 Full implementation of NORAD SOP4/SDP4 models
SOP.Ot3 Ob'erver-dependent routines for calculating topocentric

inforuat ion
HIMAX minimum/msaimua functions
SWPJIATH Variou# trigonomatric and msathemAtical routines
SUP.TINE Time-bAsod routines for converting among time systems
SGP.IXIT Code and variablas neaedd to initialixe SOP4SDP4
SUP IlT Interface between SGP4SUP4 and %P-CONV (and some special-

purpose programs)
SCP..COV Routines for converti•g two-line data and 5GP4 state vectors
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SGP_IN Routine3 t. simplify input of data (with error checking)
SGP.OUT Routines for outputting program results in standard formats
SOLAR Routines for calculating the position of the sun and whether

a satellite is in earth umbral eclipse
SUPPORT General suoport routines for machine-dependent features

These units are structured t.. make development of software as simple as
possible and to reduce the time needed for validating results. A certain
amount of the development i.s also tailored toward the development of a similar
set of units in C, which is xov underway. A more complete description of
these Pascal units is iný.uded in SGP4-PLB.ITF.

Of the units provided, the ;.ost complex is the implementation of the NORAD
orbital models (SGP4SDP4). The development of this unit was done to follow as
closely as possible the imple'entation contained in Spacetrack Report Number
3, "Models for Propagation .f YORAD Element Sets," (a copy of the LaTeXdocumentation and complete FLR¶RAN source code is available on this system).
No attempt has been made at this point to optimize the code to run faster. A
future release will provide - ;ore streamlined implementation. To ensure the
validity of these units, no .:ha•.ges should be made to the units themselves
which have been extensively tssted and validated. LaTeX documentation to
support this validation should ae 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.dates Nlote: Variable names will be enclosed within
braces to set them apart in this document]. A cali is then made to the
procedure ConvertSatellite.Data passing the satellite's index {satnumber).
In the call to this procedure, a determination is automatically made as to
whether the object is in a near-e;xth or deep-space orbit; the result is
returned in {ideep}. If {ideepi is 0, then the object is in a near-earth
orbit; if {ideep} is I, 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 {vel} are returned containing the x, y, and z ECI
coordinates (referenced to the true equator 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 *_rth radii per minute,
respectively; appropriate conversions must be made to get the proper units (as
demonstrated in the test program using Convert-Sat-State). The variable
iiflag} is used internally for keeping track of initialization cunditiona for
the deep-space portion of the model.

Running thio test program should provide results quite close to those provided
in the Sp4cetrack Report Number 3 documentation. The minor differences that
do occur are due to two primary reasons. The first to the result of
differentes in the internal precision of the FORTRAN compiler used to generate
the report and that of the Turbo Pascal compiler. The second is due to the
choice to implement a consistent numerical precision in the Turbo Pascal code.
Examination of the FORTRAN source code will reveal inconsistent use of single
and double-precision variable* and trigonometric functions; the Turbo Paecal
rode uses double-prcciiion variables and functions throughout.

Because it is not very straightforvard to perform calls to the SOP4 units
bzad on the timc since each satellite's element set epoch. a procedure is
4l1o provded which interfaces between a %tandard time syotee and the S$P4 and
SDP4 calls. This procedure. SOP. requires only that the user pass the Julian
Dato of interest; the procedure iulian.Date*of1pech eonvarto from a date in
the fora~t used in the two-line element set to a Juliin Date. The SOP !all
also taken care of mating tlhe determination of vhether the object in in a
near-earth or doep-space orbit and calls the appropriatem me. The SOP-TINE
unit contains these procedures as well as routines to convert Julian Dates to
more recognizable time formats.

The main advantage of using the Julian Date in WOP is that there i* no poblaa
calculating the time interval betwee the time of interct and the satellite
element sot epoch. rogardles of vhethtr this intervAl spaiw the begivzing of
a year. There is plao a function to convert Julian Votes to calendar •or
(Calandar.Date) of the form "1992 Jon 30." Epoch.jTim traosforms the Julian
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Dates to the form used in the two-line element sets.

The test program SGP4TST2.PAS gives an example implementation of this
approach. It is designed to produce the same results as SOP4TEST.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. Bc sure
to note that times outside the units are now all in *days* 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
straightforward to select input files (of satellite and observer data) and
time conditions (with full error checking) and output data ranging 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. These 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 250 satellites (or element sets for a single satellite) in the form
of spacecraft ECI position and velocity, spacecraft ground tracks (latitude,
longitude, and altitude), look angles (azimuth, elevation, ranse, 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 will 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 with an eye toward
portability.

In a continuing effort to promote standardization of orbital calculations, I
will endeavor to continue to improve this package and vill gratefully accept
user feedback or contributions tio this effort.

- Dr TS Nelso
Internet: tkelsotafit.af.ail
anonymous ftp at •rchive.afit.af.mil

in the directory pub/space

SYSMP. Celestial HBS
613/427-0674 (modem)
Opereting 24 hours/day
No parity, 8 data bits. I stop bit
300, 1200, 2400. 4W00, ad 9600 bps
v.32/32bia, v.42/42bia

2340 Raider Drive
Fairborn, OH. USA 46324-2001
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Documentat ion for
lORUD SGP4/SDP4 Units

Interface Specifications

Developed by
Or TS lelso

Version 2.60
1992 October 01

Copyright (C) 1992. All rights reserved.

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 informat ion sill be a
description of the intended use of each variable and procedure.

** UNIT NINNAX -- VERSION 1.02 seeee.eeeeeeeeeeeaaeeee

Function Iftn(argl,arg2 integer) integer;
Function Iiiax(argl.arX2 .integer) .integer;

Function RMin(argl,arg2 real) real;
Function Rltax(argl,arg2 real) real;
Function D~in(argl,arg2 double) double;
Function D~ax(argI,arg2 double) double;

These functio~ns are used to provide integer, real, and double minimum and
mazimum calculations used in the libraries.

0e UNIT SGP4SDP4 -- VERSION 1.60eeeeeaeeeeeeeeeeeeeeeee

Uses Support,
SOP In it,

SPat,SGP..Tina;

Procedure SOP(time double;
var pon,vel vector);

Procedure SOP4(tsinct double;
war if lag integer;

var pos,vel vector);
Procedure SDP4(toince double;

war iflag integer;
var pos~vel vector);

This unit contains the Pascal inplementatioa of the SGP4 and SOP4 orbital
models. Two methods of interfacing are available. The first aethod is to
acess# the individual routineos exactly as described in Project Spacetrack
Report Number 3 (Procedures SOP4 and SDP4). This Method requires the user to
calculate the tine (in minutes) since* each satellite element Set ePoch &ad
determine the appropriate model to use. The variable (iflaf) is used to keep
track of initialization status end As Ott within thqas rout-see and within

Conert.Stslits. it a(fnit SG.o to Thi mtho is *SOT* reto8Wended.

The second method is to a ccess the rbital models via a Call to SOP. Nertj t.
usor is onlay required to pass a tim (mus anOte) for the calculat ion and the

stlite E? poslttion sand velocity are retursked. Determination of the
approprit 4 rbital model ts trnseparent to the uaser. The only requirement is
that a oall to Conve t..Utolliteoet.1 b; mad* *ash time a new satell &to is
sel1cte before call it $IP otnefor calculatin~g Juien gates are
Incl-4ded In Unit 541,. TWN

UN IT SOP-C01V - - VUSRB 1,00 )~e~eeee~e.eeeaeeeea..S~

Uses SOP-RUath;

Procedure Cnrt.telt.Dta .integer).

Procedure Cnet.t.taevrpos,v*sl vector);

The first procedure is used to *street the data toa A gvon two-line element
sot to the variables expected by UNIT $0P4W~4. The datti strcturos,
coatairkilg the tvo-lizo els stets is described is USIT WO..hhT. In
Addit ionia deteraina~tion as to ght-ther the hear-earth (SGP4) or deep-aPaCe
(SOP4) **del .0ho0 be used is "m4q within thin Ifskt. 0Thes variables are
passed Wewees SOMOSP41 and SOP-COEV using UNIT NOP-11U. Thtis utit
(SOPINTF) should SOT be 1Aclfaded I% t0m maint program unless absolutoly
aeceosesfy to avoid uattonlchtasge to these criltiyal variables. Two
additional variables, (caetr) *ad (*l**t). Ott provided to identify the
#*%*Mlte elessat stax Finally, the variable (spech) I. globally available to
determiss the epoch of the clamant Set.

Coavsrt.Set..Stato is used to convert the* native "nits provided by SOP4/SDtPC
(position Is earth radii, velocity io earth radiillalnte to standard metric

A. --



units (kilometers and kilometers/sec).

so UNIT SOP-It -- VERSION 2.00 eeeeccceeceeceecsseeeee

(*a This unit contains machine-specific cods, so)

Uses SGPNath,SGP..Init .Support;

const
data- typo byte a 3;

var
fsat,fobs text;

Procadure, Select..Time(messsge string;
xpos~ypos byte;

var default tin*eset;
precision byte);

Procedure SelectTine..Intorval(message string;
xpos,ypos byte;

var default tirneset;
precision byte);

Function Chocksu5..Good(lin* line-data) booloan;
Function (bood-Slonents(lines two-.line) boolean;
Procedure InputSateflit*(indox word);
Function Input-.Satellit*-Data(fnt string) :word;
Procedure Select-.Satellites(titl* string;

x~y,w,h byte;
number word);

Procedure Input..Observer(var geodetic :vector);

This unit is one of two units which contain machineo-specific code; this
limitation will probably be removed in the future, moving all machine-specific
code to UNIT SUPPORT.

The constant {data..type} is prose 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 eonly* two-line data; a value of 3 indicates that each two-
line element set is preceded by a 22-character satellite name. These data are
read into data structures as described in UNIT SGPJNIT. The value of
(data-type) can be changed in the main program and, if necessary. should be
done within the program initialization block.

The variables (fast) and (fobs) are predefined text files to be 4assirnd to
the satellite and observer files, respectively. koutines used in this unit
espect to use these file handles.

The first two procedures. Selwct..Tint and SolectTlne..Intervs~l, are provided
to make it esay to input start/stop times and tin* intervals fort prforming
calculations. Each procedure will put a window on the screen witt the title
specified by (message) at the location ({xpos),(ypos)). A default tine set is
passed to initialize the time; the structure of this variable is *et forth in
UNIT SUPPORT. The variable (default) may be isitalized manually or by a call
to Get..Currs:%tTia (for Sel~et.Tiae) or leroTime (for Select jime..Interval);
each of these procedures io also in UNIT SUJPPORT. The variable (precision) is
used to indicate the precision of the data to be select*d. Precision ranges
froe years donwi to hundredths of a second. I Precision of 7 Andicates that
all tine unit* are to0 be loput; a precision of 5 would aoit inputting seconds
end hundredths of seconds. All values beyond the spocif ied precision ate set
to zero. regardless of eny other user action.

The next two functions are used to determine whether a given two-line *loemet
Oet is "8064- -- at least in the siente that it P40passes ste otulo-lo Checksum
on% each line and that all the numbers appear to he in the proper fi*lds. A
Slepl* Cell pzasingS the 1wo-li14 0l10ent set (lines) to "04d.9E9104016 retfurn
TRIM it the 4ate passes the*e tests. The function Checksemaood0 can be used
to test the nodula-1O 0hecksum for a single line of a two-lioe element 0et.
The*e functions or* not o#ed eaplic ity 71urings 4le90t Oet input an it if
"*assmd that the utsr has already done so (all 4ata that t post has already
been subijeted to these toots. tot fact, tlk* program PASSUMI. which is
availa"ble lon this system for updating filv* of tw-in lement sets fromt a
msoter, file, does thisiclheckin for you Novever. it you are unsure* of the
quality of your data, it is MT1GL~Y KEV0NKMDE that you develop your own
pteproCesator using these functiorns to test your data.

The procedure Iiiput..Satollit* is used to reod to individual two-line element
sets he index indicates its placoemet Within the date stray This casll
assumsto that (fast) has alroady bees ARSStG19 and lnitialix*4 Typically.
this ca1l is mado frem the fusittion, ?sput.Satel1liq *-Date which iaitializoa
(faet) &Ad reads as **tire file into Wemory free; the file (to); the ovtput of
thist function is the number of satellites is (tot) Novewer. due* to 00mory
limitations, soot files will be toe largo to read in11to msamoty these~a
casesk. lau.Stlieshould bet used to sequentially road and process
4*indWidal element a-ate, each elemeat set could be read into (isdeulul and
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processed before proceeding.

In cases where all the orbital data can be read into memory and {data-typ*lu3,
the procedure Seloct..Satollites can be used to tag satellites for calculations
later in the program using the array {selectedl. 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 {W and maximum height {h}
(the height ranges from 1 to the minimum of Wh and the number of satellites).
A {title} in 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 satollit# and toggling with the space
bar (an asterisk marks an item as being selected); data scrolls in the window
as necessary. Toggling advances to the next item in the list, masking it
easier to quickly mark items. The 'A' key toggles All items (negates their
current status). Once the desired items are selected, the CENTER] key
completes the process. Within the main program, items can be tested for
selection 011 a statement such as: if selected~index] then ...

The final procedure for this unit is Input..Observ~r and it works somewhat like
Input..Satellite except that the data is read into a (geodetic) four-vector
where (goodatic}(1] is North latitude, {geodetic)[2] is East longitude (that
means that West longitudes are negative), and {geodotic}(3] is altitude above

mean sea level (ANSI.). Input is expected from the file (fobs) in units of
degrees and meters but is imediately converted to radians and kilometers for
use within these units. Each observer entry in (fobs) consists of a single
line beginning with a 26-character site name (passed as {obs..name}); it is
expected that this name has a three-character short name (or number), two
spaces, followed by a long name. The short name is used within UNIT SOP-.OUT
for topocentric output. The remaining three numbers on this line are free-
field format, beginning on or after character 26.

ee UNIT SOP-INIT -- VEASION 1.10eeeeeeeeeeeeeeeeeaeeeee

const
masx..ats a 250;

type
line-data - stringt69];
two-.line a array [1.-2] of lined4ata;

var
visible :boolean;
epoch :double;
catnr,*lset :string;
obs..name : triag[26];
selected :array (1. ,ax..sats) of boolean;
sat-naae array (1-.maxssats] of strinSt22];
*at data array (I. .max..sats) of two..line*;
data drive ,dta..dj'r, stigwor A!!ive.vork..d r srn;

Procedure Program- otit ialits (program..name :string),

This unit is used to initialize most of the data otructurvs specific to the
SOP4 family of units. The constant (8anasats) sets the limit (imposed by
system memory Constraints) on the maxi~m= number of satellite* available.
This Constant affects the storage allocat ion for tao-line element sets in
the array (sat~tlata). satellite names in 'he array fastatame). and the array
of selected oatellites in (selected). Note that type (too..line) is a t*o-
element string of 01-character lines-

The first variAble Provided is a booleen variable (visible) which is set
when masking Calls to determine topoceatric position; if the satellite is%
visible to the observe~r .(visible) is setatrut. atherwise It is set false.
Chocks ot this variabl make sense only As thi# coatext Xv9ntually, this
variable il~l also be used in 4etermining other visibility Conditions.

Tho nesti three variable, Pertain to the Cwfrrot too-line elemenot set (the last
one processed through Coavort..Saell ite.otat). Theo varitables (cetor) and
(*last) are read frem the eppropriottr field of L~ips 1 e&4 serve to identify
the date. The vsriable (epochi) marts the eVoch time (in two-line format) of
thet *lowest se.

!ý. '44 lot~.. -~ . are deterained in thet proceur " erafnitlie
They ar* used to specify the location of date files M(fat) mad (fobs) files)
and mntput file*. Navis& s*eprate locations for these itwo groups maskes*
development sad testing senior (in my opinion) an4 allows for standard
locao ions to facilitato integration with other programs (it doesn't sake sense
to have various versiaons of two-line element set fien scattered all over yeair
herd diPA), These valueso are specified is the Configuratiou file

(proram.namet(itf it *lst*.s if not. everything dofimlke to the working
disk a"d directory). Fr esanpl*, in the progras TUMANZA. there woold be a
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file TRIKSTAa.CFG which Right look like:
d:
\data\

twork\

If this program were located in C:\SGP4 and the data was in C:\SOP4\DITA and
work files were to go to C:\SGP4\WOU. the configuration file sight look like:
C:
\sgp4\data\

\sgp4\work\

Note that each directory ends with a trailing \ (and should have no blanks).
If you wish to run from the default drive (useful when using removable
cartridges and moving between systems), you sight change the above to:

\sgp4\data\

\sgp4\work\

To specify directories which are below the working directory, you could also
use:

data\

work\

The call to Programjnitialize will read {progran.nameo.CFG to determine this
information (if it exists) and will also read (program.name}.BDA (if it
exists) to place one page of information on the screen to identify the
program. It is strongly recomended that these parameters be used in your
programs to facilitate traceability and portability.

A call to Program.End is strongly recoemmnded to reset the terajn&i. after
program execution. Currently, this procedure positions the cursor to the
bottom of the screen and makes sure it is on.

so UNIT SGPrINTV -- VERSION 1.02 e oeeeeeeeee...ea.ee..eeeeeeeeeeeeee

<cost
s o 

• l

tothrd m 2/3;
xkmper a 6378.136; (Earth equatorial radius - kilometers (WGS '72))
f - 1/298.26; (Earth flattening (WaS 172))
go - 398600.8; (Earth gravitational constant (VOS '72))
32 I-.0826168E-3; (32 harmonic (t(GS '72))
33 • -2,538IE"-; (33 harmonic (VGS 172))
14 - -1.65597 - 8;{J4 harmonic (waS '72),
ck2 a 32/2;
ck4 a -3*34/8;
xj3 - J3;
qo * ac 6 120/xamper;
C - ae * 73/1kupor;
e6a 1 95-6;
dpviit 1; (Desp-spece in•tialization cods )
dpse< 2; ({eap-apace Ve*u1LA Code)
dper 3. (Deep-space Periodic code)

vaj
ifl .id**p integer;
l*o. tadtio eo.• aoezo .

jlen.oepoch.aek : dolabloe

This "eit de4fQin the Co"0tat0% 4e4 Vjkeblef ofet internal to S6P4$OP4. tote
that this version still ses VWS '72 vsaeen (while the ismpat of switchisn to
vaS '84 it esseseed). It to MTORGLY recnmened,4 tkxt thbi Uatt NOT be
in<lu4ed it the "ain program. All detrmination un thea e co• tats ({e<h
as positioa of 4e obtervwr oa the earth's vurfýce to the VC1 sostom) shold be
performed through the eppropriate call. Alto. •ote that (Wilck) "a (idep)
are anavotlablo to the miai program "ndet this recome<datio€. foeciag the loe
of the procedre4 SOP to ncce*s the 1018D orbital models

** UNIT SGPEAtl - 110 1 30 en~~eeeeees~eeeeee.e.4*

type
vector * oarry -m 4) of I"16l1.

consI
twopi " 2 *pt.
e*To vecxor * (0.0.0.0).

Fructions sigo•r. double) beortint.
fuctios Cebe(astg double) dAoble.
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Function Power(arg,pwr : double) : double;
Function kadians(arg double) double;
Function Degrees(arg double) double;
Function Tan(arg : double) : double;
Function ArcSin(arg double) double;
Function ArcCos(arg double) double;
Function Nodulus(argi,arg2 : double) : double;
Function Fuod2p(arg : double) : double;
Function AcTan(sinx,cosx : double) : double;
Function Dot(vi,v2 : vector) : double;
Procedure Narnitude(var v : vector);
Procedure Cross(vl,v2 : vector; var v3 : vector);

This unit first defines the the type (vector) is as a four-element array (or
four-vector) consisting (typically) of x. y, and z position and a vector
aagnitude. Theme vectors are also used for storing other types of infornation
(as will be seen in UNIT SGP.OBS). text, the constant (twopi) is defined as
appropriate for Turbo Pascal Version 6.0. Note that earlier versions of Turbo
Pascal will NOT allow constant definitions of this form. The definition of a
zero vector has been added for this release.

The remaining routines are defined below.

Function Sign(arg double) shortint;
Output is the sign (-1, 0, +0) of Cargs.

Function Cube(arg double) double;
Output is (arg) to the third power.

Function Power(argpwr : double) : 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 farg} violates this restriction.

Function ladians(arg : double) : double;
Output 4% an angle in radians where (arg) was input in degrees.

Function Dogrees(arg : double) : double;
Output is an angle is degrees where (arg) was input in xadians.

Function Tan(arg : double) : double;
Output is the tangent of (arj).

Function ArcSin(arg : double) : double;
Output is the arcsine of (arg) in radians. Values range between -pi and
+Pi.

Function ArcCos(arg : double) : double;
Output is the Arccosiae of (erg) in radians-. Values range between 0 and
2*pT.

Function Nodelus(arSl.arg2 : double) : double;
Output is the remainder after (argl) is divided by (arg2). This routine
is useful for keeping ingles between 0 and 2epi (or 0 and 360 4egrees).

Function F&od2p(arg : double) : double;
This un~ction is a epe~cific inplementatiou of Modulus where (erC3) eqwas
lopi. Used eaplici ly within SONSOP4.

function AcTen(ainz.coea : double) : double;
Output A# the 4rctangwnt of (.lna)/(coss) in radia". Used explicitly
within $0P4SOPC. The adveatege of this f•ction over ArcTua is that it
returne the correct quadrvat oa the eloe.

Fusntion Dot(v1.v2 : vector) : double;
Output is the vector dot product of (vI) su4 (02).

Ptrcedure Wognude(ve? v : veCtor).
This procedure calculete@ the santudo of vector (v) isiag rompooeats 1,
2, 4#d 3. stoari* the re*uit t•i <omonent 4.

Procedure Cross(v1.v2 vector; war w3 : vector) 1
leturns vector (03) 0hi.h is the vector cros Product of (vI) A (vI).

cc U11T W-P4O2 -- V•SIO ,40 ee0e.e.eaeeeee..eae-ecceee*e.e~ee-e

Us** 50Pftth.

Procedure CalCulate..Oiser . Vol.Po (var &eodqtIt vector.
tiin• double;:

*at obfhmoo.pobs.veI vector).

Procedu~re Csculete..LatLonlt (oe: vector.
time . doble;

var,*odet.k vector),

tim " double.
vat olps.vstt vco)

Pro<cdore Calcrlete_.Ac(poe.vel .geodet I< . veter,
take double.

vat obt.o et vector).

fteee prKoedures ate eed to provide ebeerve"-rpecific ceerdioste
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transforuations of the output of the IORAD 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 {(eodetic} is as explained in UNIT SGP.Il. 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.Obs and Calculate.RADec, to be explained
later.

Procedure CalculateLatLonhlt 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. The calculations assume the earth
to be an oblate spheroid as defined in VOS '72.

The procedures CalculateObs and Calculate. iDec calculate the etopocentrice
coordinates of the object with ECI position, {pos}, aad velocity, {vel}, from
location (geodetic) at (time). The {obs.set} returned for CalculatoObs
consists of azimuth, elevation, range, and range rate (in that order) with
units of radians, radians, kilometers, and kilometers/second, respectively.
The W3S '72 geoid is used and the effect of atmospheric refraction (under
standard temperature and pressure) is incorporated into the elevation
calculation; the effect on range rud range rage has not yet been qtantified.

The (obset) for Calculate.tIDec consists of right ascension and declination
(in that order) in radians. Again, calculations are based on etopocentrice
position using the VOS '72 geoid and incorporating atmospheric refraction.

ee UNIT SGP.OUT -- VEIlSII 1.50 eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

Uses SGP-Rath;

coast
day-date boolean a true;
full t~xe boolean - true;
I- E-9-S boolean a false;
D X S boolean = false;
tlm-eres byte a 2;

angle*roe byte a 4;
dist~rea byte w 3;

var
foet : trXt;

Procedure Output-.T ie(tin* : double);
Procedure Output.ECI(tisue double;

pos.eel eector);
Procedure Ou:put.Angle(angle double;

Vidth.d*c byte;
deores: boolean),

Pro<edure O*tput.atLpnilt(t L : double;

5*eOdtic to;
Procedure utput..Ob.(ti" double;

ob vector);
FPoce•rQe Outpu'&.&AOe(tiso double;

This usit begin, with o set of cossteats se4 dr -i. g patraoters. The
inteatios here ia to see the0 e values for %oA.,t#o" is the output ad *Oot
<letter output callo Vilh ornmattial intorsma .. - Ile the default values
a70 eet above. it is eoy to ckhe*ge tbhee valu. - i thor globally or locelly.

ofr ozemple the CAusr may detide to change thee' talues 4n the program
iitalsllntiox step Of. those values eould '- set pior to mais$ call# to
routiaos Vithin U1IT 341GI"t.

The c~*sAnt i447yiste) 411000 ter 0elect lea of outputk ti4se as 4Ay/date (it
true) or os a Julies Ot1 (es•e•t to feed tote other prot•grs)

The roxstant (full tioe) *Illas the ool*<%ioz of times elit -:41o"~ betwoee tho
hotrs sad mioiuvtos *a4 betee the esiastoo an t*.or4r :io.0 n NX ). if Oet
t fu*e

The oestat (Ioo.VoS) is %sed with catput. of latitt4d a&4 logitutde to
OPOCify 4S output with 5erth0loLh ofr ant/V#est (W true) t•ther tk- pius *r
ai"** values.

The o0nta•t (O.M.S) chews* let 4ngular Coutp to I4*eees. m0i&utes. C"
seoaosd (if true) rsthef tht decia"ml deg•rge

The final t.ree *asstante are es*e tb set the rta-italo of oitnpt for ttim.
anloe, c4 distace variables, respectively. The defsalt fo% (tlaees) of 2
i-icates ovtpot to hsadzedtbs of a se<•od The default fer (e"aSlere) of 4
tadicates OStput to feou d6<imal plefes (if D0.s - fal*e) of arsecO,*4s (if
03R.5 - tre). esiputs isa dstOe, aluMt*e. sad Oe*eCod art rcmude to teas of
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arcainutes, arcuinutes, tans of arcseconds, and seconds for values of 1, 2, 3,
and 4, respectively. The dtfgu~lt for {dist-.res} of 3 indicates a precision to
tiuree decimal places in distances (i.e. , meters) and six decimal places in
velocities (i.e., millimeters/second).

The variable (fout) in a pre-defined variable to specify the output file.

The procedure Output-.Time is used to output either the calendar date and time
of day or Julian Date of (time) to jfu T.

The proedure Output..ECI outputs ECI position (pos) (in kilometers) and
velocity {vall (in kilometers/second) vectors along with the time.

The procedure Output..Angle, outputs an angle (angle) in a field of width
(width) with (dcc) decimal places. The variable (degrees) is used when
0-M-51.S is true to specify whether the angular output is degreess or hours.

The procedure Output...LatLonllt output the time, latitude (in degrees),
longitude (in degrees), and altitude (in kilometers) of an object.
The procedure Output..Obs outputs the time, azimuth (in degrees), elevation (in
degrees), range (in kilometers), and range, rate (in kilometers/second with
negative values approaching the oboerver).

The procedure Output-RIbec outputs the time, righ~t ascension (in hours), and
declination (in degrees).

Output..ECI &And Output..LutLanilt now write KG!. at the end of each line if the
satellite is in earth umbral eclipse.

Output..Obs and Output-RA~ec now output a blank line at the completion of a
Pass.

so UNIT SOP-.TIME -- VEItSION 1.60 eeeeeeeeeeeseeeeeeeees

Uses SGP..Rath;

type,
clock-.time =string[12];
date - string~11];

coast
amnpda - 1440. 0; (Minutes per day)
sec4.uy a 86400.0; (Seconds per day)
omegaj. - 1.00273790934; (Earth rotation* per sgidereal day (non-constant))
umegaEi - omega.3etvopi; (Earth rotation, radians per sidoereal day)

1*5a double;

Fuact ion Jul tan..ate-of..Tear (year :double) :double;
Func tion Jul is*- at* -a f -Epoch 4pock double) double;
Funct ion Xpoch.Time(jd dotable) :double;
Function DOY(yr~mo.dy word) :word.
function :rcin.f.a~r.~eb word) double;
Function Calendar.Deto(jd double) da4te;
Functioa Time.of..Day( d double:

full boolaan;
too byte) clock-time;

runction ThtO(pc double) double;
Functioa Th:~Dj doqblo) d.4ubl*;
Fun*ctioa DeltaET(yca4r : ouble) double:

This tcilt contains all the routiscee to porfuwu time Coceroloss.

The tuactiou 4ullan..Doat.fYoar calcuetee* Cth Jitli4# Nitt of Day 0.0 of
(year). nThi fusctiotto i~s uc to cal~ulete the Juslian Date of aay dateab
usiog Jvliaa..Dx9atq.of..ec, 00Y. andFaciso4y

The functioa n.a~fo returnso the Itallas Date of 0n #poW_.h
specified ia the forost uo*4 int the 509JZD two-lite oleesat eels

The functtiosk DOT acuae lbe day of the yea; for the *pecitAe~d date The
,±alrulatfoa *ses the zVlee fat t%e aG~eoria Cele90er aMW u. valid tre the
iscept ion of thsat calendar systems
Frectigm-of..Dey cal-Mlote. the fractins of a day Peewed at the aVecifivd isPet

The f"<tiian Caloxde;..Da-1 cotvwets a iuligm Date to a ottring of the* form
yrjy Ro" W it is typically vsed as tbe *&jar votpust time format

1400ofD041 taot& a mSian Date and talcilatee the clock via* portiow ef thet
4ate The war Ishir (fell) io %ot true t it is des4*ire,4 t-, plat* <*Ie**
between &gut*sa dub a*Ad* atteitead secondts Theq vari**le '%too) it, %sed
to determIne tbe *umber of 4#<iaal places after the swcoade to tu# output.
2e70 give* a rowselu itea of seods. oue gives 8 ree"latle. of teethe of



seconds, etc. The variable {rea} can take on vs*.ues botveer 0 and 3.

The function ThetaG calculates the Greenwich Mean Sidereal Time for an epoch
specified in the format used in the VORLD two-line element sets. The function
ThetaGJD provides the same calculation except that it is based 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 UTC)
and ET (now referred to as TDT). This function is based on a least squares fit
of data from 1950 to 1991 and will need to be updated periodically.

s* UNIT SOLAR -- VERSION 1.20 eeeeeseeeeeeeeeeeeeeeeeeeeeeeeeeeeseeseeeeeeeeee

Uses SOP.-ath;

const
eclipsed boolean a false;
show.-vis boolean false;

var
civil,
nautical.
astronomical double; (Tvilight elevations)
solar-pos vector;

Procedure CalculateSolar.Positioa(tine double;
var solar-vector vector);

Functi-n Depth-of.Eclipse(timo, double;
r: vector) double;

The variable (eclipsed) is provided for use with the Function Depth.ofEclipse
to reflect whether a satellite is in earth umbral eclipse The constant
(show.vis) is used to indicate ohether infornation should be output for alI
passes or only visible passes (i.e.. satellite above the observer's horizon,
not in earth unbral eclipse, and the sun below the appropriate threshold for
skies to be dark at the observer's location).

The variables (civil), (nautical) and (astramonicall are iaitialixed t.o the
thresholds for solar elevation dolnina the corresponding twiligk;s. These
are defined to occrr at 6, 12, and 18 degrees below the horizon, respectively.

The variable (solar pos) is provided to track the position of the su as
calculated in Dopth.of.Eclipig, thus avoiding an addition.41 call to
Wclculate.Solar.Posit ion.

The procedure Calculate.Solar-Position ctlculates the position of the sun in
the ECI coordinate system at the deslgnate" t ime (UTC). The procedure aSe&A
a adjsutmeat for the difference between "t 4a TDT by calliag telt4a-NT ig
Unit SGPTIM1. The variable (solar.vector) .turans the ECI positios to
kilome*ters ad calculate* the distamce to the s4e.

The frtctioa Depth-.of..<lipo calculates the distauce an object at pa•tiov
(ri) at (time) is into the cone enclosi•g both the eorth erA the sun. ft tu*
side ef the earth away from the sau, this cone defibqs the ,arth'u !ý1a•1
whadov. This distance is 4*termiAod by first fivdin tg'. perpendicular
distance of the object fro, the line golag through the ceate*r of both the
earth and the sun oad then calculaIni the distance of the edge of the coue
from tbis *a*e line aloes th. porle:d*icler. The depth into ecp- it, doflaed
an tho 4ifforostvo of thoe. two ditne.Positive val*es rofloýadittca
oUtIide te eclip*e 2"e. #ecne tht object can be withi the Celne on *cttes
aide of the earth, the vtatlble (eclipsed) io *at trto i If eebject Is 0it;h

khe ca*e on the wide othe I*qar Opposite of the #VS
** tWIT StWfItT -- 5•t1 WI at *ceeace e*-.eee**cee*c*ee.cece

coast (IRS P'C *<I-e" codes)
IS * C8 Sciee
CR W "E. (C orte-. %0 n)

*~• e?. (Teial, 1.11)
!*rft Cetea)

€gur I t.. (NCt -u •r )
Pt~o on). (t t CrSe1
CLt $11fl* cvr"tcwTo)

a~tl 1712. UP)eUp
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C..PSDn a 8118; (Control-Fage Down)
UpDovu a $24*26; (Up/Down Arrows)
Cursors a $24*25#2692; {UplDownLottllight Arrows)
SFraa. string a' (Single-Line Frame Chsract~ers)
OFramo string a '' (oubl#-Line Fran. Characters)
NFraae string a ';(Xised-Line* Froms Charactier.)

typo
options - array (0. .101 of string;
tim e set a record
yr,mo,dy,hr,mi,s*,hu :word;
end; (record)

Procedure, Cursor On-
Procedure Cursor..Off;
Procedure Sawe.Cursor;
Procedure lestore Cursor;
Procedur o Iversotideo;
Procedure, Iomal Video;
Procedure beldVidoo;
Prucedure, FraaeVindow(s,y,w,h,,color byte; title string);
Procedure Wak#Vindow(x,y,w,h,color byte; title string);
Procedure ClearVindov(x,y,w,h .byte);
Procedure Show..Status..Line(title string);
Procedure Show..Instructions(titl* string);
Proceduro Clear-.Status..Line;
rrocedure Report-.Error(i,y :byte; title string);
Procedure Deep;
Procedure Purr;
Procedure Rarji~me;
Procedure, Ztrojine~var time, time-set);
Procedutre Get.-Current -imm,(var tine, time. set);
Function Yes :boolean;
Function Two~igit(arg :integer; string;
Function Thr**Digit(arg :integer) string;
Procedure Convert-blanka(var field string);
Function Integor..Value(buffer string;

startt lngth integer) :integer;
function Roal-Valua(butfor atring;

start,loagti int*6;or) :double;
Function Fil*.x~ists(filzenaa: string) :boolean;
Function :aetFI(tl.ntr~eal string; x.y,v.h byte) string;
Function Sologt..Oplion(saenu :options; numher,%.y.v.h :byte) byte;

This unit is cunnidereb,%y different from the, other units in this library and
is intended to bo a general r-upport library for a specifitc hardware

inpueetaton.inl Tth.# cie the In PC caimpatiblq family of ncooptr
running flicroaoft WS3 Kventually. O* it.machiur-speif Ic code, wilt be, put in
this unit * to ehaxce por.ability. meria; that only thea, routines will Kate
to be changed to port it to another mach%4e. I "vve decided not to delay the
Voe"*eateo the Pach.Q to &<hivve this oal sintce there is no Widely aveilable
standard isple~mnatmien of ft*pcai to &*<qoOsittq 0,4<4 cha~gea. loweter. when
th~os unito art cunretedI* to C. 4,11c~e-pcii rojatiace will be lisited
to tistmeuit

The unit begins with a act *f coac#taats which defime the vpecIfI,:* of varioun
keys aMW chnra,4%ovaon IvA PCs. their defiftItion, g~o e6W*"%4 aUbeov

The two types defined are 4^ array of (,ptikýc) wh~xh are*oo tsqwith tI%*
fvnctifte S'eletrilptien and M04...040t which t record coelttzingto e yea "r.
iatjh. day. Nour, imisnio.ac. " ankusdredi th of ocoed

The remainti0`4 fe"OtiO"- ar4 dsri b*Ale

- rurs us 
6 440k %%roof *d the Ocreen at the <*rret** cr*Or totat lea

Neq"due CurSer. _ff.4 de the evrster from view

k1txqsto#e the -qrser lecatlwn to the 14ot *Ovoe40!<atiaon
Pv*<oedvr* b.-torevie~eo.

chsngeoz the testx attribute to teistee vi4cc (bl*sl an wbite)
Procedureo Iov"I! ideo.

Mm%**g the test akttribntes to ertoat1.~vito (w"It* asn bleah)
Pro<edure oilc.

c%4s4.ez the lest alttibutes to "eId (yellowv " en 3
Prtocdure FrPsewaywh~ee yte. title sxtring).

Puts 0 froaqca~a ~dw(n is usuallY C411ed ty Isbe*iades
rOtcedure "seidasy~~,~~r bto. title string).

NSA#.@ a vift". 19Katod at (:.y)with vwidt (a) saW height (A.) is.
telot itolvr) A (title) is Vmt en the* winde
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Procedure ClearIindow(x,y,w,h : bite);
ClurrWindow simply clears h window from the display. The code does not,
at this time, allow restoration of underlying screen text.

Procedure ShowStatus-L.ine(ti te : string);
Shows status on th. left side of the last line of the display. Usually
used in support of providing brief instructions during input.

Procedure ShowInstxuctions ktitle : string);
Similar to ShowStatusLine except providing right-justified output on
the last line of the display.

Procedure ClearStatus.Line;
Clears the last line ol the display.

Procedure ReportError(x,y : byte; title : string);
Reports the error . jcified by {title} in BoldVidec at the position
({x},{y}) and then exits the program.

Procedure Beep;
Sounds a high-pitched tone to draw attention.

Procedure Buzz-
Sounds a lower-pitched tone to indicate an error con' -ion

Procedure Mark-Time;
A rotating cursor to serve as a visual indication that the machine is
still operating during time-intensive operations.

Procedure ZeroTime(var time : time-set);
Places zeros in all element of {time}. Useful in initializing in
preparation for a call to Select.-TimeInterval.

Procedure GetCurrentTime(var time : time-set);
..ýids the current system time into vaiiable {time}. Useful for
initializing Select-Time.

Function Yes : boolean;
A functioi, whic3: waits for the !t of 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
example,

Write('Are you ready? ');
if Yes then Do.Ready else Do_3otReady;

Function TwoDigit(arg : integer) : ;tring,
Convertz an integer to a two-digit string with leading zeros.

Function ThreeDigit(arg : integer) : string;
Converts an integer to a three-digit strine with leading zeros.

Procedure ConvertBlanke(var field : string);
Used with the next two functions to c-nvert leading spaces to zeros to
facilitate text conversion to integers or reals.

Function IntegerValue(buffer string;
start,length integer) : integer;

Takes the segment of {'ruffer} beginning at {start} and having length
{Ilength} and cov',erts it to an integer numbei.

Function RoelValue(buffer string;
start,length iateger) : double,

Takes the segment of {buffer} b3ginning at (startl and having length
(length} and c~nverts it to a double precision roeal number.

Function FileExists(filename : string) : boolean;
Checks to see if {filenamel 3xists.

Function SelectFile(title,pattern,default : string; x,y,w,h : byte) : string;
Allows for easy selqction of input files. Select-File places P window on
the screen with upper-..ft coritar at location ({x},{y}) and having width
{w} and maximum height of {h}. The window is labeled with {title} and
{pattern} specifies the pattern of files to look for; {default} is the
default pattern (this filename is highlighted, if present). Select.File
returns the filename selected.

Function SelectOption(menui : options; number,x,y,w,h : byte) : byte;
Allows for the easy selection of an option from a menu {menu}. The
values of {x}, {y), {w}, and {h} are tht: same as for Select-File;
{num" ,c} iudicates the total number of optiona available. Select.Option
returns the option number selected.
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Appendix B. SGP LIBRARYSOURCE LISTINGS

B. I SGP4SDP4 Unit Source Code Listing

Unit SGP4SDP4;
{ Author: Dr TS Kelso }
{ Original Version: 1991 Oct 30}
{ Current Revision: 1992 Sep 031

{ Version: 1.50 1
{ Copyright: 1991-1992, All Rights Reserved }
{$1+}

IITqRFACE
Uses Suppott,

SGP.Init,
SGPMath,SGP.,Time;

Procedure SGP(time : double;
var posvel : vector);

Procedure SGP4(tsince : double;
var iflag : integer;

var pos,vel : vector);
Procedure SDP4(taince : double;

var iflag : integer;
var pos,vel : vector);

IMPLEMENTATIOW
Uses SOPIntf;

dpinit}
eqsq,siniq,cosiq,rteqsq,ao,cosq2,sinomo,cosomo,
bsq,xlldot,omgdt,xnodo)t,xnodp : double;

{dpsec/dpper}
xll,omgasm,xnodev,em,xinc,xn,t : double;
qoms2t : double;

Procedure DefineDerived-Constants;
begin
xke := Sqrt(3600-ge/Cube(xkmper)); {Sqrt(ge) ER'3/win-2}
qoms2t : Sqr(Sqr(qo-s)); {(qo-a)'4 ER-4}
end; {Define-Deri-edConsrants}

Procedure SGP4(tsince : double;
var iflag integer;

var pos,vel : vector);
label

9,10,90,100,110,130,140;
const

at double= 0; a3ovk2 double x 0; ao double = 0;
aodp double 0 0; aycof double = 0; betac double - 0;
betao2 double 0 0; cl double a 0; clsq double - 0;
c2 double = 0; c3 doubl. =0; c4 double 0;
C5 double a0; coef :double - 0; coefl douhle 0;
rosio double - 0; d2 :double 0; d3 :doubla. 0;
d4 double = 0; dell double 0; delmo double 0;
delo double = 0; eeta double 0; eosq double = 0;
eta double : 0; etasq double 0 0; isimp integer - 0;
omgcof double 0 0; omgdot double 0; perige double - 0;
pinvsq double = 0; psisq double 0 0; qoms24 double a 0;
S$ double - 0; sinio doubl * 0; sinmo double = 0;
t2cof double '0, t3coi double 0; t4cof double 0;
t5cof double 0: temp double 0; tempt double = 0;
temp2 double 0 0; temp3 double 0 0; theta2 double = 0;
theta4 double 0; tai double =0; xlm~th :double a 0;
xlmth2 double 0; x3thml double 0; x7thml double = 0;
xhdotl double = 0; xlcof double 0; xmcof double - 0;
xmdot double a 0; xnodcf double 0; znodot double - 0;
xnodp double - 0;

var
i integer;
cosuk,sinuk,rfdotk,vx,vy,vz,ux,uy,uz,xmy,xmx,
cosnok,sinnak,cosik, inlkrdotk xin4k xnodek uk rk,
cos2u,sin2u,u,sinu,cosu,betal,rtdit,rAot,r,pi,eisq,
tSine,ecode,epu,temp6,tempS,temp4,cosepv,sinepv,
capu,ayn,xlt,aynl,xll,axn,xn,beta,xl,o,a,tfour,
tcubedelh,delomg,templ,tempe,tempa,xnode,tsqxz
omega,xnoddf,omgadf,xmdf,x,y,z,xdot,ydot,zdot double;

begin
{ Recover original mean motion (xnodp) and semlmajor ixis (aodp) }
{ from input elements. }

if (iflag w 0) then
go.o 100;
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at :- Power(xke/xno,tothrd);
cosio :- Cos(alncl)-
theta2 :2 cosio*cosio,
x3thai := 3*theta2 - 1;
eosq :- eo~eo;
betao2 :I - eosq;
betao :sqrt(betao2);
delil 1.5*ck2*x3thml/(ai*ai*betao*betao2);
ao := al*(i - dell* (0. Setothrd + dell*(i + i34/81*deli)));
delo : ±.5*ck2*x3th.'sl/(aoeao*betao*betao2);
xnodp x~nio/(i +. delo);
aodp :ao/(1 - delo);
{Initialization I
{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*(i - eo)/ae) < (220/xkmper + ae) then

isimp := 1;
{For perigee below 166 kin, the values of s and qoms2t are altered.}
84 :- 8;
qoms24 :=qoin2t;

perige :(aodp*(1 - eo) - ae)*xkmper;
if (perige >= 156) then
goto 110;

s4 :- perige - 78;
if (perige > 98) then
goto 9;
s:=20;

9:
qoms24 :=Pover((i20 - s4)*ae/xkmper,4);
s4 := s4/akinper + ae;

10:
pinvsq := 1/(aodpeaodpebetao2*betao2);
tsi 1/(aodp - s4);
eta :aodp*eo*tai;
etasq :eta'eta;
eeta :~eo*eta;
psisq :abs(i - etasq);
coef :qoms24*Power(tsi,4);
coefi coof/Pover(psisq,3.6);
c2 := .oeft-..od,.-(aodp*(l + 1.5*etasq + eeta*(4 + etasq))

+ ).76*- k2 ..i/psisq*x3thml*(8 + 3*etasq*(8 + etasq)));
ci :- bstar*c2,
sinio :Sin(xincl);
a3ovk2 :-zj3/ck2*Power(ae,3);
c3 := coef*tsi*a3ovk2*xnodp*ae*sinio/eo;
xlmth2 := I - theta2;
c4 :0 2*xnodp*coefi*aodp*betao2*(eta*(2 + 0.6*etasq)

+ eo*(0.5 + 2eetasq) - 2*ck2*tsi/(aodp*poisq)
*(..3*x3thinl*(l - 2**eta + etasq*(I.6 - 0.6*eeta))
+. 0.7Seximth2*(2*etasq - eeta*(i + etasq))*Cos(2*omegao)));

cS := 2*coefleaodpebetao2*(i + 2.7Waetasq + eeta) + eeta**tasq);
theta4 :theta2*thata2;
temnpi U3*ck2:pinvsq*xnodp;

temp2 :~tempi ck2*pinvsq;
temp3 :1. 2S*ck4*piavsq*pizivsq*xnodp;
xmdot :xnodp + 0.S*tempi*betao*x3thmi

+ 0.0625*teL-p2*betao*(13 - 78*theta2 + 137*theta4);
xlm~th I - S*thata2;
omgdot U-O.Sstempi*xla~th + 0.0626*temp2*(7 - 1l4*theta2 +3954.thet&4)

+ temp3*(3 - 36*thota2 + 49*theta4);
xhdott -templ*cosio;
xnodot :~xhdotl + (0.6etemp2*(4 - 19*theta2)

+ 2*temp3*(3 - 7*thata2))*cosio;
oagcof :- bstar~c3*Cos(omegao);
xmcof :a -tothrdecoef*bstar*ae/eeta;
xnodcf :3.6*betao2$xhdoti#ci;
t2cof tS i~ct;
xlcof :0.126*a3ovk2*sinio#(3 + Sscosio)/(i + cosio);
aycot : 0.25*a3ovk2*sinio;
delao :Pover(1 + eta*Cos(xao),3);
sinino :Sin(xmo)-
x7thmt :70theta~ - 1;
if (isimp 0 1) then
goto 90,

clsq :- dcicl;
d2 := 4*aodp*tsi*clsq;
temp :- d2*tsi*ci/3;
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d3 :(17*aodp + s4)*temp;
M4 : .S*temp*aodp*tsi*(221*aod~p + 31*s4)*ct;
t3cof :d2 + 2*clsq;
t4cof :m0.26*(3*d3 + cl*(12*d2 + 10*cisq));
t~cof :0.2*(3*d4 + 12*c1*d3 + 8*42*42 + 16*clsq*(2*d2 + clsq));

90:
iflag :~0;

{Update for secular gravity and atmospheric drag.}
100:
xmdf := imo + xmdotstsince;
omgadf :omegao + omgdot*tsince;
xnoddf : nodeo + mnodotetsince;
omega :=omgadf;
xmp : mdf;
tsq :tsince*tsince;
moade : ioddf + xnodcfetsq;
tempa I - cl*tsince;
tempeo: bstarec~etsince,
tempi : t2cof*tsq;
if (isimp = 1) then

goto 110;
delomg := omgcof*tsince;
deim : ucof*(Power(I + eta*Cos(imdf),3) -delmo);
temp :~delong + dels;
imp : mdf + temp;
omega :~omgadf - temp;
tcube :tsq*tsince;
tforir :tsince*tcube;
tempa :tempa - d2*tsq - d3*tcube - d4*tfour;
tempe :tempe + bstar*c5*(Sin(xmp) - siximo);
tempi tempi + t3cofotcube + tfour*(t4cof + tsince*t~cof),

110:
a :aodp*Sqr(tempa);
e o o - tempe;
xl : mp + omega + muode + inodp*templ;
beta := sqrt(1 - e~e);
in :- xke/Power(a,1.6);
{Long period periodics}
am : e*Cos(omega);
temp,: 1/(asbetasbeta);
xll temp*xlcof*axn;
aynl :tempesycof;
xlt :X1 + x~l;
ayn **eSin(omega) + aynl;

{Solve Kepler's Equation I
capu :fmod2p(xlt - xnode);
temp2 :capu;
for i I to 10 do

begin
sineps Sin(temp2),
coseps Cos(temp2);
temp3 :axnesineps;
temp4 :ayn*cosepv;
temps: axn*coa3*pw;
temp6 :ayn*sintepW;
epv :- (capu -temp4 + tomp3 -temp2)/(1 temps temp6) + temp2;
if (abs(opv temp2) <= e6a) then
goto 140;

130:
temp2 := epv;
endi (for i}

{Short period preliminary quantities
140:

ecose :temps + temp6;
asine :tempa - temp4;
elaq ;w axicaxn + aynsayn;
temp :w 1 - elsq;
p1 S- aetemp;

r -ae( - ecose);
tempt I /r;
rdot .xkeesqrt(a)*esineetempt;

rfdot :zke*aqrt(pl)stempl,
temp2 :aetempi;
betal : qrt(temp);
temp3 :1/01 + betal);
cosu :w temp2*(cosepu - amn + aynoesine*temp3);
sinu :- temp2*(sinepw - ayn - axn*esine*temp3),
u :- actan(sinu,cosu);
cin2u :2*sinu*co..u;_
coa2u :2*cosu*cosu Ii1
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teamp :2 1/pl;
tempt : ck2*temp;
teap2 : templ*temp;

{ Update for short periodics }
rk := r*(i - 1.Setemp2*betal*x3th.l) + 0.5eteupl*xlmth2ecos2u;
uk :u u - 0.25etezp2ex7tbul*sin2u;
xnodek :z xnode + 1.6etemp2*cosio*sin2u;
rinck := xincl + 1.5*teap2*cosioesinio*coa2u;
rdotk : rdot - xnetempl*xlmth2esin2u;
rfdotk := rfdot + xnetempl*(xluth2ecos2u + 1.6*x3thml);

{ Orientation vectors }
sinuk S Sin(uk);
cosuk : Cos(uk);
sinik := Sin(xinck);
cosik : Cos(xinck);
sinnok : Sin(xnodek);
cosnok := Cos(xnodek);
xmx := -sinjiok*cosik;
my : cosnokeconik;
ux xamx*sinuk + cosnok*cosuk;
uy ay*sinuk + sinnok*cosuk;
uz :* sinik*sinuk;
vx x=mx*cosuk - cosnok*sinuk;
vy xmyecosuk - sinnokesinuk;
YZ : sinik*cosuk;

{ Position and velocity }
x : rk*ux; pos[l] : x;
y : rkeuy; pos(2] y;
z : rk*uz; poe3) :Z;
xdot : rdotk*ux + rfdotkevx; vel~l] xdot;
ydot rdotk*uy + rfdotk*vy; vell2] := ydot;
zdot rdotk*uz + rfdotkevz; vel[3] : zdot;
end; (Procedure SGP4}

Procedure Deep(ideep : integer);
const

zns - 1.19459E-6; clds a 2,9864797E-6; zes = 0.01675;
znl 1.5835218E-4; cl = 4.7968065E-7; zel = 0.05490;
zcosis = 0.91744867; zainis - 0.39785416; zaings = -0.98088458;
zcoSgs = 0.1945905; zcoshs = 1; zsinhs = 0;
q22 = 1.7891679E-6; q31 = 2.1460748E-6; q33 = 2.2123015E-7;
g22 = 5.7686396; g32 = 0.95240898; g44 = 1.8014998;
g52 = 1.0508330; g54 = 4.4108898; root22 = 1.7891679E-6;
root32 = 3.7393792E-7; root44 = 7.3636953E-9; root52 - 1.14286399-7;
root54 = 2.1765803E-9; thdt = 4.3752691E-3;

label
fdpinit}
5,10,20,30,40,45,50,55,60,65,70,80,
{dpsecl
90,100,105,110,120,125,130,140,150,152,154,160,165,170,175,180,
{dpper}
205,210,218,220,230;

const { Typed constants to retain values between ENTRY calls }
iresfl integer 0 0; isynfl : integer - 0;
iret integer 0 0; iretn : integer = 0;
Is integer a 0;
al double 2 0; a2 double = 0; a3 double = 0;
a4 double n 0; aS double a 0; a6 double - 0;
a7 double - 0; a8 double2 0; a9 doublea 0;
alO double = 0; ainv2 double 0; alfdp double = 0,
aqnv double - 0; atime double 0 0; betdp double = 0;
bfact double a 0; c double 2 0; cc double = 0;
cosas double - 0; cosok double 0; cosq double 0;
cte, double - 0; d2201 double 0 0; d2211 double 0;
d3210 double - 0; d3222 double 0; d4410 double 0;
d4422 double = O; d5220 double * 0; d5232 double * 0;
d5421 double u 0; d5433 double: 0; dalf double- 0;
day double = 0; dbet double 0; dell double 0;
de12 double 2 0; de13 double 0; delt double 0
dls double = 0; e3 double 0 ; ee2 double 0;
eoc double = 0; eq double 0; f2 double 0
f220 double - 0; f221 dotible " 0; f3 double 0 0,
f311 double 0; f321 double 0; f322 double 0;
f330 :double - 0; f441 :double =20; f442 :double =0;
f522 double = 0; f623 double 0; f542 doubl* 0;
f543 double = 0; fasx : double = 0ý fasx4 d~able 0;
fasx6 double m 0; ft double - 0; g200 double 2 0;
g201 double a 0; g2ll double = 0; g300 double • 0;
g310 doublq - 0; g322 double = 0; g410 double = 0;
g421 double 0 0; g520 double = 0; g521 double 2 0;
g532 double - 0; g533 double x 0; gam double 0;
omegaq doitble = 0; pe double = 0; pgh double 0;
ph double - 0; pinc double a 0; p1 double - 0;
preep double a 0; 31 double = 0; s2 double 2 0;
s3 double = 0; s4 double = 0; 8s double = 0;
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s6 double v 0; s7 double w 0; savtsn double 0;
so double = s0 2 double = 0s3 double a 0;Sl double 0; sea double a0; O gh doublea 0;
sgh2 double 0 0; sgh3 double = 0; sgh4 double 0;
sghl double 0 0; ughs double a 0; sh double 0;
sh2 double 0; sh3 double = 0; shl double 0;
she double = 0; si double - 0; si2 double - 0;si3 double 0O; sil double = 0; sini2 double -0;
sinis double 0; sinok double = 0; sinq double - 0;
sinzf double 0; sis double a0; 81 double a;
s12 double =0; s13 double = 914 double - 0;
sll double =0; alO double = 0; gs double =0;
sag double 0 0; ash double =0 ; ssi double =0;
sal double 0 0; stem double = 0; step2 double a 0;
stepn double 0 0; stepp double 0 0; temp double a 0;
tempi double = 0; thgr double = 0; x1 double 0;
x2 double = 0; x2li double - 0; x2omi double = 0;
x3 double =0; x4 double =0; x5 double -0;
x6 double = 0; x7 double - 0; x8 double 0;
xfact double = 0; xgh2 double = 0; xgh3 double = 0;xh4 double = 0; xh2 double = 0; xh3 double - 0;
x 2 double =0 ; xi3 double - 0; xl double =0;
x12 double =O; x13 double =0; x14 double =0;
xlamo double -0; xldot :double = 0; xli double = 0;
Xls double = 0; xao double = 0; xnddt double = 0;
xndot double - 0; xni double = 0; xno2 double a 0;
xnodce double a 0; xnoi double = 0; xnq double - 0;
xomi double = 0; xpidot double 0 0; xqncl double a 0;
zi double = 0; Zli double = 0; zi2 double = 0;
z13 double = 0; z2 double = z21 double 0;
z22 double =0; z23 double =0; z3 double = 0;
z31 double = 0; z32 double = 0; z33 double -0;
zcosg double = 0; zcosl double = 0; zcosh double = 0;
zcoshl double = 0; zco double = 0; zcosil double = 0;
ze double 0; zf double =0; zm double - 0;
zmo double a 0; zmol double = 0; zmos double = 0;
Zn double = 0; zaing double = 0; zsingl double = 0;
zainh double : 0; zsinhl double = 0; zMinl double = 0;
zainil double 0; zx double = 0; zy double = 0;

begin
case ideep of

dpinit : begin { Entrance for deep apace initialization }
thgr.:= Thetag(epoch);
eq : so;
xnq : xnodp;
aqnv : 1/so;
xqncl : xincl;
xmao : xmo;
xpidot :- oagdt + xnodot;
sinq : Sin(xnodeo);
cosq : Cos(xnodeo);
omegaq :- omegao;

{ Initialize lunar solar terms }
5: day :- daSO + 18261.6; {Days since 1900 Jan 0.5)

if (day = preep) then
goto 10t

preep :A ay;
xnodce : 4.5236020 - 9.2422029E-4*day;
stem : Sin(xnodce);
ctem : Coa(xnodce);
zcouil :- 0.91375164 - 0.03568096sctem;
zeinil :0 Sqrt(l - zcosilzcosil);
zainhl : 0.08968356i1stem/zsinil;
zcoshl : Sqrt(1 - zuinhlszsinhl);
c := 4.7199672 + 0.229971500day;
gam :- 5.83E1514 + 0.0019443680*day;
zmol :a fm.d2p(c - gam);
zx :a 0.39786416*stem/zslnil,
zy : zcoshl*ctem + 0.91744867*zsinhleutem;
zx :w Actan(zxmay);
zx :a gam + zx - xnodce;
zcosgl :0 Cou(zx);
zuingl :- Sin(zx);
zmos : 6.2566837 + 0.017201977*day;
zmos : fmod2p(zmoe);

{ Do solar terms }
10: savtsn :w IE20;

zcosg := zcougs;
zsing zsingu;
Icosi zcos i;
zsini : zainie;
zcosh :u cosq;
siamb :a sinq;

cc : clas;
Zn : zns;
ze : zes;
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xuoi := l/Inq;
Is U30; (assign 30 to ls}

20: al :z cosg*zcosh + zsin~gszcosiezsinh;
a3 U-zuing*zcosh + zcosg*zcosiezainh;
a7 U-zcosg~zsin1h + zsing*zcosi*zcosh;
a8 :z singeisini;
a9 : :ingezsinli + zcoag*zcoui*zcoah;
a10 :w zcoagszsini;
a2 :cosii*a7 + siniqea8;
a4 :cosiqess + siniqealO;
aS :-siniq*a7 + cosiq*a8;
a6 :-siniq*a9 + cosiqeaiO;
xi : lecosomo + a2*sinomo;
x2 :a3*cosomo + a4*sinouo;
x3 :-alesinono + &2*cosomo;
x4 :-a3*ainozo + a4*cosomo;
:5 a6*sinomo;
x6 :a6*sino o;
x7 :a6*cosono;
X8 a 6*corozo;
z31 :~12*xle:1 - 3*x3*x3;
z32 :24*:14:2 - 6*x3*4,4
z33 :m124:2*x2 - 3*x4*x4;
zi :3*(&leal + a2*a2) + z3leeqsq;
z2 :6*(al4a3 + as2a4) + z32**qsq;
z3 :s3*(a3*a3 + &4oa4) + z33*eqsq;
z11 -64a1*aS + eqsq*(-244:14:7 - 6*x3*x5);
z12 :-O*(a1.a6 + a3aS5)

+ eqsqe(-24*(x2*x7 + :14:8) -6*(x3*x6 + x4*:5));
z13 : 6*&3*a6 + *qsqý(-24*x2*x8 - 6*4*446);
z21 "6*a2*aS + eq5q*(244:14:S - 6sx3*x7);
z22 :6*(a4*aS + a2*a6)

+ *qsq*(24*(x24:S + :14:6) - 6*(x4*x7 + :3*x8));
z23 U6*a4*a6 + eqsq*(24*x2*x6 - 6s4*448);
z1 z~ 1 + :1 + bsqsz31;
z2 z 2 + z2 + bsq~z32;
z3 z 3 + z3 + bsq~z33;
s3 :ccexnoi;
s2 :-O.54s3/rteqsq;
s4 :s3*rteqsq;
al : -164eq~s4;
aS :s 14:3 + :2*4;4
s6 :x 2*z3 + x1~4;4
s7 x 24:4 - x14:3;

si. a2*s2zn4(zII + z13);
al :-zn~s34(:1 + z3 - 14 - 6*eqsq);
agh :s4*zn*(z31 + z33 - 6);
sh :-':n~s2*(z21 + z23);
if (xqnci < 6.2359877E-2) then

Oeh := 0;e2:0 24a14s6;
*3 :' 24s14a7,i2 :~2-.24:12:
xi3 :2*a24(z1j - zi);x12 *-24.34:2;
x13 :-2*s3*(z3 - z1);
x14 :-2*930(-21 - 0qqse
xgh2 2* 248442;
xgh3 :a 24s4*(z33 - z31):
xgh4 :-18s4.44:;
xh2 :-2*s24:22;
whA :a -2*s2*(z23 - :21);
Case is of

30 Goto 30;
40 Goto 40;

*Is*
Halt;

end; (case)
iDo lunar terms

30 sC: o

gal als;
ash :sh/ainiq;

:w sgh - cosiqessah;
:- *e2;

x12 :a x12;
s12 :w x12;

sgh2 :: xjh2:
sh2 h

813 :a %13;
sgh3 xgh3;
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sh ~x3i
M14 uXhI4
sgh4 :3x6l4;

zcoag :0 zcosgl;
zainf 1 1ani

zaini .zinil;'
zcosh :zcoshl*cosq + zsinhlesinq;
zainli sinqexcoshi - cosqezainhi;
zfl: znl;
cc :c~l;
ze :Zol; 1

is :40; (assign 40 to is)
Goto 20;

40: a :! :: N! +s;
:si1 Sal + 81i;
sag :sag + agh - cosiq/siniq*sh;
ash :wash + sh/siniq;

{Geopotentiai resonance initialization for i2 hour orbits
iresfi 0;
isynfi 0;
if (xrnq < 0.0052369877) and (xnq > 0.0034906M8) then
Goto 70;

if (xnq < 8.26E-3) or (xnq > 9.24E-3) theu
exit;

if (eq < 0.5) then

ex it;iresfi 1
CO~c eq*eqsq;
g201 :~-0.306 - (eq - 0.64)*0.440;
if (eq > 0.65) then
Goto 45;

g211 :33.616 - 13.247eeq + 16.2900eqsq;
g310 -19.302 + 117.390*eq - 228.4l9eeqsq + 156.69leeoc;
0322 :-18.9068 + 109.7927*eq - 214.6334eeqsq + 146.S8l6eeoc;
g410 -41.122 + 242.694*eq - 471.094*eqsq + 313.953eeoc;
g422 :-t46.4074+ 841.880*eq -1629.0l4**qsq + 1083.435*eoc;
g520 :3-532.114 + 3017.977-eq -5740**qsq + 3708.276eeoc;
Goto 55;_

45: g211 : 72.099 + 331.819eeq - 508.738*eqsq + 266.7244eoci
g310 :3-346.844 + 1682.8610eq - 2415.9260eqsq + 1246.ll3eeoc;
g322 :~-342.585 + 1664.908*eq - 2366.89S*eqsq + 1215.9720*oc;
g410 :-1052.7974+ 47 58.686seq - 7193.992*cqsq + 3661.967eeoc;
5422 :-3681-694+ 16178.11$oq - 24462.774eqsq + 12422.S2*eoc;
if (vq > 0.715) then

Goto 50,
g520 : . 1464.74 - 4664.7seeq + 3763.64*eqsq;
Goto S5;_

S0: 5520 := -5149.66 4 29936.924*q - 64087.J6*eqsq + 31324.560*oc;
55: if (eq >- (0.7)) then

Gato 60,
g633 :.-619.2277 + 4988.6leeq - 9064.77*oqsq + 6542.2leeoc;
g521 -822.710724+ 4568.6173*eq - 8491.4l46*eqsq + 5337-624*ooc;
g532 :~-853.6664+ 4690.26*eq - 8824.?77eqsq + 6341.4*eoc;
aoto 65,-

60: %6
33 :-37995.78 + 161616.52$eq - 229838.2*0qsq + 109377,940*oc;

g521 :-W152.104 + 218913.96*eq -
309468.16eeqsq + 146349.42**oc;

55 g32 :w-40023.88 + 170470.89*eq - 242699.48**qsq + 116606.82**oc;
65 uini2 :3slniqosiniq;

1220 :0.754(t + 2#cosiq + cosq2);
f221 :1.5tsin12;
f321 :1.876*siniq*(I - 2*c~siq - 3*cosq2);
f322 :*-1.876*siniq*(I + 2*cosiq - 36comq2);
f441 :a 35esini2#1220;
f442 :339.3760*sini2#sini2;

1522 :9.84376*slniq*(sini2e(1 - 2*cosiq - 5ecosq2)
+ 0.333333330(-2 + 4ecosiq + 6#cosq2));

1523 :a ainiq*(4.92187512*sini2*(-2 - 4ecosiq + loecosq2)
+ 6.56260012601 + 2*cotiq - 3ecosq2));

1542 ;a 29.53l2esainiqe(2 8*cosiq + cosq2'(-12 + Secosiq + loecosq2));
f543 :29.53l2Sesiniq*(-2 -80cosiq + cosq2e(12 + 8*cooiq - 10#cosq2));
xno2 :xnqemnq;
ainv2 aqnveaqnv;
tompl :a 3*xno2*ainv2;
temp :*tompl*root22;
d2201 t tep*f2200g201;
d2211 :a teapof221 g211;
tempt :a tomploaqnv;
ttsp :~tomploroot32;
d3210 :~tempe#3214g3I0:
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d3222 :a tenpsfM22*322 ;
tompl := templ*aqnv;
temp :a 2*texpleroot44;
d4410 :temp f44ieg4l0;
d4422 :2tempe1442 g422;
tempi :templ*aqnv;
tamp :tempieroot52;
d5220 :tempef622egS2O;
d5232 :2 temp*f523*g532;
temp :2*tomplorootS4;
d5421 :2temp*fS42*g62l;

d5433 :2tempsf543*1633;
xlamo : mao + xnodso + xnodeo - t!4gr - thgr;
bfact :2 Ildot + inodot + xnodot - thdt - thdt;
bfact :bfact + sal + ash + as)';
Coto 80;

{Synchronous resonance terms initialization}
70: iresfi 1;

isynfi : 1;
g200 ~2I + eqsq*(-2.6 + 0.8126eeqaq);
g310 I + 2*eqsq;
g300 I + *qsqe(-6 + 6.60937 eeqsq);
f220 :0.75*(1 + cosiq)*(i + coaiq);
f311 :0.S376esiniqssiniqe(1 + 3*cosiq) 0.75e(1 + cosiq);
1330 I + cosiq;
1330 :21.8?5Cf330ef330*f330;

dell : ?xnqexnq*aqnveaqnv;
del2 2* 2dellef22Oeg200eq22;
d*l3 :3edell *f330*g300eq33eaqnv;
dell dellef3illg3lOeq3leaqntv;
tasx2 :0.13130908;
fasa4 :22.8843198-
fasx6 :0.3744808[
xlamo :=xmao + anoieO + oaegao - thgr;
bfact :x lidot + xpidot - thdt;
bfact :~bfact + sal + aag + ash;

80: xfact :~bfact -xnq;

{Initialize integrator}
xli :2 lamo.
xhi : nq;
atime , 0.
Stepp :2710;

atepA: -720;
atop2 :2259200;

end; Idpinitl
dpaec :beg in ( Entrance for deep apace secular effects}

Xll :- all + salet;
ougas. oinaam + assget;
xnodea :2 nodea + ashet;
"e :- 0o 1+ ase~t;

alnc :- xicl + ascit;
if (zinc >a 0) then

qoto 90;
zinc :- -amnc
XAnods*2 xnoi 08 + pi;
omgoasu :ongasm - pi;

90: if (iresfl a 0) thon
exit;

100: if (at ine - 0) then
Coto 170;

if (t >" 0) and (clime < 0) then
Goto0 170;

if (t ( 0) and (atine >- 0) then
Coto 170,

105: if (Abs(t~ >* Abs~atine)) then

delt :. Stepp;
if (t >a 0) thoun

delt :w stepn;
110: irot :a 100; (assign 100 to iret)

Coto 160;
120: 4elt :- stepn;

if (t > 0) then
delt :- Stepp;

125: if (Abs(b - &tine) < alepp) then
Goto 130;

iret :a 126; (assign 125 to irat)
Goto 160;

130: ft :w t - slime;
iretn :a 140; (assign 140 to irotn)
Coto 150.

140: an :~ mlz + andol x nddt~ftefteo.6;
X1 :w all + :12. indotoftofteo.5;
temp :. -anodes + lthdl;



ill :- X1 - am asis + temp;
if (isynfi . Of then

ill :a Zl + temp + temp;
exit;

{Dot terms calculated
150: if (isynfi a 0) than

Coto 152;
xudot := dell*Sin(xli - fasx2) + d*l2*SinC2e(xli -fazzQ))

+ del3*Sin(3*(xli - fasx6));
inddt :*dell$Cos(xli - fasx2)

2* 2d*2eCos(2e(xli - fasx4))
+ 3ed*13*Cos(3*(xli - fasx6));

Coto 154;
152: xoai Uoaogaq + on dtsatime;

x2omi : oni + lout;
x2li : li + xli;
xudot :d2201*Sin(x2oai + xli - g22)

+d2211eSin(xli - g22)
"+ d321OeSint(xowi. + xli - g32)
"+ d3222.Sin(-xowi + xli - g32)
"* d4410eSink(x2oai + x2li - g44)
"+ d4422*Sin(x2li - g44)
"+ dS22OeSin(xonmi + xli - g62)
"+ d5232*Sia(-xoo~i + xli -g62)
"+ dS421eSin(xomi + x2li - gS4)
"+ dS433*Sia(-xomi + x2li -S)

xnddt := d22OleCos(x2aai + xli g 22)
"+ d22l11Cos(xlli - g22)
"+ d3210*Cos(xoai + xli S 32)
"* d3222eCoa(-xomi + xli S 32)
"* dS22O*aos(xomai + xli -g62)

"* dS232*Cos(-xoai + xli S 62)
"+ 20(d44l0*Goa(x2oai + x2li - g44)
"+ d4422.Cos(x2li g 44)
"* dS421*Coa(xoai *x~li- 64
"+ dS433*Cos(-xooi + x2li S5)

1S4: xldot : xni + xiact;
xnddt :0 xnddtexldot;
case iretzn of

140 C oto 140;
186 C oto 165;

also
salt;

end; ca.
{Integrator

160: irett := 165, (assign 165 to irtta)
Coto 160,

166: xli : - xii + x3.dot~delt + xadotoetop2;
ini :a xai I xndot*4elt + xdd~testep2;
&tine :w atim. + dolt;
case irot of
I0 Got* 100;
126 Coto 126;

eI**
Halt.

end; (cast)
(Epoch restart )

170: if (t >0 0) then
Coto 175;

dolt :- stopai
Coto 160;

175: delt :-' steppi
180: atims :0 0;

zni :6 xnq;
Ili :- llaan;
Got* 126;
end; (dpaec)

dpper :begin (Entronco for lanar-solar periodics

coals coas(xinc);
if (AbaS&aten - 0) < 30) then
Coto 210;

rAR :w inos + xniset;
206: zf :* am + 2*xea'Sin(mm);

Wxnf .aSWV
f2 :~0. *ainzfesifnf - 0.2S;
03 -0-6: iuxfeCos~af);

als sl2ef2 * sl3#f3 * s14e;inzf-

:ghs :a sgh2*f2 + ogh3*f3 + sh4'slof;he :a sh2*f2 + sh3#f3
xm: aal + t
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if :W zE + 2*Z.1*SiA(Za);

f2 :0 0.6seiniazf'iiaf - 0.26;
f3 :m -0.Sssi=Zi.CoSjZf);
s.1 := #*2 f2 + *3*f3
sil :x xi2of2 + xi3*f;
511 : i12of2 + x13sf '+ tL'siqzf-
aghi :- zgh2ef2 + xgh3OV2 + --h4.osnzf,
ahi :a xh2of2 + xk3*f3;
p. :0 so$ + $*I;
pinc :a $is + ili

210: pgh s ghs + oghi;
ph :s hs + Ol
zinc :zinc + pinkc;
-*a : .43 + PC;
if (iqiacl < 0.2) than

Coto 220;
Coto 218;

{Apply periodics directly}
218: ph :ph/siniq;

pgh :~pgh - cosiqoph;
ougasm :a = 00503+ pgh;
mnodes :- xmods + ph;
ill := ill + p1;
Coto 230;

{Apply periodics with Lyddaza. modification
220: sinok :Sin(xnod~s);

cosok :Coosznodes);
alfdp :3sinis~soiok;

botdp :3sinis*cosok;

dalf :phoc~ook + pine-cosiseuinok;
db~t :-phosinok + pincecosisecosok;
alfdp :alfdp + dalf;
b~tdp :b~tdp + db~t;
XIS :- xil 4 o"Agsa + cosisezuodes;
die :* +1 I ph - Pincozaaaodsimlio;
xIs :xl.4 + s;
tn*des :- Actan(alfdp,betdp);
ill :. ill + p1,
oagasm :a xls - ill - Cos(zinc0exaod~s;

230: *znd; {dpper)
anil; (case)

end; (Proceduer Naep)

Procdure Cl-.dpiait(var oqsnoc iobtoadtha.
* lug~cosS.botao2, zadot ,ovagdot.
xna~dott,ziaadpp : double);

begin
tqaq :- *osq; *iniq :W Si~iao; Coeiq :6 cosio; rteqq :3beta*;

do :0 oodp; cosq2 :tbeta2; *iaoso :0 sin ; e0dome 0 C004.
b :0 beato2P Y114ot :e usot; 0064t :3 a* It :410t, :340 mnodoltt

%modp :a iiaodpp;

.oe*q m3 e"q; sinIoa :0 *tail; cosie :W coolq; betao :a rt.qoq;
aoo4 :0 00. thett2 ;- cosq~. sing : Lafos. Co5 :a C004ac;
b*%&*2 :3bsq; ao :a x~l dat. 0t443t :3oftdt. s dtt: :W W ot.
saodpp :* xodp;
#ad. (ProcedUre call..dpinji)

Procedure C41l..dpooc(tar odoefmoaixlcxwtln :double).

ill :8 xidf. M44"s :6 0064et; Xuodwo :6 14od.; (.0.0 :em
zinic :0 Eliaec;) iia :a Inn; Iso.

mmdl :3 ii; W140dI :063 :0ea ziod * odes; am :OR*;
*lkacc z~inic; Xnn : in. tsiac* ti
*24d. (Procedure Wsl..PoSc)

Praceduro Call-dppor(vsr e~ttcogd~od~ a dotuble);

.33x W'* iC :m isiacc. oagasa : @aegas. sao4as :3 usd;

* 3 *ea; iacc :m iliac; oag*di :m oates; siaode saodes;
033 *XII;

end; (Proceduro C41I.dpp~r)

Pro-ceduro WD4(trotco dotblo;
vat flag : lolgtr;

vor Po8+001 favctor);
label
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9, 10,90,100,130,140;
coast

al double a 0; a3ovk2 double a 0; so double a 0;
aodp double a 0; aycof 4dable a 0; beta* double a 0;
betao2 double a 0; cl double a 0; c2 double = 0;
c4 double - 0; cost double a 0; cofIl 4ouble a 0;
coog double a 0; cosio double x 0; dell double a 0;
dolo double a 0; sets double a0; *osq double a 0;
eta double a 0; *tasq double - 0; 00 dot double - 0;
porige double a 0; pinvsq double a 0; pulfsq double a 0;
qos24: double a 0; s4 double - 0; sing donble - 0;
sinio double a 0; t2cof double = 0; templ double x 0;
teup2 double - 0; temp double a 0; thota2 double a 0;
theta4 double a 0; tsi double a 0; xil.Stb double a 0;
xixth2 double - 0; x3that double a 0; x7thal double =0;
xhdotl double - 0; zicof double a 0; xmdot double a 0;
xnodcf double a 0; xud*ot :double a 0; %nodp double - 0;

var
j integer;
a~azn,ayn,ayul,beta,betal ,capu,coslu,cosepv,cosik.

pl,r~rdot,rdotk,rtdot,rfdotk,rk~sin2:,sinep;v.Iik,'
sinziok,sinn,sinuk,temp~teap4,tempS, tinp6,teupa,

11 ,xll Nit ,mouzmt, = z =, my,xn,xod aW, xode .xznodk,
X.Y,z,xdot,ydot~zdot double;

begin
if (iflas 0) then

goto 100;
{Recover original aean notion tnucdp) and seulmajor axis (aodp))
{from input eleuents. )
&I :- Pover(xkoImno~totbxd);
cosia is cos(xiftcl)i
tbot%2 :*cosiaoccosloi
z3thn 6 3t hot &2 -
eoaq :4 eoeeo;
botao2 :*I - *osq;
belso * qtbas)

so := *19( - dqlI*(0.S~totbrd * dello~l + 3I1dl))
delo :w 1 .$ck2ex3th.1/(aoe*o~betooebeteo3);
xnodp :a xao/(l * 4.10);
aodp :w **/(1 - dde);

for perigee W~ow 114 ka. #.be *41ues of a &A4 cqo&*2t are altered.
54 aws

periso :: 14odp.(I - en) - welaxkmPer,
if (pencge )- 1.10) theu g019 to,
04 :0 Porige - 4
it (Porige ) 94) tkbc. 40#6 0;
VL4 : 320

9:
qas*24 :a oe(10-e4eesme.)
04 :0 e4Iskapor * 4e;

10:

P*. A1 :0 alb(lo - *X0i).

<o a qm*4*Pster(%#.i4).
,Z8qfI * KOef/pevOT(P.1a9,3 S).

c2 4 .o~fwxa~p~o~e1 *I !*mt4#,q *91ea*(4 * 914.))

xi*02 I btl

c4th :w # 0 Sootaaq

6*oe*(0 t., 2*et4*q) -2cWk)t*Msao~4rp..isq)

* o.7&*zImtk2*(2**tee" - eb~
xhoti4 :- thu~a?*th~tA2-
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+ 0.0626*etup2*betao#(13 - 78$theta2 + 137*theta4);
zxlmth :w 1 - Setheta2;
omngdot :- -0.5*t~api*xls5th + 0.0E2 5*etap 2 o(7 - il4*thet&2 + 395eth~t&4)

+ toup3s(3 - 36athet&2 + 49*th~ta4);
zhdotl :a -tomptscoaio;
itzodot :a xhdotl + (O.6*t~up2e(4 - 19*thota2)

+ 2*temp3*(3 - 70thota2))cosio;
xuodcf :w 3.6*betao2*xhdotlecl;
t2cof := 1.6*cl;
xicof :a 0.125*a3ovk2*sinio*(3 + &*cosio)/( + cosio);
aycof :0.2Sea3ovk2*sinio;
x7thal :* 7etheta2 - 1;

90:
iflag :0;

Call-dpizit(eosq,sinio~cosio,betao ,aodp,theta2,sing,cosg.
betao2,xudot~oegdor,zaodot,xnodp);

{Update for secular gravity and atmospheric drag}
100:

audi :a zoo + xadotstsinct-
oegadf : oegao + oudoteisinct;
xnoddf : odto + xnodoteteixnce;

xnode :jm~oddi + xnodcfotsq;
toopa :a I - cletaixce;
temp* batarec4*tsiuc*;
teapi t2cofetsq;
In : xnodp,

a :3Pover(xke/zn.tothrd)*Sqr(teua)
* :2 as - tempt;
xams :- audi + zaodpetaupl;
Call..dpper(*.xiac ,ougadf,xnod. .xmam);
xl :. X~ma + ugadf + xaode;
beta a~ .qt(1-ee
ZA :- x/Pover(a.1.6);
Long period pexiodics)
&in :3 eC0s(ougadi);

I11l: t*%p*xlcof*Axn;
aral :3toup~arcot;

ayck * eesj(i*adi) + ayul.
(Solve Kepler's Equation )

copu N wod~p(alt - szoao4.)

for i I3 to 10 do

*4aepV :0 13 ~ fp)

t"AP4 :- afy.Cc**4pw;

tOLpG t43)( %4W tMW) t"P2

it (ebs(tp tempV) cc e*W tbea Soto 140.

444; (for i
(Short poriod pre1*aia4T tj4#tit~i*

140.
040#4 :'topS tq
*#it%*: twep3 teep4.
*104 :3 ,a*4aa O3 Cysee?
teep I - *1*%;
PI * 4**e"p.
r - a(% - *Cose).

btaml s Itttep)

rdt 0" M 0 *a)

<*#ist - t

* o5l5I*te5U;



(Update for short periodics )
rk :a ro(I - 1.S*t..p2*beta1*x3thml) + O.5eteaplezlath2*cos2u;
uak :a - O.25*t~xp2*z7thul~siu2n;
xnodek :a mode + 1.5*etmp2*cosio~sin2n;
ziack :a zinc * .Seteup2*cosioesinioecos2u;
rdotk :x rdot - xutomploxmlth2osin2u;
rfdotk :- rtdot + xAetempl*(xlmth2*coa2u + 1.Sex3thal);
(Orientation vectors)
siank .sia(uk);
costik :ccos(uk);
sinik :siA(Xizick);
cosik :~cos(zirick);
sirmok :csin(mr~odek);
cosnok :cos(xn~odk);
rax :.-sinuokecosik;
=ay :~cosuokecosik;
um : axosinuk + cosuokocosuk;
uy : myosiuuk + sianokscosuk;
na : suiikesianuk
vz : iaicosiik - cosuokesinuk;
WJ : zayecosuk - sinnokosiouk;
mm : sinikecozuk;

(Position and velocity
z : rkoux; pot(1] x ;
y :urkouy; po%[21  y;
z rkouzi pos(3] L:
xdot :rdotkeuz * rfdotkovm; v*1(1] : mot;
ydot :rdotkoul + rfdotkevy; '.1(2] : ydiot;
adot :~rdotkeuz + rf4otkovzý vel(31 :a zdot;
and; (Procedure SOP4)

Procedure SOP(tjae double;
var poS.Vei vector);

var
ZFIQ doubl*;

tsince :- (tin* - juiiss..Poch) e zapda.
it idcep 0 thent
SGP4(tsiacv*.ifl4S.poe .v.1)

4md. (PrQC.4*r* SOP)
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B.2 SGPJNIT Unit Source Code Listing

Unit SOPInit;
{ Author: Dr TS Kelso }
{ Original Version: 1992 Sep 01 }
{ Current Rev4-ion: 1992 Sep 13 }
{ Version: 1.10 }
{ Copyright: 1992, A3l Rights Reserved }
f$*+}

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 : string[25];
selected : array [1..maxsats] of boo'.ean;
sat-name : array [1..max.sats2 of string[22];
sat.data : array [1..max_sats] of two-line;
data-drive,data-dir,
work.drive,work-dir : string;

Piocadure ProgramInitialize(program-name : string);
Procedure Program-End;

IMPLEMENTATION
Uses CRT,Support;

Procedure ProgramInitialize(programtname : string);
var

space,lines : byte;
line,fn : string;
fi : text;

begin
{ Input header file describing program, 22 lines by 79 columns maximum }

ClrScr;
fn := program-name + I.HDRI;
if FileExists(fn) then

begin
Assign(fifn);
Reset(fi);
lines : 6;
repeat

lines : lines + 1;
Readln(fi,line);
Writeln(line);

until EOF(fi) or (lines = 22);
Close(fi);
end; (if)

{ Input directory configuration file }
fn := program-name + '.CFGQ;
if FileExists(fn) then

begin
Assign(fi,fn);
Reset(fi);
Readln(fi,datadrive);
if data drive <> '' then

begin-
data.drive[l] : UpCaae(data.drive[1]);
if data-driveli] in ['A'..'Z'] then

data.drive : data.drive[I] + 1:1
else

data-drive :
end; (if)

Readin(ti data dir);
if data.dir 0>'' then

begin
space :n Pos(I ',data.dir);
if space > 0 then

data.dir := Copy(datadlr,1,space-1);
if data.dir(Length(data.dir)] <> '\' then

data.dir := data.dir +
end; (if)

Readln(fi,work drive);
if woik.drive Z> ') then

be gin
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9ork..Arive[1] : UpCase(woxk..drive[1]);
if vork. drive~l] in ('A'.. 'Z'] then

work-.drive work..drivedlJ + 1:'
*Is*

vork..drive
end; ({if}

Read3.n(tizvork.Air);
if work~dir <> 'I then
begin
space :=Pos(' ',vork-dir);
if space > 0 then
work-dir :=Copy(aork..dir,i ,space-1);

if work-dir(Length(work..dir)] <> ' then
vork..Air :work-dir +

end; {if}
Close(fi);
end (it)

elsegi
bei
data-drive
data -dir
work drive
work..dir
end; {else}

end; (Procedure Injtialixe}

Procedure P~roam-End;
begin
GotoXY(1 ,24);
Cursor-On;
and; {Procadure ?rograau!ndl

end.
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B.3 SGPJINTF Unit Source Code Listing

Unit SGP.Intf;
{ Author: Dr TS Kelso I

Original Version: 1992 Sep 03 }
{ Current Revision: 1992 Sep 13 }
{ Version: 1.02 )
{ Copyright: 1992, All Rights Reserved }{$J+}

INTFR&ACE
const

ae =1;
tothrd 2/3;
xkmpor : 637e.135; {Earth equatorial radius - kilometers (NOS '72))
f 1/?'d.26; {Earth flattening (lGS '72))
ge 39b600.8; {Earth gravitational constant (WGS '72)1
J2 1.0826158E-3; {J2 harmonic (WGS '72)}
ji -2.'A881E-C; {33 harmonic (NGS 172)}
J4 -1.65597E-6; {34 harmonic (NGS '72)}
ck?' 32/2;
ck4 = -3*Y1/8;
xj3 = ;
qo = ae + 120/xkmper;
a = ae + 78/xkmper;
eCe : IE-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,
xn0 xndt2o,xndd6o,bstar,
julian.epoch,xke : double;

IMPLEMENTATION

end.
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B.4 SGP MA TH Unit Source Code Listing

Unit SGP_.Math;
Author: Or TS Kelso

{Original Version: 1991 Oct 301
{Current Revision: 1992 Sep 28

{Version: 1.30 }
{ Copyright: 1991-1992, All Rights Reserved}

($I+)

INTERFACE

type
vector a array [1..4) of double;

conet
twopi 2 * pi;
zero :vector - (0,0,0,0);

Function Sign(arg :double) shortint;
Function Cubo(arg :double) :double;
Function Power(arg,pwr : double) : double;
Function Radians(arg :double) :double;
Function Degrees(arg :double) :double;
Function Tan(arg : double) : double;
Function ArcSin erg: double) :double;
Function ArcCos(arg .double) :double;
Function Modulus(argl,arg2 : double) : double;
Function Fmod2p(arg : double) : double;
Function AcTan(sinx,cosx : double) : double;
Function bot(vl,v2 : vector) : double;
procedure Ragnitudo(vear v : vector);
Procedure Cross(v1,v2 : vector; war Y3 :vector);

IMPLENENTATION

Function Sign(arg : double) : shortint;
begin
it arg > 0 then

Sign :- I
eIse it arg < 0 then

Sign :-1
else

Sign : 0
end; {FUnctiOn Sign)

Function Cubs~arg : double) :double;
begin
Cube :- 4rg0Sqr(&rg);
end; (Function Cube)

Function Power(arg~pvr : double) :double,
begin
if , )s 0 then
Power - Exp(pvr*Ln(*rg))

Vrit*eft(ouput. lZnvalid argument in function Pows.-I );
end; (Fuaction Power)

Function ftaianas(arg double) double;

t*:- arg*PillSO;
ead; (Fun*tiom Iadians)

Foxctias O*;rq##(arg :dockile) :double;

Degr*e. U* art*elO/Pi;
end; (Fuzntiak Iftsr.*)

Faactlask Tfm(&tg :double) : double;
1b*gin
Tam :*Saeg/e~r)
ead. (Fuxctioa Tact)

Fusction ArcSia(srg double) : double;

&rctiu :0 £vcTas(atg/Sqrt()4qr(e.*g)))

Fusct lea ArcCos~arg doubt*e) :doubl*;
begin
*rcce. :9 p112 - ktcsis(arg);
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end; {Function IrcCos}

Function Modulus(argi,arg2 :double) :double;
var
modu :double;

begin
modu :=argi - Trunc(argllarg2) * arg2;
if modu >= 0 then
Modulus modu

else
Modulus modu + arg2;

end; {Function Modulus}

Function Frxod2p(arg :double) :double;
begin
Fmod2p :=Modulus(arg,tuopi);
end; (Function Fuod2pl

Function AcTan(sinx,cosx :double) double;
begin
if coax = 0 then
if sinx > 0 then
Actan pi/2

else
Actan 3*pi/2

else if coax > 0 then
Actan krcTan(sinx/cosx)

else
Actan pi + ArcTan(sinx/cosx);

end; {Function Actan}

Function Dot(vl,v2 :vector) :double;
begin
Dot := vI[I1]*v2 [I1 + vi [2] *v2 [21 + vi [31 *v2 (3:;
end; (Function Dot}

Procedure Magnitude (var v zvector);
begin
v[41 :=Sqrt(Sqr(v[11) + Sqr(v(21) + Sqr(v[31));
end; {Procedure Magnitudej

Procedure Cross(vl,v2 vector; var v3 :vector);
begin
v3[11 vi[21*v2[3] v1E31*v2[2);
v3[21 vI[31*v2[11 vlI[Iev2[3];
v3[3J vi[iJ*v2E2] 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 I
{ Original Version: 1992 Jun02 0
{ Current Revision: 1992 Sep 28 }
{ Version: 1.50 )
{ Copyright: 1992, All Rights Reserved }
f$N+l
INTERFACE

Uses SGP.Math;

type
clock-time = string[12];
date = string[11];

const
xmnpda = 1440.0; {Minutes per day}
secday = 86400.0; {Seconds per day}
omegaE = 1.00273790934; {Earth rotations per sidereal day (non-constant)}
omegaER = omega.E*twopi; {Earth rotation, radians per sidereal day}

var

ds6O : double;

Function JulianDate-of.Year(year : double) : double;
Function JulianDate-ofEpoch(epoch : double) : double;
Function EpochTime(jd : double) : double;
Function DOY(yr,mo,dy : word) : word;
Function Fraction.of-Day(hr,mi,se,hu : 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 ThetaGJD(jd : double) : double;
Function DeltaET(year : double) : double;

IMPLEMEITATION
Uses Niniax,Support;

conast
half-sec = 0.5/secday;

Function Julian.Date.of.Year(year : double) : double;
{ Astronomical Formulae for Calculators, Jean Neeus, pages 23-25 }
{ Calculate Julian Date of 0.0 Jan year }
var

A,B : longint;
begin
year := year - 1;
A : Trunc(year/i00);
B : 2 - A + Trunc(A/4);
JulianDate.ofYear := Trunc(365.25 0 year)

* Trunc(30.6001 * 14)*1720994.6 + B;

end; {Function JulianDate..ofYear}

Function JulianDate.of.Epoch(epoch : double) double;
var

year,day : double;
begin
year :w 1900 + Int(epocheiE-3);
day :- Frac(epoch*IE-3)*1E3;
Julian.Date.of.Epoch :a JulianiDate.of.Year(year) + day;
end; {Function Julian.Date.of.Epoch}

Function EpochTime(jd : double) : double;
var

yearmo,dy word;
yr,time,epoch : double;
odate : date;

begin
edate := Calendar.Date(jd);
year :a Integer.Value(edate,1,4);
yr :a Integer.Valu*(vdate,3,2);
mo :* Pos(Copy(edate,*.3),' JanFebwarAprRayiaJulAuegSpOctlovDec') div 3;
dy :* Integer-Valuo(edate.10,2);
time := Frac(Jd + 0.5);
Epoch.Time :; yrelO00 + DOY(year,nody) + time;
end; {Function Epoch-Tin}
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Function DDY(yr,mo,dy :word) :word;
const

days array [1. .12] of word a (31,28,31,30,31,30,31,31,30,31,30,31);
Tar

i,day word;
begin
day :z 0;
for i Iuto no-1 40.

day aday + daysl;
day :- day 4 dy;
if ((yr mod 4) a 0) and

((yr sod 100) 0> 0) or ((yr mod 400) -0)) and
(no > 2) thozu
day :a day + 1;

007 := day;
*nd; (Function DOY)

Function Fraction..of-Day(hr,mi.**,hu : word) : double;
beg in
Fraction..of..Day :- (hr + (ai + (as + huIIOO)I60)160)24;
and; (Function Fraction-.off.Day}

Function Calendar..Date(Jd :doubl*) :date;
( Astronomnical Formulae for Calculators, Jeau Ne~m.~a paqes 26-27)
war
Z,month longint;
A,B,C,D,E.F,salph double;
day year doublo;
aveoar string[4];
cdat* date;

begin
Z Trunc~jd * 0.6);
F aFr*.c(jd + 0.5);
if Z < 2299161 thenx
A := Z

els*

alpha aInt((Z - 1867216.20)/36624.2S);
A :- Z *I + alpha - Int(alphaI4);

C I nt(( - 122-0/1365.20);
0 Ia t(365.25 9 C);
9 a nM(( - 0/130.6001).
day :m 5 - D - lut(30.6WI01 9 ) *F;
if 9 < 13.5 then -1

Sooth :0 keuadCK 1
*Ise

mouth :* -tma 13);
it month , 1s te

Y ar: C -4716
*Is*

year :a C 4716.

cdat* :6 y*v
4Copy(, e~ba~ra~na~~pc~se 3~nh3

eMd; (Vunclioe Celendat..Dee)

Pun".ttee Timmaef.0ey( doosblZ

TVe byt.) : cl ..ttimio

clime Stri$4;

TV* :4 * n~af0re.)
tise 24 * rfocj - 0.S * kalf.490i
hrt Trvac~tia)~
tie* 60 * Vtec(t it.).
AA Trusc(limo).

OC 6 0 * FyeoCtAe) -0 S.:
tinq :1 00w00 * to000 hr - 100 so 4mc

oqDlkt~tist,.1).0

laegrt I -Is-ts

Tiae..afs - ctiow.
e0d. (FvuctleO Tiae*-f.Jay)
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Function ThetaG(epoch : double) : double;
{ Reference: The 1992 Astronomical Almanac, page 38. }

var
year,day,UT,jd,TU,GKST : double;

begin
year :a 1900 + Int(epochelK-3);
day : Frac(epochelE-3)elE3;
UT : Frac(day);
day :a Int(day);
jd : JulianDate.of.Year(year) + day;
TU : (jd - 2451546.0)/36625;
GUST := 24110.54841 + TU e (8640184.812866 + TU * (0.093104 - TU 6 8.2E-6));
GUST :" Rodulus(GUST + secdayeoueng&.EUT,secday);
TheteG :- twopi * GUST/secday;
4W50 := jd - 24C3281.5 + UT;

{ ThetaO :- Uodulus(6.3003880987edSO + 1.72944494,teopi); }
end; (Function ThetaG)

Function ThetaG.JD(jd : double) : double;
{ Reference: The 1992 Astronomical Almanac, page 38. B
var

UT,TU,GIST : double;
begin
UT Frac(Jd + 0.5);
jd :jd - UT;
TU :Q - 2461546.0)/36525;
GUST : 24110.54841 + TU 0 (8640184.8128664 + TU 0 (0.093104 - TU .2E-6));
GUST : Rodulus(GUST * eecdayeoaegaE*UT,eecday);
ThetaGJD := twopi * QRST/secday;
end; (Function ThetaGJD

Function DeltaST(ytar : double) : double;
( Values determined using data fros 1950-1991 in the 1990 Astronomical

Almanac. See DELTA.ET.VQI for details. }
begin
Delta.ET :a 26.465 + 0.747622e(yoar - 1950)

* 1.$8W913*Sin(tvopi*(yeex - 1975)/33);
ovtd; (Function Delta..T)
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B. 6 SUPPORT Unit Source Code Listing

Unit Support; (*c This unit contains machine-specific coda c
{ Author: Dr TS Kelso}

{Original Version: 1992 Jun 25
{Current Revision: 1992 Oct 20 ]

(Version: 1.90 1
Copyright: 1992, All Rights Reserved

ISTERFICE

const (IBM PC screen codes)
BS = H0; (Backspace)
CR . -M; fCarriage Return)
CRLF - -NJ; (Carriage Return/Line Feed)
BELL .2 G; (Terminal Delll
ESC = -1; (Escape)
DEL 2 9$7F; {Deletel
UP - 872; (Up Cursor)
Dn . 880; (Down Cursor)
Rt a 877; f Right Cursor)
Lt - 875; (Left Cursor)
Rome - 871; (Hlome Rey)
Endd . 879; (End Key)
PgUp a 873; (Page UP)
PgDn 8 81; (Page Down}
C..Lt = 8115; (Control-Left Cursor)
C._Rt a8118; (Control-Right Cursor)
C..PgUp = 8132; (Control-Page UP)
C..PgDn = 8118; fCo.-trol-Page Down)
Upflown 8 24825; (Up/Down Arrows)
Cursors =824*2b#26827; (Up/Down/Left/Right Arrows)
SFrame :string - '' Single-Line Frame Characters)
DFrame :string = ' (Double-Line Frame Characters)
NFrax* string 2 " (Mired-Line Frame Characters)

type
opt ions - array (0. .10] of string;
time-set - record
yr,uo,dy,hr,mi,oe,hu : word,
end; (record)

Procedure Cursor On-
Procedure Cursor:Oflk;
Procedure Save.,Cursor;
Procedure Restore Cursor,
Vrocedure Reverscidto;Procedure lormtal ideo;
Procedure BoldVidoo;
Procedure Fram*Vindow(x,y,w,h,color byte; title :string);
Procedure Mak*Vindow(x,y,w,h~color byte; title string);
Procedure CloarVindov(z~y,w,h :byte);
Procedure Show.-Status..Lino(titl* string);
Procedure Show- Inst ruct ions(t it Is string);
Procedure Clear..Status..Line;
Procedure Report..Error(s,y : byte; title :string),
Procedure Deep;

Frocejur: But%;Procedure Mark_.Time;
Procedure Zoro,.Tia*(var time tinese*t);

R rocolurt Get.,Current-Tiso(var time !tin*..set);
anction Yoes: boolean;

Function Tvooigit(arg :integer) :string;
Function Thr~eefigit(arg :integer) string;
Procedure Convert..Blanks(war field string);
Function Xattgtrj.alue(butfer string;

start.l~ngth integer) :integer;
Fuaction RAl.._Valu#(buffcr string;

start.length integer) :double;
Function :ieCit~~e~ string) :boolean;
Function Seiect..File(title~pattern~defautlt :string; x~y~w,h byte) string;
Funct'(04 So1.c~.0ption(stenu :options; numbo.rx.y,w~h :byte) byte;

INPLEME3TATIOV
Uses CR'tDOS.Miniax,

vjlast-RLast-Y byte;

Procedure Cursor-Oct;
war
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rags :registers;
begin
with regs do
begin

ch 0
cl, :a 7;
end; {with}

Intr(*10,regs);
end; (Procedure Cuiraor..On}

Procedure Cursor-.Off;
war
regs :registers;

begin
with regs do
begin
ali $ 01;
ch $20;
ci : $00;
end; {with}

Intr($i0,rege);
end; (Procedure Cursor..Off}

Procedure Save-.Cursor;
begin
Last-I : hereX;
Last-Y Wher*Y;
end; (Procedure Say*-.Cursor}

Procedure Restore-.2ursor;
begin
Got*XY(Last-.X,LaatY);
end; (Procedure Restore-.Cursorl

Procedure fteverseVideo;
begin
TextColor (black);
Textflackground(lightgray);
end; (Procedure Reverse~ideo}

Procedure IorualVideo;
begin
TextColor(lightgray);
TextBackgrountd(black);
end; (Procedure Norumal~ideo}

Procedure BoldVideo;
begin
TextColor(yellow);
ToxtBackground(black);
end; (Procedure BoldVideo)

Procedure FrameVindow(x,y,w,h,color byte;

war title string);

i: byte;
begin
{ ilndov (x;,yX~ue3.y+h.1);)
( CrScr;
Wind ý (x, y,A+v4.3, y~ih2);
TextColor (color);

for i :- Ito ~4 do
Vrite(Ureax [21);o

Vritt(DFr ame3Jfor i :- I to z
begin
0otoxy(I~l+I);
Vrit*(DFrameL4]);
GotoXY(vt4, 1,1);

end; (for i)
Gotoxy(1 ,h+2),
Vrit*(OFraue(5])
for i :u I ;o It41 do
Vrlte(DF.mo j2);

4ite(DIrame(63D;
OotoXY(2.I);
Vrite(NFrauef4] Copy(title.,.~),Nyrameto]);
formalV idoo;
end; (Procedure FromeVindow)

Procedure Rak*Vlndo%(x,y~u~h~color byte;
title string);
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begin
FrameVindo*(i ,y,w,h,color, title);
Vindow(z+2 ,y+1 ,z+v41,y4~h);
end; (Procedure Makeiindou)

Procedure Cl*ar~indov(x,y,*,h :byte);
begin
Vixdow(x~y,z~w3,y+h+I);
ClrS~cr;
Vindow(1 ,i .0,25);
end; (Procedure ClearVindow)

Procedure Sho*_Status..Line(title string);
begin
GotoXY(1 ,26);
Vrite(Copy(title,i ,79));
CirEOL;
end; {Pracedur* Show_.Status..Line)

Procedure Show-.Instructions(titlt string);
begin
GotoIY(80-Length(title) .25);
Vrit#(Copy(title.1 .79));
CirEOL;
end; (Procedure Show-Instructions)

Procedure Clear-Statua-Line;
begin

end; (Proceduare Clear-Status-Line)

Procedure fteport..Error(s.y :byte; title string).
begin
OotoXy(x .y);
BoldVideo;
Vrit*(title);
Sorwalv 14cc:
OotoXY(1 ,24);
Cursor-On,
Halt;
end; (Procedure Ieport..&rvro)

Procedure Beep;
var
i: iateger;

begin
f%*i,,:4 I to 3 do

Sotand(IS00);

Delay(10);

end; (for)
end; (Pr*<*4%r* Seep)

Procedure ft" ;

i integer;
begin
for 1 :0 1 to 3 do

begin
Sonn4(SO)'

0910yC106)
ndad (for)

end. iProe4*r. Utze)

Procedure ltarh.Tua
coast

tisqtout 'byte 0 0.

Case* timscuwt of

end; (Cat0)
tiso..onatt - Cti04e.cosat 0 1) "a 4.
vrilI.();
and - (Procedure Rork-Tiao)

Pr.c*.AT4r Zeru.?im.(war time w ec)

trith time 4.



begin
yr ;a 0;
so :8, 0;

hr :~0.

and; (with)
end; (Procedare Zoro.3ise)

Procedure Get-Gwru'rezTlae(var tiae tim...aet';
var

dw : or4;
begin
Vith time do

begin
GetDar.(yr.ao dy~dv);
OttTine(hr l,se,huA);
end;

end; (Procedure Get..CurrentTime)

Function Usa ; oolean;
war
ch char;
valid b~oo*an;

begin
Curvor,.On;
repeat
ch :a ttpcAs*(Rea4ey*);
valid :a true;
Case eb of

'Y' begin
or itelat( 'Yos');
Y#0 :m trqe;

.5' begn

Yoa :- tale*;
end; (No)

Valid :4 tdale;
end, (case)

.unt il valid:

*ad; (Function Yom)

fusoics oTvaOitit(wrg integet) etrlass
begin
Twoitgit :a ChrCterg diy 10) * 0A('09))

* Ckr~arts 10 ~) *fco')
e64. (Fleacligm UoVeigit)

F ickaon Troovligtcut ilategt) . Orias.

&I~ #:- art 44v 200.
"fig a wg IOOehtadr4T*.

Throo.ipit Ckcct&4zdved , 0,4(001)) 6 TheOtgi~t~bea?).
"4n. 1 % otta TU%7*%oit jt)

$*..e~ro onert5l~h*(erfield #%trla).
,*at

tot 4 * 14gthMfiet) 4eVuin 1 A

if 1*14M1 's'1

~u3~t e9tat~ 'etew .1**0& to*$")a

esanevy.re0nt klnt.44r.

beif

.20.

F*t.ad. (Vatie eic7*F

F# ee & n W e uf e tsttor )



minus :byte;
result integer;
answer double;

begin
buffer :- Copy(buffer,start,length);
Convert-Blanks(buffer);
if buffer 1)' then
buffer 11

minus :=Pos('-I,buffer);
if minus > 0 then
begin
buffer~minns) : '0';
Val(buffer ,answer,result);
answer :- -answer;
end {if}

else
Val(buffer answer result);

if result - 6 then'
Rteal-V1alue :=answer

else
Report-Error(i 44, 'Invalid call to Real-Value!'0;

end; {Function Real_.Value}

Function File..Exists(filer~ame string) boolean;
war

filehandle :text;
begin
Assign(filehandle,filensme);

fli- Reet (ileandl);{$i+J-
i I esul = 0then

begin
File-.Existe : true;
Close(filehsndle);
end fif I

else
File-Exists :=false;

end; (Function FileExists}

Functrian Select..File(title ,pattern,default string;
r,y,w,h byte) string;

var
choice char;
start ,stop,
count select,i word;
dirinto SearchRec;
filedata array (1- 50) of string;

begin
Cuarsor..Off;
FindFirst (pactern,AnyFile ,dirinfo);
count :0-

whie1TcDo=sError = 0 do
begin
count :=count + 1;
filedata[count) : dirinfonaise;
if filedats[countj default then

select :- count;
Findlfert(di rinfc);
end; (whilej

w I~ax(12,w);
h :I~in(h,I~sx(i,couAt);
NskeWindow(x,y,w,h,white,title);
if count = 0 then

begin
SoldV idea;
Write( 'No tiles!');
Delay(l000);
dormalVi:Ieo;
Window(i,l ,80,25';

Ci rEOL;
ijotolYC .24);
Cursor..Oit;
Halt;
end f

else
begin
start :- INS &-unt -h + i,select);
stop :4 start + h -1;

repeat
ClrScr;
for i := start to rtcp do
begin
GotoIY(l Ii-stert+1),
if i = select then doldVideo;
Vrite(Copy(filedatati) A ,w)),
if i w select then Morsl~ilev;
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end; (for i}
choice :m Readley;
if choice 1 0 then

begin
c~hoice UReadley;

case choice of
Up :begin

select -a Imax(1 select-i);
if select < stari then

begin
start mslc
atop :utrt'ih,- 1;
end; {if}

end; (Up)
Dn :begin

select :2 I~in(count'select+I);
if select > stop then

begin
stop :m select;
start :- stop - h + 1;
end; {if}

end; {Dn}
end, {case}

Select. File :0 filedata(seloct];
Delay(600);
end; (else)

Make~indov(x~y~s,h.lightgray~titl.);
Windou(1,1,80,2S);
ead; {Function Select-File)

Function Select-Option(aenu o ptions;
number~x,y,v,h byte) byte;

var
choice C

$tax t'stop, select, i 
-

begin
Cursor..Off;
h := M~n~hnumbev);
eltect :=1;
MakeW indo (z, y, v,h, whito.mwknn[0])
start := IMin(number -h + I.seloct);
atop :a start + h -1
repeat

ClrScr;
for 1 :4 start to stop do

begin
GotoRy(i I i-vtart+i),
if i select then doldVidec;
Vriateunu( ii),
if i - select then Iotu4YvId*o;
end; (for ii

if cholce #0 then
begin
c~hoice :a Readloy;
cas, choice of

up begin

41 clt < start then

stairt :9selct,
stop :start 4 h - t
end; (it)

e4d; (up)
Do bog i i

if aeltct * top thenA

Stop :- selec:t;
start :w MstoP - h 1;
end; (if)

end; fDo)
end- (C*,e)

end4; if)
unt i ,Choi1ce Ca.
seloct..opt ten : eo

*nd.



B. 7 SGP CON V Unit Source Code Listing

Unit SGP..Conv;
{ Author: Dr TS Kelso

{ Original Version: 1991 Oct 301
{ Current Revision: 1992 Sep 031

{Version: 1.00 1
{ Copyright: 1992, All Rights Reserved

ITYEIFACE
Uses SOP-.Math;

Procedure Convert-.Satellite..Data(arg : integer);
Procedure Conivert-.Sat-State(var pos,vel : vector);

IMPLEMENTATION
Uses Support ,SGP..Intf ,SGP-Init ,SGP..Time;

Procedure Convert.Satellite-.Data(arg : Integer);
var

iexp,ibeip .integer;

al,ao,dell,delo,xnodp,temp :double;
abuf .two-line;

begin
abuf :-. sat..dataLarg];
{*Decode Card 1 *).
catnr :~Copy(abuf (1) 3,6);
epoch SReal..Value(abuf El],19,14);
Julian...poch := Juliaii..ate-of-Epoch(epoch);
xndt2o :s Real..Valae(abuf[1l],34,10);
indd6o :oReal_.Value(ahuf[1l],45,6)*IE-5;
iexp :o nteger..Value(abuf[1iL6i,2);
bstar :RealVaiue(abuf[El],64,6)*IE-6;
ibexp :0Integer-.Valua(abuf (12,60,2);

ielset :v ThreeDigit(Integer-.VaJlne(abuf (1],66,3));
D* Dcode Card 2 *}

xincl := Real..Valxe(abuf (2] ,9,8);
znodoo :v Real-Value(abuf (2] ,18,8);
eo0 : RealValue(abuf[2] ,27,7)A1E-7;
ouegao :0Real -Value(abuf (2],35,8);
xmo :oAalValue(abuf[2L,44,8);
ZRo Real-Va3.ue(abuf(21,53,ii);
{period :0 lno; I
{eConvert to proper units *}
xndd6o :- xndd6o*Pow~r(10.0,i~xp);
tbstar :m bstar*Power(l0.0.ibexp)Iae;
xnodeo :a Radians(xnodeo);
onegao :* ftadians(om~gao>;
mato :a Radianasxmo);
xincd :0 laftians(xincl);

nQ :a snootwopi/runpdia;
tndt2a :w xndt2o*twopi/Sqr(xmnpda);
indd6o :- zmdd6o~twopi/Cub*(xmnpd&);

(C Dtermine vhother Deep-Space Model is needed s)
al :a Pov~r(Yk*/xno,tothrd);
temp :- 1.6.ck2s(3oSqr(Cos(xiacl))-1)/Pover(I - *oeeo,1.5);
dell :a terp/(aleal);
so -a alo(l - d*11*(O.&*tothrd + 4*1Is(1 * 134/81.4.11)));
delo :u tesp/aosao);

xop:- m.oI(l + dolo);
if (twopl/snodp >a 225) then

Weep:

ideep :'0;
ifle; : 1.;
*ad;~ (Procedur* Coavort..SatelUite.Data)

Procedure Coavert..Sat.Stet*(var pos~vel : vector).
vat

for i :- I to 3 do
begin
pas(&) :w postil~xkuper; (hioueters)
v.1(ij :w v.1(iJ)0xbp'r/60; (kilooatoe/s/econd)
end; (for 0)

RegnlttUd(vel);
cad; (Procedure Coavert.Set.Stete)

end.



B.8 SGPJY. Unit Source Code Listing

u~nit SaP .in (f--* This unit contains machiu*-"pcitic codscc
{ Author: Dr TS Kelso}

{Original Version: 1992 Jun 256
{ i.e~Revision: 1992 Snp 13}
{Version: 2.00 }

{ coryright: 1992, AUl Rights Reserved}

INTERFACE
',ses SGi jiath ,SGP..Init ,Support;

const
data-.type byce = 3;

VaT
fsat,fobs :text;

Procedure Select-Time (message :string;
xpos,ypos byte;

vpr default :tiue-set;
precision :byte);

Procedure Select-Time-Interval (message :string;
rpos,ypos :byte;

var default :time-set;
precision :byte);

Function Ghecksum..Good(line line-data) :boodean;
F~unction Good-Eleuents(line :two-.line) :boolean;
Procedure Input-Satellit, (index w ord);
Fwn..-t inn TrtputSat~llit- '%ataG(e : string) : word;
Procedure Select -Sat ell,,;es (title :string;

X,Y,w,h :byte;
number :word);

Procedure Input-.Observer(var geodetic vector);

IMPLEMENTATION
Uses CRT,DJS,XinY t;

var
i : byte;

Procedure Echo-Tine(t~i-e :time..set;
item,precision :byte);

begin
GotoXY(2,i);
CirEOL;
if item =1 then P~overs~Video;
Vrite(time .yr); Iorma1Videoo
Write(' ))-
if item = ý then ReverseVideo;
Urite(Copy(' JanFeb~arkprNayJunJulAugSep')ctiovl~ec',3*time.mo,3));
IormalVideo;
Write(' 3)
if itemi =A then ReverseVideo;
Write(Tvofligit(tine.dy));
NormalVideo;
if precision > 3 then
begin
Wrize(' ');
if itom = 4 then !toevrseVideo;
Write(TwoDigit(time.hr));
Iormalyideo;
end; {if}

if prec sion > 4 then
begin
Write()')-
if item' g then ReverseVideo;
Write(TwoDigit(time.mi));
NormalVideo;
end; jif)

if precision > 5 then
begin
Write('-')
if item = then ReverseVideo;
Write(TvoDigit(time se));
NormalVideo;

if pricision > 6 then
begin
Write(,
if it em Ithen ReverseVideo;

lormalVideo;
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end; f{if)
end; (Procedure Echo..Time}

Procedure Update-Field(choice char;
var value word;
lllm,ulim word;
var pos byte;

lpos,upos byte);
Loegin
case choice of

Up value INin(vallue+l,ulifl);
Dn value I~ax(value-1,llim);

Home value llia;
Endd value ulim;

Lt pos := ax(lpos,pos-i);
Rt pos :M Imin(pos+1,upos);

end; {case}
end; (Procedure Update-Field}

Procedure Select-.Time (message string;
xpos,ypos byte;

var default time-seet;
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;
llijn,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;

enid; {Function LY}
begin
Cursor-.Off;
pr.ocision := I~in(I~ax(3,precision),7);
case precision of
3 w13;
4 V 1;
5 V 20;
6 V 23;
7 w 26;
end; icase}

if prec ision < 7 then
default .hu :=0;

if precision < 6 then
default.se :=0;

if precision < 5 then
default .ii 0-

if precision <4 ihen
default.hr 0;

NskeWindow(xpos,ypos ,5 w,Ishite,message);
Ilimisl) 1957; uliati] :2200;
llim[2] 1; ulims[2] 12;
llim[3) 1; ulim[3J days[LY(defauJlt.yr),de~fault.mo];
Ilim[4J 0; ulim(4] : 23;
llim[5) 0; ulim[s] 59;
llisx[61 0; ulim[6] 59;
llim[7] 0; ulim[7] : 99;
Pos S 1
Echo-.Tiae(default ,pos ,precision);
repeat

choice := eadKey;
if choice *00 then
begin
choice : feadley;
if choice in (Up,DOn, Home, Endd,Lt, RtJ then
begin
case pos of

I Update..Field(choice,default .yr,llim~posJ ,ulimtpos] ,pos,1,precision);
2 Update-.Field(choice,default .mo,llim[pos] ,ulim~pos] ,pos,l ,preclsion);
3 Update-.Field(choice,default .dy,llim[posj ~ulim(pos] ,pos,1,precision);
4 Update-Field(choice,default .hr,llim[posj ,ulim(pos) ,pos,l ,precision);

6 Update..Field(choice,default ,mi,llim[pos] ,ulim~pos] ,pos,1,precision);
6 Update..Field(choice,default .se,llimtposj ,ulim~pos] ,pos,1 ,precision);
7 Update-Field(choice,default .hu,llim[posj ,ulim~posJ ,pos,1,precision);

end; (case)
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ulim[3) :- days(LY(default .yr),default.moJ;
if default .dy > uli~mt3J than
default.dy :a ulim[3J;

E-ho..Tiae(default ,pos,preciision);
and- (if)

end ~if)
until c Is ceK*
Nakeiindov(xpos ,ypos ,w, 1,lightgray .message);
Echoj.ime(default ,O,precision);
Windov(i,i ,8O,26);
end; (Procedure Input..Time}

procedure Echo..Tino-.Interval (time timue-.set;
item,procision byte);

begin
GotoXY(4,2);
CirEOL;
if itoem - 3 then Revorse~ideo;
Vrit*(TwoDigit(time.dy));
Normal? ideo;
if precision > 3 then

begin
Writ*(, 1);
if item z 4 then ReverseVideo;
Vrite (TwoDigit (time .hr));
lorokalVideo;

if precI~iiiln > 4 then
begin
Write('-)
if item = then ReverseVideo;
Vrite(TwoDigit(time .ii));
NormalVideo;

ifpendcisin >5 then
begin
Writ*('-')-
it item a d then ReverseVideo;
Urit*(TvoDigit(time-sW);
gorstalVideo;
end; {if}I

if precision > 6 then
begin

if item -Ithen ReverseVideo;
Vrit*(TwoDigit(tim*.hu));
NormalVideo;
and; {ifl

end; (Procedure Echo-Tlnejnuterval)

procedure S*lect-.Time-.Iat~rval(messag# string;
xpos,ypos byte;

var default t iine-st;
precision byte);

var
pos,v byte;
choice char;
llim.ulim array (1-.1.7 of word;

begin
Cursor-.Off;
precision ;= h~in(IP~ax(3,precision),?);
ease precision of
3. v :: 5;
4 w u9;
S : 12;
6 16 I;
7 wu18.;
end; fcase}

if precision < 7 then
default.hu :a 0;

if precision < 6 then

if precIsion 6 5 hen
default .mini 0;

if precision < 4 then
default hr :a 0;

NakeWindov(xpos,ypos,INaz(v41 .13) .2, hitt'nessage);
Write(Copy(' days hr:mn:sc.hul,1,w)),
lliint3] 0; uliin[3] :w 99;

ilintS] : 0; ulim(s) :U 59;
Iimx6d :a 0; ulia[61 :a 69;
llim[7] :M 0; uliin(73 :0 99;
po0 :0 3;
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Echo.3ime..Interval(default ,pos ,precision);
repeat

choice :- Readley;
it choice #00 then

begin
choice Readley;
if choice in [Up,Dn,Home,Endd,Lt,Rti then
begin
case poe of
3 Update..Field(choice,default.dy~lliN[po5J ,ulim~poa] ,pos,3,precision);
4 Update-.Field(choice,d4efault.hr,UliU[poB],ulim~pos] ,pos,3,precision);
5 Update-.Field(choice,default.mi~flim(poBJ ,ulim[.pos] ,pos,3,precision);

6 Update-Field(choice,default.se,llliEEposJ ,ulim[pos] ,pos,3,precision);
7 Update..Field(choice,default.hfl,llim~poBJ ,ulim[pos] ,pos,3,precision);
end; {case)

Echo..Time-.Interval(defaulJt ,pos ,precisiont);
end; {if}

end- jif}
until choice = ^K;
MakeWindow(xpos,ypos,IR&x(w+1,13) ,2,lightgray,message);
Echo-.Timne-nterval(default ,0,precision);
Vindov(1 ,1,80,25);
end; {Procediire Input-Time-.Interval}

Function Checksum-.Good(line line-.data) :boolean;
var

i,checksum,check-.digit integer;
begin
checksum := 0;
for i 1= Ito'68fdo,
case linei of

10.11 checksum, checksum + Ord(line[i]) -Ord('0');

-1 checksum, checksum + 1;
end; {case}

checksum :=checksum mod 10;
check-digit :=Ord(line[69]) - ard('o');
Checksum-.Good :=(checksum = check-dAigit);
end; {Function Checksums..Good}

Function Good-Elements (line :two-.line) :boolean;
var
result :boolean;

begin
result :=Checksum-.Good (line [11) and Checksum-.Good(line[21D;
if (line[i,i) 0 '1')) or

(lineL2,11 0> '2') or
(Copy (line W),3,S) 0> Copy (line [21 3,5)) then
result := false;

if (line(1,24J 0> ).') or
(line[1,35) 0> '.)) or
(Copy(lineiL162,3) 0> 1 0 ') or
(line[2,121 0>'' or
(line[2,21] 0>'' or
(line[2,38) 0> '.') or
(line[2,47] 0> '.') or
(lineE2,56) 0> '.) then

result := false;
Good-.Elements :- result;
end; {Function Good..Elements)

Procedure Input-Satellite(index word);
begin
if not EOF(fsat) then
begin
if data-type =3 then
Readln~fsat ,sat-.name[indexl);

Readln(fsat ,sat..data~index,i1);
Readln(fsat ,sat..data~iadex,2]);
end; (if)

end; (Procedure Input-.Satellite)

Function Input..Satellite-.Data(fn :string) word;
var

count :word;
begin
'I data-type in (2,3) then
ý*gin
count := 0;
Issign(fsat ,data-drive + data-.dir + fn);
Tceset(fsat);
repeat

count :- count + 1;
Input..Satellite(count);
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until EOF(fsat) or (count - maksats);
Close(fsat):
Input.Satellite.Data := count;
end {if}

else
begin
GotoIY(1,24);
Writeln('Invalid data type!');
Halt;
end; {else}

end; {Procedure InputSatelliteData}

Procedure SelectSatellites(title string;
x,y,u,h byte;
number word);

var
choice char;
start,stop,select,i word;

begin
Cursor.Off;
h := IMin(h,number);
select := i;
. := IMax(v,12);
NakeWindow(x.y,w,h,white,title);
start I~in(number - h + 1,select);
stop = start + h - 1;
repeat

ClrScr;
for i := start to stop do

begin
GotoXY(1,i-start+1);
if i = select then TextBackground(blue);
if selected[i] then Vrite(' e] ') else Write('[ J ');
Vrite(Copy(sat.data[i,1],3,5),' ',Copy(sat.name[i],i,w-12));
ClrEOL;
if i = select then TextBackground(black);
end; {for i}

choice := ReadKey;
if choice = #0 then

begin
choice ReadKey;
case choice of

Up : begin
select :a Iyax(1,select-i);
if select < start then

begin
start :U select;
stop :- start + h - 1;
end; {if)

end; {UpI
PgUp begin

select :- INax(1 select-h);
if select < start then

begin
start :4 select;
stop :a start + h - I;
end; {if}

end; {PgUp}
Dn begin

select :x INin(number,select+l);
if select > stop then

begin
stop :a select;
start :" stop - h + I;
end; {if}

end; {Dn}
PgD• begin

select :K I~in(nuaber,select+h);
if select > stop then

begin
stop :a select;
start :0 stop - h + 1,
end; (if)end; (Pg•}

end; {case)
end (it)else
case UpCase(choice) of

begin
selected[selectl :- Uot(selectedtelect]);
uelect :- Xl~in(number~eelect+0);

1*elct > stop then

begin
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stop :select;
start aatop -h+ 1;
end- (if)

end; troggel*
'A' :begin

for i := I ti number do
select*dj :m Iot(uelectod~i]);

end; fToggle All)
endi (case}

until choice a CIL;
Dolay(500);
NakeVindow(x,y,w~h,lightgray,title);
Vindow(1 ,1,80,25);
end; (Procedure Select-.Sat*llitos}

Procedure Input..Observr(var geodetic vector);
begin
if not EOF(fobs) then
begin
leadln(fobs,obesnAae,Xeodetic[i] ,geodetic(2] .goodetic(3]);
geodeticti] := Radians(goodetictl I);
geodetic(2] :x 3adians(Nodulus(goodetic (23 .360));
geodeticL3] :& geodetic(3]eO.00i;
*nd; (if)

end; (Procedure Input..Observer)

begin
for i :0 1 to maz..eats do

selected~i] :a false;

eAd.
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B1.9 SGP OUT Unit Source Code Listing

Unit gap-Bunt;
{ Author: Dr TS lelso

{Original Version: 1992 lug 24{Current Revision: 1992 Oct 01}
Version: 1.50 }

Copyright: 1992, Ill Rights Reserved}
{$N+)

INTERFICE
Uses SOP-mRath;

coust
day..date boolean =true;
full time :boolean - true;

I- E-V-S boolean - false;
1) X S :boolean afalse;
tN*-res :byte a 2;
angle..res :byte w4;
dist-res :byte a3;

var
fout : text;

Procedure Otitput..Time(tine : double);
Procedure Output..ECI(time :double;

pos,vel : vctor);
Procedure Output..Angl*(Angle double;

sidth,dec :byte;
degrees :boolean);

Procedure Output..LatLonAlt(time double;
geodetic :vector);

Procedure Oiitput-Obs(tino double;
obs :vector);

Procedure Output..RADtc(tin* double;
obs :vector);

IMPLERENTATON
Uses Support ,SOP..Init ,SGP..Tixe,Solar;

Procedure Output.Tim*(.ia*e double);
begin
if day..date then

begin
Vrite(fout ,Caleudar.Date(tiu.),I )
Vrite(fout ,Time~oL-DAy(tiae~full..tiue,tlae..res));

end {if)
Vrite(fout,tiae:16:8);

end; {Proc.%dure Output-.Time)

Procedure Oiatput..ECI(time double;
POSevel :vector);

we byte;
begin
Output-.Tino(t me):
for :(futto.30.11:11:3);

for i :a I to 3 40
Vrite(fqlat vel 1]:11:6);

if show via then
if ec ipsed then

Vritela(fout.' SCLI)

Vritela(fout);
*ad; (Procedure Output..ECI)

Pro-codurt Output -Angle (angle :double;
uidth,dec :byte;

degrees :booleaa);
var

aSiga short int;
degnainsoc :longint;
tap :double;

begin
If dec > 4 then
dec :0 4-

if D..hS tien
begink
*sign :0 siga(angl.);
angle :a Abe(aagle);
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case doc At
0 begin

angle :'ý Modulus(angle + 0.5,360);
dog :=asign*Trunc(angle);
end -{0}

I: begin
angle :- Nodulus(angle + 1/12,360);
doag Trunc(angle);
min: Trunc((angle - deg) * 6)*1O;
deg :=asignedeg;
endi (I)

2 begin
angle :n Modulus(an&:e + 1/120,360);
deg :Trunc(angle);
min: Trunc((angle - deg) * 60);
deg :m~ asignedeg;
endi {2}

3 begin
angle := odulus~angle + 1/720,360);
deg :Trunc(angle);
tap (angle - deg) * 60;
min: Trunc(tnp);
sec :Trainc(Frac(tmp)*6)*iO;
deg :~asignedeg;
endi {3}

4 begin
angle := odulua(angle + 1/7200,360);
dog Trunc(angle);
tap :~(angle - deg) * 60;
min: Trunc(tmp);
sec Trnnc(Frac(tmp)e60);
deg asignedeg;
end; {4}

end; {case)
if degrees then
case dec of

0 Write(fout,deg:vidth,'');
1,2 Write(fout,deg:vidth,'',TvoDigit(min),'''');
3,4 Write(fout,deg:width, 'T olligit(min),"'',TwoDigit(sec),''');
end {case}

else
case dec of

0 : rite(fout,deg:vidth,'h');
1,2 Write(fout,deg:width,'h',TwoDigit(min),'m));

end {case}

el se it
if dec =0 then
Vrite(faut,anugle :width:0)

:Wrlite(fout,angle:vidth+dec+1:dec);
end; {Procedtiro Output-Angle)

Procedure Output-LatLonilt(time double;
geodetic vector);

begin
Output-.Tiue(time);
if -E..V-S then

begin
Output..Angle(Abs(Degrees(g~odetic(1])) ,5,angle..res,true),
if geodeticti) >- 0 then

else
Write(fout,' I5');

it geodeticf2] > pi then
goodotic[2] :* gteodetic(2] - twopi;

Output..Angle(Abs(Dogrees(geodetic[2])) ,6,angle-res,true);
if goeodetic[2] >at 0 then
Vrit.(fout,' E')

Vrite(fout,' WI);

end (if)

begin
Output..Angle(Degr..s(geodetic(1]) ,5,angle-ies,truo);
Output..Angle(D~grees(geodetic(2]),6,angle-ros.true);
end; (if)

if show via then
if oc lpsed thou



Writeln(fout,'I ECL')
alse

else Writdln(fout,' '
Vriteln(fout);

end; (Procedure tOutput-.LatLonilt}

Procedure Uutput..Obs(time double;
obs vector);

const
first :boolean = false;

begin
if not visible then
begin
if first then Hriteln(fout);
first := false;
Exit;

end; (if)first :=true;
Output..Time(time);
Write(fout,Copy(obs..name,1,3) :5);
Writ eln(f out, 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~rez+8:dist-res+3);

end; {Procedure Output-Obs)

Procedure Output.-RiDec(time :double;
obs :vector);

coflst
first : boolean = false;

begin
if not visible then
begin
if first then Writeln(fout);
first :false;
Exit;

I rs, : true;
autput-'ime(time);
Vrite(fout ,C,)p7(obs-name,i ,3) :5);
Output-.Angle (Degr-.,a(obs (1])/15,4, angle-resj also);
Output-Angle(Degreez -'bs[21) ,5,angle..res,true);
'driteln(fout);
end; {Procedure autput-RADec}

end.



B. 10 SGP OHS Unit Source Code Listing

Unit utor OG.OS r TS Kelso
{Original Version: 1992 Jan 02
{Current Revision: 1992 Sep 28

Veso:1.40 )
Copyright: 1992, Ill lights Reserved 1

($I+)

I ITEIFACE
Uses SOP-Math;

Procedure Calculate..User-.PosV*l(var geodetic vector;
tine double;

var obs..pos,obs-val vector);
Procedure CalculattiLatLon.Alt(poo vector;

tiae :double;
wa~r geodetic :vector);

Procedure Calculate..Obs(pos~vel.geodetic :vector;
tine :double;

war obe..aet vector);
Procedure Calculate.L.ADec (poe .vel geodetic vtc t-,

time double;
war obese*t :vector);

INPLERWNTATION
Uses SOP-1atf ,SOP-1it.SOP-Tiae;

Procedure Calctalatei-leer..PosVel~var geodetic :vector.
tine double;

var obs..pos.obs-vel vector);
{Reference: The 1992 Astronomical Almmana. page tit.
coast

*nfactor a tvopieomega-E/secday;
var

lat lon~alt.
theta,c.s~achcp :double.

beg in
lot :*goodoticl1il
ion :* godetic(2];
alt :~geodvtic13).

theta :* Rodulus(ThetoG-JD(t isw) + lea.tvop0);
geodeticC41 -a theta; (LUST)
c .I /S~rt(l # fe(f -2ejC~~a))

s .Sqr(i - 0c
achcp -W (xkupof~c # eIt0eCoe(la0);
oboepos~i) 6 ct~ste ;(hileamtterr)
obe..P0st21 * 1AhCP*Six~thete);
oboaPos(i) '(1kmPerve * elt).SWIS0,t
obe..vol(fl -mfacter-oeA~~.so(2] hl..eeIe4
obaevolt2) .. mfcter-OW...V0*0I
eke%-vo13) 0.

Itame 4smebte.
war 8eodetic vce)

( efrece Th* 1992 WTe00ice1 41saaat. page 1112

tbee~re*.~i. do~e.b.

tbeta * AKaa(*(pe(2.PeafI).
lea X* R4sI**(0tbts ht4i~ie.~p
I * ajtSrpe~1
o2 m t(2 - f).

lot - &dTet(Poej~.t).

*~. let.

let *ACTA6(pe##M*
*&tit Abet(lat , P60) -C 11-0.
*It P /Cet-(lat) - tkxpor*<.

$*edqtiC.I3) lotv.. ( adi*4 J*%

6#e4et4%(,'W seit. (Wienoet.v.)
ge4dotic(4) *tbets. (ra6diate)



*ad; (Procedure Calculat*_LatLoahlt)

Procedure Calcialate..Obe(poo,vol,geodetic vactor:-
time dou.ble;

var obs-*ct vector);
vat integer;

lat ,lon,alt ,thota,
ciii lat COO lot
ahn~thda,coe..ti.t^ :double;

, lain double;
top-4a top~o.top..z double;
obsepos .obt-vol.
range ,rgol vector;

begin
Calculate*tlecr.PosVel (geodetic .t in,obs-poa .ob~vel);
for i :- I to 3 do

begin
range(i] po.s] - oba-poo(iJ;
rgvel~iI : v.1(i3 obe.-v~l~i3;
and; (for 1)

Ragmitud*(raag*);
lat :goodetic~i);
lon: geodctic(2);
alt :a goodetic(3];

$ia-lat :a Sift(lat);
COe..let :m Com(lat);
sua..tbetA :*Sim(thcta);
coSatboth Coo(thtta);
top.* u.ltc..bteaae1

-coc..latcraazv(3J.

top-*U -Sia~th~taerang.(1l
+ coae.tbeta-r~a~ge21;

top-&a :a coo-ceoc)cara!e1
*coo~altsix-thetacr, .eE21

axis :0 krcTaa(-top~/ltop..a); (Limtb)
It top-* 1 0 tlben
axis :- Asiim * pi..

it axnis < 0 %&*a
spn. :0 ozzi tw* t

ebeet~ : isa.; iazniuth (gadicuc))

ob. wt(3 crs"0(41. (fla.. (acc.er)
obeo-ot (43 Do%~e (rees. .rgve) trawao(4) (laag. SAX*ilcctec~o)

C ~c cttee loge atsoophcric retgrat tea
loRefc~asc &Atreassical Alievitbec by 3044 Neejie. pp. 104-104
Sol*-e Ccoffti'ta it S.catei*6ae *40. eppefoet 01evetica it tqlec koviz.s

.-ii

it ciaw~l 0hic I te tt

bcad Pcec.Ceoe.Q.

tim dcs..

l( IftqvwK* N~tbN*4 of Otbt-t rc.eartc ~ .*. $A&** htAc&4. pp4OI4-42)

s1.44. ku14

opatiOta.t% U4

witt0!iule tbee



az :obs..set(1J;
4 el obs...et[2);

phi geodetic~l];
theta PodulILS(ThetaG..JD(time) + geodetic[2j ,tvopi);

cos..phi Cos(phi);
Lxh -Cos(az)*Cos(el);
Lyh Sin(az)*Cos(el);
Lzh Sin(el);
3x :sin-phi*cos-.theta;

Zx cos..theta*cos-phi;
Sysin-phi*lsin-.theta;

Ey coo-theta;
Zy :sin-theta*cos..phi;
Sz -cos-.phi;
Ez 0;

Zz sin.-phi;
Lx :Sx*Lxh + Ex*Lyh + Zx*Lzh;
Ly :Sy*Lxh + Ey*Lyh + Zy*Lzh;
Lz Sz*Lxh + Ez*Lyh + Zz*Lzh;
obs-s.et[2J : rcSin(Lz); (Declination (radians)}
cos-delta z'Sqrt(I - Sqr(Lz));
sin-.alpha : .y/cos-delta;
cos..alpha :Lxlcos-delta;
obs-set~l] I cTan(sin-alpha,cos-alpha); (Right Ascension (radians)}
obs..set~lJ Modulus(obs-.set [1],twopi);
end; {lfl

end; {Procedura CalculatejUiDec}

end.
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B. 11 SOLAR Unit Source Code Listing

Unit solar;
{ Author: Dr TS Kelso

{Original Version: 1990 Jul 29 1
{Current Revision: 1992 Sep 30}

{Version: 1.20 1
{ Copyright; 1990-1992, Ill Rights Reserved

($I+)

IRTERFACE
Uses SGP-Math;

conat
eclipsed :boolean =false;
show-vis boolean -false;

var
civil,
nautical,

a stronorical double; (Twilight elevations)
solar..pos :vector;

Procedure Calculate...Slar-.Position(time :double;
var solar-vector :vector);

Function Dopth..ol.Eclipso(time :double;
rl vector) double;

IMPLEUNTATION
Uses SGP..Intf ,SGP-Time.

count
ar -696000.0; (Solar radius - kilometers (IAU 76)1
AU =1.49597870ES; (Astronoaical unit - kilometers (14U 78))

Procedure Calculat*-Solar-Pos it ion(t ine double-
var solar..vector :vector);

var
mjd,yeear T.7 ,L.e .C,O ,Lsa~nu,R.eps :double;
ob v~ctor;

begin.
*ad :0 tine - 2415020.0;
year :- 1900 + ajd/36S.26;
T :- (njd + Dolta-ET(year)/#acday)/3t0S26.0;
N :a ladians(Itodulus(3-58.47683 + lloduluaS(3999.04975*T.360.O)

- (0-000150 + 0Q.0000%3Je?)*Sqr('T).360.W-);
L :- Radiams(Kodulus(279,69M6 * flodulu#(3600O.ft892*T,3e0.0)

* O.000302S*Sq.'(T).360.0));
e i: 0.01674104 - (0.0000418 4 0.0O00000176*T)*Zj
C :'RadiaAW.((1.9466 - (0.1004789 * 0,0000!4*T)eT)*Sin(N)

*(0.020094 - 0.Ou0101).1)eSiu?2ejg) 4 0.000293.sSin(30N)1;
0 : ain(ouo(5.8-1934.1420T.360.01-);
Lait : odulus(I. + C - Radiams(0.00569 -0.004719SWn(0).)tvopi);

n Kadlue(lfl + C~t"~Pi);
1 u1.0000002*0i - +qe)( 'o(u)

:'o lsadns(wO3.42204 -- .00-01"M * (1)0000184 0.0000006036T.)*T)OT

solerevctord3) 1* A'to (Loa)*$ iu(opa).
*o1*r~.voctorE4] :a 1:

*ad4ý {Pro*4o4uf C~lculet*-Solar..PovtlA.~a)

ftoctiatt tkpth..of-Xcatp**Wx*e double;
rl vector) :double.

,aIU lktm.A ýl t .Poei I oa(ttaemr2);
00l4f.poa :0 r2:
11-ti 1- SqT(rI(4)).

k - r!-r2IrT2r2;
(Calculate perpoa41calar distaace from ant 1-solsr iswctor)

4 .& Sqrt(ri..ri - Sqr(r1.r2)/r2..r2).
(Colt'14t* #bPA46w diVatanca dc0
do '. Itapet' * k * (Sr - tu~)

fir .1 < 40. then eatollifte i* in oclipke)
it (k )L 0) end (d < do) then
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eclipsed :a true
alse

eclipsed :a false;
Depth.of.Eclipse := d - da
end; {Function Depth.ofEclipse}

begin
civil : Radians(-6);
nautical : Radians(-12);
astronomical :a Radians(-18);

end.
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B.12 MINMAX Unit Source Code Listing

Unit MinMax;
{ Author: Dr TS Kelso }
O Original Version: 1992 Jun 29 }

{ Current Revision: 1992 Sep 03 }
{Version: 1.02 }
{ Copyright: 1992, All Rights Reserved }
{$1+}

IITERFACE

Function IMin(argl,arg2 : integer) : integer;
Function IMax(argl,arg2 : integer) : integer;
Function Rfin(argl,arg2 : real) : real;
Function RPax(argl,arg2 : real) : real;
Function DMin(argl,arg2 : double) : double;
Function DNax(argl,arg2 : double) : double;

IMPLEMENTATION

Function IMin(argi,arg2 : integer) : integer;
begin
if argl < arg2 then

IMi := argi
else

IMin := arg2;
end; {Function IMin}

Function IMax(argl,arg2 : integer) : integer;
begin
if ar.p > arg2 then

IMax : argl
else

IMax := arg2;
end; {Function IMaxj

Function RMin(argl,arg2 : real) : real;
begin
if argl < arg2 then

Min :i argl
else

RMin : arg2;
end; {Function RJin)

Function RMax(argl,arg2 : real) : real;
begin
if argi > arg2 then

RMax : argl
else

R~ax :: arg2;
end; {Function RJax}

Function DMin(argl,arg2 : double) : double;
begin
if argl < arg2 then

DMin : argl
else

DMi :n arg2;
end; {Function DMin}

Function DNax(argl,arg2 : double) : double;
begin
if argi > arg2 then

DMax := argl
else

DMax : arg2;
end; {Function DMax}

end.
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Appendix C. TRUTH MODEL

C. 1 HFOPINV Source Code Listing

Program HPOP-Input;
{ Author: Dr TS lelso}

{ Original. Version: 1992 Aug 20
{ Current Revision: 1992 Oct 14
{Version: 2.26 }

{Program Information: Convert two-line element sets to state vectors
for input to KPOP/SAN.}

0sN+1
Uses CRT,Support,
SG;P.Injt ,SGP-1n,
SGP..Conv,
SGP-Math , SGP-Tme,
SGP4SDP4;

var
timnei,tiines,timee :time-.set;
je:.,je2 :double;
sat..pos,sat..vel :vector;
fnti,fno :string;
fi :text;

Function EPOP..Time(tm : time-.set) :string;
begin
with tm do

KPOP-.Time := Twofligit(yr div 100)
"+ TwoDigit(yr mod 100)
"+ TwoDigit(mo)
"+ TwoDigit(dy)
"+ TwoDigit (hr)
"+ TwoDigit (mi)
"+ TwoDigit(se) +'.
"+ TwoDigit(hu);

end; (Funct ion HPOPTime}

Function HPOP..ETime(je : double) :string;
var
time :double;
edate :date;

begin
edate := Calendar..Date(je);
with timee do
begin
yr :~Integer-Value(edate,1,4);
ma Pos(Copy(edate,6,3),' JanFeb~aripr~ayJux~ullugSepactlovDec') 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 - ml);
se :Trunc(time);
hu :Trunc(100*Frac(time));
end; {with}

HPOIK.ETime := HPOP..Time(timee);
end; {Procedure Convert-Time)

Procedure Output..HPOP;
var
i byte;
int :double;
to :text;

begin
Aualgn(fo ,uork-drive+vork..dir+fn~o);
Revrite(fo);
for l1 1. to 3 do
Vriteln (fo,1000*sai+.pos~il]:12:3);

for i :- I to 3 do
Write~n(fr,1IO0')*3I-t..vel~iJ :15:8);

with times 4o
int := hu/100 + se + (mi + (hr + (24*dy))*60)*60;

Writeln(fo,int:12:3);
Vriteln(fo,HPOP._ETime~je1));
with timei do

jo2 :- jel + dy + Fraction-of..Day(hr,mi,se,hu);
Writeln(fo,HPOP..ETim.(jel));
Vrit~ln(foHPOPETisieQj2));
Writeln(fo,'0.01');
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Close (fo);

end; {Procednre Output .JPOP}

BEGIN

ProgramlInitialize( 'EPOP-IN');
Show-.Status..Lin~e('Select input two-line elements');
Show..Instructions('<'+UpDovn+' to select, ENTER when done>');
fni :=Select-File('Two-Line Elements' ,data..drive+data..dir+'*.2LE' ,'',40,2,19,5);
tssign(fi ,data-Arive+data-dir+fni);
Reset(fi);
Zero-.Time(timei);
Zero Tizse(times);
timel dy 60;
times.mi : ;
Show-Statut.Line('Time interval from epoch');
Show-.InstructionsC'<'+cursors+'/Eome/End to select, ENTER when done>');
Select Time-jntearval ( ' Time Interval', ,40,9,tiaei,7);
Clearjgtatus..Line;
Show-.Statua-.Line('Output time step');
ShwIsrcin(<Icros;Hm/n to select, ENTER when done>');
Select-.Time..Interval('Time Step' ,40,13,times,7);
Clear..Ststut.Line;
GotoXY(i,24);
repeat

Mark-Time;
Readln(fi,sat..data~l,1J);
Readln(fi,sat-.datatl ,2fl;
trio '= SY-' + Copy(sat..datafi,1],3,5)

+ 1.' + Threefligit(Integer-Value(sat..data[i,iJ ,G8,3));
Convert..Satellite-jData(1);
jel :- Julian..Date..of-Epoch(epoch);
SGP(jel ,sat-.pos,sat-vel);
Convert..Sat..State(sat~pos ,sat..vel);
Output iPOP;

Until EOP~fi);
Close(fi);

END.
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C.2 HPOPJIN 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 Velocitylzl
Step Size Propagation step size (seconds)
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 (m2/kg)

C.3 Sample HPOPIN Output/HPOP Input File

File: SV-19859.147

-7575194.314
-1791719.890

9.481
-75.291742

-618.161792
7868.435726

300.000
19900302075911.43
19900302075911.43
19900502075911.43
0.01

C.4 Sample HPOP Output/CONVERT Input File

FILE: PV-19859.147

Time Position(x) Position(y) Poditton(z) Velocity(x) Velocity(y) Velocity(a)
19900302075911.43 -7675194.31400 -1791719.89000 9.48100 -75.29174 -618.16179 7868.43572
19900302080411.43 -7314412.61195 -1907912.86517 2331213.45669 1787.88725 -155.40460 7578.49848
19900302080911.43 -6527644.76443 -1887036.66329 4496446.34278 3403.31635 287.14663 6784.48618
19900302081411.43 -5309821.98319 -1741845.94718 6367459.24499 4647.97494 668.23762 5646.17234
19900302081911.43 -3779138.83937 -1494310.16383 7866660.24678 5490.94581 967.76236 4331.69393
19900302082411.43 -2052321.28041 -1169644.27783 8962430,39496 6964.13216 1183.05842 2975.18718

19900502073411.43 -8749947.01736 -600119.68736 5088236.46983 1904.;6474 -346.79907 6884.16506
19900602073911.43 -8037873.88466 -890440.06104 6760184.84992 2813.11029 -266.42774 6244.07122
19900502074411.43 -7079394.34900 -963664.66123 8226888.43876 3649.03791 -165.80210 4615.64102
19900602074911.43 -5924349,23870 -990274.92476 9464060.80267 4126.98788 -79.68869 3731.70628
19900602076411.43 -4618259.12963 -1001824.01191 10461703.70189 4558.31158 1.87721 2915.46436
19900502075911.43 -3202624.68393 -989M63.66330 11211748.10762 4868.93881 78.30139 2483.26883

timte: in YYYYM MI)DHHMMSS.SSS Format
position: in meters
velocity: in meters per second
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C.5 CONVERT Program Source Code Listing

Program Convert;
Author: Dr TS Kelso I

Original Version: 1992 Jul 22 1
Current Revision: 1992 Oct 16 }

Version: 2.03 }
PormInformation: Convert state vectors to observations. }

Uses CWf,Support,
SGP..Init ,SGP-In,
SOPMath SGP .Time,
SGP-Obs , olar;

const 10

var
first,
limits,dark :boolean;
i,nr..sites byte;
yr,mo,dy,
hr mi se hu w ord-
t~iie, 6oE : double;
obs..pos ,obs-vel,
obs-.set,
solar-obs
sat..pos,sat-.vel :vector;
min..range,
max-range,
min .el,
max-e1,
azl,az2 :array El. .max-sites) of double;
site :array El. .max..sites) of vector;
site-.des :array El. ,max..sitesl of stringE3);
hl,h2 :string[2l;

ta string[l8il;
naiae,buffer stringE25];
fnl,fn2,fn3,fn4 :string;
fi2,fo,fi4 :text;

Procedure Convert..Time(ts string;
var yr~mo,dy,hr,mi,se,hu w ord);
begin
yr := Integer..Value(tm,1,4);

mo :w Integer-.Value(ta,&,2);dy := Integer-Value(tu,7,2);
hr :a Integer..Value(ta.9,2);

se :w Integer-Value(tm,13,2);
hu := Integer-Value(tm,13,2);

end; (Procedure Convert..Time}

Procedure Output..Data(arg :byte;
time :double;

obs..set~satpos :vector);
begin
Writeln(fo,site..des~arg],' 1.

time:16:8,' '

Oegrees~obs..set[ll):7:3.' '

Degrees(obs..setE2]) :7:3.' '

obas..et(3]:9:3,' '

obs..set[4J:9:3,1
sat..postlJ:,10:3,' 1,

sat-.pos[2]:10:3,' 1,
sat..pos(3] :10:3);

end; (Procedure Output-.Data)

Function Check-.Linits(obs :vector;
arg :byte) : boolean;

var
goad : boolean;

begin
good :* visible and
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(abs [31 >= min-range [arg]) and
(abs [3] <= max..range [argi);

it good then
begin
obs~i) :Degrees~obs[11);
obs [21 Degrees (abs [2));
if (az2[arg] > azl[arg]) then

good :- (obs~i] >- azl~arg]) and
(obsfl) <- az2[arg)) and
(obs[2) >- min..el~argl) and
(obs[2] <- max..el~arg))

else
good := ((obs[1) >- azi[argl) and (obs[l] <- 360)) or

((obsti] >- 0) and (obs~i) <- az2[arg)))) and
(obs[2) >- Ein~el~argij) and
(abs [2) <- max-e1 [argl);

if not good and Cmax-el [argi > 90) then
begin
if obs[1] > 180 then

obs E 1: obs~l] - 180
else
obs[l) obsti) + 180;

obs[21 := 180 - obs[2);
if (az2largl > azl[axg)) then
good : Cobs[11 >= azitarg]) and

Cobs[l) <= az2[arg)) and
Cobs [2) <- max..el [arg])

else
good M (obs[1J >- azl[arg]) and Cobs[i) <= 360)) or

((obsti) >- 0) and (obs[1) <- az2Earg)))) and

Cn;(f obs[2) <- max..el[arg));

end; jif}
Check-Limits := good;
end; (Funct ion Check..Lixits}

BEGIN

Progran.Initialize( 'CONVERT');
if ParamCount >- 1 then

fn2 :w PaxanStr(1)
else

fn2 := Select-.File('Input SVs'I.data-drive~data-dir+'PV.-*.*'.'',40,1,20,5);
Assign~fi2 ,data..drive+data..dir+fn2);
Reset(CM1);
if ParamCount - 2 then

fnl ParanStr (2)
else

fnl :-Select-.File('Observation Sites',data-drive+data..dir+'*.OBS'. ''.408.820,5);
fn4 :- Copy(fnl,1,Pus('.',fnl)) + 'LIM';
if File-Exists~data..drive+data-.dir+fn4) then

begin
Assign(f14,data.d~rive+data-dir+fn4);
Reset(fi14;
Readln(fi4);
limits :- true;
end (if)

else
limits :- false;

Uotoxy(1 24).
Cursor-j1f;
Assign~fobs ,dAta.,drive+data-.dir+fnl);
Roset(fobs);
fn3 :-nW;
fn3[1) :P, '0';
fn3[2~ :. PH);

repeat
I:- i + I

Input-.Observer(site(i]);
slt#-.de5[l] :- Copy(obsjiame,1.3);
if limits then

Readln(fi4.buffer~min..range[i) ,.ax.range~i].
*in..el~i].uaa -el[i).azl[i) ,az2[i));
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until EOF(fobs);
Close(fobs);
if limits then
Close(fi4);

nr..sites :- i;
Assign(f a,vork..drive+vork-.dir+fn3);
Rewrite (f o)
repeat

Readln(fi2,buffer);
until Copyl',buffer,1,4) = 'Time';
GotoXY(1,24;);
Shov..Stattzs-Line ('Processing '+fn2+' with '+fnl+' )
first :- true;
repeat
Mark-Time;
Readln~fi2,tm,sat..pos[Il],sat-.pos[2J ,sat-.pos[3],

sat~vel [1),sat-.vel [2] ,sat..vel [3]);
Convert..Time(tm,yr,mo,dy,hr,mi,se,hu);
time := Jul ian-.Date-.of -Year (yr) + DOY(yr ,mo ,dy)

+ Fraction-.of-Day(hr,mi,se,hu);
if first then

begin
Vriteln(fo,' ',time:16:8,

first := false;
end; (if)

for i := 1 to 3 do
begin
sat-pos~i) sat-pos[iJ * 0.001;
sat-vel[i] sat-vel~i] * 0.001;
end; {ffor i}

DoE := Depth..of-Eclipse(tiine,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 :zhCheck..Linits(obs-setti);
if visible ten
if Pos(site-des~ih,'027 201' 202 206 207 211 212 213 221 222 223

+ '231 232 233 241 242 243 951 952') > 0 then
begin
Calculate..Ubs(solar~pos,zo2ro,site(i] ,time,solar~obs);
dark :- (solar obs [2] < civil);
visible :- dare n not eclipsed;
if visible then

Calculate-.RADec(sat-pos~sat-.vel~site~i] ,time~obs-.set);
end; (if)

if visible then
Output-Data(i.tiae~obs-aet ,sat~pos);

end; (for i}
until EtŽF(fi2);,
Close(fo);
Close(fi2)-
Program-EnA;
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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 1
Program Information: Randomly select observations and apply noise. I

{$N+}
Uses CRT,Support,

SGP Init,
Gauss2;

type
data = record

line : array 1..98) of char;
crif : array [1..2] of char;
end; {record}

var
used : array [0..1000) of boolean;
opd,
i,j,l,m : byte;
run : char;
k,kk . word;
nobs,day,nruns word;
count,daily,selection : longint;
time,last : double;
sd : array [0..100,1..41 of double;
index : array [0..1001 of longint;
buffer : data;
names,
fn2 : string;
fi2 file of data;
fno : array [l..101 of string;
fo : array [l..101 of text;

Procedure Outp '._Data(obs.nr : byte;
odata : data);

var
i,site :
ob,grn : ar-_.v [1..4] of double;
time,spos : striif;

begin
for i :a 1 to 4 do

grn[i] :- GRandom(i);
with odata do

begin
if Pos(Copy(line,1,3),name-) <> 0 then

site :- (Pos(Copy(line,1,3),naaes) - 1) div 4
else

begin
for i :m I to (nobs div 2) do

Close(fo([]);
Close(fi2);
Report-Error(U.24, 'Site not found in .ý.lSOKS.OBS! 1);
end; felse)

time :- Copy(line,6,16);
ob[1l := RealjValue(line,25.7) + grnE1]*sdtsite*.j;
ob(2] :- Real.Value(liz,.34.7) + grn[2]*sd[site.2];
it Abs(qb[2]) > 90 then

if obM2J < 0 thanbe in

ob[2] : -(180 + ob(2]);
ob(1] := ob[l] + 180;
end (if)

else
beg in
ob[2] : 180 - ob(2];
obtl] ob[11] + 180;
end; (else)

if ob[i] >- 360 then
obil] : ob[t] - 360;

ob[3] :- RealValue(line.43.9) * grn[3]*sd[&ite.3];
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obC4J Real-Value(line,54,9) + grn[4)ssd~site,4J;
spos :-Copy(line,63,36);
for i o os nr to nobs do

if Ui mod 1) - 0 thee
Writela(fo~i div 2J ,Copy(line.1,5),time,' '

ob[1J:7:3,' ',

ob(211:7:3,' ',
ob[3:1:9:3,' ',
ob[4] :9:3,spos);

end; (with)
end; {Procedure Output-.Data}

Procedure Input-.Covariances;
var

name :string [253;
fi :text;

begin
Assign(fi~data~drive+data~dir+'SENSORS.COV');
Reset Cfi)i
names :- ;
1 : 0;
repeat
Readln(fi~nane~sd[i,13,sd(i,2E.sd~i,33,sd~i,4]);,
names :- names + Copy(name,1.4);
i :- i + 1;

until EOF(fi);
Close(fi);
end; {Procedure Input .Covariances}

BEGIN

{Randomize; I
Program.Initialize('RSELECT4');
if ParamCount - 0 then

Report_.Error (4 1,1, 1'Observat ions per day needed.)
else

nobs :- Integer-Value(ParaaStr(1) .1,2);
if ParamCount >- 2 then

nruns Integor-Value(ParauStr(2)1.2)
else

nruns :1;
if ParamCount - 3 then
I n2 :-ParamStr(3)

else
fn2 .Stelct-File&'Input 0B file'.workdrive~sork..dir+O08-e..','.40.1.2O.S);

Assign(ii2,vork..drive~vork-dir+fn2);
Rexet(fi2);
GotoXY0l 24),
Cursor-l.OU;
Shov.,Status-Line( 'Indexing '+fn2*'... )
last -a 0.
count *0 8;
day -- 0;
regeeat~

Roed(fi2.buffer),
time :* Roal-Value(butfer.line.6.16);
it time > last~l then

begin
it last *0 then

last :time
el*e

last :0 last + 1;
indel(dAyJ :- count;
day :v day 4 U;
end: (it)

count -' count *I
until V.OIM(2);
indox(Q1 :- 1.
indet(day) :- count-.
for opd :a I to (nobs div 2) do

tno(opdl :* *NO-'. Copy (tn2..Poo('. .fn)-3) *Two~igit(2.opd):
run :- 'V;:
Input-Covar iancvii;
for I :* I to aruns do

begin



run :- Succ(rizn);

for opd :- 1 to (nobs di, 2) do

A.~iai(fo(opd] , ork-driwe+,ork..dir~fno [opdj srun);
Revrite(Io~opdl);
end; (for)

for i :- 1 to day do
begin
daily :- index~iJ - index~i-1];
if nobs > daily then
Report.Ex-ror(41,1,'Not enough daily observations.');

for k :- 0 to 1000 do
used(k) :- false;

for j :- 1 to nobs do
begin
Ma~rkTie;
selection :- Rmndon(daily - j + 1);
kk :- 0;
for k :a 0 to selection do

while used (k~kkJ do
k:- kk + 1;

usedtk+kkl :- true;
Seek(fi2,index~i-13 + k + kk);
Read(fi.buffer);
(Jutput..Data(j ,buffer);
end; (for

end; (for 0i
for opd :- I to (nob. div 2) do
Close(fo[opdD);

end. (for 1)
Close(fj)-
Program-nA;

END.
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C.7 GA USS2 Unit Source Code Listing

Unit Gauss2;
Author: Dr TS Ilso )

Original Version: 1992 Sep 25
C urrent Revision: 1992 Oct 15 1

Version: 2.00 }
Program Information: Generates gaussian random deviates from ten

separate streams.
($I+)
INTERFACE

coast
seed array [0..9] of longint a (428956419,

19S4324947,1.till "1099
1835732737,
794161987,

1329S31303
200496737:
63=816299,

1410143363,
1282538739);

Function Gltadow(strom : byte) double;

INPLEM ITIOI

Function Glandou(stream byte) : double;
( Inference: Numerical Recipes. page ' }

first array (0. .9] of boolean a (true,true,truetruetrueo

true, true,t rue, true, true);
gaet array (0..9) of double (0,0,0.00,0,0,0,0,0);

war
v l,,2.r.fac : double;

begIn
if first(strtamJ then

begin
tA4dSeed :- seed(streow;
r.peat

vi 1 22landes- 1i
v2 aa 'dem- t;
a Sqr(vt) # S'tr(v2);

tet~d~streeaa) :' &aadS..d;

5~t•. etltelltr :" vI'f548

Ondos :a v2*fac;
f~lret(ettrqmt)ad• false;
Oia ( it)

else

-icad. C gse) lte~)

eed.
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C.8 Sample RSELECT Output/DIFC Input File

FILE: RO-19859.02A.

399 2447952.83277118 180.260 4.990 3954.273 -6.293 -7575.194 -1791,720 0.009
399 2447953.23554896 128.886 11.981 8953.0138 1.532 11677,050 2790,835 -573.010
394 2447954.11749340 102.r60 45.089 5398.992 3.137 4879.586 393.5S7 970•'.166
394 2447954.66610451 122.979 6.551 4909.489 -4.309 -5593.156 -1765.160 6098.198
394 2447955.13485451 355.709 67.227 3817.028 0.282 618.988 -616.404 9946.998
394 2447955.69388'29 129.836 21.914 4032.044 -3.440 -4791.167 -1629.560 7086.593

399 2448011.14527118 179.474 12.840 5090.6R0 2.924 9656.396 632,935 -1203.649
932 2448011.36402118 257.270 69.92V 4562.461 -0.777 10157.474 297.073 3585.215
344 2448012.34318785 73.006 54.620 5267.152 0.887 -614F,.328 -1006.698 9170.930
386 2448012.56541007 88.497 62.601 4455.35W 0.964 -7896.458 -923.961 6898.255
932 2448013.31193785 161.f27 16.582 5490.990 2.815 9352.456 594.601 -1743.675
382 2448013.70082674 247.128 73.356 3805.563 0.879 -8839.462 -784.460 4778.215

"Where the column headings, from right to left, are: Sensor Number, Julian Date, Azimuth or Right
As.ension (degrees), Flevation or Declination (degrees), Range (kilometers), Range Rate (km/sec),
ECI Position (X) (kin), ECI Position (Y) (km), and ECI Position (Z) (km).
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Appendix D. DIFFERENTIAL CORRECTOR PROGRAM

D. 1 DIFC Program Source Code Listing

Program DIFC;
($E+,][+)

{ Aluthor: BMW}
{Original Version: 22 Oct 1992}
{Current Revision: 30 Oct 1992}

{Version: 2.00 }
{Description: Sequentially differentially corrects the classical elements}

Uses DC..Init, (constants, argument types, variables)
SGP.Couv, (procedure Convert..Satellite-Datal
SGP-Init.SGP-.Intf, (constant, argument types, varialbiesl
SGP..Nath, {functicn Radians)
SGP..Time, (funct ion Epoch-.Time)
LOWB, (procedure Load..Sensor-.Infol
Prop, fprocedure Propagate)
DC..Out, {procedures Init..Output-Files k Close-.Output-Fi-les}
DC-.Calc, (differential correction calculations}
Support, (Integer-.Value, Initialize)
Crt;

BEGIN

IF ParamCount 0> 3 THEN
begin
writnln('INPUT FORMAT ERROR!');
writeln('Command Line Format: DIFC RO-satnr.nn? maab)
oriteln(' where: RO-satnr.nn? is the random observation file,');
uriteln(' aa is the correction `nterval in days, and');
writoln(' bb is the number of correction batches desired.');
Halt;

end; {IF}
n..batcbes := Integer-.Value(ParamStr(3) ,1 ,2);
LUPI :0 Integer..Value(ParamStr(2) ,i,2),
OPD := Integer-.Value(copy(ParamStxý(1),10,2),1,2);
batch-.size := OPD * LUPI;

(Input sensor location & covariances)
Load..Sensor-.Data(Geodetic-.SSN ,Qinv-.SSI);

(Input a single two line element set - the estimated elset}
Input..Sat..OE..data(ParamStr(1));

{Input Satellite OE 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 :a Julian-.epoch;

(Save epoch of seed OE Ret for use in calc VXAGT}
Init..Output..Files(ParamStr(1) ,Paramgtr(2));

{Init output files for VXIGT & Residuals)
Iniput-.CUVinv(ParaimStr(1) ,est..COV.inv);

(Input the 7x7 COV..inv matrix - the estimated COVY
Invert (est-.COV-iny,est..COV);

{Init est..elset array elements to OE set elements
Init..est..elset(est..elset);
Output-elset('Original Elset' ,est..elset);
Assign(OBSinfile ,vork,.driýve+work..dir+ParamStr(1));
Reset (OBSinf ile);
FOR batch..num := 1 TO n..batches DO

Begin
vriteln(' ');

(LO~OP to input a batch of truth observations, k calc VMAGTj

for i :w I to batch-.size do
begin

Readln(OBSintfile ,sensc'r.num,obtime..set Li),
true~obs..set Li ,13,true~obs..set Li, 2),true..obs..set i,3) ,true..obs-setLi ,4),
true..pos..set Li .1),true..pos..set Li, 2),true..pos..aetLi .3));

true..obs..set [1,13 :u Radians (true..obs~set Li,1));
true-.obs..set [1,2) :nu Radians (true..obis..set Li, 2));
site..aetli) aw Pos(sonsor..num,sitestring) ýiv 4;

{Set observation type. If optical site ensure range (obset [3)) A range rate I
{(obsetL4J) - 0.0 If NIVSPISIUR or EGLIN, ensure range rate (obset[4))= 0.0 1
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IF POS (zoenor-.num, )211 221 231 241 951 952 ')u0
THEN

obtype-.sot~ij := 3
ELSE
begin

obtype..setfiJ := 5;
true..obs-.set~i,3) : 0.0;
true-.obs~set~i,4J 0.0;

and; {ELSE}
IF POS (sons or.num, 1745 398 399 ')<> 0 THEN
begin

obtype-.set~i] := 2;
true..obs..setfi,4J :- 0.0;

end; {THEEN

{Calc A Output VXAGT, flag if first pass VXAGT > 30 km}

Calc-.VK&GT(obtime..set Ci],true..pos..set Ci] , et-elset ,VK&GT);
Vriteln(FVoutfile,obtime..set[i)-Orig-.Julian-.epoch:5:2,' ',VMIGT:7:2);
IF (VNAGT > 30.0) AND (Batch-num > 1) THEN

writ oln (Routf ile,'IVMIGT uVMLGT:8:2,' km for Batch ',batch..num,' Ob 1,i);
end; {for i}

(Propagate the eat *last k set COV to new epoch (time of node crossing prior to last ob)

prop-.time :u obtime..set~batch..size) - est..elset[0J;
Propagate(prop-time,est-..lset,est-OV,prop-.est..elset,prop-.satCOV);
Invert (prop..est-.COV ,prop..est-.COV-.invY);

{Bayes Filter Algorithm)

bstar-.flag := false;
Correct (triie-.obs..set ,obtime-set ,site-.set ,obtype..set,

prop-.est..elset prop-est..COV..inv,cor..elset,cor..COV);

{CaJlc k Output VNAGT after convergence)

for i := 1 to batch-size do
begin

Calc..VNAGT(obtime..set (ii,true-.pos..set [i , cor..elset ,VNAGT);
Writeln(LVoutfile,obtime-.set~i)-Orig..Julian..epoch:5:2,' ',VMAGT:7:2);

end; {for i}

{Declare corrected elset & COV to be eat elset k CDVI

for i :-0 to 7 do
*st...lset~iJ :- cor..elset Ci];

for 1 :0 1 to 7 do
for j :- 1 to 7 do

est..COV~i,j) := cor..CDV~i,j];

end; {FOR Batch..num}

Close (OBSinfile);

{Output Final corrected elset k COV for comparison to propagated original elsetl

Output..elset('Final Corrected Elset' ,est.elaset);
output..COV(Final CDV' ,est..COV),

{Propagate the original elset to time of final corrected elset for comparisons A; Output)

InputSat..OE..data(ParamStrWi); (Re-input origina~l DE set data)
Convert-.Satellite-data(i);
Init-.est-olset(est-elset);
prop-.time :- obtime..set(batch..size) - est-elset[0];
Propagate(prop-.time,est..elset,eet-.COV,prop..est-.eset ,prop..est.COV);
Output-olsot ()Propagated Original Elect' ,prop-a.st-.eleet);

Close..Output.Files;

END.
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D.2 DCJINIT Unit Source Code Listing

UNIT DC..Init;

{ Author: BMW
{Original Version: 21 Oct 1992

CretRevision: 30 Oct 1992
CretVersion: 2.00

(Description: Contains the constants, type declarations, and variables I
{ ~~needed in for Units DC-.Calc k DC..Out and Program DIFC. }

INTERFACE
Uses SGP..Kath; (argument type vector)

const
del-.bstar a 1.OE-06; {Order of M'agnitude of the Median delta values of elements)
del..xincl a 1.OE-07; {based on satellite catalog as of JAN 1986)
del..rnodeo wi.OE-06;
d l~eo a1.OE-08;
del..omegao = .OE-06;
del..x0 1iOE-06;
del..xno = 1OE-10;
max-.sites 30;
max-batch-.size w100;

type
matrix7x4 a array [1.-7,1.-41i of double;
matrix4x7 -array El. .4,1. .?1 of double;
matrix7x7 array El.-7,1- 71 of double;
matrix8xi array [0.-73 of double;
matrix~xl array El. .max..batch..size] of double;
matrixBx4 =array El. .mar..batch..size) of vector;
matrixBrl-.byte - array ýi. .max-.batch..size) of byte;
matrix~x4 - array [1. max..siteaJ of vector;

var
i,j,k :byte; fcounters)
batch~num, (sequential correction counter in DIFCJ
obnum :byte; (observation number index for Bayes)

se nsor-.nuu stringE4J; (sensor number}
aeodatic..SSN, {array for sensor geodetic Lat, Lon, & Alt)
Sigmas.83N, (array for sensor sigmas}
Qinv..SSN :matrix~x4; (array for sensor covariances)
true..obs..set :matrixBx4; (array for true obserat ions)
true..pos..set :matrixBx4; (array for true positionsl
obtime..set :matrixBxl; (array for observation tines)
site-.set :matrixBxl..byte; jarray for cross referenced sensor number)
obtype-.set :matrixBxl..byte; (array for sensor obtype (2,3, or 6)j
cor..COV, (corrected ref covariance)
prop-est..COV, (propagated est covariancel
prop-.est..COV..inv, (propagated est covariance inverse)

: at.COV, feet covariance}
est.COV..iny : matrix7x7; (*at covariance inverse)
cor,.elset, (corrected reference elset)
est..elast, {estimated seset)
prop-.sat..lset : matrix8rl; (propagated est elset}
Orig..Julian-s.poch, fJulian epoch of seed 2LEJ
prop-.time :double; (propagat ion time in minutes)
OBSinfile, (True obseravation input file ID}
Routfile, (Flags output file ID)
LVoutfile, (Last pass VMAOT output file ID)
FVoutfile :text; {First pass YMAOT output file ID)
n..batches, (number of correction batches)
OPO, (Observation rate (obs/day))
LUPI, (correction 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)
convorge..flag :byte; (flag for last Bayes& correction run)
VMAQT :double; (vector magnitude of diff in true & calc poe)
description : tring; (Elset output header variable)
sitestring : sring;

IMPLEMENTATION

END.
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D.3 DC CALC Unit Source Code Listing

{E+,N+}
UNIT DC-.Calc;

{ Aluthor: BMW}
{Original Version: 23 Oct 1992 }
{Current Revision: 30 Oct 1992

{Version: 2.00 1
{Description: Contains the procedures used to perform the calculations}

{ ~for Program DIMC
INTERFACE
Uses DC..Init, (constants, argument types, variables)

SGPMath; (argu~ment type vector)

Procedure Input.-Sat...OE.Dat a(finl : string);
Procedure Init..est..elset(var eat-elset: matrix8xi);
Procedure Calc..VNAGT(obtime :double;

true..pos :vector;
*loet :matrix8xl;

var VMAGT :double);
Procedure Correct(true...bs..set :matrixBx4;

obte..t : atrirBiP,
site-not, obtype.s:t, : atrixBxl-byte;

old eat elast matrix8xl;
old C6V inv :aatrix7x7;

var nev_*iteslaet :matrixrxi;
var now-.COY matrix7x7);

Proctolure Input _COViuv (fin2 :string;
var COVinv :matrix%7);

Proceduze luit..Tx7Array(var A m atrix7x7);
Procedure 'nit..YxlArray(var A :matrix8xl);
Procedure Fo-u..T..atrix(ref..elsot m atrix8xl;

obtime, obtype :double;
Geodetic :vector;

var calc..obs :vector;
var T :matrixWx);

Procedure Calc-.Residual(true-.obs, calc-obs :voctor;
var Residual :vector);

Procedure Sum..TQTTqR(T :matrix4x7;
Qinv, Residual :vector-

var Suz..TtQiuvT : atrxitx7;
var Suit-TtQinvR :matrix8xl);

Procedure InvertWN matr.ixWx;
var Mint matrix7x7);

Procedure Calc-nev..COV(old-COV-inv, Su&.TtQinvT m atrix~x7;
var new-COV-.inv, uaw..COV :matrix~x?);

Procedure Calc-correct4..ref..lset(old_.COV.~inv SumTtQinvT, new CfYJ K: trix7x7;
old-est-elset, ref- set m atrix8xi;

var delta..ref..elast, corrected..ref.elset :matrix8xi);
Procedure Test..-Convergence (dalt a.ref- elset :matrix~xl;

new COY mv : matrixx7;
var convoige..ilag :byte;

var converged :boolean);

INPLEREITATION
Uses Sop-jnit'SaP..Intf, (constanits, argument types, variables)

DC..Out, foutput procedures}
SGP4SDP4t (SOP propagation)
SOP-Time, (function Epoch-Tixel
3OP..Obs, (procedures Calcrlateflbs & ý&lculate RADec}
SGP..Conv, (procedure Convert-Sat..State)
Support; (procedure Mark..time}

Yaf :matrix4x7; (observation matrix (partial obs v.x.t ref..alset)}

Sum..TtQinvT m atrix~x7; (rtuning msu)
Sum,.TtQiuvR n atrix~xi; {rUAning $Su)
Residual, (True..ob.c - calc-.obs}
calc..pos, (calculated position)
calc..vel, ('alculatod velocity)
calc.obs vector; (calculated observitions)

Procedure Input..Sat-.OE..Data(fint string),,
var

01.&Zifil* text;
begin
Assign(O~infile,data.driv.+data..diri'2L1'4copy(finl,.4)+'4act');
Reeet(Ohiinfilo);

RoadlA(OEiafile~sat.data(1,.2];
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Close(OHinfile);
end; (Procedure Input-.Sat..Data}

Procedure Init..eut-.elset(var est..elset: matrirxlx);
begin

est..elset[0J :w Julian-.epoch;
est..elset[1J :a bstar;
est..elset[2J :w rincl;
est..elset[3] x nodoo;
est-.elset[4] soc;
sestelseo(EJ : onegao;
est..esegt[6J :m ao;
Ost..elset[7] :0 mno;

end; {Procedure Init..est..elset}

Procedure Input-Cc3Viny(fin2 string;
var COViny matrix7x7);

var
Covinf ile text;

begin
Assign(COVinfile,data-.driwo+data..dir+'COV'4copy(fin2,4,6)+' .dat');
Reset (CO Vinfi i.)
for i := I to 7 ao

Readln(COVinfile .COVinv(i, 1] ,COVinv[i ,2J ,COVinv [i ,3],COVinv [i.4].
COVinw~i,53 ,COVinv~i,6J ,COVinv[i,73);

Cloxe (covinfile);
end; (Procedure Input~oldCOV.inv}

Procedure Init..Vr7Array(yar A : atrirxW);
begin

for i :w 1 to 7 do
for j :a 1 to 7 do

ARIDj :w 0.0;
end; (Procedure Initjr7x7rray}

Procedure Init..7xlArray(var A : matrixftl);
begin
lor 1 : 0 to 7 do

AE 1~ 0.0;
end; {Procedure Init..7xlkrray)

Procedure Cslc-.VNAGIT(obt ime double;
true-pos vector;

elset matrir8rl;
begin ar V1AOT double);

iflag :a 1; {SOP4SDP4 flag necessary to calc 70 constants}
Julisn-*.poch :a elset [0];
epoch := Epoch-.Tiue(elset[0]);
bstar :a elsetti; {Insures elements are re-initialized to the proper)
rincl : elset[2J; (vallue prior to reading observations 2 to 'In")
xnodeo :~elset(3J;

so: elset[4J;
oxegac : elset(5];
rue :a elset(6];
mno := elset [7];

(Calculate calc-obs based on SOP propagation)

SOP(obt ime calc..pos ,calc...el);
Convert..Sat..State(cslc.-pos,calc..vel);
VRAOT := sqrt (aqr(true..pos [1]-calc..pos [1]) +.

sqr(true..pos[2]-calc..pos[2]) +.
sqr(%rue..pos(3]-calc..pos[3]));

end; {Procedure Calc..VNIOT}

Procedure Correct(true..obs..set m atrix~x4;
obtime-set : iatr r~xl;

site-set, obtype..set m atrixBzl-.byte;
old es 1* atrix8xl;

Tar new..eit.elsot nti~t
var new-COY matriz~m7);

Tar
refe*lset,
corrected-retese

label -v nt x;

begi
conwerp-.ilag := 0;
it ergtion nun :m 0;

10: Init-Yr7Array(SumLTtQinvT); {Init Sua..TtQinvT array elements to 0.0)
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Init..Vx1Array(Sum..TtQinvk); {Init Sum..TtQinvR array elements to 0.01
Init-.7xiArray(delta..r*-elelet); {Init delta..ref-elset array elements to 0.0)

(Iteration counter & Screen print of Hayes Correction statua}

iteration..num := iteration~num + 1;
writ eln (paramstr (1) 1 batch '.ac-u, iteration '

iteration-nun,' converge ,.converge-.flag);

(Beginning of basic Hayes Correction loop}

for obnum :u 1 to batch..uize do
begin

Mark-.Time;
Foru.T-Natrix(reteolset,obtime..set (obnumJ ,obtype..set[obnumJ,

Geodetic-.SSN~site..set~obnumlj ,calc-.obs,T);
Calc..Residual(true..obs-.set (obnumj, calc..obs, Residual);

f Output-.Residuals(true-.obs-set[obnuinJ,calc-.obs, residual);
Su-TQT-TQR(T, Qinv-.SSN (site..set obnum)), Residual,* Sum-.Tt~invT, SUM..Tt~intvR);

end; (for obnum}
Calc..nev.CGV(old..COV.inv ,Sum..TtQinvT ,nev..COV..inv,nev..COV);
Calc-corrected.ratef.lset (old.COV-inv ,Sum-.TtQinvT,nev..COV,old..est..elset,

refslaset delta..ref.elset ,corrected.ref..elset;
Test..Convergence(delta.ret-elset, nev.COV.An~v, converge..flag, converged,';
IF NOT (converged)

THEN
bei
afor i :=O o 7 do

ref elset Li] := corrected~.ref..elsot[iJ;
GOTO 10;

end
ELSE
for i :u 0 to?7 dg

nev..est-.elset[2iJ := corrected-.ref..elset~iJ;
end; {Procedure Correct}

Procedure Form-.T..Katrix (ref-elset matrix8xl;
obtime, obtype double;

Geodetic vector;
var calc..obs vector;

var T matriz4x7);
var

del..pos,
del-vel,
del..obs vector; {calc..obs changed by small change in ref..elset}
del-elset matrix~xi; (small change to elements (del-.xndt2o, del..xndd60, etc.)}
del ..atrix8xi; {binary counter for change in ref-elsetj

begin
iflag :a 1; {SGP4SDP4 flag necessary to calc 70 constants)
Julian-.epoch :a ref-elset (0];
epoch :-Epoch..Tim*(ref.elset [01);
bstar :m ref_*.lset[i]; {Insure" *elents are re-initialized to the properj
rinl := ref..elset (2]; (value priox to reading observat ions 2 to ..n.1
xnodso :,F reteIset [3J ;
eo :a ref..lset[4J;
omegao :ref..elset(5Jl;
ZZo : ref-.elset[6J;
mRo ref..elsot(7J;

(Calculate calc-obs based on SOP propagatioxil

SOP(obtime,calc..pos ,calc.,vol);
ConvertSat..State(calc..pos, calc..vel); {pos from DU to ka, vel from DU/min to km/sec}
IF obtype 0> 6

Calculate..Oba(calc..pos, calc..vel, Geodetic, obtime, calc..obs)
ELSE

begin
Calculate-..Uec(calic.pos, calc..vel, Geodetic, obtime, calc..obs),
calc..obst3) :a 0.0;
calc-.obs(4] ;a 0.0;

end; (*lot)
IF obtype a 2 TIEN

calc..obsC43 :a 0.0;

{Assigns deltas for the T Matrix element calculation process}

for i := I to 7 do
deleeti] :0 de.0 ta;

del..elset(3 := dol...noeoa;

del-.elsetC4] :a del-eo;
4el_*lset[6] :w dol..oaegao;
dol..elset(6] :a del..zo;
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del-..lset[73 :E del..xno;

{Loop that computes the T Matrix elements}

for i:= I to 7 do
begin

del[iJ i* .0;
bstar :*rete*lset El) + dol..bstar * del~l];
xinci : ref-elset [23 + del-.xincl * dol[23;
xlnodso :a ref..elset(3J + del..xnodeo * del[33;
00 :a ref .elset[4j + deleoo * del[4];
omegao :a ref..elset (53 + del~omegao * del(S);
imo :w ref..elset[6) + del-xmo * del(8J;
mo : ref..elset [7] + del..xne * del[?];
del~i) ': 0.0;

iflag :a 1; {SGP4SDP4 flag necessary to calc 70 constants}

(Calculate del-obs using varied elements)

SGP(obt in.,del-.pos ,del-.val);
Convert_.Sat_.State(dol..pos, del..vel), {pos from DU to kmn, vel from DU/min to km/sec)
IF obtype <> 5
THEN

Calculate..Obs(dol..pos, del-vel, Geodetic, obtine, del..obs)
ELSE
begin

Calculate-RADec(dol..pos, del..vel, Geodetic, obtime, del-.obs);
del-.ob:(3) :n 0.0;
del_ obs[4] := 0.0;

:ad; {else}IF obtype w 2 THEW
del~obs[4J :w 0.0;

{Calculate Observation Matrix elemnental

for j := 1 to 4 do
begin

T[J,i] :a (del..obs~j] - calc..obs~j)) del-.elset~i3;
end; {for J1

and; ( for ij

IF (bstar..flag) THEN
for :1.:*Ito04 do
T[1 ,1 w 0.0;

end; (Procedure Forn..T..Natrix}

Procedure CaJlc-Residual(true..obs, calc..obs vector;

begin var Residual vector);
for i :a I to 4 do

Residualji) :u true..obs~i] - calc..obs(iJ;
if Residualfi) > pi then

Residual~l] :w Residualti) - twopi;
if ResiduaJlf]1 < -l.oepi thom

Residualti] :a Residualtl] + twopi;
end; (Procedure Calc..Residual}

Procedure Sum-T TO.TR(T matrix4x7;
Qinv, Residual vector-
var SuaL.TtQinwT zatrixtx7;
var SuaL.TtQinvR matrix~xl);

Tar
Ttqinv matr 1xUC7
Ttqinvi matrix xl

begIn
for i Iato 7do
for j :a I to 4 do
TtQinv~i,j3 :- TEJ,i]eQinv(j];

for i:w I to 7 do
begin

TtQinvl~iJ :: TtQinv~i 1]eles~idual ii) + TtQinvti,21*Rotsidual[2]
forj a~ ~Tt~invti,3]* o idual (33 + TtQinv (i,4] elesidual(4];

TtQinvT~iJl :a TtQiztv~i.I]*T(1,j] + TtQinvti,2)eT[2.j]

,.i~ ;.1f r ijdo * Ttginv(i33JeT[3,j] + TtQinv~i.4JeTC4,j3,

~%gin I do

Sua.TtQinvR[i] :a Sum..TtQinvR(i) + TtginvR(i];
for j :a 1 to 7 do

Sua..TtQinvT~i.j] :a Sun-.TtQinvT~i~j] + TtQinvT~i,j3;
end; (for 0}

end; (Procedure Sum..TQT..TQR}
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Procedure Invert(K :atrix7x7;
var Kinv :atrix7x7);

label
abort;

const
A~ttributes a7;
nest 7

var
i,j,k,l,irow,icol,li integer;
detera,pivot,holdsuu,t,ab,big double;
index array[t..nest,t..33 of integer;

Procedure Svap(var a,b : double);
Tar

hold double;
begin

hold : a;
a b;
b : hold;

end; fProcedure Svap}

{Gauss-Jordan inversion}beg in
for i :a 1 o attributes do. ndex[i,31 := 0;
detern := 1-
for i := I 4o attributes do

begin {Search for largest element}
big :w 0;
for j := 1 to attributes do

begin
IF index[j,3] <> 1 THEN

begin
for k :- 1 to attributes do

begin
IF index[k,3J > 1 THEN

begin
uriteln('ERROR: Matrix singular');
goto abort;

end; (IF}
IF index[k,3J < 1 THEN
IF Abs(NCJk]) > big THEN
begin

irow :a J;
icol k;
big := Abs(H(jkJ);

end; {IF)
end, {(for k}

end; {IF}
end; {for J}

index[icol,3] :- index[icol,3] + 1;
index[i,l] :a iros;
index[i,2] := icol;

{Interchange rows to put pivot on diagonal}
IF irow <> icol ThES

begin
deter :f -daters;
for 1 :- I to attributes 49Seap(~rv I ~icol,1]) ;

end; <IF iro 0 icoll}
(Divide pivot roe by pivot coluan}

pivot : N[icol,icolj;
deters : deters 0 pivot;
Xticol'icol] :0 ;
for 1 ito attributepdo
Nto1 col,lJ I pivot;

(Reduce nonpivot rows)
for 11 :a I to attributes do

begiL
1F? It <> icol THEN

beogin
t :0 W11t icol];
N[lljcolJ .0 0;
zor :W to •t tTiutes 4o

NElI,1]3 Z M - m icol,1] ;
end; (IF 11 0> icol)

end; (for 11)
end; (for i0

(Interchange coluans}
for i :- I to attributes do

begin
1 :0 attributes - i + 1;
IF iadextl.1] <> izdexol.2] T•EN
begin
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irow :a index[l,1J;
icol :w indox[l,2J-

end; (IF index)
end; fri

for k :i 1 tlo attributes do
IF ind~xtk,33 <> 1 THEN
begin

writelnQPEitOR: Matrix singular');
goto abort;

end; 1IF ind~x}for I:0 to attributes do
for j :- I to attributes do

Minvti,jJ :U x(i,jJ;

enad;orocedure Invert}

Procedure Calc-unev.COV~old..COV..inv, SumTtQiuvT natri%7x7;
beginvar nev..COV..inv, neu..COV matrix7x7);

borgi n Ito7d
for j :- I to 7 do

now..COV~inv~i,jJ :a old-.CaV..inv~i,j] + Sum-.TtQinvT~i.jJ;
Invert (new..CO V.inv ,new_.COV)

end; (Procedure Calc..new..COV}

Procedure Calc..-correct ed-ref- elset (old-CCV- inv Sum-TtQinvT, new COV matrix7x7;
old-est-*lset, ref..elset matrir~il;

var delta..ref..elset * correct ed~ref elset matrix8xl);
var
tamp matrix~xi;
max-0eo f (ar eccentricity based on mean notion)
max..abs..bstar, (Absolute max value of bstar based on analysý's of sat data}
max-rno :double; (max moan motion based on eccentricity}

begin
for i -z I to 7 do

tekmptil :a old-.COV..inv~i,i3 * (old..est..elset[l] - ref..elset[l))
"+ old..COV..invti.2] * (old..est..elsetC2) - ref_*.esetE2J)
"+ old..COV-.inv~i,3J * (old..est-elsetE3] - ref_*.lset(3])
"+ old-COV..iny~i.4J e (old..est.elset[4] - ref-elset(41)
"* old..COV..invti,SJ * (old...stelset ES] - rtf-elsetESI))
"+ old..COV-.inv[i,0] $ (old..est..elsett6] - ref-.elset[6))
"+ old..COV..inv~i.7] * (old..est..elset(7] - ref...lsetC71)

for ± :a 1 tom~~ivt]

delt~r~_*l~tj] : nev..COV~i,2J a teap(2]
+ new..CDVEi,3] a teap[3J
+ new..COV~i.43 a teap(4]

+ neu..COY~i,5] e temptS]
+ new..COV~i,6] a toup[6]
+ nes..COV~i,7] 0 teampt?];

o rr~cte.ref elset (0] :a refe*lset 0];
.ori :W toYt do
corrected-.rofqlset [i) :w refeolset (1] + delta..ref..elset (1];

(Test for corrected elements being set to values outside allowable range)
mar-abs bstar :010
IF (Abt lorrectod..raf-leset (1]) > nar..abs..bstar) THEN
begin
writelz(1outfile,'Corrected botar out of limits. Retained ref bstir.1);
writelz(Zoutflle,' Ratch ',batcb..nua,' Iteration '.iteration..num);
vritelA(Routflle,' ref botar ae.eset]x)
sriteln(loutfile.' cor beter - 1,corrected..ref..elset(13:15);
corrected..ref.el~aet[l] a ref-.elaet(1];

botar- lag :a true;
end; (IF)

sax..eo :a 1.0 -Pover(1.Olrke,2/3) e Pouer(corrected..ref..lsett7].2/3);
If (c rrected..rof_*sot[4] > max-to) OR (correctod..rof~elset[4] ( 0.0) TIEN

: ritela(louttile, 'Corrected to out of limits. Retained ref to. 9);
eritoln(koutfile,' batch #.batch..nun,' Iteratioa ',lteratlon..num);
vritelz(1outfilo,' ref to a .ref..elsst(4]:15);
writeln%(Koutflle,' cor eo* '.correctod..ref.elset(4]:IS);
writela(loutf ieo,' ino e .correctod..ref..ei&at (7]15);
corrected..ref.elset(4J :e ref.elset (4];

and; (IF)

max-in* :a Power((1 .0-correct~d..ref.elset(4]) ,3/2)esh.;
IF (corrected.ref..elset(7] > maxmano) 04 (corrected..rofelsetf7J c 0.0) TRES



begin
writeln(Routfile, 'Corrected ino out of limits. Retained ref xmo.');
writiln(Routfilo,' Batch ',batch..nus,' Iteration ',iteration-num);
uritoln(Routfilo,' ref uou =',ref..elsetC4J:15);
vrit~ln(Routfile,' cor xmo a 1,corrected..ref..elset(4J:15);
vrittln(Routfil*,' so a'.corrected~ref-.lset[7J :15);
corroctod-.ref-elset[7J :a rof.elset(7J;

end; WI)
and; fProcedure Calc..corrected..ref.elset}

procedure Test..Convergence(delta..ref.elset :matr5.xfti;
new COV iny matrix7x7;

Tar converge-flag byte;
Tar converged :boolean);

Tar
Sum..Squares,
Veighted..RNS :double;
temp :matrixaxl;

be r-2Squarez := 0.0;

for ± :a 1 to 7 do
biegin

fo- j :a 1 to 7 do
.;*xpfi] :- tewp~i] + delta..ref..lsettjlenew..COV-inv~j,i];

end; {f or i}
for i :* I to 7 do

Sum. Squares :u Sun-Squaros + tesip~i3edelta..ref...lsetfij;
Weighted..RKS := sqrt(Suu..Squa&r~s/7);

(When converged, & last pass data gathered, return boolean to allow exit)

IF ((Veighted-RNS < 0.01) 110 (converge-flag * 1)) OR (iteration-num a 50)
THEY

converged :true
ELSE
converged :false;

(Output Flag if Hayes Loop did not converge, i*. iterations - 501

IF iteration-.nun a 50 THEN
writealn (RoutfiUs. IBayes loop did not converge for batch ',batch..nun);

(When converged, set converge..flag and run once nore f or "I ast pass" data)

IF (Veighted..RXS < 0.01) THEN
convarge..flas :a 1;

end; (procedure Test..Convergence}

END.
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D.4 DC OUT Unit Source Code Listing

{ A~uthor: BXV
{Original Version: 22 Oct 1992
{Current Revision: 30 Oct 1992

{Version: 2.00

{Description: Contains the procedures used to outu' data for Unit
{ ~DC..Calc and Program DIMC

INTERFACE
Uses DC-.Init, (argument types)

SOP-math; (argument typo vector, function degrees)

Procedure Init..Output..Files(fini. I in2 : string);
Procedure Close..Output-Files;
Procedure Output-*laset (descr ipt ien :string;

olad : matrixftl);
Procedure Output -esiduals (true..obs :vector;

calc..obs, residual : vector);
Procedure Output-COV(descript ion: string;

COV : arx7)

IMPLENENTMTON
Uses SGP..Init, (argument type sat-.data)

SGP-Time; (Function Epoch-Tim*)

Procedure Init..Ontput-Files(f ini. f Wn : string);
begin

Assign(Routfile .uork..Azive+.ork-dir-~ 'R+copy(fini ,4,5)+
copy(finl .1O.2)*'. '+fin2+copy(finl .12.1));

lowrito(Nnutfile);
Assign(FVoutfile~work-drive+.ork-dir+'F'+copy(finl ,4,5)4

Revrite(FVoutfile);
Assipn(LVoutf ii. ork..driv.4work..dir0'L'+copy(finl .4.5)'

copy(finl,10.2)*'. '41in24copy(tinl.12.1));
Rewrite(LVoutf 11.);

end; (procedure Init..Outpiat-Files)

Procedure Close..Output..Files;
begin

close Clouttil.);
close(FVouttil*);
close(LVoutfile);

end; (Procedure ClosoOutputjiloe)

Procedure Output -lost (decr ipt ion :string;

beginelset : atrizztl);

,rit*e1a(Routfile., ');
writelft(louttile. 'epoch '.Epocb..Tiae(elso%[0]).1O:8);
writ~lA(le'atfile. 'julisaa..poch *'.stO 1:

*rte~n3.til.'lstt](uinci) a 1.4@1* tE2~ :15,' Rod
degreeeCslsett2]):8:4.' Des');

eritea~lu(ottile.'eIlsee(3) (toode.) a I.elast(31:16,' Rod , t
d~groes(olset(3J):8:4,' Dog');

:risolafteutfix::':lst1 4) (*&*o*) 0 1.eltset :16.' Ro *

degreos(elsst(53):8:4., Peg');
wreea~aitil,'l~s(I(am) 0 ',1.016#10115.1 led 0 t

detroees(oloot(83):A:4,' Deg');
Writ*131k(leStf ie. '*lset E71 (me.) 0 '.le(IlS,'I lad/is * 1

24*.GO/teopioslet(7) :12:8.' 1eV/d411);
writelaClesttile*' 1);

ead; (Procedure 01tpat-.L~set-jafo)

procedure Output..lesidualo (trna..ob*. calc..obs, residual : vector);
begin

writela(Reetfile.'ee* Residuals fer latch 1.bstch...u~a,' Oh ',ohcum,, ce)

#ritela(koatfile.'Tre Ohs: ,tie.h()9O''.tra..obsE2):9:6.' '

tree..obs(33:1O:4.1' ,true..obstt).9:6).
*rit~ls~koistfils.IC&Ic Ohe: '.calc..ehetl:9:6.' '.calc..obUf21:0:6,'

vritlatouttle.leidal:'.residualE1]:N:G.' '.reeidual(23:9:6.1 '.
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residualf3I ;iO:4,' I~residuaJ(4]:9:6);
writ lA (Routtilt, 1 );

end; (Procedure Output-RIesiduals)

Procedure Output-COV(descript ion: string;
beginCOY : matrizXx7);

uritla~lutf i.,'...... ),descript ion,' ... e')
writ 01a(Routfii#4 13);*

writ.1n(Iutfl.cO[i.2J:15,' ' ,COV~i2~S''CVi.3J:16,' ',

COV~i,4J:16.' ',COV~i,6]:16,' ',COV~i,6]:15.' I.CGV~i,1]:16);
writ.1-n(Routfil*,' ');

end; (Pro,-.duro Output..neu.COV)

END.
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D3.5 LOWB Unit Source Code Listing

Autor BK
OrgnlVersion: 22 Oct 1902

Cur eutReision: 30 Oct 1992)
ntVersion: 2.0(i

{Description: Contains the procedures used to read sensor Lat, Lou, and
{ Alt frou the fil. SUNSORS.93S into a 2-D Array (Geodstic..SS1),)
(and reads sensor signs values froms the file SENSORS.COV and
( ~calculates each sensors covariance matrix (Qinv..SSU)-
( The A:-rays are indexed by a consecutive vuaber (1-30) which
{ ~is cross ;eforemcod to the sensor ID nuaber usizig the Pascal
{ ~PO3 function and a string of all sensor ID numbers identified
{ ~as posstring.

INTERFACE
Uses DC..Init; {arguwant type uatrixft4)

Procedure Load.Sensor..Data(var Goodetic-SS1, Qinv..SSS : uatrixfz4);

IRPLUETATIFD
Uses SOP-.Init' (Procedure Progrmcajitializo)

SOP-math; (function Radians)

var
Onsfile, (Var for the *..OS file containing semoor poe data)
COVfil* text; (Var for the *.COY file containiag sensor cov data)

Procedure Load.Sensor..Data(,ar Goodotic-.SSE, Qiav..SSI : atrixibi);
VAX

name striagE23];

;#nsormnu st ring(4];
i.3 .its byte;
*igsa1.sigua2.sipa3 .sigma4 : ouble;

latiudelouitud~alitue :double;
begin

for i :- I to stax..sit" do (Init Ge"od.ic..SSS 4 Qini.SS2 arrays)
for j :* I to 4 do

begin
Goodatic-SSEI(I] !- 0.0;
Qlav..S3ti~j) :0 0.0;

cad; (for J)

(Val%*s far Geodetic Latitoda, L*AgtAe, sand Altitude of sach **&*or)
Soovaco: APIPACC SATTUCS Progre. updated by SUC OAS

5otatioa: Latitude: North is # Soxth to
Atiae pes4s LLongitude: Alwayo exproessed as * Eaet

wile act S0W (OlMf) do
begin

sitsetrial :0 eltectrisq4 aCp~~.re..)
site :* Pss (*Go** ras.oi toot fiat) dit 4;

Gesdtic.t~tats !- e i~aaaolt~lstfi4.) (ceeVort 406 to rd~.
4*0.detic..SSI(ste.l) 15I*laaa4lsaglitds4). (COOrVOt 4.; to tedlane)

@edelc.S8al..) ltitiodo a* (e~r to a

(averoe Sense:l Cotafitnve (Qiosnw.f) Katisb for all oeas.:.

*&Ale *Ins SO (COMtII. do

site :- psesemmf mmsvu.* tetr Lag) 44V 4.
Ir eismal a @0

TV" tiv*T00 of Lsiucth -1 336Mt)
aoev.SS10t*mýe~1 0 0 (Acesoftei~asin taiodan) sqvarod)

1? laosa2 - 0 0
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Thu {inve: so of Elevation or Declenation}
Qi3nv..SSl[*it*.~2J 0.0 {siS..a(ladinzie) squared)

ELSE
Qimnv SSE[site.2]:1 sqrxhnsia))

IF Sigara 0.0
THU

Qint..SSI~sit*.3] : 0.0 tiwvexs.e of Range sigma (AX) 6qz.at~l1.r xer,
ELSE /qsia)Qiny SSN[sit*.31 ~lsr~in)

!F SiSULaA 0.0
TMu

4in'r.SS~l[ite.4] :m .0 (inverse of Rang* Rue ("~sec) sigmna s~ma- or z-oxaj
ELSF

*Adi; {ukil* not oet}

o~d; (Procedure LoaA&Sanor-Batal
END.
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D.6 PROP Unit Source Code Listing

-•~ E($+,I+)SOnit Prop;

{ ~Author- BKVOriginal Version: 21 Oct 1992

S:urrenat Revision: 30 Oct 1992
Version: 1.20

{ Description: Contains a procedure used to propagate orbital elemeuts
_ { (botar, xincl, e, =ode, omega, xa, xn) and the position }
S{ covariance. It first propagates for the time prop.time,
S{ typically the input timu of the last observation. It then I

calculate* the time of the last ascending node crossing }
-{ and propagates the elements and Phi matrix to that time.
S{ It then deweights the COY matrix with an exponential factor)
S{ and checks if the diag elements of the COV exceed a limit. }
S{ If exceeded, the element is reset to the limit.

This procedure gives only a first order propagation using I
{ only J2.

I1TERFACE
Uses DC-Init, fargument types)

DCOut;

Procedure Propagaxe(var prop.time : double;
input-elset : uatrix8xl;

inputCOV : matrix7x7;
var prop-elset : natrix8xl;

vLwr daveighted-prop.COV : matrix7x7);

IMPLEMNTATIONSUes SGPIntf, (constants)
SaP-mKath; (functions Cube & Powerl

Procedure Propagate(var prop-time : double;
input*elset : matrix8xl;

inputCOV : matrixTx7;
var prop.elset : matrix8xi;

var deweightesCpropCOV : matrix7x7);

conet
ae..sqr a aeeae; ((Radius of the earth in Distance Unit) squared)

var
ij : 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 epsilon w.r.t. inclination)
depade, (Partial epsilon v.r.t. eccentricity)
nz, {Kozai mean motion in radians per minute)
xke, (square root of ge (earth gray constant))
eps2,eps3,eps4, (epsilon squared, cubed, ^4}
bstari,-jncll ,xnodei, {input elements)
el,omega1,xml,xnl, (input elements)
bstar2,xincl2,xnode2, (propagated elements at last observation)
e2,omega2,xm2,xn2, (propagated elements at last observation)
nu.d, (true anomoly desired (at node crossing))
xmd, (mean anomoly deo.ired (at node crossing))
bstar3,xincl3,xnode3, (propagated elements at ascending node)
e3,omega3,xm3,xn3, (propagated elements at ascentind node)
delta-prop.time, (time since last node passage)
.yop...time.min, (time of propagation in minutes)
meorate, (memory "forgetting" rate)
Weight.Factor : double;(dnveighting factor for COV matrix)
"COY limit : vector;(Limits on eize of diag elements of COV)
Phi,PhiCOV.

propCOY : matrix7x7;

begin
prop.time.min :- prop.time * 24 * 60;

(assien input..lset array to input element names)

bstarl := input.elset[1];
xincll :m• input-elset[2] ;

xnodel : inputselset[3];
el : input.elset[4];
omegal :* input.elset[5];

D-15



mal :- input..elset[61;
xnl ! input..elset £7];

{def in. constants)

xke :~Sqrt(3600*ge/Cube(xkaper)); (DU'3/min^21
.apsilon :~(3*ae.sqr*32*(l+3*cos(2*xincll))) /

(8*Poser(1-sqr(el) ,(3/2))*Pover(xke, (4/3)));
*ps2 e psilon * epsilon;
eps3 epoilon * eps2;
eps4 :a eps2 * eps2;
nZ :W mli - epsilon*Pover(xnl,(7/3))

+ (7**ps2*Power(xn1,(1i/3))) / 3
- 7*eps3*Pover(xnl ,S)
+ (l925*eps4*Power(xni,(19/3))) / 81;

dndxik := I - (7.0 *epsilon * Pover(xnl,(413))) / 3.0
+ (77.0 *ep92 * Power(xnl,(8/3))) / 9.0
- (35.0 *eps3 * Power(xnl,4))
+ (36575.0 * eps4 * Power(xnl,(16/3))) / 243.0;

dndeps U-Power(xnl,7/3)

+ (14.0 * epsilon * Pover(xnl,(ll/3))) /3.0
- (21.0 * eps2 * Power(xnil,5))
+ (7700.0 * aps3 * Power(xni,(19/3))) I81.0;

depadi :a - (9.0*ae..sqr*J2*sin(2*x~incll) /
(4.OsPower(l-sqr(el) ,(3/2))*Pover(xko, (4/3)));

depade :- (9.Oeel*ae-.sqr*J2*(1e3*cos(2*xincll))) /
(8.OsPoser(1-sqr(el), (SI2))*Power(x~re,(4/3)));

flewu Propagated elements at time of last observation}

bstar2 :-bstarl;
xincl2 :0 xircll;
xnodo2 :- Fmod2p(znodei - (3*ae-sqr*32*Power(nz,(7/3))wcos(xincll))*prop..time..min/

(2*sqr(1-sqr(el))*Power(xke, (4/3))));
e2 :K 61;
omega2: Fmod2p(omegal + (3*ae..sqr*J2*Pouer(nz, (7/3))*(3+5*cos(2*xincll)))*prop-.time..xin/

(8*sqr(1-sqr(el))*Pover(xke, (4/3))));
=m2 : Fmod2p(xml+xnlsprop..time..min);
xn2 xn1m;

(New Propagated elements at tiame of ascending node passage)

nu-d :- tqopi - ome~a2; {dasired true antomaly at ascending nodel

IF nu d < pi
THEN

xm-.d :a ArcCoa((e24Cos(nu..d))/(1+e2*Cos(nu..d)))
ELE 2*Sin(ArcCos((e2+Cos(nu..d))/(l+e2*Cos(nu-.d))))

xm..d :utvopi - (ArcCos((e2+Cos(nn..d))/(i+e2*Cos(nu..d)))
- e2*Sin(ArcCos((e2+Cos(nu..d))/(1+e2*Cos(nu-d)))));

IF xm2 > xm..d
THEN

delta..prop..time :(xm-d - xm2) / xn2
ELSE

delta..prop..time :~(xm..d - =m2 - twopi) / xn2;

prop..time..min :a prop..time..min + dolta-prop.t im.;

bstar3 :m bstar2;
xincl3 :u xincl2;
inode3 :~Fmod2p(xnode2 - (3eae-s.qr*32*Pover(nz,(7/3))*coa(xincl2))edelta-.prop..tim.

(2*sqr(1-sqr(e*2))ePover(xke, (4/3))));
e3 * 2;
owega3 :a Fmod2p(omega2 + (3*ae..sqreJ2*;)over(nz, (7/3))*(3+Secos(2exincl2)))edelta..prop..tinao

(8*sqr(1-sqr(e2))*Pov*r(xhke,(4/3))));
xm3 :v Fmod~p(xm2+xn2*delta-.prop.-tiue);
xn3 :u xn2;

{assign propagated elements to prop-tlset array)

prop..tin* :a prop..tixe..min / (24*60);
prop..elset(0] inpat..elset[O] + prop-.time,
prop..elset[1] :*bstar3;
prop..elnet(2] z incl3;
prop-olelat[3J xnod.3;
prop..elset£4) :a
prop...lsetfsl :w omegi3;
prop..lsot[,63 :- xm3;
prop.eloet[7] :a =n31

(Initialize the Phi matrix to an Identity Ketz ix
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for i :a 1 to 7 do
lor j Iu to 7 do

IF i j THEN
Phi[i,jJ :a 1.0

ELSE
Phi~i,jJ := 0.0;

{Calculate the non-zero values -' the Phi Matrix)

Phi[3,2J (3*J2*prop..time-jdn*ae..sqr*Pover(nz,(7/3))*Sin(xincll))/
(2*sqr(i - sqr(el))*Power(xk*,(4/3)))

-(7*32*prop-.time..uiueae..sqr*Cos(xiucll)*Pouer(nz, (4/3))*dndepsedepsdi) /
(2*sqr(1 - sqr(ei))*Power(xke,(4/3)));

Phi[3,4J (-6*el*J2*prop..time-..iueae..sqr*Cos(xincll)*Pover(nz. (7/3)))/
(Power(1 - sqr(e1) ,3)*Power(xke,(413)))

-(7*32*prop..time-.mineae-sqr*Cos(xiucll)*Power(nz, (4/3))*dndeps*depsde) /
(2*sqr(1 - sqr(el))*Power(xke,(4/3)));

Phi[3,7] (-7*J2*prop..tijue.miusae..sqr*Cos(xincll)aPover(nz, (4/3))*dndnk)/
(2*sqr(1 - sqr(el))*Pouer(xke,(4/3)));

PhiE5,23 : (-15*J2*prop..timeumineae..qr*Pover(nz, (7/3))*Sin(2*xincli))I
(4*sq,-(1 - sqr(*l))*Power(xk*,(4/3)))

+ (7*J2*prop~time..mineae..sqr*(3 + 5*Cos(2*xincll))*Power(nz ,(413) )eddepsedepsdi)/
(Besqr(i - sqr(*1))*Power(xke,(4/3)));

Phi[5,4J := (-3*el*J2*prop..tiae...in*ae..sqr*(3 + S*Cos(2*xincll))*Power(nz,(7/3)))
(-2*Pover(1 - sqr(el) ,3)*Pow~r(xke,(4/3)))

+ (7*J2*prop..tine..mineae..sqr*(3 + 6*Cos(2*xincll))*Pover(nz,(4/3))*dndepsedepsde)I
(8*sqrc(1 - sqr(el))*Pouer(xke.(4/3)));

PhiES,73 :a (7*J2*prop..time..mineae..sqr*(3 + S*Cos (2*xincll)) *Power (nz, (4/3)) *dndnk)/
(8*sqr(l - sqr(el))*Power(xkeA(4/3)));

Phi[6,7] :a prop-time..min;

(Calculate the propagated COY matrix)

for i :a I to 7 do
for j :- 1 to 7 do

Phi-COV(i,j) : Phi~i,11 * input-.COYE1,J]
+ Phi[i,2J * input..COV[2,J)
+. Phi~i,3] * input..COV[3,j]
+ Phi~i,4) * input-.COV[4,J]
+ Phi(i,5] * input..CaV(5,jJ
+ Phi~i,6J * input..COV[6,j]
+ Phi~i,?J 0 input..COY[7.J);

for i :& 1 to 7 do
for j :- I to 7 do

prop..COV~i,j] :- Phi..COV~i,1] * Phitj,1]
"+ Phi..COY~i,2] 0 Phi[J,2J
"+ PhL-COV~i.3J 0 Phi[J.3)
"+ Phi..COV(1,4J 0 Phi(J.4]
"+ PhLCOV(i,63 e Phi[J.5J
"4 Phi-COVLi,63 e Phi[J.6)
"* PhLCOV(i,7] * Phi[j,7]L

(Deveight the propagated COV matrix)

mearate := 1.0 - pover(0.28,(1ILUPI));
V~ight-.Factor := sqr(exp(-memrate*-LUPI));
for i :- I to 7 do
for j :- I to 7 do

d~veighted..prop..CXVfi.j3 :w (prop..COVCi,j) V* ight..Factor);

(Check for diag variai~ce terms oxcedia li~mit 4 reset to limit if exceeded)

fori :1 7~ Td

for i-.0 I to 7 do
if d~velghte&.prop..COVti.1] < COV..liait~iJ themk

4*v~ight*4..propC0Y(ij3I :0 COV..llait (1]
end; (Proceduxe Prop-.Phi)

END.
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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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£E.3 Orbita! Element Classification 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 -represent the mean motion and eccentricity combinations.
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MEAN MOTION AND ECCENTAICITY SCATTER PLOT FOR INCLINATION CLASS 1
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MEAN MOTION AND ECCENTRICITY SCATTER PLOT FOR INCLINATION CLASS 3
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MEAN MOTION AND ECCENTRICITY SCATTER PLOT FOR INCLINATION CLASS 5
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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, XHZ, XNZ, XNDD6Z, BSTAR
DOUBLE PRECISION CLINZC1:4), CLEZ(i:3), CLXINCLC1:6)
INTEGER COUNTER, SATOLD, SATREJ, REJOLD, LINE1, SATNOI
INTEGER IXNDD6Z, IEXP, IBSTAR, IBEXP, LINE2, SATNO2
INTEGER I, J, K, UNITNUM
CHARACTER*30 FILENAME
CHARACTER*69 TLEPTi, TLEPT2

DATA CLXNZ/ 0.027925268, 0.0552543, 0.0676843, 0.0743668 I
* CLEZ/ .179665, .47961, 1.00000/,
* CLXINCL/ 1.05715, 1.15715, 1.5708, 1.98444, 2.08444, 3.141593/
* COUNTER/ 0 /, SATOLD/ 0 /, SATREJ/ 0 /. REJOLD/ 0 I
* TWOPI! 6.283185307179586477D+0

DEGTORAD - TWOPI/360.0D+0
OPENCUNIT-60, FILE-11990.tele, STATUS-'OLD')
OPENCUNIT-Si, FILE-'oe9003.fix')
OPEN(UNITa-52, FILE'Ifirsts-.9003A.le')

10 READ (50, 801, END a 999) LINEI, SATNO1, EPOCH, XNDT2Z,
IXNDD6Z, IEXP, IBSTAR, IBEIP

READ (50, 802, END - 999) LINE2, SATNO2, XINCL, XNODEZ,
EZ, OHEGAZ, 1HZ, XNZ

IF (C(LINEI.NE.1).OR.CLINE2.NE.2)).CR.(SATNOl.NE.sATNO2)) THEN
PRINT *,LINEI, LINE2, SATNO1, SATNO2, EPOCH
SATREJ USATNOI

GOTO 10
ELSE IF CXNZ .LT. 0.OD+0) THEN
PRINT *,SATNOi, XNZ
SATREJ SATNOI
GOTO 10

ELSE IF (DBLE(IBSTAR)*1.OD-5*10.0**(IBEXP) .GT. 1.OD+0) THEN
PRINT *,SATNOI, IBSTAR*1 .OD-5*10.0**(IBEXP)
SATREJ -SATNO1
(IOTO 10

ELSE IF (EPOCH .LT, 90061.0) THEN
C PRINT *, SATNOl, EPOCH

SATREJ - SATNOl
GOTO 10

ELSE IF (SATNO1 *EQ. SATOLD) THEN
GOTO 10

ELSE IF (SATNO1 .EQ. SATREJ) THEN
COTO 20

ELSE
IF (SATREJ MNE. REJOLD) THEN

PRINT *,SATREJ
REJOLD *SATREJ

GOTO 20
ELSE

GOTO 20
ENDIF

END IF

20 BACKSPACE(UNIT-50)
BACXSPACE(UNIT-60)
READ (50, 800, END - 999) TLEPTI
READ (50, 800, END a 999) TLEPT2

REJOLD - SATREJ
XDD6Z a DBLE(IINDD6Z)*.1 ,D-5.10.0*b(IEXP)
BSTAR - DBLE(IBSTAR) * . OD-SelO. 0..(IBEXP)
XNODEZ w XWODEZ*DEGTORAD
OKEGAZ - OMEGAZ*DEGTORAD
1HZ - 1MZ.DEGTORAD
XINCL - XINCL*DEGTORAD
lIZ - XZMZTWOPI/1440.OD.0
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XNDT2Z a XNDT2Z*TWOPI/(1440.OD+0*1440.OD+O)
XNDD6Z - XNDDGZ*TWOPI/(1440.OD+0*1440.OD+O*1440.OD+O)
SATOLD a SATNO1
COUNTER - COUNTER + I

I-I
J 1
K I

30 IF (XNZ .GT. CLXNZ(I)) THEN
I-I +1

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
KwK + I

GO TO 50
END IF

FILENAME w 'oe9003xnz' // CHAR(48+I) I/ '_ez' //
CHAR(48+J) l/ '_xincl' l/ CHAR(48+K) 1 '.fix'

UNITNUM - 100*I + 10*J + 1*K
OPEN(UNIT- UNITNUM, FILE - FILENAME)
WRITE(UNITNUM, 803) EPOCH, COiJTER, SATNO1,

XNZ, XNDT2Z, XNDD6Z,
XINCL, XNODEZ, OMEGAZ,
EZ, BSTAR, XMZ

WRITE(S1, 803) EPOCH, COUNTER, SATNO1,
XNZ, XNDT2Z, XNDD6Z,
XINCL, XNODEZ, OMEGAZ,
EZ, BSTAR, XNZ

WRITE(S2, 800) TLEPT1
WRITE(52, 800) TLEPT2

GOTO 10

800 FORMAT (A69)
801 FORMAT (Ii, IX, IS, 11X, F14.8, IX, F1O.8, IX, I6, 12, IX, 16, 12)
802 FORMAT (I1, IX, IS, 1X, 2(F8.4, 1X), F7.7,1X, 2(F8.4, IX), F11.8)
803 FORMAT(FI4.8,1X,I5,lX,IS,3(/,3(IX,E15.8)))

999 CLOSE(50)
CLOSE(61)
CLOSE(52)

DO 901, I - 1,4,1
DO 901, J a 1,3,1
DO 901, K = 1,6,1
UNITNUM - 100*I + 10*J + 1*K
CLOSE (UNITHUM)

901 CONTINUE

END

F.2 Example of FORTRAN Output

file oe9003.-nzl.ezi-xincl6

90061.08689731 1901 7369
0.13404702E-01 0.60601710E-12 O.OOOOOOOOE+00
0.21824330E+01 0.48838449E+01 0.65970479E+00
0.81123000E-02 O.OOOOOOOOE+00 0.56344499E+01
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F.3 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* < 1.0.2

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.'

11888 12078 14182 15147 18231

F.4 Mathamatica Function for Sample Satellite Selection

<<Statiatics'DescriptiveStatistics'; <<Statistics'ContinuouaDistributiona';
<<Statistics'DataManipulation';

(e This function selects one 2-line OE set with the least e)
(e deviation from the mean, using the elements specified in Vmean e)
(0 below. C)

( zExample useage: e)
(e select["-/aath/oe/oe9003_xnzl.ezlxincll .1f ix] )
(0 Limitations: 0)
(e It requires more than one 2-line GE set to choose from e)
(e It chooses the second 2-line OE set if there are only e)
(e two to choose from. e)

select[filenase_] :- Block[ (o*, ep'ch, counter, satno, xnz, xndt2x, vndd6z.
zincl, xnodez, ouegam, oz, betar. xuz, Vuean, Votdew, partoe. exponr, gl).
0# - ReadList[filenase Table[Mitber. (12)1]]
epoch - Transposeoo] I[1] 1;
counter a Transpose oo,] [2J ;
satno a Transpose loo] [3]).
*nZ - Transpose oej [4) ;
xndt2z a Transpose oe) 6[] ;
mndd6z - Transpose tooe [[6]]
zincl w Transpose *o*1 [[7:
xnodez - Transpose oe] ((8]] ;
omegaz a Transpose oe[91]
oz : TransposeIoe [110] j;
bstar ; Transpose [oe[ ]];
,82 - Transpo,, oit[l2]] ;
Vatan a {Ne(nmznz],Mean zndt2t]. fean~zincl]. Rean~indd6z),

Man [no4e:]. Hean(one*ar]. Neoante]. MeNu,[btar]):
Vstdev - {StandardDeviation Unz]. StAidardDevisti9a[xndt2z].

'Thesw satellites were excluded from futhetr analysiis.
'These satellites wete included in further analyis for tbt Tt E cntry with B" < 1.0.

"'Thcse satellites were excluded from further antadsis.
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St andardDeviation [xincl], StandardDeviation [Endd6z]
StandardDeviation rnodez], StandardDeviation[onegazi,
StandardDeviation [ez], StandardDeviation [bstar] };

partoe {xnz, xndt2z, xincl, xndd6z, xnodez, onegaz, ez, bstar};
expon - Product[If[Vstdev[[iJ] > 0, PDF[ MormalDistributionE

Vzean[[i]] Vstdev[[iJ]], partoe[[i]l] * (Sqrt[2Pi] *
Vstdev[[i)), 11, (i,8)J;

eel - Last(Sort(Transpose[ {expon, epoch, counter, satno, xnz, xndt2z,
xndd6z, xincl xnodez onegaz, ez, bstar x ]z}] ] ];

{sel[[2]],se1[[3]],sel[[4]Jael[[5,sel [[6])],sel[[7]J,sel[[e8 ,sel[[9]],sel [[10]] ,selEC[11]] ,sel C12]] }

F.5 Example of Mathematica Input for Sample Satellite Selection

In[2: - select f"/aath/oe/oe9003-xnzl-ezl-xincl 1. fix")

-12

Out[2]- {90089.8, 4314, 15141, 0.00425943, -2.06046 10 , 0., 0.08716,

> 1.26758, 3.41056, 0.0012258, 0.000099999, 2.87378)

F.6 Selected Sample Satellite Two-Line Element Sets

CLASS: 1-1-1
1 15141U 83 66 F 90089.84366136 -. 00000068 00000-0 99999-4 0 06562
2 15141 4.9939 72.6272 0012258 195.4106 164.6556 0.97618901 8101

CLASS: 1-1-2
1 15259U 84 95 A 90104.43454589 .00000021 00000-0 14999-1 0 06436
2 15259 64.7864 162.4815 0018219 201.8083 158.2010 2.13103289 43653

CLASS: 1-1-4
I 08822U 76039 C 90062.13597810 .00000003 00000-0 99999-4 0 05949
2 08822 109.8562 320.0595 0042402 261.2019 98.3915 6.38859342322640

CLASS: 1-1-6
I 07369U 74 54 A 90061.08689731 .00000020 00000-0 00000+0 0 09770
2 07369 125.0442 279.8237 0081123 37.7983 322.8302 3.07213139175423

CLASS: 1-2-1
1 12497U 81 50 B 90088.32850727 .00016164 00000-0 36133-2 0 03019
2 12497 23.9029 101.2132 4582441 111.9356 302.0469 6.29011949171514

CLASS: 1-2-2
1 12827U 81 88 F 90089.41666294 -. 00000000 00000-0 99999-4 0 09685
2 12827 63.3458 225.1199 4536648 331.3832 9.8124 5.48793671171338

CLASS: 1-2-4
1 16614U 86 19 B 90121.16504499 .00000058 00000-0 51294-3 0 01217
2 16614 98.8247 43.7071 4697651 253.3377 51.5618 5.50352988 84146

CLASS: 1-3-1
1 13958U 67 1 AL 90089.18539481 .00009294 00000-0 60407-2 0 38470
2 13958 26.8024 177.9088 6611432 174.3619 200.5635 3.11659651113951
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CLASS: 1-3-2
1 14199U 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 14041U 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 00053U 60IOT 5 90062.60444147 -. 00000024 00000-0 99999-4 0 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 10293U 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 10393U 74089 EJ 90062.62858901 -. 00000005 00000-0 99999-4 0 06127
2 10393 101.5836 125.5560 0159384 186.4464 173.4562 12.23222517688950

CLASS: 2-1-6
1 03307U 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 .0003989 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 n4575-2 0 03393
2 19990 60.7998 107.0493 2240370 111.3711 273.9!90 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 00000-0 75393-3 0 04030
2 03825 104.7482 291.9495 2730748 143.19ý, ýiY3.1864 9.47917380721352

CLASS: 2-2-6
1 04841U 68 55 D 90074.10938230 .00001t93 00000-0 15271-2 0 02071
2 04841 120.7474 345.7001 2717040 280.3;14 58.7999 9.26652751199759

CLASS: 3-1-1
1 01996U 65096 D 90062.57233723 .00029976 00000-0 57772-2 0 01333
2 01996 34.2488 168.4994 0537978 239.8495 114.7699 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 C 90062.46477114 .00000628 00000-0 32995-3 0 01914
2 19643 81.2328 216.8294 0067007 164.6783 195.6607 14.11971226 70214
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CLASS: 3-1-4
1 17429U 86 19 FQ 90086.10115666 .00012418 00000-0 68353-2 0 04994
2 17429 98.9992 173.5282 0109812 173.9157 186.3401 14.08678078172316

CLASS: 3-1-5
1 07735U 75 27 B 90061.92256864 .00000817 00000-0 44554-3 0 05202
2 07735 114.9854 32.3886 0049798 313.3500 46.3487 14.20662747771802

CLASS: 3-1-6
1 02327U 66 63 B 90063.84215319 .00003471 00000-0 30012-2 0 07997
2 02327 144.2199 82.3338 0017522 175.4422 184.6370 13.82228492187809

CLASS: 4-1-1
1 14002U 83 33 A 90086.44246605 .00466655 83983-4 16472-2 0 07221
2 14002 46.5599 241.9884 0070169 291.6506 67.7970 15.84324476380871

CLASS: 4-1-2
I 13972U 83 27 A 90088.25195735 .00192985 00000-0 92495-3 0 04456
2 13972 65.8266 153.4866 0009504 229.4544 130.5459 15.81905388390904

CLASS: 4-1-3
I 16438U 85121 E 90086.00040288 .00580501 00000-0 39896-2 0 03141
2 16438 70.9442 188.7777 0064322 113.8059 246.9918 15.70202629231132

CLASS: 4-1-4
1 16036U 79 17 P 90092.07768260 .00236728 00000-0 22353-2 0 03377
2 16036 98.1206 141.8874 0023457 193.5278 163.4477 15.65936551614361

CLASS: 4-1-2 (2nd Choice)
1 15584U 85 18 A 90086.75596273 .00071118 00000-0 95413-3 0 02527
2 15584 65.8387 217.5705 0023397 269.2089 90.6387 15.57222498283684

CLASS: 4-1-3 (2nd Choice)
I 04497U 70 64 A 90062.21980962 .00093972 00000-0 41670-3 0 08423
2 04497 74.0185 133.5216 0004296 347.6032 12.4936 15.84015404 91061

CLASS: 4-1-1 (2nd Choice)
1 20335U 89 93 A 90061.64390907 .00009759 00000-0 12823-3 0 01290
2 20335 51.6166 147.1234 0017535 227.5475 132.5147 15.59068899 15116
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Appendix G. MATJIEMATICA CODE FOR PLOTS

The code below was used to plot the VMAGT ?oints for each of the LUIPI/OPD

iterations using all 10 random observation files for a specific satellite.

<<Statistics'Descriptivestatistice';, ((tatistics'Datatanipulation';
((Stat~istic. 'Xovingk~versg*'; <<Statistics' Confideicelntervals';

This function create* a graph of a rosiduals file (muatrix). 0)
(. It computes a moving average over four days. Steady-state is #)

st anually declared at "maiday". and socale" is the duration of 4
(. data *pan. It also outputs the graph info to file "CI..ILW". 0)
(* Example usage: C

*C plot E14443, Ma,4.28,60]

Block[ (uruns, vat, op4. lawe, sove, vmagt. avp. aye, std, p99, avsCi,
yarCI, p9OCI, avert, aver2, varnt, varr2, p99r1, p99r2, top),

nruns * Legth~vmatrix];
vat *sort (Columioin~vuatriz[E1]], ~matrix1[21], vmatrixt(3]],

vuatrixCE4J], vaatrit(CS]3) vmatrixt(633. wmatrix1t?]3,
vuatrizEESJ), wuatrixttgj], wa~atrix(tiO)33];

opd L*ugeth(vut]I(aruaosecal*);
lave *Tablo(Suatvattti]J {i.(J-l)*opd+lJeopd)]/(opd),

{J .1 ,Length(vmt]/(opd)}J;
move ListPlot (RovingiverageClave,nruns.4-i1,

Plotloined -> True. DisplayFunction -), Identity);
'Uagt ListPlot~wat. Prolog-)Point~izet.OOSl.

Plotloined -> False, DisplayFunctioji -> Identity];
4V, Table(trnimtnff~vmatrixtti]] ,aas4ay),(ii.lO1)3;
&Te M ean (Transpose tavp]((i)] 1;
std *SqrtE XoanjTranspo&*Efvpl C2]] 1 1;
p99 WoRen[TraAsspoaetvpl[(3]] ];

avarl * eanCl tTr&Agrspoaevp] M(2] 1.
varCI X* Nand(Transp.~s*tavp)1ft] 1;
avert *1ouai&(100*4avC1tEE])/10D.0,;

aver2 * ound(100eaveCl ((2j]]Iioo.o.
warrt *RoUndilOOevardt t113/1t0.O;
varV2 10" ondOsyrlt2)I)/100.0;
ps9rl 10" loa100*Pq9C? t(i])Ix/10.0;
p99r2 1* IusdftO0epSW((2l]]/10GO.O
I*? *Fleort5/3ep99] *2

varr2.p99rl .p9ft2).'Cl_1LX-lj C1***E'CtYtLVtI;
Shoe~seve. TNA6t. prolog -).(ryee(f1 hcseL~3)

Uz*e((masday.0). (aaadsy.IO00)). Graytevet (0].
Lite (((%-day, p,10), (scale.p9a))3,TikesCi. ua~nLO)
Texjst(.te4y-state iocl tro- ,(uas*4-scalel4S. .'Ot 4;p). -. ) 02)

rpilos -3, ( Graytovol(Q).

Textt-VS1 C1 seas Toestrataergl). 11sae~er54~'~ .0)).

Teat('S$j C1 war. Tottfora(varrl), (.2*coeotop*-eH SA.0).(I)).

yrem-)Toe*is** -) a* F lotlasitV* (-0.cl.ý ~ t~)
GriALisoo-) T (fe.iO1o~cl/~~*~l veai)
FrameobLot4 3 (-1'.. esise inital *"cb is% Zzlo'. 1'esittax err.? is Wa).
Pl~at~e"e -1 *pd' VS/bAT - TM~ MUMStQ EaAA W'I 4 P41 NOW:94 &VW

(. c..p~rs average Cl aid NUX variance allor renovixg 64070.

aw *RaaCo(ri,2J

(Gv4. vor. F*9)

IG



Appendix H. VMAGT GRAPHS

11.1 CLASS: 1-1-1 (NORAD Catalog Number 15141)

H. 1.1 Prediction Performance. The tables below provide the statistical information

on the ability of the estimates to predict for I LUPI after differential correction.

Table H.1. 95% Confidence Interval Analysis on Class: 1-1-1.

Catalog Mean Variance 99% CL
Number LUPI OPD Min Max IMin Max Min Max

days obs/day km km kmW km kmi

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 72.27 95.77
15141 4 6 24.66 29.58 232.68 499.46 60.29[ 80.48
15141 4 8 23.47 28.31 239.09 1 443.33 60.59 75.74
15141 6 2 38.38 54.89 474.79 1067.75 89.09 129.23
15141 6 4 35.31 48.29 422.10 1328.83 83.38 130.7G
15141 6 6 34.69 41.05 308.38 663.55 75.21 100.16
15141 6 8 34.46 38.45 299.10 525.48 74.64 91.29
15141 8 2 44.77 65.60 358.74 994.31 90.71 135.61
15141 8 4 39.58 52.65 274.12 482.20 79.47 101.96
15141 8 6 37.40 47.To 263.32 386.98 79.02 s9.39

1........ 541 8 [- s ,38.27745.63 �45.57 324.44 7,.84 ... 28

Ta&le 11.2. ANOVA Analysi. oan Class: I --1- 1.

"ource of Irig of IS Un of Cj tuan - T
~icaion J 90O3.69 1113. 74 f2.4U1.

P 3 4653.63 151ý 33.3 152-.21.4
OPD 3 1 TW, 13 S934.71 12-99 3. 2.60

____I_-e ___t____ 9 3 I4 ml.81 3$4.53 0.S418 L
ff~tor135. l.5FI ____

STot al 9 - 4S7.- -_________ 159.... ~7 i--f



2 BS/DAf - TRUE POSITION ERROR AND 4 DAf MOVING AVERAGE
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6 OBS/bAY -TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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2 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE

175 95 I 99, CL' 6!.17 - 141.6a
95 CI nt an • .39 - 7.

95 CI var. 8 .08 - ?031.4
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4 OBa/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure 11.3. Class: 1-1-1 (Cat',log Nurnhcr 15141), LUPI 4, OPD 2 and 4.
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6 0BS/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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6 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

954 CI 99i CL 9.71 -135.61
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Figure 11.7. Class: 1-1-1 (Catalog Number 15141), LUPI 8, OPD 2 and 4.
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6 OBS/DAY -TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
140 ~*
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Figure 11.8. 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.

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 km2 km2 km km

15141 8 8 27.02 32.23 231.92I 62.49) 75.13

8 OBS/DAY - TRUE POSITION ERROR AN 4 DAY MOVING AVERAGE

151 CIli C 6 Z.4; -75.13
SCl mean 2.02 32.23

1% CI var. 21.7 344.92

I00

S60 •J

0 40 b

1o 2o )0 40 1.0

Tte -a* InIt*•-# * epoch In daye

Figure 11.9. Last-Pass - Cla": 1-1-1 (Catalog Number 15141), LU1XI 8. OP) S.
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11.2 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 km2  km' km[ km

15259 2 2 2.04 2.56 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 2.94 1.52 7.42 5.31 8.86

15259 4 4 1.98 3.06 2.24 7.77 5.40 9.34
15259 4 6 1.43 2.09 0.85 3.52 3.60 6.28

15259 4 8 1.03 1.46 0.42 1.34 2-19 4.03

15259 6 2 2.18 3.54 1.90 8.56 5.57 9.96

15259 6 4 1.28 2.14 0.36 3.75 3.17 6.26

15259 6 6 1.16 1.67 0.35 1.83 2.69 4.63

15259 6 8 0.91 1.24 0.24 0.81 2.15 3.21

15259 8 2 2.22 3.89 2.26 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 0.97 2.07 3.75 5,11

15259 8 8 1.16 1.80 0.64 2.15 3.12 5.06

Table It.5. ANOVA Analysis on Class: 11-2.

Source of )1gr1es of Sum Tabl
Variation V •d { Square Square F F

Recplications 9c1 1 94.4 3 2.92 1.148
Main Effects:

IUt1I 3 25.34 8.45 2.62 2.60
OP) 3 267.94 89.31 27.75 2.60

Interactiot 9 122.42 13.60 4.23 l.___
Error 135 434.57 312-2

Tot -- 9 34.72 ._".
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2 OBS/DAY -TRUE POSITION !7RROR AND 4 DAY MOVING AVERAGE
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6 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure 11.1 1. Class: 1-1-2 (Catalog Number 15259), LUPI 2, OPD (1 acd 8.
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6 BS/DAY -TRUE POSITION ERROR AND0 4 DAY HOVING AVERAGE
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2 OBS/DAY - TRUE POSITI ERROR AMD 4 DAY MOVING AVERAGE
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6 OBS/DAY -TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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2 085/DAY -TRUE POSITION ERROR AND 4 DAY MOVING AVZEAAGA
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6 098/DAY -TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure 11. 17, Class: 1-1--2 (Catalog Number 15259), LUPI 8, QPD 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 MaxI __

days obs/day km km kMn2 km2 km km
15259 [ 8 [ 8 II 0.57 0.75 0.10i 0.17 1.301 1.701

8 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE

!5% CI 99% CL 1.3 -'1.7
* 95% CI mean 3.57 - 0.75
* •95% CI var. 0.1 - 0.17
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Figure 11.18. Last-Pass --Class: 1-1-2 (Catalog Number 15259), LUPI 8, OPD 8.
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H.3 CLASS: 1-3-2 (NORAD Catalog Number 14199)

H.3.1 Prediction Performance. The tables below provide the statistical information

on the ability of the estimates to predict for 1 LUPI after differential correction.

Table 11.7. 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 2  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 10.47 13.77 60.06 107.34 28.63 37.50
14199 6 2 42.48 63.08 934.39 3612.94 115.09 197.46
14199 6 4 17.14 24.32 77.81 497.16 43.40 71.67
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 26.71 143.11 450.05 45.54 73.89
14199 8 6 15.09 21.75 132.45 330.04 42.38 62.67
14199 8 8 14.33 18.56 90.98 212.99 36.74 51.51

Table 11.8. ANOVA Analysis on Class: 1-3-2.

Source of Degrees of Sum of MNean . J Table
Variation Freedom I Squ,±re _ Square F I F

Replications 9 13r. Ik.14 A 1.4,6 I0.2482 -.1.88
Main Effects:

LUPI 3 2601.79 867.26 0.1490 2.60
OPD 3 161167.8 53722.6 9.23 2.60

Interaction 9 261,13.48 2904.83 0.4991 1.88
Er'ror 135 785705.8 5820.04 .....

Total 159 988618.99 7 I
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2 ons/DAY - TRuz POSITION ERROR AND 4 DAY MOVING AVERAGE
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SOB/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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2 0BS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure 11.21. Class: 1-3-2 (Catalog Number 14199), LUPI 4, OPD 2 and 4.
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6 0OS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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2 05/DAY - TRUE POSITION ERROR AN D 4 DAY MOVING AVERAGE
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4 "AS/fDAY TRUE POSITION ZRXOft ANDO 4 DAY MOVING AVEPAGE
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2 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure 11.25. Class: 1-3-2 (Catalog Number 14199), LUPI 8, OPD 2 and 4.
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6 0BS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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11.9.2 Differential Corrector Performance. The table below provides statistical in-

formation on the last-pass residuals of the differential corrector.

Table 11.6. 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 km2  km2  Jau k.

14199 I 8.. 1 8 6.34 8.1517.5219.16112.92117.98

8 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE

25 954 cI 99i Cd 12.9ý -'17.'98.
95% CI mean 9.34 - 8.15
95% CI var. 7.52 - 19.16
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Figure 11.27. Last-Pass - Class: 1-3-2 (Catalog Number 14199), LUPI 8, OPD 8.
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H14 CLASS: 2-1-3 (NORAD Catalog Number 10293)

1.4.1 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.10. 95% Confidence Interval Analysis on Class: 2-1-3.

Catalog Mean Variance 99% CL
Number LUPI OPD Min Max Min Max Min Max

days obs/day km km km2n km 2  km km

10293 2 2 1.62 2.13 1.01 3.38 3.95 6.29
110293 2 4 1.28 1.46 0.66 1.02 3.17 3.79

110293 2 6 1.20 1.47 0.68 1.S3 3.10 4.14
10293 2 8 1.16 1.36 0.71 1.47 3.09 4.15
10292 4 2 2.10 2.74 2.26 5.51 5.43 8.18
10293 4 4 2.01 2.73 1.80 4.73 5.25 7.62
10293 4 6 2.03 2.32 2.16 2.85 5.48 6.20
1029' [ 4 8 1.85 2.16 1.62 2.92 4.85 6.08
10293 6 2 2.80 3.95 3.70 10.10 7.31 11.11
10293 a 4 2.35 2.96 2.18 4.52 5.92 7.73

1C293 6 6 2.04 2.66 1.32 3.61 4.80 6.91
10293 6 8 1.86 2.42 1.01 2.15 4.17 5.79
10293 8 2 2.58 3.82 1.76 7.78 5.92 9.94
10293 8 4 2.08 2.81 1.24 3.57 4.79 7.04
10293 8 6 1.90 2.56 0.94 2.58 4.19 6.19

L10293 8 8 1.80 2.33 0.55 2.74 3.80 5.94

DT'ble H.11. ANOVA Analysis on Class: "-1-3.

iSource oi Degrees of I Sum of Mean TTable-f
Variation Freedom Square Squarr- .F [ 11

Replications 9 17.06 1.89 0.8971 1.88
Main Effects:

LUPI 3 172.99 57.66 26.74 2.60
OPD 3 148.61 49.54 22.98 2.60

Interaction 9 36.53 4.06 1.88 1.88
Error 1T35 '91.07 2.16

Total 1__ 667. 27 1 "7 1
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2 0BS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE

45%CI 9v C1 191
9 ( I a .6 - .1
9% I ar .01 -

w

00

2 Af

50° -60

10 20 30 40

Time since initial epoch in days

640BS/DAY -TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE

91 3 la 2 .i

9- 4 ( :a , , £ .
""4 9 .1 :,I

4•4 . .

UU

c 94,

IrI04 ... " ,- "" " "" . -" : '- L....
0

S+ ** ... + * 9.

0020 30 40 50

Time since initial epoch in days

.29 I.2

*% I% sor 6

00

H-3



6 0BS/DAY -- TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure 11.29. Class: 2-1-3 (Catalog Number 10293), LUPI 2, OPD 6 and 8.
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2 OS/DAY -TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE12 
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6 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure 11.31. Class: 2-1-3 (Catalog Number 10293), LUPI 4, OPD 6 and 8.
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2 OBS/DAY - TRUE POSITIONt ERROR AND 4 DAY MOVING AVERAGE
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6 Osl/DAY - TRUE POSITION ERROR AND 4 DAY MOVIRC AVERAGE.
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Figure 11.33. Class: 2-1-3 (Cat~og Number 10293), LUPI 6, OPD 6 and 8.
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1 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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6 0BS/DAY - TRUE POSITION ERROR AND 4 DAY MIUVING AVERAGE
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Figure 11.35. Class: 2-1-3 (Catalog Number 10293), LUP[ 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 11.8. 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" km2 k km2  km km

(10293 8 J 8 10.64_ 0.68 0.10[ 0.13 1.37 [1.511

3I IODAY - TRuE POSITION tRIR AND 4 DAY NO.NG -Vt.AG,

: f~' CI 91 L. ... 3."5
.,, . .,---. S .R "9 CL .' -1

951 Ct men ).44 - 0.64
0% C1 Vag. 0.1 - 0.13

12 -9

Figu,,;- 11.36. Wat.P• - Cla.n: 2-1-3 (CatudogNutaber 10293), LUIPI 8, OPD 8.
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11.5 CLASS: 2-1-4 (NORAD Catalog Number 10393)

11.5.1 Prediction Performance. The tables below provide the statistical information

on the ability of the estimates to predict for 1 LUPI after differential correction.

Table 11.13. 95% Confidence Interval Analysis on Class: 2-1-4.

IfCatalog JUI1 Mean Variance 99% CL
Number LUPI OPD Min M ax Min Max Min [Max

days obs/day km km km2  knrn kin? kim

10393 2 2 1.26 1.52 0.68 1.74 3.19 4.51
10393 2 4 1.03 1.31 0.46 0.96 2.60 3.56
10393 2 6 0.96 1.23 0.43 0.77 2.45 3.27
10393 2 8 1.01 1.19 0.47 0.76 2.63 3.18
10393 1-4 2 1.70 1.99 1.19 1.91 4.30 5.13
10393 4 4 1.27 1.66 0.76 1.21 3.30 4.19
10393 4 6 1.22 1.50 0.71 1.17 3.19 3.99
' 9393 4 8 1.18 1.36 0.61 0.94 3.01 3.59
10393 6 2 1.93 2.93 1.01 5.14 4.57 7.89
10393 6 4 1.51 2.14 0.65 2.65 3.55 5.73
10393 6 6 1.46 1.93 0.71 1.80 3.43 4.98
10393 6 8 1.49 1.87 0.74 1.42 3.50 4.60
10393 8 2 2.12 3.29 1.11 7.19 4.86 9.15
1039A• 8 4 1.96 2.44 1.13 2.86 4.48 6.26
10393 8 6 1.74 2.09 0.83. 1.89 3.92 5.18
10393 8 ' 1.69 1.98 0.66, 1.58 3.69 4.78

Thblv H.14. ANOVA Awldysis on Class: 2-14.

$out". of ecrt S of Stum of Meani'rd~

Vaitin Frtvdom JSquare scquar F F
_ __• : • : .. ..

9_____ 4I T 4.9T7 .1 I~Z

LUPI 3 107.71 35 .90 31.83 2.60
OPD 3 S1.3S 27.13 24.05 2.60

1ne~~9 . 12.17 1.351 1.191 .S
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6OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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20BS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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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 kM2 ' 2 km km

10393 8 8 0.56 0.59 10.08 0.09 1.21 1.30 fi

8 oHs/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure 11.45. Last-Pass - Class: 2-1-4 (Catalog Number 10393), LUPI 8, OPD 8.
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H.6 CLASS: 2-2-3 (NORAD Catalog Number 19859)

H. 6.1 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 km2 km2 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 1.91 1.06 2.74 3.98 5.64
19859 2 8 1.48 1.85 1.07 2.26 3.95 5.26
19859 4 2 2.15 3.40 2.61 8.11 5.79 9.90
19859 4 4 1.91 2.73 2.12 5.06 5.11 7.95
19859 4 6 1.76 2.33 1.75 4.00 4.86 6.89

19859 4 8 1.64 2.07 1.25 2.81 4.26 5.89
19859 6 2 2.43 4.10 2.74 15.25 6.77 12.65
19859 6 4 2.05 2.82 2.04 5.29 5.36 8.06
19859 6 6 1.82 2.42 1.49 3.49 4.67 6.68
19859 6 8 1.74 2.30 0.96 3.16 4.17 6.26
19859 8 2 1.98 3.43 1.36 7.58 4.98 9.46

19859 8 4 2.02 3.34 1.52 5.92 5.03 8.76
19859 8 6 2.08 3.04 1.74 4.51 5.30 7.81
19859 8 8 1.87 3.05 1.10 4.60 4.70 7.72

Table H.17. ANOVA Analysis on Class: 2-2-3.

Source of Degrees of Sum of Mean Table
Variation Freedom Square Square F F

Replications 9 165.00 18.33 4.61 1.88
Main Effects:

LUPI 3 10.59 3.53 0.8886 2.60
OPD 3 276.79 92.96 23.21 2.60

Interaction 9 87.63 9.74 2.45 1.88

Error 135 536.69 3.98 1

[rotal f 159-7 1076.72 _
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2 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure 11.53. Class: 2-2-3 (Catalog Number 19859), LUPI 8, OPD 6 and 8.
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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

INumber LUPI OPD Min Max Min Max Min Max

days obs/day km km Jm2 km

19859 8 8 IJ 0.72 0.79 0.13 0.19 [1.5711.780

3 8S/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE

9A CI 94% 61, 1. -l•a• ~ ~95'k cI mean 3:.72 - 0.79CI9%e

9 . . 95% CI var. 3.13 - 0,19

2.5 --

S.2,.9.. • . •. •-•• .

* a
* : M •

-, , • . __I_ _*

%~ tt
0.5

0 . ..

10 20 30 40 50
Tifne since initial epoch in days

Figure H.54. Last-Pass - Class: 2-2-3 (Catalog Number 19859), LUPI 8, OPD 8.
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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 1 99% CL
Number LUPI OPD Min Max Min IMax Min Max

days obs/day km [ km km 2  km 2 I 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 8.60 7.74 9.97
01996 2 6 2.61 2.98 3.45 5.96 6.95 8.60
01996 2 8 2.75 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 8.89 9.83 39.57 50.33 23.80 26.02
01996 6 2 22.49 25.36 243.10 342.69 58.99 68.05
01996 6 4 19.44 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 Tablel
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 1.96 1.88
Error 135 4372.93 32.39

! Total 159 160515.21- . . 0
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6 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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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 I Variance 99% CL
Number LUPI OPD Min Max Min Max Min Max

days obs/day km k J km' km2 km km

F 1996, 8 1 8 . 2.35 2.58J 1.38 1.88 5.09 5.75]J

8 0BS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE

9% 9 CI 99% CL .0 -5.

95% CI mean .35 - 2.58
95% CI var. .38 - 1.88

I. " .

04-~
A

4. 4

% A

437

10 20 30 40 50
Time since initial epoch in days

S....Figure H.63. Last-Pass --Class- 3-1-1, (Catalog Number 01996), LUPI 8, OPD 8.
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H.8 CLASS: 3-1-2 (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 km2 km 2  km 1km
14443 2 2 2.42 3.21 2.53 6.61 6.06 9.09
14443 2 4 1.98 2.20 1.86 2.36 5.24 5.68
14443 2 6 1.81 2.07 1.28 2.31 4.46 5.54
14443 2 8 1.62 1.92 1.22 2.00 4.20 5.17
14443 4 2 3.24 4.30 5.10 9.88 8.34 11.60
14443 4 4 2.57 3.71 2.83 7.92 6.63 10.03
14443 4 6 2.23 3.29 1.80 6.34 5.52 8.90
14443 4 8 2.16 2.80 2.09 4.29 5.52 7.56
14443 6 2 4.09 5.99 8.08 31.08 10,81 18.46
14443 6 4 3.59 4.64 5.24 15.14 9.15 13.36
14443 6 6 3.36 4.10 5.53 10.63 8.81 11.58
14443 6 8 3.36 3.85 5.80 11.17 8.98 11.51
14443 8 2 5.27 7.36 14.64 30.84 14.31 19.97
14443 8 4 5.21 6.71 11.55 21.15 13.11 1 17.29
14443 8 6 4.72 5.80 8.87 15.54 11.66 14.87
14443 8 8 4.72 5.57 9.18 14.01 11.80 14.20

Table 11.23. ANOVA Analysis on Class: 3-1-2.

Source of Degrees of Sum of Mean ... Table
Variation jFreedom Square Square F F

_Replications 9 149.51 16.61 3.39 11.88
Main Effects: t

LUPI 3 1869.4t8 623.16 127.07 2.60
OPD 3 3,0.80 113.60 23.17 2.60

Interaction 9 20.64, 2.291 0.4676 1.88
LError 135 _ 62.03 4.90J _

l T o tal ' . ... .2 . t I ... . .
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2 0BS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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6 08S/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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6 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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6 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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2 OSS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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SOBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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H.8.A 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 Iterval Statistics.

Catalog Mean Variance 99 CL
Number LUPI OPD Min Max Min Max Min Max

days obs/day km km k kmn j.kin m

14443 ( 8 1 8 1.00 !.03J10.25 0.29 ,2.17I 2.271

8 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVWRAGE

-Y-----9!% CI 99% CL 2.0' -- 2.i7
95% CI war 1. - 1.03

95% CI var. .25 - 0.29
3.5

q

2*-~xL 90 .E9CL *

it S444o. 2.5 -

0.

0 io 10 40 •

Tima. time Inital. eoch Ift doys

Figure 11.72. Last-Pass -- Class: 3-1-2 (Catalog Number 14443), LUPI 8, OPD 8.
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H.9 CLASS: 3-1-3 (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 FR7Mean Variance 99% CL
Number LUPI OPD MniMax 1Min Max Min Max

days obs/day km km km2  km2  kmi km

19643 2 2 2.12 2.70 2.70 6.83 6.06 8.61
19643 2 4 1.41 1.93 1.24 2.33 4.01 5.43
19643 2 6 1.48 1.80 1.36 2.69 4.21 5.56
19643 2 8 1.38 1.64 1.35 2.06 4.08 4.95
19643 4 2 2.78 3.46 4.51 8.87 7.82 10.23
19643 4 4 2.27 2.85 3.52 6.69 6.72 8.74
19643 4 6 2.07 2.50 3.52 5.34 6.47 7.81
19643 4 8 1.81 2.24 2.51 4127 5.52 6.98
19643 6 2 3.71 4.79 8.62 21.68 10.79 15.27
19643 6 4 3.49 4.22 7.64 14.64 10.03 12.94
19643 6 6 3.12 3.87 7.51 11.99 9.69 11.70
19643 6 8 3.13 3.68 6.93 10.65 9.33 11.15
19643 8 2 6.07 8.52 26.50 58.81 17.99 26.01
19643 8 4 5.18 6.93 18.81 33.05 15.25 20.15
19643 8 6 5.00 6.27 17.53 29.77 14.90 18.69

19643 8 8 5.05 5.94 17.79 29.31 14.98 18.34

Table 11.26. ANOVA Analysis on Class: 3-1-3.

Source of Degrees of Sum of Mean Table
Variation Freedom Squ~are Sq uve F FI

Replications 9 167.42 18.60 4.79 1.88
Main Effects:

I, UPI 3 3,860.32 1286.77 331.02 2.60
OPI) 3 279.89 93.29 24.00 2.60

Interaction 9 48.11 5.35 1.31 1.s8
Error 135 524.78 3.8)9
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202BS/DAY - TRUE POSITTON ERRUR AND 4 DAY MOVING AVERAGE
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6 0BS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE12 I .;
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2 0BS/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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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.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 j Variance 99% CL
Number LUPI OPD Min Max Min Max Min Max

days obs/day km km km 2  k I km kmf

f 19643 8 8 0.73 0.76 10.13 0.15 11.58 1.66:]

80 BS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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05% CI var. D.13 - 0.15

2.5

-4 . . .. ,'. .

W• Mo 9 °oCL_____° got CI

1 .5!1. . ,

I "b
i .re --- r"-

0.5 at..

5-5P

10ur H.81 L3t-0s -- as -- CtlgNme 940) 50I8 OD8
Time since initial epoch in days

Figure 11.81. Last-Pass -Class: 3-1-3 (Catalog Number 19643), LUPI 8, OPD 8.
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H.1O CLASS: 3-1-4 (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 2  km2  km km

17429 2 2 1.97 2.36 1.18 4.61 4.81 7.05
17429 2 4 1.73 2.04 0.96 3.24 4.25 6.01
17429 2 6 1.64 2.08 1.15 3.02 4.23 5.98

17429 2 8 1.73 1.94 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 6.58 10.25 9.13 11.25
17429 4 6 2.78 3.52 4.65 9.50 7.92 10.51
17429 4 8 2.64 3.16 4.00 6.95 7.36 9.18
17429 6 2 4.33 5.90 9.91 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 4.78 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 5.35 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 5.93 18.65 26.07 14.97 17.62

Table 11.29. ANOVA Analysis on Class: 3-1-4.

Source of Degrees of Sum of Mean "I'ble
Variation Freedom I Square J Square F TablF F

Replications 9 266.84 29.(", 41.88 1.8

Main Effects:
LUPI 3 3573.71 1191.241 195.95 2.60
OPD 3 160.89 53.63 8.82 2.60

Interaction 9 48.39 5.341 0.8844 1.88
Error 135 820.71 8.t8

i ota [ 159 ! I _I
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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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Figure 11.83. Class: 3-1-4 (Catalog Number 17429), 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 11.84. Class: 3-1--4 (Cataog Number IT429). LUPI 4, OPD 2 and 4.

1n-94

II I i I



- ODS/DAY - TRUE POSITION fRROR AND 4 DAY MOVING AVERAGE
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2 OSS/DAY -TRUE POSITION1 ERROR AN~D 4 DAY MOVING AVEqAGZ
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6 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGt
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2 OBS/DAY - TRUE PCGTION ERROR AND 4 DAY MOVING AVERAGE
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Figure 11.88. Class: 3-1-4 (Catalog Number 17429), LUPI 8, OPD 2 and 4.
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6 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure 11.89. Class: 3-1-4 (Catalog Number 17429), LUPI 8, OPD 6 and 8.
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H.1O.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 MinM Max I MMin I Max
days obs/day km km km2 I km2  km km

17429 8 8 ý °95 1.050.24 0.33 [ 2.11 2.36

8 OSS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE

9% CI 9i% CL 2.1 -2.36
95% CI mean ).95 - 1.05
95% CI var. ).24 - 0.33

3.5 __
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.
5

""UMLE 99%
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ot44 .

0.51 ~.L6 % ih *.W-

0.5

10 20 30 40 so

Timne since initial epoch in days

Figure 11.90. Last-Pass - Class: 3-1-4 (Catalog Number 17429), LUPI 8, OPu 8.
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11.11 CLASS: 4-1-1 (NORAD Catalog Number 20335)

H.11.;' Prediction Performance. The table below provides the statistical informa-

tion on 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 I Mean Variance 99% CL
Number LUPI OPD ' M jM Min Max Mini Maxia [o1 /y• a "" jkul m2 kmi km km

20335 2 2 221.25 272.45 26671.12 35662.20 610.60 701.10
20335 2 ,4 12421 159.24 13770.20 18708.94 403.52 470.21

20335 2 6 67.04 81.81 6821.62 11403.47 261.20 326.02

20335 2 '8 L 4'8.45 59.03 1279.98 4183.47 136.20 203.27
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2 093/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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Figure 11.92. Class: 4-1-1 (Catalog Number 20335), LUPI 2, OPD 6 and 8.
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1.11.2 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.

Catal Mean Variance 99% CL
Num LUPI OPD Min Max Min Max Min Max

days obs/day km km km 2  km2  km km

20335 1 2 8 II 4.18 5.99 5.6H 36.41 10.70 19.08 II

8 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
5% CI994 CI 1- -9.38

I . ' * 9% :I a ' .1; .9
9 ' II a L .6 9 61
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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 LUPI 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 kM2  kin2 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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2 OSS/DAY -TRUE POSITION ERROR ANDW 4 DAY MOVING AVERAGE

95-: ! 50..2 - - - - - - -- - -.4

95ý IC aman 19.4 -22547

93A a r 176-.3 - 26711.'

V

14 %

2000

0

------ 30 40 so 6
Time since initial epoch in days

4 OBS/DAY -TRUC POSITION ERROR AND4 4 DAY MOVING AVERAGE

955C: 9! CL1 351 .0 - 432 14

600~5 C1 mean 12 . 6 - 161 44

00

44

2400 - - - * - - - - - .

0 10 0 10 40s

-is &Ic in9 * .I: epoc In1 days

10 20 1- 1064 5



6 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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H. 12.2 Differential Corrector Performance. The table below provides statistical

information on the last-pas.i :osiduals of the differential corrector.

Table H.24. Selected Last-Pass 95% Confidence Interval Statistics.

Catalog i Mean Variance 99% CL

Number LUPI OPD [MinM Max Min' Max Min Max
, days obs/day km km km5  km2 km km

15584 2 8 3.98 6.69 1 NOTE 1 81.52 10.61 25.33
NOTE I: The 95% confidence interval indicated this value was less than zero,

which is not possible.

30 6 5Ss/DAY TRmUE POSITION ERROR~ 44D 4 DAY MtOVING AVERAGE
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Figure H.96. Last-Pass - Class: 4-1-2 (Catalog Number 15584), LUPI 2, OPD 8.
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Appendix I. TUNED VMAGT GRAPHS

L. CLASS: 1-3-2 (NORAD Catalog Number 14199)

L1.1 Prediction Performance. The tables below provide statistical information on

the ability of estimates to predict for 1 LUPI after tuned differential correction.

Table 1I.. 95% Confidence Interval Analysis on Class: 1-3-2.

Catalog I Mean Variance 99% CL
Number LUPI OPD Min Max Min Max Min Max

' days oba/day km kmL I km 2  kIm2  kmI kin

14199 2 2 14.83' 20.02 124.84 295.80 40.42 59.47
14199 2 4 9.77 13.85 31.74 135.26 23.72 39.63
14199 2 6 8.89 12.44 NOTE 1 233.04 20.13 43.07
14199 2 8 10.61 12.76 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 97.08 277.72 38.39 56.40
14199 4 6 i1.17 16.191 61.54 205.17 30.62 48.04
14199 4 8 9.51 12.69 47.39 136.55 25.31 39.28
14199 6 2 19.55 26.86 151.66 865.84 53.99 89.57
14199 6 4 8.95 20.66 NOTE 1 474.49 22.60 6 1.11
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 23.81
14199 8 2 11.97 23.97 NOTE 1 722.68 24.98 74.51
14199 8 4 8.07 13.81 0.83 213.65 18.97 44.21
14199 8 6 6.701 9.96 11.71 $2.53 16.44 29.57
14199 8 98 6.O71 8.1 10.24 46.21 13.48 23.36

NOTE 1: Th@ US% tem1Wiukae iwrvi~ts~i nMed tiAj vjlsq w4,. tm th" tez. Wid~e i o

Table 1.2. ANOVA Analysis on Class: 1 312.

Source of Degr f f Ut of Ma al
Variation jFteelom S Squarre F V F
SReplications : 9 3400.11 37779 I 1.24 1.88

Main Efcts:I:
11UPI 3 5007.16 1669.06 ,5.49 2.60

OPD 3 25992.25 8630.75 28.42 2.60

Interactickn 9 4448.41 494.27 1.63 1.88
Error 135 40993.27 :03.65 _

_ _Total ' ___ 79741.20 ___
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2 OS/DAY - TUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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Figure 1. 1. Class: 1-3-2 (Cataog Number 14199), LUPI 2, OPD 2 and 4.
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SBS/DAY - TRUE POSITI0ON ERROR AND 4 DAY HOVING AVERAGE
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2 OS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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2 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
1 91% 61 99% (5.94'- 09.7

9 95% CI iman 19.55 - 26.$6
5% CI vas. 1.6. - 0s5.84

100 -

c MZE 0% CL

4 - -

40 " * * , •

S * " o O " % . T

-Ap

20

o4 *
- : ". .

Time since Initial epoch In days

4 CUS/DAY TRUE PQSITION ERROR AND 4 DAY MOVING AVERAGE
70, • c___ 5%c.i..9 , i2?. - A4.44

0 .. .... - 20.
. V.a .. l . -35.7. - 4,M."

60

•f•| " - " ..... . - .... ..4...- -•.

.4 V4

20y 2 0.o

Tie Ih* Iiil*o*tdas

Figr I.S Cla 1 t!v-3-2(aao ubr119) UI6 P n .' tl

C1-
o40''- .- '- -w-

-*. ..*** 55

Figure 1.5. Class: 1-3-2 (Catalog Number 14199), LUPI 6, OPD 2 lazd 4.

1.6



6 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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2 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERMAa
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6 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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L1.2 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.

Catalog Mean Variance 99% CL
Number LUPI OPD Min Max Min Max Min Max... days obs/day IIkm kmn km2 km2 km Ikm

14199 J 8 8 0.87 0.911 0.23 ° 19 2.06 1i

II 05/DAY - TRU9F POSITION ZMOR AND 4 DAY MOVIXG AV•rtAGE

17.% a c. i 9 4 CL 0. s 11.73 ,
Is% cQ ftn 4.12 - 5.59
55% CI vat. 4.5 - 7.32

•S ' .
* .* * **9-........ ,.

k . •~~~' L C W % C t s*O •, , .

44

I * C. k 9. AS• ". MLE S'": -"c* " -" "

ot- 9gt *• *, so

Timem dA~C Iistll *pock Ift dy*

Figure 1.9. Last-Pass - Class: 1-3-2 (Catalog Number 14199), LUP'! 8, OPI) 8.
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L2 CLASS: 3-1-1 (NORAD Catalog Number 01996)

L2.1 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 1km 1km2 Ikm2 kml ki"
01996 2 2 2.77 3.63 4.16 9.10 7.61 10.49
01996 2 4 1.99 2.36 2.12 3.22 5.42 6.47
01996 2 6 1.67 2.09 1.23 3.32 4.37 6.19
01996 2 8 1.68 1.98 1.38 2.57 4.42 5.66
01996 4 2 4.57 5.73 17.58 32.87 14.28 18.92
01996 4 4 2.35 2.73 2.11 3.88 5.77 7.24
01996 4 6 1.97 2.36 1.40 2.66 4.73 6.11
01996 4 8 1.89 2.38 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 3.61 2.39 5.06 6.37 8.72
01996 6 6 2.49 3.12 2.10 3.89 5.90 7.63
01996 6 8 2.55 3.11 2.57 4.02 6.30 7.72
01996 8 2 4.94 6.42 10.78 29.34 12.78 18.60
01996 8 4 4.39 5.64 9.51 18.08 11.56 15.41
01996 8 6 4.18 5.31 10.43 17.00 11.67 141.33
01996 8 8 4,17 5,12 10.06 15.65 11.55 14.26

Table 1.5. ANOVA Analysis on Cla•s: 3-- 1 1.

Vaiation F'reedom Square Square F

Replications 9 82.19 9.13 1.66 1.9s-

Main Effect: ..
LUPI 3 1201.65 400.55 72.68 2.60
OPI) 3 1271.22 423.74 76.$9 2.60

lnwraction 9 373-;-Sl 41.53 7. 53 1 8

Error 135 734.96j 5.51

1 .. .. .... .... :~~J 11 '.... ' ' , '



2 OBS/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAWE
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2 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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6 O0S/DAY - TRUE POSITION ERROR AND 4 DAY MOVING AVERAGE
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L2.2 Differential Corrector Performance. The table below provides statistical in-

formation on the last-pass residuals of the tuned differential corrector.

Table 1.4. Selected Last-Pass 95% Confidence Interval Statistics.

Catalog Mean Variance 99% CL
Number LUPI OPD Min Max I Min Max Min Max

days obs/day km km 1, km2  kw.2  km km

Q 01996 8 [ 8 f 0.87 0.91 0.23 0.25 11.98 2.06

B 0bS/DAY - TRUE~ MOITION tRROR AND 4 DAY MOVING AVERAGE

9% C19i% 6L L.11 -2.04
95% CI mean ).$7 - (.91
95% C1 var. ).23 - 0.25

3.5 a
44
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00.5 I"

146

0.

10 20 30 40 0

Tim alti e Initial eacri It, da|ys

Figure 1.18. Last-Pass - Class: 3-1-i (Catalog Number 01996), LUPI 8, OPD 8.
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