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Preface

The purpose of this study is to analyze the predictioes made by the Space Surveillance Center
(SSC) concerning the impact time and location of decaying satellites. Because of my prior
experieace 1 the SSC and because I belicve there to be a general lack of confidence by the public in
these predictions, I was very interested in determining how accurate these predictions really are.

There are two specific goals for this thesis. The first goal is to directly compare the accuracy of
the Tracking and Impact Predictions (TIPs) made by the SSC during the four years from 1987 to
1990 to the accuracy level asserted by the SSC. The sccond goal is to determune if, based on these
findings, it would be advantageous for the SSC to prepare its OPREP-3 report carlicr than is
curreetly being done. The OPREP-3 report is used to notify the proper authorities of possible
impact by a decaying object near or within the Soviet border.

In my attempt to perform the analysis, 1 reccived a great deal of help from several people to
whom I would like to express my sincere grafitude 1 would first like to state that I am deeply
indebted to my thesis advisor, Professor T. S. Kelso. for his constant patience, insight, and direction.
Second, I would like to thank Dr. William E. Wiesel for sharing his knowledge of the programs used
by the SSC. Third, I would like to thank Prcfessor Daniel E. Reynolds for his undying enthusiasm
and encouragement as well as his statistical expertise. He has that precious ability to make what can
sometimes seem very difficult and time consuming actually fun. Finally, I would like to thank my

fiancé Charles J. Martin, Jr., the most important person in my life, {or his constant support and

understanding during those many months when I was glued to either the microfiche rcader or the

computer screen.

Susanoe V. Lefebvre
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Abstract

This study analyzed the accuracy of the early Tracking and Impact Predictions (TIPs) made by the
United States Spacc Command’s Space Surveillance Center (SSC) during the 1987-1990 time period.
The final prediction data was first compared to visual observation data (Vis Obs) for those objects for

which Vis Ob data was available, The carly TIP decay predictions which include the 7-day through 3-

1

hour pr were then compared to the final prediction for cach TIP object. For each TIP run, the
time crror was then calkculated as a perceatage of the time until decay. The results were then compared
to the accuracy level asserted by the SSC

The results of this study indicate that the accuracy of the decay predictions ts usually, but aot always,

withun the 20 percent accuracy level asserted by the SSC. The results also suggest the existeace of a

positive bias indicating that the carly TIP decay predi are routinely late relative to the firal decay

prediction.

An attempt was then made to model cut some of the positive bias found in the TIP decay prediction
data using multiple lincar regression. Six regression models were found which, if incorporated into the
current SSC TIP decay procedures. would allow the SSC to predict the final decay prediction time with
substantially less error.

This study also analyzed ¢ = current SSC OPREP-3 report initiation procedure. It was determined
that the decision to imtiate the report should remain at the 6-hour point but that one of the regression
models mentioned above, samely Model 6, should be used in conjunction with the TIP decay prediction

data to obtain a better estimate of the final decay time. It was also determined that the 15 minute

error window currently used as a guide for determining the necessity of the OPREP-3 report should be

widened to approximately £40 minutes to more accurately account for error extremes in the TIP decay

prediction calculations.




AN ASSESSMENT OF TRACKING AND

IMPACT PREDICTIONS

I. Introduction

Background

The main mission of the Space Surverllance Center (SSC), located at Cheyenne Mountain Air
Force Base, Colorado, 1s to detect, track, identify, and catalog all man-made space objects in support
of the United States Space Command (USSPACECOM). One of the responsibilities of the SSC is
to provide Tracking and Impact Prediction (TIP) for those objects that are within fifteen days of
decay and which have a high probability of itnpacting the earth. The purpose of TIP processing is to
ensure “that the Missile Warning Ceater and the USSR (when applicable) will not mistake a TIP
object for an incoming RV (re-entry vehicle)” (6 Sec 9,13) and "to determine which country 1s Lable
for damages resulting from a satellite’s impact” (6 Sec 9,13). TIP processing uses special
perturbations theory to predict the decay time and location of all payloads, rocket bodies, platforms,
and debris with a greater than five percent chance of surviving re-entry.

The impact predictions are updated at speaific time intervals throughout the TIP object’s decay.

Each new prediction, called a TIP run, includes a decay time, a decay location, and a ground trace.

The ground trace is a map upon which the decaying satellite’s flight path is drawa and is used to
determine whether the USSR should be notified. If deemed necessary, the information will be
passed up-channel to the proper authontics in an OPREP-3 report. The more accurate the carly
predictions, the sooner the proper authoritics can be notified. The author, having worked as an
orbital analyst in the $SC, has noted a general lack of confidence in the accuracy of the carlier
predictions and the use, therefore, of the later predictions for such decisions as the necessity of

OPREP-3 report initiation.




Research Objective

The purpose of this research project is two-fold: (1) to compare the accuracy of the TIP decay

predictions for the 1987-1990 time period to the accuracy level asserted by the Space Surveillance

Center and (2) to determine if it would be advantageous for the SSC to nitiate the OPREP-3 report

carlier than 15 currently done.

Overview

The remainder of this study includes a literature review of orbital mechanics, perturbative forces,
differential corrections, SSC satellite decay processing, and multiple linear regression (Chapter iI),
data collection and description (Chapter 1II), methodology used to conduct the study (Chapter IV),

results of the analysis (Chapter V), and finally, conclusions and recommendations (Chapter VI).




1I. Review of Literature and Background Developrient

Introduction

I'he following pages will review literature on five topics pertinent to this rescarch proposal. The
inteat of this section is to expand the background information presented carlier. The speafie topics
discussed are orbital mechanics, perturbative forces, differential corrections, satellite decay

processing as performed by the Space Surveillance Center (SSC), and multiple linear regression.

Orbital Mechanics
This section discusses the concepts and definitions of orbital mechanics necessary for a basic

understanding of the orbital motion of an artificial satellite about the earth. Five independeat

parameters, called orbutal elements, are required to completely describe the size, shape, and

oricntation of an orbit. To further pinpoint the position of a satellite along its orbit at a particular
time, a sixth paramcter is required. Together, these six parameters form an orbital element set and
allow one satellite to be distinguished from thousands of other satellites in earth orbit. Oae type of

orbutal element set is the Keplerian clement set. It includes the semi-major axis, eccentricity,

inclination, right ion of the ding node, argument of perigee, true anomaly, aad epoch
time (3:58, 6:Sec 2,5) (sce Figure 1). The semi-major axis (a) is one-half the longest diameter of a
satellite’s orbit and is used to describe the size of the orbit. The longer the semi-major axis, the
larger the orbit. The scmi-major axs can also be used to determine the time required for the
satellite to complete one revolution. This quantity is known as the satellite’s orbital period. For
convenience, the SSC has classified artificial carth satellites into three general categories: deep-
space satellites, ncar-carth sztellites, and decaying satellites. Decp-space satellites are those
satellites with orbital periods greater than or equal to 225 minutes. Near-carth satellites are those
satellites with orbital periods betwesn 87.5 minutes and 225 minutes. Decaying satellites are those

satellites with orbital periods cqual to or less than 87.5 minutes (10).
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Figure 1. Orbital Elements (Reprinted from 7:Sec 2,28)

Eccentricity (c) is 2 paramc.ter used to describe the shape of a satellite's orbit, Earth sateilites
can have only circular or eliptical orbits. The eccentricity of a perfectly circular orbit is equal to
zero, while that of un ciliptical orbit is between zero and one. The closer the eccentricity is to onz,
the more clongated the orbit.

Inclination (i) is one of two parameters used to locate the orbital plane in space. It is the
angular measurement between the equatorial plane and the orbital plane and is measured in a
counterclockwise direction at the ascending node. Simply put, the inclination is the angle between
the orbit’s angular momeatum vector and the earth’s.  The inclination determines whether an orbit
is prograde or retrograde, polar or equatorial. If the inclination is greater than or equal to 0° but
less than 96, the orbit is prograde. If the inclination is greater than 90° but less than or equal to
180", the orbit is retrograde. If the inclination is near 90° the orbit is polar. If the inclination is
equal to 0°, the orbit is equatorial (6:Sec 2,6).




Right ascension of the ascending node () is the sccond parameter used to locate the orbital
plane in space. It is an angular measurcment in the equatorial planc from the vernal equinox to the
ascending node. The vernal equinox is an imaginary line drawn in inertial space from the center of
the carth, through the equator, towards the sun at the beginning of spring. This direction is
routinely referred to as the first point of Anes (Y) (see Figure 2). *The ascending node is the point
at which a sateilite’s ground trace intersects the equator as the satellite travels from the southern

hemisphere into the northern hemit~ 2" (6:Sec 2,6).

TO THE PIRST
POINT OF ARIES (T7)

Figure 2. ‘The Vernal Equinox (Reprinted from 7:Sec 2,28)

Argument of perigee () is an angle used to orient the orbit within the orbital plane. It is the

angle that is swept out by the satellite as it travels from the ascending node to the perigee point.

Perigee is the position in an carth satellite’s orbit that is closest to the center of the carth. It should

be noted that perigee is not defieed for a perfectly circular orbit, since all points in a circular orbit




are an cqual distance from the center of the carth. It should alsc be noted that in practice, there is
no such thing as a perfectly circular orbit.

“True Anomaly (v) is the angular measurement in the direction of the satellite’s motion along its
orbital plane from perigee to the satellite’s position at epoch time® (6:Sect 2,8). Epoch time can be
any arbitrary moment in time and is used as a reference pownt. In the Space Surveillance Ceanter,
the epoch time is usually set to the time the object was last observed (1). True anomaly and epoch
time go together. Onc is of no usc without the other. The SSC does not directly use true anomaly,
however. Instead, it uses a parameter known as riean anomaly, (M). To derive mean anomaly,
another angle, eccentnc anomaly, (E) is first determined using the geometric relationship shown in
Figure 3 The eccentric anomaly 1s then used to derive the mean anomaly using Equation 1 (3:183-

184, 6:2,8-9).

M = E - esin(E)

E is tke eccentric anomaly

¢ is the eccentricity

It should be noted that unhike true and eccentric anomaly, mean anemaly is not an angle but a
mathematical relationship. The use of mean anomaly instead of true anomaly allows a sateilite’s

orbital path to be modeled on a circle i d of an ellipse. In this way, the satellite is modeled as

moving at a constant velocity. If an clliptical model were used, a more complicated mathematical
model would be needed to account for the gradual increase in velocity of a satellite as it approaches
perigee and the gradual decrease in velocity as it approaches apogee. Mean anomaly is used,
therefore, to simplify the problem of predicting where a satellite will be in the future (6:2,8).

Perturbative Forces
There are three major perturbative furces that affect the orbit of most artificial carth satellites.

The magnitude of these forces depends on the satellite’s size, shape, mass, and orbit. The three




Figure 3. Eccentric Aromaly (Reprinted from 3:183)

forees are the dircct result of atmospheric drag, the nonspherical shape of the carth, and third-body

gravitational attraction  Together, these perturbat:ons not only change a satellite’s orbit, but can also
cause the satellite 1o plummet to casth or decay (16:165).

Atmospheric drag is caused by 1he friction betweea the molecules in the earth’s upper
atmosphere and the surface of the satellite. Atmospheric drag acts in a direction opposite to the
velocity of the satellite refative to tee atmosphere. Because the near-earth environment is
characterized by a higher 2tmospheric density than the deep-space environment, near-carth satellites
experience greater atmospheric drag thau do decp-space satellites. When referring to the
atmospheric drag on a satellite, a dimensionless quantity (Cy), called the drag cocfficient, is used.
The drag coefficicnt is related to the shape of the satellite (3:423-424).

The remaining two pertusbative forees, those resulting from the nonsphericat shape of the carth

and third-body attractions, are less significant for near-carth satellites than for deep-space satellites




The nounspherical shape of the earth 1s the result of the fact that the carth has a nonuniform shape
and density. This phenomenon results in an asymmetrical mass distribution that causes the earth’s
grawitational force on the satellite to be directed slightly away from the center of the carth. The
third-body gravitational effects are due to the fact that the carth is not the only gravitational force
acting on a satellite’s orbit. Other planctary bodies also exert a grawitational pull on the sateliite.

These third-body effects are stronger for closer bodics such as the sun and moon (6:Sec 6,5).

Differennal Corrections
The Space Surveillance Center (SSC) uses differential corrections to update its element sets.

Element sets, or elsets, change daily, mainly duc to perturbations such as those previously discussed.
These daily changes must be incorporated into the clement sets and are done sc through the use of
differential corrections. Satellite observations sent by the Space Sensor Network (SSN) and received
by the SSC do not exactly fit the position predicted by the clement sets. These deviations are caused
by changes in a satellite’s orbital elements due to perturbations which were not accounted for by the
model, by the fact that the clement sct and the associated perturbation modeling cannot predict the

exact position of the satellite, and by "each sensor’s error (bias) in measuring the exact position of a

satellite™ (6:6,6). Differential corrections are used to update el t sets by attempting to climinate
any residuals caused by changes te orbital elements. To minimize errors, a least squares fit is used.
Simply put, "differential corrections attempt to mathematically fit the best ellipse (with associated
perturbations) to the observations of a particular satellite™ (6:6,6).

The two main perturbation models used by the SSC when performing its differential corrections
are the General Perturbations {(GP) model and the Special Perturbations (SP) model. For both GP
and SP clsets, an clliptical orbit is found such that when the respective perturbations are added cn,

the result will represent the true path of the satellite as closcly as possible. B SP modeli

-]

accounts for more perturbations than does GP modeling, the final path described by an SP elset will
fit the satellite’s true path better than that described by a GP* elset.




General Perturbations Modeling. The GP model uscs analytical equations to incorporate latitude-

dependent perturbations. These perturbations include the imbalanced mass distribution of the carth

due to its nonspherical shape, the greater mass present in the southern hemisphere of the carth, and
other observed mass anomalies. Atmospheric effects are accounted for by using the BSTAR drag
term (6.Scc 6,9). BSTAR is derived from the atmosphenc model and is a ballistic coefficient for
atmospheric drag (20 5). The units of BSTAR are 1/ER, where ER is the carth’s average equatorial
radius (19:123).

Special Perturbations Modeling The SP model employs numerical methods, rather than

aralytical methods, to incorporate latitude-dependent perturbations (zonal), longitude-dependent

perturbations (sectoral), and both latitude and longjtude-d dent perturbations (tesserat).

P

Gravitational effects are accounted for by breaking the surface of the carth down into small grids to

allow for better resolution. Gravitational effects of the sun, moon, and pl. can also be modeled

Occasionally, satellites will pass through the same area and experience the same perturbative
forces. When this occurs, the satcllites encounter resonance effects. The SP model is also capable
of accounting for this phenomenon.

To mode! atmospheric effects, SP modeling uses the Jacchia-Nicolet model, which is more
sophisticated than the atmospheric model used for GP updates. The Jacchia-Nicolet model accounts
for the carth’s diurnal bulge, solar activity, geomagnetic activity, and semiannual variation. The
diurnal bulge is due to the fact that the sualit side of the earth is warmer than the dark side, causing
the atmosphere on the sunbt side to expand into space. This expansioa results in a varying
atmospberic density based on altitude and sun angle. The level of solar activity is also incorporated
into the model to account for the increase in the number of charged particles cjected from the sun

at higher levels of solar activity. Geomagnetic activity is accounted for by incorporating the earth’s

magnetic field stre; measured in A levels, whick is also affected by solar activity, Semiannual
Ap

'Y
-

variation refers to measured barmonic variations is the atmosphere due to |

(6:Sec

6,9-10). It should also be noted, however, that there are limits to the predictive ability of the

atmospheric model. One major source of TIP prediction error, for example, is related to our




current wmability to accurately predict future solar activity and its subsequent effects on our
atmosphere. Currently, the best we can do 1s predict changes in the atmosphere which would occur
about two days after an observed solar event. Because the atmospheric modei cannot accurately

account for future solar activity, crrors in the predicted decay umes can be substantial,

Satellite Decay Processing

This section discusses the methods used by the Space Surveillance Center to predict the time
and location of decaying satellites The SSC processes two types of satellite decays. The first type,
Nommal Decays, refers to all objects except payloads, rocket bodies, platforms, and significant debris
(those with radar cross sections greater than one square meter) which have a predicted decay date
within thirty days. These objects have less than a five percent chance of surviving re-entry. The
second type of satellite decay is known as Tracking and Impact Prediction (TIP). TIP decays include
all payloads, rocket bodies, platforms, and significant debris which have a predicted decay date
within fifteen days. These objects have a greater than five percent chance of surviving re-entry and,
therefore, a greater likelihood of causing damage upon impact. For both types of decays, the SSC

will manually update tae orbital elemests of the decaying objects before a decay prediction is made.

The processing of these two types of decays differs in the sopbistication of the perturbative model

used for the el set upd. the frequency of updates, and the programs used to compute the

v

dicted decay p

Normal Decay Processing. The SSC runs a program called DECAYX to identify new normal
decays and compute the predicted decay dates of all normal decays. The program is run daily. The
clement sets of these objects are then updated using gencral perturbations techniques. DECAYX is
rerun once all the element sets of the normal decays have becn updated. The new decay dates are
then logged for future reference. If a normal decay is no longer tracked by the Space Sensor
Network, and it is past its most current predicted decay date, it is assumed to have burned in and is

decayed from the SSC's active satellite database.




TIP Decay Processing. Because TIP decays bave a higher probability of surviving re-entry, their

element sets are updated using special perturbations technigy TIP pr ing is more rigorous
than normal decay processing duc to the higher probability of a TIP object surviving re-entry. Once
a satellite has been identified as a TIP object, SP element set updates and decay predictions are
performed at specific potnts in time: scven-to-ten days before re-entry, four days before re-entry,
two days before re-entry, one day before re-entry, twelve hours before re-entry, six hours before re-
eotry, two-to-three hours before re-entry, and just after re-entry. The programs used by the SSC to

update the orbital clement sets and then compute the decay parameters for TIP objects are called

MANDC and TIPX, respectively. Each updated decay prediction includes a decay latitude and
longjtude, a decay time, and a decay time error window. A ground trace is also produced for all but
the seven-to-ten day run.

The difference between one TIP run and the next successive TIP run essentially fies in the
obspan used for the SP MANDC update. The obspan is the time period from which the

observations (which are used to update the SP clement set) are chosen. The obspans used for the

various TIP runs are shown below in Table 1. The seven-to-ten day TIP rus, for example, uses a

two-day obspan which means that the SP MANDC will use the last two days of observations in

TABLE 1

TIP RUN OBSPANS (5:Atch 1,2)

TIP RUN OBSPAN (days)
7-10 day 2.00

4 day 1.40

2 day 125

1 day 1.00

12 hr 080

6 br
2-3 hr 050
Final 0.50




its update. The number of observations within a particular obspan will vary from one object to

another.

As a TIP object approaches its impact point, the Space Sensor Network 1s periodically instructed

to increase the tasking for the object. The tasking is a means by which observational requirements

4 [N

are sct for cach satellite. The tasking pre is y there are only a few sensors

with which to track the large number of orbiting satellites, Tasking ensures that the proper aumber
and dispersion of observations will be obtained on cach satellite and that observations on high-
interest satellites will be obtained and forwarded to the SSC on a priority basis. Tasking codes
include a categery and a suffix. The category sets the priority (or importance) of obtaining and
transmutting the observations. The categorics range from CAT 1 to CAT 3 with CAT 1 being used
for events of highest priority and CAT 3 for routine ncar-carth satellites (6:Sce 3,11). The suffix

defines the of observational data required for the satellites. The suffixes used and their

meanings are listed in Table 2. The tasking requirements for TIP decay processing is shown in

Table 3.

TABLE 2

TASKING SUFFIXES (6:Sec 3,11-12)

AMOUNT OF OBSERVATIONAL DATA

Maximum data on all available passes.

1-1/2 minutes of datz on 2ll available passes.

Three observations evenly spaced throughout the track on all available
passes. (Phased Arrays)

Three observations evenly spaced throughout the track on all available
passcs. (Mechanical Trackers)

Used for deep-space mancuverable satellites. Up to 20 observations
are required for a suspected or detected orbit deviation,

As specified in a message by the SSC for near-carth satellites.
Requires an in-track or cross-track search for deep-space satellites.

Maximum data on all available passes (used for later stages of TIP
decay).




Note that cach successive TIP run uses a smaller obspan. Although the obspan is smaller, the

number of observations in that obspan will not necessanly be less due to the change n tasking

requirements. The observations will also become closer in time to the actual decay time
and will, therefore, more accurately reflect the current decay path of the object.
It should also be noted that intermediate updates are often run on most of the TIP objects. The

extra updates are mostly run between the 7-day run and the 1-day run, but can

TABLE 3

TIP TASKING (S:Atch 1,1)

DAYS FROM DECAY | TASKING
>2 2B

>land 52 2T
s1 1T

occur anywhere in the update cycle. These monutors as they are called, use the same obspan as the
previous run. They are routinely accomplished when time permits and serve to improve the
prediction process as a whole. Due to the fact that monitor runs are and will continue to be an
integral part of the TIP decay process, the results of this rescarch project will not be based solely on

the main TIP decay updates, but rather, will reflect a more realistic update process in whick periodic

monitor runs may serve as intermediate upd The exi of itor runs should nct pose a
problem and is meationed only for completeness.

As previously mentioned, one of the purposes of TIP processing is to easure that the USSR does
not mistake a TIP object for an incoming re-entry vehicle. Consequently, the SSC is required to
prepare an OPREP-3 report for release up-channel if a TIP object’s 6-hour or 3-hour ground trace
indicates that its impact point (with a £15 minute window) is within 100 nautical miles of the Soviet
border (8,11,12,15). Higher authoritics will rclease the information to the Soviets upon their

request.




Multiple Linear Regression

Multiple linear regression is a method used to describe the relationship between several
independent vanables and a dependent variable. It can also be used to predict the outcome of the
dependent variable when the independent variables are vaned (4:213,18:27-31),

If the independent and dependent variables can be fit to a model of the form shown in

Equation 2, we can say that we have a linear statistical model for the expected value of the
dependent variable, E(Y), where Y is the dependent variable. Note that thss, in turn, means that

E(Y) is a lnear function of the unknown parameters 8, (sce Equation 2) and not necessarily a lincar

function of the independent variables th Ives (X,) (17 495-497). This, in turn, means that the

independent variables could be used to predict the dependent variable.

E(Y) = Bo+BiX, + B, X, + BsX; + BuX, + BsXo + BeXs + B X,

X, are the independent variables

E(Y) is the expecied value of the dependent variable, Y

o

B, are the y-i pt and ts to be determined

For this rescarch project, the independent variables will correspond to the carly TIP decay
predictions (¢.g, 7-day run, 4-day run), and the dependent variable will correspond to the final decay

prediction.




III. Data Coilection and Descnption

Data Collection

The satellite decay data used 1a this study was obtained from the Space Control Operations
Duvision (J3SOS) at Cheyenne Mountain Air Force Base which oversces the day-to-day processing of
satellite data by the Space Surveillance Center (SSC). As previously mentioned, one of the
responsibilities of the SSC is to provide Tracking and Impact Prediction (TIP) for those objects that
are within fifteen days of decay and which have a high probability of impacting the earth. As SSC
personnel process cach TIP object, they meticulously log the results in a 7IP Folder After the
object has decayed, the folders are reviewed by other SSC crew members and then by J350S
personnel t > ensure their accuracy. Several items from each TIP foider are then transferred to
microfiche for historical purposes. The items transferred include the TIP Required Items Checklist,

the Decay History, the Final TIP M the Final El Set, the Pre-/Post-Ephemerides, and

the Final Ground Trace.

Data Descnption

The data relative to this study was extracted from the TIP Required Items Checkiist, the Decay
History, and the Final Element Set for each TIP object studied.

TIP Required ltems Checklist. The TIP Required Items Checkhst is a manually-kept,
chronological account of cach TIP’s processing. Each TIP run is secorded to include the time it was

complcted, the crew member responsible, the resulting decay prediction, and any |

circumstances.
Decay History. The Decay History is a computer-geacrated log of each special perturbations

update and includes the run time, time of last observation, cpoch time, epoch revolution sumber, B-

term value, period, and resulting decay prediction. An example is provided at Figure 4.

B-Term. As a decaying object enters the atmosphere, its outes surface interacts with the

molecules ia the atmosphere. This interaction produces a drag on the object which can alter the
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OECAY WISTCRY 7OR TIP SATELLIE 19339

INT OESIG  COMMOW NAME OF SATELLITC  OMJECT TYPE  CIRY OF ORIGIN  LAUNCK SITE LANCH OATE INCLIMATION
1988-0850  (OSHOS 1960 R/8 RuCRE? BOOT usse rena 888 53

ELERERT SURRARY DECAY PRECICTION SUmmaARY

LAST ORSERVED EPCH TIRE 8-TERm  PERIOL PEAL  DECAY TInE OECAY
YY DOO 4 N YY DOD WM Mm SS SSS Mee2/XG MIN KA 0DD HH MM 53 REY
29 362 09 21 89 182 0% 21 21 280 0 01509 £9 9 246 3 008 01 03 14 3142
89 359 23 22 89 339 23 22 &1 00 Q01512 90 3 284 5008 10 57 G4 8148
89 333 15 2% 89 35815 22 01 17 7930 0 01585 90 1 275 9 003 02 36 03 8163

Figure 4. Excmple Decay History (Reproduced from 14)

object’s speed and direction as it desceads through the atmosphere. The predicted decay times and
focations, therefore, will change according to its descent parameters. The drag on as object
becomes more and more pronounced as it descends due to the mcrease in thickness of the
atmosphere. The size, shape, and oricntation of an object will determine its drag which in turn wall
affect 1ts impact point, As cach object 1s updated wath an SP MANDC, a term kaown as its B-term

15 also updated (sce Equation 3).

meters>
klogram

C, iz the cocfficient of drag
A is the relevant surface arca
m 1s the mass.
The B-term is measured in meters squared per kilogram and is essenually the effective surface
arca per unit mass affected by atmospheric interacion. The B-term is determined by fitting Cy4A/m

and the velocity vector to the observational data. Because a decaying object’s onentation or

1
A 5

rotational state can suddenl and be it may also break apart and lose pieces, the B-

terra values can change dramatically throughout the decay prociss.
\Decay Date and Yime. The decay datc and time is logged on the decay hiscory i the

Greenwich Mean Time format. It includes the year, day, hour, minutes, and seconds (see Figure 4).
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Latitude and Longitude. The latitudes are recorded as positive degrees for north latitudes
and negative degrees for south latitudes. The longitudes are recorded as degrees east longitude.
Final Element Set. The Final Element Set is a list.ng of the parameters which describe the final
orbit of the TIP object (see Figure 5). The data used ia this study included both the final
eccentricity value (ECC) and the final mean motion (XNO), where the mean motion is

defined as the number of orbital revolutions that the satellite completes in one day.

ELEMENT TRANSMISSION PROGRAM - OPS ELEMENT DISPLAY

LN SATNO NAMEZ EPOCE XNDO2 XNDDOS  BSTAR EL0
LN SATNO I NODE BC QEGA M N0 REVMOQ
1170510 90 5 82342055 .17094580 35103-4 20946-3 3 9823
2 17051 65.7946 73 9501 0006718 297 5603  63.05+2 16 49494053 1211

Figure 5. Example Final Element Sct (Reproduced from 14)

Only those TIP objects which underwert the entire update cycle (7-day run through final run)

were used. This was necessary in order to accurately analyze the effects of cach successive update

and prediction. In the cases where the TIP Required Items Checklist and the Decay History

disagreed, the results from the Decay History were used. The data includes TIP objects which
decayed during the years 1987 through 1990.




Final Prediction
The first objective of this rescarch project was to compare the accuracy of the TIP decay
predictions made duriug 1987-1990 to the accuracy level asserted by the Space Surveillance Center.

To achieve this, the data from the final decay predictions was used as the control by which to

pare the earlier predictions. This was necessary because only a relatively few TIP objects are
actually sighted as they enter the lower atmosphere or impact the surface of the carth. Therefore, a

h

compr i parison to actual impact data was not possible.

The final prediction was chosen as the coatrol because it uses obsezvations which are closest to
the actual impact point and is considered to be the most accurate prediction available. In order to
further justify the use of the final prediction as the control, a statistical analysis was also performed
te directly compare the few sighted re-catry points, called Vis Obs, with the corresponding final
predictions made by the Space Surveillance Center. The Vis Ob data, when available, was taken
from the Decay History printout where it was recorded in the same format as the TIP prediction

data. The specific results of the analysis can be found in Chapter V.

Time Error Calculation
In order to assess the accuracy of the decay predictions, it was pecessay to determine the ame

error for cach scparate TIP run, where the time error is calculated as the difference between the

predicted decay time for that TIP rur and the final run. To achieve this, it was first necessary o

convert the decay dates and times (two separate values) to a single value. Here, the hours, minutes,
and seconds were converted to their fractional values of 24 hours. Thae appropriatc day of the year
was then added to this aumber to create a unique value representing the predicted decay date and
time. Thesc values were then used to caiculate 2 time error for each run by subtracting the final

predizted decay time from that run’s predicted decay time. Note that predicted decay times carkier




than the final predicted decay time yield 2 negative time error. The results of the time error

lculstions and cor ding grapbs can be found in Chapter V.

(%

Location Error Calculation

It was decided that it would be of interest to also calculate the difference between the predicted
location point for cack run and the final predicted location point (focation error). To achieve this,
three different methods were cxplpred.

Method I. The first method explored attempted to use the predicted latitude and longitude
values in conjunction with their predicted revolution numbers to calculate the location error. For
those TIP runs in which the revolution number differed from the final revolution. number, the
location error was calculated based solely on the difference in revolution number and the distance
traveled in a typical decay orbit. Any difference in location within the same revolution was
considered insignificant when compared to the large location error incurred by differing revolution
numbess. It was then assumed that the satellite’s altitude would not significantly add to the size of
the orbit and, thus, that the satellite’s orbit could be considered to be essentially at the surface of the
carth. Tacrefore, the distance from the center of the earth to the ratellite (<) was taken to equal the
mean radius of the carth (R). The satellite would then travel a distance equal to the circumference
of the carth during cach revolution. A mean carth radius (R) of 6,370.949 kilometers was used for a
calculated carth circumference of 40029.853 kilometers. (23:F-155).

For those TIP runs in which the revolution number did not differ from the final revolution
aumber, the location error was calculated based on the great circle distance between two points on
the carth. Equation 4 was used to calculate the distance from one latitude and longitude position to

another.

D = 11112 * {Sin(L,) Sin(L,) + Cos(L) Cos(L,)Cos(A,-2))}  (kilometers) )
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D is the distance
L is the latitude

A is the longitude

Equation 4 assumes a spherical earth and calculates the ber of di along an arc length

&

between the two points as measured from the center of the carth. The resulting value is then
multiplied by 111.12 kilometers per degree. Note that southern latitudes and castern longitudes
must be eatered as negative numbers (13:72).

This method was ultimately rejected because the relative positions of the predicted location

points and the dircction of the satellite’s motion could not be accurately determined. Thus, because

a positive location error would always result from the use of the above equation, an unacceptable

bias was introduced into the data.

Method II. A second method was then used in an attempt to obtain a first approximation for
the location error. First, cach TIP object was assumed to be in 2 perfectly circular orbit again at the
surface of the earth. Thus, the semi-major axis distance () was taken to equal the mean radius of
the carth (R). Second, each TIP object’s orbit was assumed to bave an 88-minute period. Again,
using a mean earth radius (R) of 6370.949 kilometers and an carth circumference of 40029.853
kilometers, a satellite velocity of 7.518 kilometers per sccond was calculated (23:F-155). This
velocity was thea multiplied by the previously calculated time error (converted to seconds) to
determine the distance the satellite would travel during that time period.

Method ITl. The actual method used was a refincment of Method II. First, in order 10 more
accurately determine the velocity of cach TIP object, the satellite’s mean motion (n) was used.
Because data on the mean motion for each TIP run was unavailable, an approximation had to be
made. The only data availablc was the final mean motion (XNO) recorded in the Final Elemeat Set
printout included in the TIP folder. In using this value as the mean motion for cach rus, an error

was introduced into the calculation of the location error. Because the final mean motion value will
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be higher than carlicr values (the object is traveling faster), the calculated location error will be
larger than the actual location error. In this way, the calculated location errors will serve as upper
bound error values. Also, because calculated location error values are again very largs (thousands of

kil ), the error introduced by using the final mean motion instead of the actual mean motion

should be insignificant whea compared to the location error values themselves. Any trends,
therefore, that may exist in actuality should still be visibie with the small additional error introduced
by strictly using the final mean motion.

To calculate the location error, the final mean motion was first converted to radians per second

and then used to solve for the semi-major axis di (a) using Equation 5 and a value of 3.986012

x 10° km3/se? for u (3:185,429).

a is the scmi-major axis
u is the carth’s gravitational parametes

n is the mean motion

The satellite’s velocity (v) was then calculated from the semi-major axis using Equation 6 and
the assumption of a circular orbit (ie., ¢ = a) (3:16,28). A circular orbit was assumed based on the
mean eceentricity value of the TIP objects as obtained from the final elemeat set. It should also be
noted that this equation assumes a two-body motion. which is esscatially the case for decaying objects
in low-carth orbit.

Each satcllite’s velocity was then multiplied by the time error previously calculated (again
converted to seconds) to determine the location efror from the distance each TIP object traveled

during that time period. The resulis of the location error culculations and the corresponding graphs

can be found in Chapter V.




v? =l

(Z _ l) kilometers®
r a second*
u is the carth’s gravitational parameter

r is the distance from the center of the carth to the
satellite

a is the semi-major axis

Accuracy Comparison

To compare the accuracy of the 1987-1990 decay predictions to the accuracy level reporied by
the Space Surveillance Center, it was decided to use the same accuracy assessment method employed
by the SSC. This would allow for a direct comparisos. The SSC asserts an accuracy of 20 percent
of the amount of time until the object decays. The “time unti! decay” is calculated as the time
between that TIP run’s epoch time (obtained from the decay history) and the predicted decay time
(1.9). For example, if the amount of time until decay for a particular TIP run were exactly 10 days
and the time crror calculated was exactly +1 day, then the decay prediction would be +10 perceat of

the time until decay. The results of the analysis for time error can be found in Chapter V.

OPREP-3 Report Initiation
The d objective of this h project was to determine if it would be advantageous for

the SSC to initiate its OPREP-3 report carlier than is currently done.

The current procedure for initiation of the OPREP-3 report is to use the sateltite ground trace
produced during the 6-hour TIP run. The ground trace shows the predicted impact point as well as
a +15 minute decay window. The SSC crew commander will initiate the OPREP-3 report if any
portion of that ground trace within the decay window falls within 100 nautical miles of the Soviet
border. Then, at the 3-hour TIP run, the OPREP-3 report is cither initiated, updated, or cancelled
according to the updated information given in the 3-hour ground trace (8,11,15).




To determine whether it would be advantageous to initiate the report earlier than at the 6-hour
point, the mean time error for the 1987-1990 time period was analyzed. The specific results can be
found in Chapter V. Based on these results, it was decided that it would be inappropriate to base
the initiation decision on data generated by carlier TIP runs. It was then deaided that multiple
linear regression would be used to determine if a linear model could be developed which would
climinate biases found in the prediction data and predict the final decay time with a better accuracy
than is currently obtained by the 6-hour TIP run. It was surmised that if a better accuracy could be
obtained carlier in the prediction process by using a lincar model to approximate the final decay
prediction, the OPREP-3 report could be initiated earlicr. It was also conjectured that the existence
of such a model might provide some insight into the decay process itsclf and suggest an avenue of
study in the event that there is a future attempt to improve the decay prediction program.

The first step was to determine if 2 model of the form shown in Equation 7 could be found such
that the early decay prediction data could be used to approximate the final decay prediction time.

The results are given in Chapter V.

E(t) = Bo* Bty + Boty * Bty + Bty * Bsts+ Bgts* Bty

t, are the early TIP decay predictions
E(ty) is the expected value of the final decay prediction time
t; is the final decay prediction time

B, are the y-intercept and coefficients to be determined

Assuming that such a linear regression model could be found, the next step would be to
determine which of the independent variables could be climinated from the regression model and
stiil approximate the final decay prediction time with an accuracy similar to (or better than) that
obtained currently at the 6-hour TIP run.




To achieve this, a total of six lincar models, E,(t;) through E(t), were developed to calculate

the expected value of the final decay prediction time, E(ty), where each subsequent model

systematically incorporated more of the carly prediction data into the model.
The six models were then used to calculate E(ty) for all 180 TIP objects. The difference
between these approximations to the final prediction and the actuai final predictions, or

approximation error was then calculated. The resuits can be found in Chapter V.




V. Results of the Analysts

Analysis of Final TIP Decay Predictions

Of the total 180 TIP objects from 1987-1990 studied in this research project, 93 were visibly
spotted during reentry. The data obtained from these sightings 15 recorded on the decay history for
these objects and is referred to as Vis Obs.

The Final TIP decay predictions made by the Space Surveillance Center (SSC) for these 93
objects were compared to the Vis Ob data. The meae time error calculated was -0.87 minutes with
a standard deviation of 12.27 minutes. Using Method Il described in Chapter IV, a location error

of -301.89 kilomcters with a dard deviation of 5864.47 kilometers was calculated. Note that there

is a tendency for the final predicted decay time to be slightly carlier than the Vis Ob decay time.

The final prediction time crror calculations were then broken down by year and are shown in

Figures 6 and 7.

MEAN TIME ERROR
(Final Run vs VIS OBs)

TIMEERROR (misutes)
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/3%
1967 i 1068 i 199 i 1980
YEAR

Figure 6. Mcan Time Error for Final Prediction
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(Standard Deviation)

TIME ERROR (nunstes)
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Figure 7. Final Time Error Standard Deviation

As seen in Figure 6, the mean time error becomes more and more negative from 1987 to 19%0.
This seems to indicate a growing tendency for the final decay prediction time to be slightly carlier
than the Vis Ob decay time. There is no clear explanation for this trend. It may, however, be
related to how the Vis Ob decay point data is chosen. Figure 7 indicates that the size of the time
crror deviation decreases from 1987 to 1990. A scarch for a possible explanation led to an analysis
of the level of solar activity during the 1987-1990 time period.

It was found that the level of solar activity began to increase dramatically in 1987 and continued

te increase through the solar maximum which is believed to have occurred asound March of 1990

(21:3201). Figures 8 and 9 depict the sunsp ber and 10.7 centimeter solar flux ievels during
the 1987-1990 time period where the data was first smoothed using a simple averaging technique
(22). At first, this information would sccm to suggest that the mean time error and standard
deviation should have increased steadily throughout the 1987-1990 period. A closer look at the level

of sunspot activity and solar flux during that period, however, revealed that although there was an

overall increase in both parameters from 1987 to 1990, there was a much more dramatic increase in
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those levels during 1987 and 1988 than during 1589 and 1990 (see Figures 8 and 9). The trend scen
in Figure 7 may be related to this apparent leveling-off of solar activity in 1989 and 1990,

Again, because Vis Ob data is not available for all TIP objects, and because the above mean and
standard deviation time error values were small, it was decided that the final TIP decay prediction

could be used as the control against which to compare the carhier TIP decay predictions.

Analysis of Early TIP Decay Predictions
Time Ermor. The differcnce between cach of the early predicted decay times and the
corresponding final predicted decay time was then calculated and plotted for the 1987-1990 time

frame. The results are listed in Table 4 and plotted in Figures 10 and 11.

TABLE 4
TIME ERROR RESULTS FOR 1987-1990

MIPKUN | MEAN TIME ERROR | STANDARD DEVIATION |

(minutes) (minutes)

T-Day
4-Day 161.150 T 636.767
2-Day 33700 23567
T-Day 31217 141300
12-Hour 21133 7Y
6-Hour 5133 42233
3-Hour 0267 2767

As can be seen in Figure 10, there is a definite tendency for predicting the decay time late
relative to the final prediction for all but the 3-hour run. A possible cxplanation for this may be that
the atmospheric effects on the TIP objects are not being accurately modeled and that the overall
drag on the object may actually be higher than the current valuzs calculated by the SSC. Whether
or not a sufficient explanation for this positive bias is found, h , it may be possible to

incorporate an algorithm into the software used by the SSC to model out the above bias and, thus,

improve the overall decay prediction. Figure 11 shows a general decrease in the time error deviation

from the 7-day rua to the 3-hour run. As expected, this decrease indicates that the decay predictions

improve as the object approaches its reentry time.
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Figure 10. Mean Time Error (1987-1990)
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Figure 11. Time Error Standard Deviation (1987-1990)




The predicted decay time ervors were then broken down by year. The results are shown in
Figures 12 and 13. Figure 12 again shows that a positive error bias exists for the decay time
predictions. Figures 12 and 13 also show thac the mean time error for 1988 is consisiently hetter
than for any otber year, but that its standard deviation is consistently bigher than for 22y other year.

A second look at Figeres 8 and 9 suggest a possible explanation for the higher standard
deviation. As seen in the graphs, the level of solar activity began to gradually increase in 1987.
There was, however, a sharper increase in those levels it 1988 and then a leveling-off of those levels
‘n 1989 and 1990. It is possible that the larger deviations associated with the 1988 TIP decay data
(as indicated by the larger standard deviation) may be associated with the sharper increase in solar

activity during that year ban for the other years.

MEAN TIME ERROR
(By Year)

TiME ERROR (minutes)

TDAY 4DAY 2DAY 1.DAY 12HR AHR = 3HR
TiPRUN

Figure 12, Mcan Time Error (By Year)

In 20 attempt to explain the better mean time error found for 1988, it was pestulated that
perbaps a software fix was incorporated by the SSC to temporarily adjust for the increasing level of

solar activity. However, it was determined that no such software fix was implemented (2). It was
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Figure 1X. Time Error Standard Deviation (By Year)

also surmised that perhaps a procedural change was imp'emented by the $SC wrews. This, too, was
found to not be the case (10). It is not clear why the mean tie error for 1988 is conuistently betier
than for aay other year.

Location Error. Similarly, the location error for the 1987-1990 time period was calculated using
Method III as desenibed in Chapter IV. The results are bsted in Table 5 and graphed in Figures 14
and 15 Note that a sumilar positive error bias is seen in Figure 14 for locaiion error as in Figure 10
for time error. Again, this may be related to an underestimated drag term resulting from high levels
of solar activity. As with the time zrror calculations, the location error calculations were then
brokea down by year. The results are shown in Figures 16 and 17. As in Figure 13 for the time

error, it c2n be scen in Figure 17 that the standard deviation for the location crror is 2lso highest for

the year 1988. Again, this may be related to 2 sharper increase in sclar activity dusing 1988 than for

the other years.




TABLE §

LOCATION ERROR RESULTS FOR 1987-1990

= MEAN LOCATION ERROK |
(Filometers) (kilometers)
196,530 —BLILI0
76,°C0 X ?
32960 133472
23,130 66,6280
10,120 39,812.62
3,420 19,533.65
170 10,690.56
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Figure 14. Mean Location Error (1987-1990)

Accuracy Comparison
As ioned in the previ hapter, the Space Surveillance Ceater reports a decay prediction

accuracy of £20 percent of the amount of time left until the TIP object decays. Accordingly, the
time error for cach decay prediction was calculated as a percent of the time ieft until decay for that
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Figure 15. Location Error Standard Deviation (1987-1990)
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Figure 16. Mcan Location Error (By Year)
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Figure 17. Location Ezror Standard Deviation (By Year)

TIP run. Plots were created showing the time error as a percent of the time until decay for each
TIP run. The results for the 7-day, 1-day, and 3-hour runs are depicted in Figures 18-20.

The perceatage of those TIP objects whuch actually felt vuiside the reported £20 percent
accuracy standard were ther calculated and plotted. The resuits for the entire 1987-1990 time period
are shown in Figure 21. Figure 22 shows the results broken down by year.

As can be scen in Figure 22, the year with the lasgest percentage of its decay predictions outside
the reported +20 peroent accuracy standard is 1988. 1990, on the other hand, had decay predictions
outside the reported 20 percent accuracy standard for only the 2-day and 6-hour runs. All other
decay predictions were better than the reported $20 percent accuracy standard. Again, the results
for 1988 may be related to the sharper increase in solar activity during that year than in the other

years (sec Figures 8 and 9).
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Figure 18. 7-Day Time Error
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OPREP-3 Report Initiation

As discussed 1n Chapter IV, the results of the accuracy calculations for time error were analyzed
to determine how far back in the TIP decay process one could go without significantly lowering the
prediction accuracy used to initiate the report.

"

Figure 10 suggests that if the current TIP pr ion p were employed, it would be

detrimental to use the prediction data generated carlier than at the 6-hour point to initiate the
OPREP-3 report. Use of the 12-hour prediction data, for example, would incur an average increase
in time error of 12 minutes. Such an increase in time error would be unacceptable.

As discussed in Chapter IV, multiple linear regression was then used to first determine if a
mode! of the form shown in Equation 7 could be found to predict the final decay time. Thke results
were an R-square value of 10000 and a p-value of .0001. This means that at a significance level of
05 there exists a perfect linear relation between some of the independent variables and the

dependeat variable where at least two of the B terms are not zero. The variance inflation values




were all extremely large, indicating the independent variables were all highly correlated and that a
great deal of redundancy exists in the data.

Because it was found that a perfect lincar relationship existed between the early decay
predictions and the final decay prediction, six scparate lincar models, E,(ty) - E(t,), were developed
in an attempt to approximate the final decay prediction with a greater accuracy than that obtained by
the current TIP decay process alone. It was surmised that the resulting regression model might be
used to eliminate some of the positive bias found in the prediction data and, therefore, improve the
decay prediction accuracy.

Accordingly, six models were developed. They are givea in Equations 8 through 13. The first
model uses only the 7-day prediction data to calculate the expected value of the final decay
prediction time, E(t;). Each subsequent model incorporates one additional decay prediction data
point to calculate E(t;). The six models were then used to caleulate E(ty) for all 180 TIP objects.

The difference b these approximations to the final prediction and the actual final predictions

(approximation error) was then calculated for each model.

E,(8) = 0116442 + 0 999064 (1)

Ey(8) = -0.155478 + 0.49007(t,) + 0.951197(s;)

Ey(t) = -0 082444 + 041692(s,) + 0.050001(5)) + 0 908343(,)

E,(8) = ~0.053030 + 0 007471(s,) - 0.014395(,) + 0.196518(z,)
+0.810492()

E(t) = -0.022322 - 0.004222(r,) - 0 005502(,) + 0.046458(t,)
- 0.049000(r,) + 1 012311(t)
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E(t) = -0.008370 + 0.000553(z,) - 0.002944(z,) + 0.014541(z,)
- 0009096(z,) - 0.183413(:,) + 1.180378(2)

E,(t) is the expected value of the final decay prediction time
t; is the final decay prediction time

t; is the 7-day prediction time

1, is the 4-day prediction time

t; is the 2-day prediction time

t, is the 1-day prediction time

ts is the 12-hour prediction time

tg is the 6-hour prediction time

By comparing Figure 23 to Figure 10, it can be seen that every model yielded a better mean
approximation error than the TIP runs themselves. For example, at the §-hour point, Figure 10
shows that by strictly using the current decay prediction procedure, a mean time error of 9.13
minutes is incurred. Figure 23, however, shows that this mean time error could be reduced to only
19 scconds if Model 6, E(ty), were incorporated into the prediction process.

Figure 23 also shows that the best approximation for the final decay time was achieved using
Model 4, E,(t;), where the estimate of the mean approximation error for the 1987-1990 TIP decay
objects was zero. Since Model 4 uses the decay predictions gercrated by the 7-day through 1-day
TIP ruans, this would suggest that Model 4 could possibly be used to predict the tiral decay time and
decide the necessity of OPREP-3 report initiation at the 1-day point rather than at the 6-hour point.
This in turn would give the proper authorities an additional 18 hours notice of possible satellite
impact near or within the Soviet border. Further comparison of Figure 24 with Figure 11, however,
shows that a greater error deviation would be incurred if the decision were moved up to the 1-day

point (i.c., 172.92 migutes instcad of 42.23 minutes). Assuming an error limit of one standard
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deviation, it would be nccessary to keep the decision at the 6-hour point in order to maintain
approximately the same error limits (i.c., 40 23 minutes instead of 42.23 minutes).

Because Figures 11 and 24 both represent the amount of crror deviation from a mean, they
could be used to estimate an error window. This led to a further analysis of the procedure involved
in OPREP-3 report initiation. As mentioned previously, the current procedure is to look at a £15
minute window on the 6-hour or 3-hour ground trace to determine the necessity of the report. It is
assumed that this window was intended to allow for some crror in the predicted decay ime
calculations. If this is actually the case, then based on the standard deviation results for the 6-hour
point and using one standard deviation as an error margin, the current +15 minute error window 15
too small. A more reasonable error window might be £42.23 minutes for the current procedure (see

Figure 11, 6-hour point) or *40.25 minutes if Model 6 is incorp d into the procedure (see Figure

24).
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V1. Conclusions and Recommendations

TIP Decay Accuracy

According to the results of the data used in this rescarch project, the accuracy of the TIP decay
predictions is pretty much as reported by the Space Surveillance Center (i.c., within 20 percent of
the time until decay). Except for the relatively few predictions which fell outside of this margin
(which might be attributed to noise within the data itsclf), the decay predictions in general were
much better than the reported 20 percent as can be seen in Figures 18-20.

It should be noied, however, that a positive bias scems to exist indicating that the early TIP
decay predictions are routinely late relative to the final decay prediction. It may be possible to
develop an algorithm to completely model this bias out and, thus, temporarily improve the decay
predictions until a reasonable explanation and fix can be found for this bias. The existence of such a

bias may be due to an increase in solar activity from 1987 to 1990 whick would cause an expansion

of the atmosphere and a subsequent increase in atmospheric drag on decaying satellites.

Based on the multiple lincar regression analysis findings of this research project, the use of
linear models such as those given in Chapter V in conjunction with the data generated by the
current TIP decay process would allow the SSC to better predict the final decay time by eliminating
some of the positive bias found in the data.

It may also be beneficial to pursue a study of the curreat Special Perturbations model used by
the Space Surveillance Center and attempt to better account for the level of solar activity which

affects the carth’s atmosphere and its orbiting satellites.

OPREP-3 Report Imitiation

With regard to OPREP-3 report initiation, it is first reccommended that the initiation decision
continue to be made at the 6-hour poiat, rather than any carlier. It is also recommended, however,
that a linear regression model, suck as Model 6, be used in conjunction with the 7-day through 6-
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hour data to improve the final decay prediction time. By implementing such a change in SSC
procedures, there would be an average improvement in the 6-kour decay prediction time error of
5288 seconds. Lastly, it is also recommended that the £15 minute error window currently used as a
guide to initiate the OPREP-3 report be widened to approximately $40 minutes to better account for

possible crror in the decay prediction calculations.
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